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Pausing of R N A  Polymerase during in Vitro Transcription of the Tryptophan 
Operon Leader Regiont 

Malcolm E. Winkler and Charles Yanofsky* 

ABSTRACT: RNA polymerase molecules pause at a single site 
during in vitro transcription of the tryptophan (trp) operon 
leader region. Pausing was observed when DNA templates 
derived from Escherichia coli, Salmonella typhimurium, and 
Klebsiella aerogenes were used. Fingerprint analyses showed 
that the major RNA species produced by the transcriptional 
pause is 91 nucleotides long. A minor RNA species 90 nu- 
cleotides long was also detected. Single-round transcription 
experiments were used to study the kinetics of pausing. Time 
course, pulse-chase, and delayed-labeling experiments suggest 
that every RNA polymerase molecule transcribing the trp 
leader region pauses. At suboptimal ribonucleoside tri- 

Tanscription of the structural genes of the tryptophan (trp) 
operon of Escherichia coli and other enteric bacteria is con- 
trolled by two independent mechanisms, repression and at- 
tenuation [for recent reviews, see Crawford & Stauffer (1980) 
and Yanofsky (1 98 l)]. Repression involves exclusion of RNA 
polymerase (RNP)’ molecules from the trp operon promoter 
by bound trp repressor. RNP molecules that escape exclusion 
by the trp repressor transcribe the leader region of the operon. 
Near the end of the leader region, RNP molecules either 
terminate transcription at a site called the attenuator and 
produce a 140-nucleotide transcript (TL-RNA) or continue 
transcription into the structural genes of the operon. 

According to one model, the decision to terminate tran- 
scription at the attenuator or to read through into the structural 
genes of the trp operon is believed to be based on coupling of 
transcription with translation (Lee & Yanofsky, 1977; Zu- 
rawski et al., 1978; Oxender et al., 1979). The transcript of 
the trp leader region encodes a 14-residue peptide containing 
tandem tryptophans (Figure 1). The coupling of transcription 
termination with translation of the peptide-coding region of 
leader RNA is thought to be mediated by formation of mutally 
exclusive stem and loop structures in the RNA (Figure 1). 
When tryptophan is plentiful, translation of the leader peptide 
coding region presumably continues past the tandem Trp co- 
dons to the stop codon (Figure 1). A ribosome situated at the 
stop codon would prevent formation of the base-paired 
structures designated 1:2 and 2:3 (Figure 1) and would allow 
formation of the base-paired structure designated 3:4. For- 
mation of the 3:4 structure is thought to signal transcription 
termination at the attenuator. In contrast, when tryptophan 
is limiting, the intracellular level of charged tRNATrp drops, 
and ribosomes synthesizing the leader peptide presumably stall 
at either of the tandem Trp codons. A ribosme stalled at the 

phosphate concentrations, the half-life of paused-leader RNA 
was approximately 3 min at 22 OC and 0.7 min at 37 OC. At 
near-optimal ribonucleoside triphosphate concentrations, the 
half-life of the paused species dropped to about 0.3 min at 22 
OC. The appearance and half-life of the paused species were 
unaffected by salt concentration, p factor, guanosine 3’3’- 
bis(diphosphate), or point mutations in the trp attenuator 
region. It is postulated that transcriptional pausing may play 
a role in maintaining the synchronization of transcription and 
translation that is vital in the control of transcription termi- 
nation at the trp operon attenuator. 

Trp codons would prevent 1:2 pairing but would allow 2:3 
pairing. Pairing of segment 2 with segment 3 would allow 
read-through, because 2:3 pairing prevents the 3:4 pairing 
necessary for transcription termination. Finally, in the absence 
of translation, the 1:2 structure presumably forms. Pairing 
of segment 1 with segment 2 excludes 2:3 pairing which in turn 
allows the 3:4 termination structure to form [see Yanofsky 
(198l)l. 

In the above model, synchronization of transcription and 
translation is essential in the regulation of transcription ter- 
mination at the attenuator. The results presented in this paper 
show that RNP molecules pause during in vitro transcription 
of the trp leader region. Pausing could be involved in estab- 
lishing the synchronization of transcription and translation that 
is crucial in the control of transcription termination at the trp 
attenuator. 

Experimental Procedures 
Materials. ~y-~~P-Labeled CTP, GTP, and UTP with spe- 

cific activities of -400 Ci/mmol were purchased from Am- 
ersham. The lithium salt of guanosine 3’, 5’-bis(diphosphate) 
(ppGpp) was purchased from P-L Biochemicals. Restriction 
fragments used as templates for transcription contained the 
entire trp promoter, leader, and attenuator (trpPOL) regions 
and the initial part of trpE. The E .  coli HpaIIS,o wild-type 
restriction fragment was prepared from plasmid pPS21 as 
previously described (Oxender et al., 1979). HpaII,,, re- 
striction fragments carrying trp attenuator mutations were 
prepared from plasmid pVHl53 derivatives following di- 
gestions with HpaII and EcoRI (Stauffer et al., 1978; Zu- 
rawski et al., 1978; Zurawski & Yanofsky, 1980). The 
Salmonella typhimurium HinfI 5oo restriction fragment was 
prepared from plasmid pKB5 (Lee & Yanofsky, 1977). An 
analogous restriction fragment from Klebsiella aerogenes was 
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FIGURE 1: 3' terminus of E. coli terminated trp leader RNA (TL- 
RNA). Nucleotide numbns are relative to the 5' end of the transcript. 
The tandem Trp codons and stop codon for the peptide encoded by 
TL-RNA are indicated. R o p e d  alternate wcondary structures are 
designated hy numbering the RNA segments which participate in the 
hydrogen-bonded stems (Le.. 1:2 refers to the stem and loop structure 
in which segment I is hydrogen bonded to Segment 2). The base 
changes in the trpL75, trpL132, and trpLl35 mutants are shown. "PL" 
indicates the two 3' termini of the paused-leader RNA. Arrow size 
reflects the relative amounts of the paused species detected. 

provided by M. Blumenberg. Restriction fragment concen- 
trations were estimated by absorbance at 260 nm assuming 
an extinction coefficient of 20 mg' cm2. DNA concentrations 
were corrected for soluble acrylamide by subtracting the a b  
sorbance of a blank prepared by extracting gel slices that 
lacked DNA. RNA polymerase holoenzyme was prepared by 
the method of Gonzalez et al. (1977). p factor was prepared 
by the method of Finger and Richardson [referenced in 
Richardson & Conaway (198O)l. Both the RNP holoenzyme 
and p factor were homogeneous on NaDodSO, gel electro- 
phoresis. Protein concentrations were measured by absorbance 
a t  280 nm assuming an of 6.2 for RNP holoenzyme 
(Lowe et al., 1979) and an El;- of 4 for p factor (Galluppi 
& Richardson, 1980). Activity of the p factor was demon- 
strated by measuring poly(C)-dependent ATPase (Lowery & 
Richardson, 1977) and transcription termination with bac- 
teriophage A DNA (Rosenbert et al., 1975). 

Single-Round Transcription Experiments and Gel Elec- 
trophoresis. The standard transcription reaction mixture 
contained 36 mM Tris-acetate or HCI, 0.1 mM Na,EDTA, 
0.1 mM DTT, 4 mM MgC12, 150 mM KCI, 5% glycerol, 20 
pg BSA/mL, and 5 jtg of restriction fragment/mL. The pH 
of the standard reaction mixture was 7.8 at 22 OC, 7.5 at 31 
OC, and 7.2 at 37 OC. In single-round transcription experi- 
ments, RNP was added to a standard reaction mixture at 4 
OC which contained ATP and GTP as the only ribonucleoside 
triphosphates. The final RNP concentration was generally 
7.2 pg/mL, which was nearly equimolar with the XpaIISlo 
restriction fragment. The reaction mixture + RNP was 
transferred to a second tube containing freshly dried, labeled 
ribonucleoside triphosphate. Initiation complexes were allowed 
to form for 15 min at the reaction temperature (usually 22 
"C). Single-round transcription was started by adding a 
prewarrned solution containing CTP, UTP, and rifampicin (10 
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FIGURE 2 Gel eloctmphorsis of products synthesized in a single round 
of transcription under [a-12P]GTP-labeling conditions. Incubation 
was at 22 OC with the E. coli wild-type HpaII,, restriction fragment 
as template. Additions to the standard reaction mixture (see Ex- 
perimental Procedures) included 20 p M  [a-3*P]GTP (50 pCi) and 
150 p M  each of ATP, CTP, and UTP. The final reaction volume 
was 100 pL. After the start of transcription, IO-pL aliquots of the 
reaction mixture were removed at the times indicated (in minutes) 
and added to stop solution. Transcription products were analyzed 
on an 8% TEE-urea denaturing gel (see Experimental Procedures). 
RT-RNA (260 nucleotides long), TL-RNA (140 nucleotides long), 
and PL-RNA (91 nucleotides long) are indicated. 

pg/mL fual concentration). Final ribonucleoside triphosphate 
concentrations, isotope concentrations, and reaction volumes 
are given in the figure legends. Thereafter, aliquots of the 
reaction mixture were removed at different times and added 
to an equal volume of stop solution (Oxender et al., 1979). 
heated for 3 min a t  90 OC, and loaded directly on either 6% 
or 8% polyacrylamideTBE-urea denaturing slab gels (Ox- 
ender et al., 1979). Transcription products were detected by 
autoradiography, cut from the gels, and counted directly by 
Cerenkov radiation. The efficiency of counting a gel slice was 
approximately 60%. 

Fingerprint Analysis. Labeled RNA species were cut from 
gels, extracted, and digested to completion with RNase T1 as 
previously described (Squires et al., 1976). Oligonucleotides 
generated by RNase TI  digestion were resolved in two di- 
mensions by using high voltage electrophoresis followed by 
homochromatography (Squires et al., 1976). Oligonucleotide 
identities were based on previous assignments (Squires et al., 
1976; Oxender et al., 1979). 

Results 
Pausing at Suboptimal Ribonucleoside Triphosphate 

Concentrafions. Singleround tramription experiments were 
performed in which transcripts of the E. coli HpaIIs,o re- 
striction fragment were synthesized in the presence of 20 p M  
[a-)'P]GTP and 150 p M  each of the other ribonucleoside 
triphosphates. Aliquots of thii reaction mixture were removed 
at different times, and the transcription products were analyzed 
by gel electrophoresis (Figure 2). At early time points, the 
140-nucleotide terminated-leader RNA (TL-RNA) and the 
260-nucleotide read-through RNA (RT-RNA) (Lee & Ya- 
nofsky, 1977) were nearly absent. However, a third RNA 
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species, smaller than TL-RNA, was prominent (band P L  
RNA). With time, PL-RNA accumulated and then disap 
peared. TL-RNA and RT-RNA accumulated in significant 
amounts only after the PL-RNA band decreased in intensity. 
This accumulation pattern suggests that RNP molecules pause 
during transcription of the trp leader region before reaching 
the attenuator. In the experiment depicted in Figure 2, the 
GTP concentration employed was most likely below the a p  
parent, intrinsic Michaelis-Menten constant (K,) for GTP in 
transcriptional elongation on native templates (see Discussion). 
Nevertheless, even at this suboptimal GTP concentration, only 
one major paused species appeared. PL-RNA was observed 
at  both 50 mM KCI (data not shown) and 150 mM KCI 
(Figure 2). Farnham & Platt (1981) have independently noted 
the formation of PL-RNA in single-round transcription re- 
actions. 

Experiments analogous to the one shown in Figure 2 were 
performed with 20 p M  [a-l?]rrrP and 150 pM each of ATP, 
CTP, and GTP (data not shown) instead of 20 pM [a-”P]- 
GTP and 150 pM each of ATP, CTP, and UTP. A major 
paused species was present at the same position in the gel as 
the PLRNA band in Figure 2. In addition, two minor paused 
species were detected. These minor species, which were not 
observed when 20 pM [e’?]GTP and 150 pM each of ATP, 
CTP, and UTP (Figure 2) were used, were smaller than PL- 
RNA and had considerably shorter half-lives. 

Single-round transcription experiments similar to the one 
presented in Figure 2 were performed with trpf‘ohntaining 
restriction fragments derived from Salmonella typkimurium 
or Klebsiella aerogenes (data not shown). In each case, a 
single major paused species was present in the gel at the same 
relative position as the PL-RNA band observed with E. coli 
DNA (Figure 2) .  With the S.  typkimm‘um and K. aerogenes 
templates, TL-RNA and RT-RNA also did not accumulate 
in significant amounts until the PL-RNA species began to 
disappear. 

Sequence of E. coli P L R N A .  The sequence of PL-RNA 
was established by RNA fingerprint analysis. Fingerprints 
of RNase T1 digests of intact TLRNA and PLRNA labeled 
with [a-”P]GTP are presented in Figure 3, A and B, r e  
spectively. The spots in Figure 3B form a subset of the spots 
in Figure 3A. In Figure 38, spot 5 is present and spot 43 is 
absent. This indicates that PLRNA extends from the normal 
5’ terminus of the trp transcript to between nucleotides 81 and 
93 (Figure 1). 

Fingerprints of [ct-x-uP]UTF’-labelcd TLRNA and PLRNA 
are presented in Figure 3, C and D, respectively. Spots X and 
Y in Figure 3C correspond to the two TL-RNA 3’ termini, 
CU,-OH and CU,-OH, respectively (Bertrand et al., 1977). 
Figure 3D contains spot 13 but lacks spot 43. This indicates 
that the PL-RNA extends at least to nucleotide 83 (Figure 
1). Additionally, two spots appear in the PL-RNA UTP 
fingerprint (spots a and b, Figure 3D) which are absent from 
the PLRNA GTP fingerprint (Figure 38). Therefore, spots 
a and b must correspond to the 3’-oligonucleotides of PLRNA. 
Since 3’-oligonucleotides migrate according to size rather than 
base composition in the homochromatographic dimension 
(Bertrand et al., 1977). the mobilities of spots a and b relative 
to spots X and Y suggest that spot a is UAUUCACC-OH and 
spot b is UAUUCACCA-OH. Thus, the major PL-RNA 
species appears to be 91 nucleotides long, while a minor PL- 
RNA species is probably 90 nucleotides long (Figure 1). The 
ratio of the major PL-RNA species to the minor PLRNA 
species estimated from spots a and b is about 3 to 1 (Figure 
3D). 
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FIGURE 3 RNase TI fing ’nt analysis of TL-RNA and P L R N A  
labeled separately with [a%’ ’ ]GTP and [a-l?]UTP. TGRNA and 
PL-RNA were synthesized preparatively for I min in single-round 
transcription experiments like the one depicted in Figure 2. For the 
a-l’P]UTP labeling, the reaction mixture contained 20 p M  [a- 

6P]UTP (50 pCi) and 150 p M  each of ATP, CTP, and GTP. Spot 
assignments are d i s c d  under Results. High-voltage elscvophore.is 
was from left to right, and homochromatography was from bottom 
to top. \A) TLRNA labeled with [a-’’P]GTp; (E) PL-RNA labeled 
with [a ’PIGTP (C) TL-RNA labeled with [a-I2P1UTP; (D) 
PL-RNA labeled with [a-32P]UTP. 

Pausing af Near-Optimal Ribonucleoside Triphosphate 
Concentrations. To determine whether the appearance of 
PLRNA was caused by the use of suboptimal ribonucleoside 
triphosphate concentrations (see Discussion), single-round 
transcription experiments were performed at  several r i b  
nucleoside triphosphate concentrations. PL-RNA appeared 
when the transcription reaction contained 40 pM [a-’?]GTP 
and 150 pM each of the other ribonucleoside triphosphates. 
However, attempts to detect PLRNA in reactions containing 
150 pM each of the four ribonucleoside triphosphates were 
unsuccessful, because contaminants in the [a-3zP]GTP, which 
comigrated with PL-RNA on gels, became too prominent at  
the high isotope concentrations required to maintain the [a- 
I’PIGTP specific activity in the transcription reactions. 
Nevertheless, pausing could be inferred from a delay in the 
appearance of TLRNA and RT-RNA. Similar transcription 
experiments with 400 pM [u-3ZP]UTP and 150 pM each of 
the other ribonucleoside triphosphates did produce a faint band 
on gels at  a position corresponding to PLRNA. At high 
isotope concentrations, contaminants in the [a-’2P]UTP also 
gave a heavy background on the gels. As with GTP labeling, 
accumulation of [a-’’P]UTP-labeled TL-RNA and RT-RNA 
was delayed. Single-round transcription experiments were also 
performed in the presence of 30 pM [CT-~?]CTP, 150 pM each 
of ATP and GTP, and 400 p M  UTP (Figure 4). The a p  
parent K, for CTP in the transcriptional elongation reaction 
is considerably lower than the K. values for the other rib 
nucleoside triphosphates (Chamberlin et al., 1976; Kingston 
et al., 1981; see Discussion). PL-RNA was clearly synthesized 
under these conditions, although it disappeared rapidly. 

Accumulation and Disappearance of PL-RNA. Figure 5 
presents a quantitative analysis of the accumulation and 
disappearance of the three f rp  RNA species synthesized in 
single-round transcription experiments performed at 22 ‘C 
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PH~URE 4 Gel electrophorepis of products syntasiad in a single round 
of transcription using [a-3’P]CTP-labeling conditions. Incubation 
was at 22 OC with the E. coli irpL75Ll35 HpIl, rstrictiOn fragment 
as template. Additions to the standard reaction mixture (see Ex- 
perimental Procedures) included 30 pM [a-”PICTP (50 p a ) ,  150 
pM ATP, I50 pM GTP, and 400 pM UTP. The fml reaction volume 
was 100 pL. Aliquots of IO pL of the reaction mixture were sampled 
at the indicated times (in minutes) and analyzed by gel electrophoresis 
as detailed in the legend to Figure 2. RT-RNA, TL-RNA. and 
PL-RNA are indicated. 

in the presence of 20 p M  [a--)9]GTP, 150 p M  each of ATP, 
CTP, and UTP, and wild-type or mutant templates. In Figure 
5A, the wild-type restriction fragment was the template, while 
in Figure 5BD, restriction fragments containing frp attenuator 
mutations (see Figure 1) were transcribed. The rrpLl32 
mutation is a G - A change which destablizes the 3 4  paired 
structure and allows increased read-through transcription 
beyond the attenuator in vivo and in vitro (Stauffer et al., 
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1978). The trpL75 mutation is a G - A change which both 
stabilizes 1:2 pairing by about -4 kcal and destabilizes 2 3  
pairing (Zurawski et al., 1978). The rrpL75Ll35 template 
contains both the frpL75 and rrpL135 mutations. The trpL.135 
mutation is a T -, G change in the A.T-rich region of the 
attenuator. The frpL75L135 double mutant shows high-level 
read-through transcription in vivo and in vitro (Zurawski & 
Yanofsky, 1980). 

Common patterns for the accumulation and disappearance 
of the trp RNA species can be seen in Figure 5.  PL-RNA 
accumulated before either TL-RNA or RT-RNA. Significant 
accumulation of TL-RNA and RT-RNA did not occur until 
after PL-RNA had begun to disappear. PL-RNA decreased 
exponentially with an estimated half-life of 3.0 f 0.2 min a t  
22 OC (Figure 5 ) ,  1.6 min at 31 ‘C, and 0.7 min a t  37 “C 
(data not shown). None of the mutations studied affected the 
appearance or half-life of PLRNA (Figure 5) .  In mast cases, 
the maximum molar amount of PL-RNA, corrected for the 
early appearance of small amounts of TLRNA and RT-RNA, 
approximated the sum of the fmal molar amounts of TLRNA 
and RT-RNA. These observations suggest that every RNP 
molecule that transcribes the leader region pauses after syn- 
thesizing PL-RNA. Furthermore, accumulation of RT-RNA 
lagged slightly behind accumulation of TGRNA. The lag was 
most reliably observed in experiments with fragments con- 
taining high read-through mutations (Figure 5B.D). This 
finding suggests that same RNP molecules may pause briefly 
at the attenuator before synthesizing RT-RNA. 

Accumulation and disappearance of the RNA species were 
studied in experiments in which labeling was performed for 
only 30 s at the beginning of the transcription reaction period 
(pulse chase; Figure 6A) and in experiments in which the label 
was added at various times after beginning the transcription 
reaction (delayed labeling; Figure 68). In pulse-chase ex- 
periments (Figure 6A), PL-RNA was still detected at the high 
ribonucleoside triphosphate concentrations present during the 
chase period. However, the half-life of PLRNA was reduced 
appreciably (see Discussion). Labeled TL-RNA and RT- 
RNA did not accumulate in significant amounts until after 
the labeled PLRNA disappeared (Figure 6A). Accumulation 
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pwluRB 5: Time ~lursc of appearance and disappearance of RNA s p i e s  labcled with [a-32P]GTP in single-round transcription experiments. 
Expnimmts were performed exactly as described in the legend of Fgwe 2 with the following E. coli Hp1Im resitridon fragments as templates: 
(A) wild type; (E) mutant irpLl32; (C) mutant frpL73 (D) mutant irpL75L135. Transcription prcducts were analyzed by gel electmphomis 
and bands corresponding to PGRNA (O), TL-RNA (A), and RT-RNA (0) were cut from the gels and counted. Data in (A) were taken 
from the gel shown in Figure 2. Multiplication of ordinate values by 3 X 10.’’ gives actual molar amounts. 
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FIGURE 6:  Pulse-chase (A) and delayed-labeling (B) single-round 
transcription experiments. Transcription products were analyzed by 
gel electrophoresis, cut from the gels, and counted. (A) Single-round 
transcription of the E .  coli trpL75Ll35 H ~ U I I ~ ~ ~  restriction fragment 
was performed in a final volume of 200 rL at 22 OC. Additions to 
the standard reaction mixture (see Experimental Procedures) included 
20 pM [LU-~~PIGTP (160 pCi) and 150 pM each of ATP, CTP, and 
UTP. After 30 s , unlabeled GTP was added to 400 pM. Aliquots 
of 40 pL of the reaction mixture were removed to stop solution at 
the times indicated. (B) A single-round transcription reaction with 
the trpL75L135 template was started at 22 OC in a final volume of 
100 pL. Additions to the standard reaction mixture included 20 rM 
GTP and 150 pM each of ATP, CTP, and UTP. [(U-~~PJGTP was 
initially omitted. At the times indicated, 12 rL of reaction were added 
to 10 pCi of [LU-~~PIGTP. Incubation at 22 OC was continued 2 min 
longer before the reaction was stopped. The 2-min labeling period 
was less than the half-life of PL-RNA (see Results). (0) PL-RNA; 
(A) TL-RNA; (0) RT-RNA. Multiplication of ordinate values by 
1.8 X lo-’’ gives actual molar amounts. 

of RT-RNA again lagged slightly behind accumulation of 
TL-RNA. In delayed-labeling experiments (Figure 6B), there 
was very little synthesis of PL-RNA 2 min after the start of 
transcription. Two minutes corresponds to the approximate 
interval after which PL-RNA started to disappear in single- 
round transcription experiments (Figure 5D). In contrast, 
synthesis of TL-RNA and RT-RNA continued for nearly 5 
min after the start of transcription. At the earliest point, the 
molar amount of RT-RNA was less than the molar amount 
of TL-RNA (Figure 6B). 

Quantitation of accumulation and disappearance of trp 
RNA species in transcription experiments performed in the 
presence of 30 pM [cY-~~PICTP, 150 pM each of ATP and 
GTP, and 400 p M  UTP is shown in Figure 7. In Figure 7, 
there is a direct relationship between disappearance of PL- 
RNA and accumulation of TL-RNA and RT-RNA. Accu- 
mulation of RT-RNA lagged slightly behind accumulation of 
TL-RNA. Compared to Figure 5, A and D, Figure 7, A and 
B, shows a more rapid accumulation of TL-RNA and RT- 
RNA and a shorter half-life for PL-RNA. In the transcription 
experiments shown in Figure 7, the half-life of PL-RNA was 
only about 0.3 min at 22 “C. 

Accumulation and disappearance of PL-RNA were exam- 
ined in the presence of factors known to affect transcriptional 
pausing in other systems (see Discussion). Termination factor 
p did not affect the appearance or half-life of PL-RNA in 
single-round transcription reactions completed at 31 OC in the 
presence of 20 pM [cx-~~PJGTP, 400 p M  ATP, 150 pM CTP, 
150 p M  UTP, and 50 mM KCl. p factor and RNP were each 
present at final concentrations of 8 pg/mL. Guanosine 
3’,5’-bis(diphosphate) at a final concentration of 0.2 mM also 
did not affect the appearance or half-life of PL-RNA in ex- 

MINUTES 

FIGURE 7: Time course of appearance and disappearance of RNA 
species labeled with [a-’*P]CTP in single-round transcription ex- 
periments. Experiments were performed exactly as detailed in the 
legend to Figure 4 with wild-type (A) and mutant trpL75L135 (B) 
H ~ U I I ~ ~ ~  restriction fragments as templates. Data in (B) are taken 
from the gel shown in Figure 4. Bands were cut from gels and counted. 
Multiplication of the ordinate values by 4.4 X lo-’’ gives actual molar 
amounts. (0) PL-RNA; (A) TL-RNA; (0) RT-RNA. 

periments analogous to the one shown in Figure 2. ppGpp did, 
however, cause a general inhibition of in vitro transcription 
of the trpPOL template (data not shown). 

Discussion 

The experiments presented show that RNP molecules pause 
at a single site during in vitro transcription of the trp leader 
region. Time course (Figures 2,4,  5 ,  and 7) and pulse-chase 
(Figure 6A) analyses in single-round transcription experiments 
established a direct relationship between the disappearance 
of paused-leader RNA (PL-RNA) and the appearance of 
terminated-leader RNA (TL-RNA) and read-through RNA 
(RT-RNA). This pattern of accumulation and disappearance 
suggests that every transcribing RNP molecule pauses and that 
PL-RNA is an obligatory precursor of both TL-RNA and 
RT-RNA. The results of delayed-labeling experiments are 
consistent with this interpretation; synthesis of TL-RNA and 
RT-RNA continued for nearly 5 min after transcription was 
started (Figure 6B). Farnham & Platt (1981) have also ob- 
served the production of PL-RNA in single-round transcription 
experiments in vitro. 

Two classes of transcriptional pause sites have been noted 
in studies with other systems. One class consists of short 
GC-rich regions in the DNA template [summarized in Gilbert 
(1976)l. These GC-rich regions are located immediately 
upstream from the 3’ termini of the paused transcripts. A 
second class of pause sites contains regions of dyad symmetry 
which do not have to be particularly GC rich. Like the GC- 
rich regions, these symmetrical sequences are located upstream 
from the 3’ termini of the paused transcripts. Regions of dyad 
symmetry are thought to mediate transcriptional pausing by 
allowing secondary structures to form either in the nascent 
RNA chains (Adhya & Gottesman, 1978; Rosenberg et al., 
1978) or in the displaced DNA strand of the template 
(Kassavetis & Chamberlin, 1981). 

Fingerprint analyses indicated that the major PL-RNA 
species is 91 nucleotides long while a minor PL-RNA species 
is 90 nucleotides long. The DNA region corresponding to the 
3’ termini of PL-RNA is immediately preceded by both a 
GC-rich region and a region of dyad symmetry. This dyad 
symmetry corresponds to the 1:2 paired structure that can form 
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molecules initiate transcription on the trp promoter about once 
every 6 s (Bertrand et al., 1976). For pausing not to interfere 
with trp operon expression in vivo, the half-life expected for 
PL-RNA would have to be at most a few seconds. The 
half-life of PL-RNA measured in vitro is compatible with the 
short half-life anticipated in vivo. Since the half-life of PL- 
RNA is about 4.3-fold shorter at 37 "C than at 22 OC (see 
Results), the half-life for PL-RNA synthesized in vitro at near 
optimal ribonucleoside triphosphate concentrations would be 
expected to decrease from 18 s (0.3 min) at 22 OC (Figure 
7) to approximately 4 s at 37 OC. Because of its short half-life 
and the fact that it does not accumulate, PL-RNA would be 
difficult to detect in vivo. 

The data in Figures 5-7 suggest that those RNP molecules 
that do not terminate transcription at the attenuator may, 
however, pause briefly at this site. Appearance of RT-RNA 
always lagged behind appearance of TL-RNA by an interval 
of time that exceeds what would be expected for transcription 
of the 120-nucleotide difference in length between TL-RNA 
and RT-RNA. Accumulation of RT-RNA was similar in 
transcription reactions using templates containing either the 
trpL132 mutation (Figure 5B), which destabilizes the 3:4 
paired structure, or the trpLl35 mutation (Figure 5D), which 
might stabilize the pairing between the U-rich region of trp 
RNA and its complementary segment in the DNA template. 
Since aditional bands between PL-RNA and TL-RNA were 
not generally observed on gels, it seems likely that the second 
paused RNA species is about the same size as TL-RNA (140 
nucleotides long). Delayed-labeling experiments were con- 
sistent with this interpretation, because the molar amount of 
RT-RNA was less than the molar amount of TL-RNA at the 
earliest time point taken (Figure 6B). Accumulation data 
(Figures 5, 6A, and 7) suggest that the presumed pause at 
position 140 would have a considerably shorter half-life than 
the pause at position 91. Transcription studies in vitro using 
a template containing a deletion of part of the A.T-rich region 
of the attenuator (trpALCl419) also indicate that RNP 
molecules pause briefly at position 140 during read-through 
transcription beyond the attenuator (Farnham & Platt, 198 1). 
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Inhibition of the BamHI Cleavage and Unwinding of pBR322 
Deoxyribonucleic Acid by the Antitumor Drug 
cis-Dichlorodiammineplatinum( 1I)t 
H. Michael Ushay, Thomas D. Tullius, and Stephen J. Lippard* 

ABSTRACT: The antitumor drug cis-dichlorodiammine- 
platinum(I1) (cis-DDP) binds to pBR322 DNA and inhibits 
the cleavage of this circular DNA into a linear form by the 
restriction endonuclease BamHI. The binding of platinum to 
DNA was monitored by agarose gel electrophoresis, and the 
amount of platinum bound per nucleotide (rb) was measured 
by carbon rod atomic absorption spectroscopy. Electrophoretic 
mobility changes reflect a shortening and unwinding of the 
DNA duplex upon platinum binding as observed previously 
for the reaction of cis- and trans-DDP with pSM1 DNA 
[Cohen, G. L., Bauer, W. R., Barton, J. K., & Lippard, S .  
J. (1979) Science (Washington, D.C.) 203, 1014-10161. The 
inhibition of BamHI nuclease activity occurs at very low 
binding levels and is complete at rb = 0.045. This value 
corresponds to the binding of one platinum atom within f 3  
base pairs of the recognition sequence of the enzyme shown 

A l t h o u g h  the site of cytotoxic action of the antitumor drug 
cis-DDP' (Rosenberg et al., 1969) is believed to be DNA 
(Roberts & Thomson, 1979), the exact nature of the plati- 
num-induced lesion remains unknown. The antineoplastic 
activity of cis-DDP compared with the inactivity of the trans 
isomer suggests bifunctional coordination of the platinum drug 
to DNA utilizing its cis geometry: for example, intrastrand 
cross-linking of two adjacent guanine or cytosine bases 
(Roberts & Thomson, 1979; Kelman et al., 1977). DNA 
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below. Treatment of the DNA with 0.2 M sodium cyanide 
after BUMHI cutting removes the platinum but does not alter 
the point at which cis-DDP inhibits the formatim of the linear 
form 111 DNA. This result is in contrast with a previous report 
claiming that BamHI could cut across a cis-DDP-induced 
GpG cross-link in DNA which could be subsequently revealed 
by cyanide reversal of platinum binding. When the platinum 
is removed by cyanide treatment, the drug-induced mobility 
changes are reversed and there is a pronounced sharpening 
of the bands in the gel. Quantitative study of the cyanide 
reversal shows the presence of a small amount of unremovable 
platinum tightly bound to the DNA at high ratios (-0.1) of 
bound platinum per nucleotide. 
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f 

interstrand cross-links occur but at platinum binding levels 
greater than those required for cytotoxic action (Shooter et 
al., 1972; Munchausen, 1974). 

We previously demonstrated (Cohen et al., 1979) that 
cis-DDP unwinds and shortens closed circular, supercoiled 

I Abbreviations used: DDP, dichlorodiammineplatinum(1i); form I 
DNA, covalently c l o d  circular duplex DNA; form I1 DNA, nicked 
circular duplex DNA; form I11 DNA, linear duplex DNA; EDTA, di- 
sodium salt of ethylenediaminetetraacetic acid; Tris, tris(hydroxy- 
methy1)aminomethane; TBE, 90 mM Tris base, 90 mM boric acid, and 
2.2 mM EDTA, pH 8.3; BSA, bovine serum albumin; PO, concentration 
of nucleotide phosphate determined at 260 nm by using 6600 M-I cm-l 
as the extinction coefficient; C, the initial concentration of platinum 
species in the reaction; cb, the conocntration of platinum bound to nucleic 
acid; rf, ratio of Co to Po; rb, ratio of c b  to Po; AAS, atomic absorption 
spectroscopy; DTT, dithiothreitol; EtdBr, ethidium bromide; 00, the su- 
perhelix density. 
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