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Simultaneous exposure of the cell interior of a rifampin-permeable mutant, 
Ewherichia coli to inducer and rifampin demonstrated that 8% &- 3% of the 
ara operon DNA copies and 1% f 3% of the Zac DNA copies contain an RNA 
polymerase molecule insensitive to rifampin inhibition. Although previous genetic 
studies have shown that the operons are controlled via different mechanisms, the 
data presented here show that both operons are controlled in such a way that an 
uninduced operon copy has a low probability of possessing an RNA polymeraee 
molecule that has initiated transcription. 

These in tivo measurements were made possible by the development of 
techniques to determine accurately the times required for rifampin and inducers 
to diffuse into cells and attain effective concentrations. 100 pg rifampin/ml requires 

4-4 seconds to enter and block further initiations by RNA polymerase, whereas 
fully inducing concentrations of L-arabinose and IPTGt are effective in less 
than one second. The initial rifampin entry rate into cells is proportional to its 
extracellular concentration. This relationship allowed calculation of the enzyme 
induction that would have been observed if the rifampin entry time were zero. 

1. Introduction 

A regulatory protein may control transcription by acting either before or after RNA 
polymerase initiates transcription. Definitive evidence for a system in which control 
acts before initiation has not yet been published. Experiments by Eron & Block 
(1971) with a lac operon mutated to be cyclic AMP-independent appear to support 
this type of control, whereas very similar experiments by Chen et al. (1972) with a 
wild-type lac operon do not support this type of control. An example of cont’rol 
acting on steps following initiation appears more well established. The best evidence 
to date supports the view that N protein of coliphage lambda acts following initiation 
to prevent premature termination of transcription (Roberts, 1969; Greenblatt, 1972). 

In this paper we report in vivo measurements of the time between the rifampin- 
sensitive step of RNA polymerase initiation and the induction step in the positively 
controlled L-arabinose operon and in the negatively controlled lactose operon. These 
experiments were designed to test whether positive control of the ara operon by the 
ara C gene product could be similar to the positive control of lambda genes by N 
protein, and to accumulate further evidence on the mechanism of control of the Eat 

t Abbreviation used: IPTG, isopropyl-thio-fi-n-galactoside. 
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operon. We find that 8% -& 3% of the uninduced wa operon DNA copies possess 

a polymerase molecule that has passed the rifampin-sensitive initiation st,ep, and 

which can be triggered by inducer to transcribe the operon. This is not inconsistent 

with a model for control by the ara C gene protein operon similar Do the N gene 

protein control of lambda early genes, although it restricts the distance between the 

start of transcription and the termination site in this model to about 130 bases. 

Similar experiments show that less than 40/o of the uninduced lac operon DSA 

copies possess an RNA polymerase molecule that has passed the rifampin-sensitive 

step of initiation. This result makes it unlikely that the lac operon is regulated in a 

manner such that an uninduced lac operon DNA copy contains an initiated RNA 

polymerase blocked from proceeding into the operon structural genes by lac repressor. 

These experiments necessitated development of techniques to measure the time 

required for inducers and rifampin to achieve effective intracellular concentrations. 

These techniques were used to measure the kinetics of RNA polymerase initiations 

on the operons following additions of inducer and to determine the effect of simul- 

taneously presenting rifampin and inducer to the ara and lac operons. These tech- 

niques should be generally applicable to studies of other regulated systems. 

2. Materials and Methods 

(a) Cells and media 

The E&e&&a wli strain B mutant AS19 (Sekiguchi & Iida, 1968), permeable to 
actinomycin and rifampin, was grown in M9 minimal salts medium (Anderson, 1964) 
supplemented with 5 x 10m5 M-MnCl,, 10 pg thiamin/ml, 1 o/o C&amino acids (Difco), and 
0.2% glycerol. All glassware coming into contact with cells was cleaned with dichro- 
mate cleaning solution and flushed extensively. Cells were aerated by shaking at 37°C and 
grew with a doubling time of 25 min, measured turbidimetrically at 550 nm in a l-cm 
cuvette with a Zeiss spectrophotometer, or by cell count in a Petroff Hauser cell chamber. 
In all experiments, exponentially growing cells were used on reaching a density of 2.2 x 10s 
cells/ml. 

Rifampin (rifampicin) was from Calbiochem (lot no. 200204). IPTGt (lot no. 62C0640) 
and L-arabinose (lot no. 910-1650) were obtained from Sigma. This batch of n-arabinose is 
faintly yellow in concentrated solution, but is identical in inducing properties to previous 
colorless batches. Rifampin was dissolved in the growth medium less than 4 h before its 

use and protected from light until then. Concentrations of stock solutions were determined 
by taking the A:$_ of a 1 mg/ml solution to be 12.0. 

(b) Sequential additions of inducer and tifampin to cultures 

Cells were transferred from the growth flask with a warmed automatic syringe in l.O-ml 
portions to 1.3 x 10 cm culture tubes shaking vigorously at 37°C. At 2 min after the 
transfers, precisely timed additions of inducer and rifampin were begun. Rifampin was 
added with an automatic syringe in a volume of 0.3 ml, and inducer in a volume of 0.2 ml 
with an Eppendorf pipette. All rifampin and inducer solutions were dissolved in nutrient 
media and warmed to 37°C before addition to cells. Precise timing was attained with a 
metronome set at 60 beats/mm (Zargo non rubato). For additions more than 10 s apart, 
50-ml cells were added to a 250-ml Ehrlenmeyer flask shaking a,t 37°C. After 2 min, 
inducer was added in a volume of 10 ml, and at specified times thereafter, 1.2-ml fractions 
of cells were removed with an automatic syringe to culture tubes aerated at 37OC con- 
taining 0.3 ml of rifampin solution. In both types of experiment, cells were allowed to 
shake for 15 mm at 37°C after receiving rifampin to allow all messenger initiated to be 

7 See footnote to p. 433. 
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completed and translated. Cells were then chilled to 0°C in an ice-water bath and prepared 

for assay of induced enzymes. 
/3-galactosidase induction kinetics were found to be unaffected by the simultaneous 

induction of the ara operon with 0.1 M-L-arabinose in the same cells. However, in all data 
shown, separate cultures were used for induction of the lac and ara operons. 

Tubes containing cells used for uninduced basal level measurements were put into the 
0°C bath at the time rifampin was added to the cultures. These cultures were made 0.07 
M-NaNs, O-7 mg streptomycin/ml, and 0.14 mg chloramphenicol/ml. Adding L-arabinose 
(to 0.1 M) 1 min after the antibiotics increased the measured isomerase basal level by 40%, 
whereas adding IPTG to similarly inhibited cells did not increase the basal level of /3- 
galactosidase. Thus, protein synthesis has been blocked and the apparent increase in 
isomerase levels is attributable to stabilization by L-arabinose during preparation of the 
cells for assay. All reference to n-arabinose isomerase basal levels in this paper will refer to 
measurements made in cells with n-arabinose added 1 min after the antibiotics. 

(c) Simzcltaneou.9 addition of inducer and rifampin 

1.0 ml of growing cells at the proper density was pipetted into culture tubes as above. 
After 2 min a O.&ml solution of rifampin and inducer was added with a 0*500-ml Eppendorf 
pipette. 15 min after additions of inducer and rifampin, cells were chilled to 0°C and enzyme 
levels were determined. 

(d) Measurement of fully induced enzyme levels 

Cells were grown at 37°C for 4 doublings in the presence of 2.7 x low2 M-L-arabinose or 
10-s M-IPTG. Induced enzymes were assayed when the cells had grown to a density of 
2.2 >: lOa cells/ml. 

(i) fi-gahctosidase 

(e) Assays 

Cells were mixed vigorously with O*OlO ml toluene/assay for 20 s and then assayed in 
phospha,te buffer as described by Craven et al. (1965). Activity was converted to monomers 
of j+galactosidase using the constants given by these authors, and assuming a molar 
extinction of the nitrophenolate ion of 21,300 at 420 nm. Incubations of 2 h or less occasion- 
ally developed precipitates after the Na,CO, addition due to residual toluene. These 
precipitates were cleared by evaporating the toluene under reduced pressure. Large 
numbers of assays were routinely cleared by placing the tubes in a vacuum dessicator and 
evacuating with a water aspirator for 10 to 15 min. 

(ii) Jsomeruse 

Assays were carried out as described by Schleif (1969). The assay was calibrated with 
n-ribulose obtained from Nutritional Biochemicals Co. (lot no. 1877); 5x 10-s moles 

yields AitOtcomnm = 0.22. The specific activity of isomerase was corrected for the fact that the 
enzyme has 0.54 of the activity in our assay buffer as it has in the glycylglycine buffer of 
Patrick $ Lee (1968). All assays were incubated such that the final absorbance was very 
close to 0.30 to avoid complications due to a non-linearity of the assay at higher absorb- 
ancrs. 

(f) Statistical analysis of the data 

Straight lines were fitted to the data of enzyme synthesis versus I/(rifampin concentra- 
tion) by a least-mean-squares line through the data points from each of 4 experiments. 

This fitting provided the enzyme synthesis at l/(rifampin concentration) = 0 (inflnito 
rifampin concentration) and standard deviation of this value for each experiment. These 
enzyme synthesis values were averaged, and the standard deviation of these values about 
the average was computed. This computed standard deviation, o = 1.5 monomers of 
isomerase and 2.6 monomers of /3-galactosidase, closely agreed with the standard devia- 
tions ca,lculated from the standard deviations associated with each least-mean-squares line 
according to the formula (I = l/nz/(012 + 02’ + . . . un2) yielding 0 = 0.44 monomers of 
isomerase and 1.3 monomers of fi-galactosidase. Such an agreement indicates a high degree 

of reproducibility between experiments. 
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3. Results 

(a) Rates of enzyme synthesis on the ara and lac operons during short 

induction intervals 

Figure 1 shows the results of an experiment measuring the amounts of enzymes 
synthesized from the ara and kcc operons as a function of induction interval. This 
interval W&S varied by adding inducer and at times thereafter blocking messenger 
initiations by addition of rifampin t,o 100 pg/ml. Cells mere then incubated for an 
additional 15 minutes to allow all messengers that had been initiated to be completed 
and translated. The amount of enzyme ultimately synthesized is assumed to be 
proportional to the amount of messenger initiated: thus, the slope of the enzyme 
level per cell versus induction interval will be proportional to the messenger initiation 
frequency. At about 40 seconds on the graph shown in Figure l(a), this slope changes 
from 165 to 440 monomers isomerase/cell/minute. We do not understand the reason 
for this change in slope, but it should not affect the conclusions of this paper. It 
should be mentioned that the initial slope ranged between 165 and 248 monomers 
isomerase/cell/minute in ten independent experiments and, therefore, it was measured 
in all experiments requiring precise knowledge of its value. Figure l(b) shows that 
messenger ofthe lac operon is initiated at a constant rate leading to ultimate synthesis 
of 130 monomers of /I-galactosidase/cell/minute. The rates of synthesis obtained from 
Figure 1 agree well with rates of synthesis calculated from measurements of enzyme 
levels in cells that had been fully induced for several generations?. 
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FIG. 1. Induced enzyme synthesis from the ara and Zac operons as a function of time of exposure 
to induaer before addition of rifampin. Negative time values represent cultures that received 
rifampin before inducer. ( x ) Uninduoed basal levels of enzymes, measured as described in Materials 
and Methods. Basal levels: 6.8 and 8.7 monomers (a) isomerase, and (b) p-galactosidase, respec- 
tively. In the Figure, enzyme levels at AT = -36 s are 10.2 and 10.7 monomers isomerase and 
,Sgalactosidase. Rifampin concentration, 100 pg/ml. Inducer concentrations: (a) 0.10 M-L- 
arabinose; (b) 2 x 10m3 M-IPTG. 

t In a population of cells growing exponentially with doubling time Td, an enzyme that has 
been fully induced for many generations increases as E(t) = E(O)exp[(ln 2/T&]. The rate of 
enzyme synthesis, dE(t)/dt = E(t)(ln 2/T,), must equal the average rate of enzyme synthesis per 



ARA AND LAC CONTROL MECHANISMS 437 

Note that the abscissae of the graphs, the time difference between the additions 
of inducer and rifampin, may not be the true duration of induction, as inducers and 
rifampin may require appreciable and different times to diffuse into cells and attain 
concentrations suficient to be effective. In the following sections we will determine 
these times. 

(b) Determination of the time required for rijampin to enter cells and 

halt RNA polymerase initiations 

The antibiotic rifampin ought not to be actively transported into E. coli, and 
indeed we are unaware of experiments suggestiu g otherwise. Presumably then, its 
entry into cells is diffusional and its net entry rate is proportional to the diEerence 
between its intracellular and extracellular concentrations. We have verified this 
experimentally and have also determined the absolute time for entry and inactivation 
of RNA polymerase as a function of rifampin concentration added to growing cells. 

If the entry of rifampin is proportional to the concentration difference across the 
cell membrane, then the interval (r) after rifampin addition, until intracellular drug 
concentrations substantially inactivate free intracellular polymerase, should be 
inversely proportional to the extracellular concentration added, i.e. 7 = constant/ 
[rifampin]. This can be the case only if the extracellular concentrations are much 
greater than those required to rapidly inactive RNA polymerase. Fortunately, this 
restriction is easily met, since the data of Hinkle et al. (1972) show that 2 pg/ml 
rifampin inactivates free RNA polymerase in vitro with a half time of 04 second. Our 
experiments were, therefore, carried out at rifampin concentrations of 10 pg/ml and 
higher. 

Figure 2 shows the amount of enzyme synthesized when inducer and varying 
concentrations of rifampin are simultaneously added to cells. In the range tested 
(10 to LOO pg/ml), the amount of newly synthesized enzyme is linearly related t,o 
l/[rifampin], thus proving that in this concentration range the time required for 
rifampin to enter cells and inactivate free RNA polymerase is inversely proportional 
to the concentration added. 

The amount of newly synthesized enzyme can be expressed as Enz = RT + B, 

where R is the constant determined in the preceding section relating the amount of 
enzyme synthesized by messenger initiated in the induction interval, and the constant 
B includes any fixed interval required for inducer to enter cells. Figure 2 shows that 
simultaneous addition of inducer and 10 pg/ml rifampin to cells yields 140 monomers 
isomerase/cell and 85 monomers /3-galactosidaselcell above the enzyme levels at the 
extrapolated point at l/[rifampin] = 0. The rate of enzyme synthesis in these cells, 
the constant R, during the first 30 seconds was 248 monomers isomerase/cell/minute 
and. 127 monomers /3-galactosidaselcell/minute, as determined in an experiment of 
the type shown in Figure 1. Thus, 7, the diffusional entry time at 10 pg rifampinlml 
for blocking messenger initiations on the ara and lac operons, is calculated to be 
34 and 40 seconds, Further precision was obtained by combining the results of four 

cd, R, times the number of oells, N: dE(t)/& = NR. Thus, R = (In 2/T&E/N). In our oell~ 
induced with L-arabinose, T,, = 23.6 min and E/N = 14,900 monomew of isomerase/cell. Simi- 
larly, Tn = 26 min when cells are induced with IPTQ and E/N = 4140 monomers fi-galaotosidese/ 
cell. Thus, R = 446 monomers of isomera.se/cell/min and 110 monomers of /3-galaotosida&ell/min . 
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FIQ. 2. Simultaneous exposure of cultures to inducer and rifarnpin. (a) Isomeraee; (b) /3-galactosi- 
dase. Individual cultures of cells were exposed simultaneously to inducer and a concentration of 
rifampin as given by the reciprocal of the abscissae of the plots. Cell growth and procedures as 
given in Materials and Methods. Lines through the data points are the best lea&-mean-square 
lines. ( x ) Uninduced baeal levels of enzymes, measured as described in Materials and Methods. 
Inducer concentrations: (a) 0.10 m6-L-arabinose; (b) 2 x 10e3 M-IPTG. 

TABLE 1 

Residual enzyme synthesis after simultaneous addition of 10 pg rifampinlml and inducer 

Experiment 
Time (s) 

CLra hC 

I 
II 
III 
IV 
Average and standard deviation 
Average from both operons 

69 42 
42 43 
41 51 
34 40 

4459.2 44&4.2 
44k7.1 

The Table gives residual enzyme synthesis converted to seconds equivalent uninhibited 
synthesis following the simultaneous addition of 10 pg rifampin/ml and inducer. 

Experiments were done as described in the legend to Fig. 2. Initial rates of enzyme synthesis 
were determined in each experiment over the first 30 s of enzyme synthesis, as in Fig. 1. 

such measurements. Table 1 shows that these data yield 44&7 seconds for the 

diffisional entry time of 10 pg rifampin/ml. Thus, when rifampin is added at 100 

pg/ml, the diffusional entry time must be 4.4hO.7 seconds. 

(c) Determination of the entry times of the inducers L-arabinose and IPTG 

An approach similar to that used to measure the rifampin entry times was 

attempted to determine L-arabinose and IPTG entry times. However, L-arabinose 

and IPTG were found to enter cells too rapidly for use of this technique. Thus, another 
technique for determination of inducer entry times was devised. 
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FIG. 3. Simultaneous exposure of cultures to inducer and rifampin. Induced enzyme synthesis 
as a function of inducer concentration. 

Cell growth and procedures are given in Materials and Methods. (a) Isomerase synthesis when 
cells are exposed simultaneously to L-arabinose and 100 pg (A) or 40 pg (0) rifampinlml. (b) 
fl-galrtctosidase synthesis when cells are exposed simultaneously t,o IPTG and 100 pg (A) or 12.5 
pg (0) rifa;mpin/ml. 

Enzyme synthesis was measured as a function of both inducer concentration and 

messenger initiation interval. Figure 3(a) shows the relative amounts of isomerase 

synthesized as a function of L-arabinose concentration, when L-arabinose and either 

100 or 40 ,ug rifampin/ml were simultaneously added to cells. The isomerase synthesis 

relative to the maximum as a function of L-arabinose concentration is the same. 

within experimental error, at either rifampin concentration. Half-maximal synthesis 

occurs at 5 x 10e2 M-L-arabinose. Messenger initiations proceed for 4.4 or 11 seconds 

at the rifampin concentrations used, determined as in the preceding section. 

Similarly, Figure 3(b) shows the IPTG dependence of @-galactosidase synthesis when 

IPTG and either 100 or 12.5 pg rifampin/ml were simultaneously added to cells. 
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Again, the enzyme synthesis relative to the maximum as a function of inducei 
concentration is identical at both rifampin concentrations, half-maximal synthesis 
occurring at 2 x 10M4 M. The fact that the inducer concentrations required to half- 
maximally induce in these short time intervals are equal to or higher than the 
6 x 10m3 M-L-arabinose (Doyle et al., 1972) and 25 x low4 M-IPTG (Sadler & Novick, 
1965) found to half-maximally induce permeaseless cells shows that inducers are not 
being concentrated during these intervals. 

The invariance of the inducer dependence of synthesis with the interval allowed 
for messenger initiations allows limits to be placed on the inducer diffusional entry 
times. The passive rate of inducer entry should be proportional to the difference 
between the extracellular and intracellular inducer concentrations, unless the entry 
rate saturates. For the moment we assume that it does not saturate. If the time 
allowed for messenger initiations is comparable to the inducer entry time, the relative 
enzyme synthesis as a function of inducer concentration will change markedly with 
variation of the initiation interval. It will raise the inducer concentration required 
to half-maximally induce the operons as the interval allowed for initiations decreases. 
Since the relative enzyme syntheses from both the ara and lac operons were inde- 
pendent of initiation interval down to 4.4 seconds, we conclude that inducers entered 
in appreciably less than 4.4 seconds. We believe that our data show this entry time 
is less than one second for both L-arabinose and IPTG. 

Here we shall re-examine the assumption that the rate of inducer entry does not 
saturate at all inducer concentrations higher than some value. Suppose the entry 
rate did saturate and the time required for inducer entry was comparable to the 
shortest initiation interval examined. In this case, high extracellular inducer con- 
centrations would require a considerable fraction of the shorter initiation intervals 
to achieve nearly equal intracellular and extracellular concentrations. Thus, the 
concentration of inducer required to half-maximally induce the operons would 
decrease. However, we find that the half-maximal inducer concentration for both 
operons does not change as the initiation interval is varied from 4.4 to 35 seconds. 
Therefore, in this case also, the time required for the intracellular inducer concen- 
tration to approach the extracellular concentration must be short compared to 
4.4 seconds. 

(d) Avwunt of messenger initiated when inducer and rifampin are simultaneously 
presented to the ara and lac operons 

In the preceding sections we have shown that rifampin is effective in blocking 
RNA polymerase initiations in our cells 4.4 seconds after being added at 100 pg/ml, 
and that L-arabinose and IPTG enter cells in less than one second. Rifampin was 
found to inhibit RNA initiations in a time inversely proportional to its extracellular 
concentration when added to cells at 10 to 100 pg/ml. This relation allows extra- 
polation to the point equivalent to adding rifampin at an infinite concentration, in 
which case the entry time would be zero. Thus, the amount of enzyme synthesis 
from the operons after nearly (f 1 s) simultaneous exposure to rifampin and inducers 
can be determined. All messenger synthesized under these conditions must result 
from RNA polymerase molecules already on the DNA and beyond the rifampin- 
sensitive step of initiation. 

It should be noted that the desired datum is the behavior of the systems when 
zero time is required for rifampin entry. Such a zero time would be the case if rifampin 
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were added at infinite concentration to cells possessing an ideal membrane, through 
which any concentration of rifampin would diffuse at a rate proportional to its con- 
centration difference across the membrane. Since the real system was indistinguishable 
from cells surrounded by an ideal membrane in the range of 10 to 100 pg rifampin/ml, 
this range of data can be used to extrapolate to the behavior that would have been 
seen if the cells were surrounded by an ideal membrane and rifampin were added at 
infinite concentration. 

Figure 2 shows the amounts of isomerase or jl-galactosidase synthesized as a func- 
tion of l/[rifampin]. This form of presentation allows convenient extrapolation to 
the point l/[rifampin] = 0, corresponding to simultaneous exposure of the operons 
to effective concentrations of inducer and rifampin. Table 2 compiles the results of 

TABLE 2 

Amount of enzyme synthesis above the basal level at the extrapolated point 

l/[rifarnpin] = 0 

Experiment 
Time (s) 

ara lac 

I 
II 
III 
IV 
Average and stenderd 
deviation 

2.6 -1.7 
2.3 0.0 
0.9 0.7 
2.1 1.4 

2.0*0*5 O.lkl.1 

The Table gives the 8mount of enzyme synthesis above the besal level of synthesis at the 
extrapolation to I/[rifempin] = 0, converted to Beconds of synthesis 8t the initkl r8te of synthesis/ 
oell. 

Experiments were done aa described in the legend to Fig. 2. The initial rates of enzyme synthesis 
were determined over the first 30 s of synthesis, 8s in Fig. 1. 

four such experiments showing the amount of enzyme synthesis above the basal 
level at the point l/[rifampin] = 0 converted to times of synthesis at the initial fully 
induced rate. The results show that simultaneous exposure of the operons to inducer 
and rifampin results in enzyme synthesis from the operons corresponding to 2.0f0.5 
and 0.lfl.l seconds of induction from the ara and lac operons, respectively. If the 
inducers require the maximum time of one second consistent with our earlier data to 
enter cells, then the synthesis determined in Figure 2 is that resulting when inducers 
reach the operons one second after rifampin. Thus, the measured values may need 
to be raised to 2.5% 1.0 and 0.6f 1.6 seconds. 

The significance of these results can be evaluated by calculating the amount of 
enzyme synthesis resulting if each DNA copy of the operons possesses one RNA 
polymerase molecule that is insensitive to rifampin by virtue of its having passed 
the rifampin-sensitive step of initiation. This amount of enzyme can be estimated 
by assuming that each messenger is translated 30 times before it is inactivated 
(Baker & Yanofsky, 1972). During the first half-minute of induction, the arabinose 
operon initiates messenger leading to synthesis of about 200 monomers isomerase/ 
minute/cell, or 6.7 messenger/minute/cell. Using the Helmstetter-Cooper model of 
chromosome replication (Helmstetter et al., 1968), the exponential age distribution 
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of freely growing cells (Powell, 1956), and in light of bidirectional chromosome 
replication (Masters & Broda, 1971; Bird et al., 1972), each cell contains an average 
of 3.3 and 2.7 copies of the ara and 2ac operons, respectively-i-. Thus, a polymerase 
molecule initiates messenger synthesis on a fully induced urn operon an average of 
once each SO/S*7 x 3.3~30 seconds. Similarly, the synthesis rate of 100 monomers 
p-galactosidase/minute/cell from the induced lac operon corresponds t’o one messenger 
initiation each 49 seconds on each operon copy. Hence, if each uninduced operon 
contained one rifampin-insensitive RNA polymerase molecule, simultaneous exposure 
of the operons to rifampin and inducer would yield synthesis from the ara and lac 
operons corresponding to 30 or 49 seconds, respectively, of synthesis. Our data show 
that 2*5/30=8% of uninduced ara operons and 0.6/49= 1 ?;, of uninduced lac operons 
possess a rifampin-insensitive RNA polymerase molecule. 

It would appear possible that a rapid rate of polymerase release during a short 
interval (as long as one second), in which initiations are blocked and before inducers 
may be functional, could be consistent with a large fraction of operons actually 
containing polymerase and the small fraction we measured to contain them. The 
relation between forward and reverse rates of a reaction and its equilibrium constant 
shows this cannot be the case. A rapid rate of polymerase release from DNA is 
inconsistent with a sizeable fraction of the operons containing a polymerase and the 
slow (one per 30 or 49 seconds) binding rate of polymerase to an induced operon. 

4. Discussion 

We have developed simple in vivo techniques to determine the behavior of operons 
when simultaneously presented with inducer and the RNA polymerase initiation 
inhibitor rifampin. In the positively controlled L-arabinose operon and the negatively 
controlled lactose operons 8%&3% and 1 o/of30/o of the uninduced operons were 
found to contain an RNA polymerase molecule that had passed the rifampin-sensitive 
step of initiation. The time required for rifampin to diffuse into cells and to become 
effective in blocking messenger initiations was found to be inversely proportional to 
the concentration added up to 100 pg rifampin/ml. This inverse relationship allows 
extrapolation to a point as though rifampin were added at infmite concentration, 
thereby being effective instantly. Both the inducers L-arabinose and IPTG were 
found to become effective less than 1.0 second after addition for all inducer con- 
centrations used in this work. 

Our data restrict the range of possible regulation models for both the ara and lac 
operons. Consider the positive control of coliphage lambda early genes by the N 
gene protein as a model for positive control of the ara operon. The N protein appears 
to prevent RNA polymerase from prematurely terminating transcription (Roberts, 
1969; Greenblatt, 1972). If the ara operon were similarly controlled by the ara C 

t In our cells, which ha.ve a doubling time of 25 min, the time between initiations of DNA repli- 
cation is 26 min. Following Helmstetter et al. (1968) we take the time required to replicate the 
chromosome to be 40 min, and the interval after completion of replication until the cell divides 
to be 20 min. The DNA replication origin and terminus are at about 70 min and 30 min on the 
90 min genetic map, and the ara and Zac operons are located at 1 min and 10 min on the map. 
From the Helmstetter-Cooper model with the above parameters, t.he number of copies per cell 
of the ara and Zac operons changes from 2 to 4 at 7 min and 14 min, respectively. The distri- 
bution of ages in an exponentially growing population is N(n) = 2 In 2 exp[(a/T,)ln 21 (Powell, 
1956). Thus, the average number of copies of the ara operon is 2ji’25N(a)da +- 4ji,25N(n)da = 3.3. 
Similarly, the average number of copies of the Zac operon is 2.7. 
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gene product, then each copy of the operon could contain several RNA polymerases 
that have already initiated transcription. In the absence of inducing L-arabinose, 
these polymerases would transcribe to a signal in the control region, then terminate; 
if r,-arabinose were added, these polymerases would continue and transcribe the ara 
structural genes. The simultaneous addition of rifampin and L-arabinose, therefore, 
could result in substantial synthesis of arabinose enzymes. Our data indicate that 
8%&30/h of the unincluced rtrebinose operons contain a single rifampin-resistant 
RNA polymerase molecule. If 8% of the operons actually do contain 8 polymerase, 
the average initiation frequency on the operon of once each 30 seconds yields 
30 x 0.08=2*4 seconds for the interval between initiation and the time when C gene 
protein would act to prevent termination. At a transcription rate of 55 bases/second 
(Bremer & Yuan, 1969) the distance between the initiation site and the termination 
site ,woulcl be 55 x 2*4=132 bases. Such a distance would not be inconsistent with 
genetic data, suggesting that the control region may be as large as 500 base pairs 
(Schleif, 1972). 

The arabinose operon is under negative as well as positive control (Englesberg 
et al., 1969). If the negative control exerted by the ara C gene protein acted to reduce 
the initiation frequency on the unincluced operon, our size estimate for the region 
between the RNA polymerase initiation site and the anti-termination site in the model 
that we are considering would be correspondingly increased. 

Two extremes for regulation of the lac operon by repressor are: lac repressor and 
RNA polymerase compete for binding to the operator region, or a transcribing 
polymerase is blocked by repressor from proceeding into the operon. If the first 
extreme were correct, the simultaneous action of rifampin to block initiations and 
IPTG to release repressor from operator would yield no luc messenger, whereas if the 
second extreme were correct, the polymerase could be unblocked, giving one round 
of transcription. Our data on the kzc operon exclude the second extreme if the poly- 
merase blocked by repressor has prtssed the rifampin-sensitive step. Since formation 
of the first nucleotide bond completely insensitizes polymer&se to rifampin (So & 
Downey, 1970), it is certain that no polymerase molecules could have begun tran- 
scription, only to be blocked by repressor, on the uninduced operon. Our data make 
it unlikely, but do not exclude the possibility that any appreciable fraction of lac 
operons contains an RNA polymerase bound to DNA at a step preceding formation 
of the first nucleotide bond, as Hinkle et al. (1972) have shown that polymer&se 
bound to DNA is inactivated at 0.01 of the rate of free polymerase. 

In vitro studies on the mechanism of regulation of the lac operon have not yet 
yielded definitive data. In very similar systems, Chen et al. (1972) and Eron & Block 
(1972) reached opposite conclusions. In addition to the obvious difference between 
these experiments, in that one used a cyclic AMP-independent mutant lac operon 
and the other used a wild-type operon, these works may not be conclusive, for in the 
experiments the ratio of clerepressed to repressed lac messenger synthesis was two- 
to tenfold contrasted to the 1000-f&l found in &JO (Adesnik & Levinthal, 1970). 
Furthermore, if in vitro experiments are to be done with the timed sequential addition 
of regultttory proteins and effector moleoules, it may be essential to know and con- 
sider the forward and reverse rates of all relevant binding reactions. Finally, 
regulatory systems may not respond normally to the temporary omission of nucleo- 
tides, and if such omission is informative, the use of ultrapure nucleotides may he 
required. 
20 
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An in vivo study on the mechanism of regulation of the lac operon is consistent 
with our data. The transcription stop signal at the end of the luc i gene was deleted 
and the tryptophan operon was fused to the middle of the i gene (Reznikoff et al., 

1969). In these fusion strains, RNA polymerase molecules that initiate transcription 
at the trp promoter may proceed into the luc genes. lac enzyme synthesis, therefore, 
results from trp-initiated as well as h-initiated transcription. Furthermore, trans- 
cription is under the control of both the trp repressor and the lac repressor. lac 
repressor prevents trp-initiated polymerase molecules from transcribing the lac 
structural genes 0.1 times as effectively as it inhibits .&initiated polymerase mole- 

cules. This could mean that luc repressor prevents lac enzyme synthesis via different 
mechanisms when it interacts with lac and trp-initiated polymerase molecules, i.e. 
&x repressor may function only ineEici0ntly to stop trp-initiated polymerase 
molecules, due to an inability to act effectively as a “ roadblock ” to transcribing 
polymeras molecules. This is consistent with our data, which indicate that lac 
repressor does not normally function as a roadblock. 
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