
bonding environment occur dynamically 
during the simulations. This approach opens 
the door for proposing reaction pathways 
that involve rehybridization of C atoms in 
molecules. For diamond film formation we 
have suggested that -CH, species are highly 
reactive and may be important for growth. 
The resulting pictures present a challenge to 
experimentalists for laboratory confirmation 
and to theorists for calculating the energetics 
by first-principle methods (22). 
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Structure of Transcription Elongation 
Complexes in Vivo 

MARK KAINZ AND JEFFREY ROBERTS 

The opening of duplex DNA in the elongation phase of transcription by Escherichia 
coli RNA polymerase in vivo was detected at a regulatory site where a prolonged pause 
in transcription occurs. Single-stranded DNA in the transcription bubble was identi- 
fied by its reactivity with potassium permanganate (-0,). The elongation structure 
in vivo was similar to that of transcription complexes made in vitro with some 
differences. The observed reactivity to KMnO, of the DNA template strand was 
consistent with the existence of an RNA-DNA hybrid of about 12 nucleotides. 

T H E  COMPLEX OF RNA POLYMERASE 

(RNAP), DNA, and the elongating 
mRNA transcript is an intermediate 

in the enzymatic reaction and the site of the 
regulatory processes of termination and an- 
titermination. The elongation complex of 
Escherichia coli RNAP has the following 
properties in vitro: (i) its footprint is more 
compact than that of initiation complexes 
(20 to 30 bp versus 65 to 95 bp) (1, 2); (ii) 

base-specific contacts are not evident (1); 
(iii) the DNA (-17 bp) is unwound in the 
transcription bubble (3); and (iv) the DNA 
template and the nascent RNA form a hy- 
brid of 10 to 12 bp ( 4 4 ,  although this 
value has been questioned (7). 

During transcription in vitro of the E. coli 
bacteriophage A late gene operon (8) and 
the late gene operons of related phages 82 
(9) and 21 (lo), RNA polymerase pauses 
after making only 15 to 25 nucleotides of 
RNA, at a hosiGon specific to each phage 

Section of Biochemistry, Molecular, and Cell Biology, 
Biotechnology Building, Cornell University, Ithaca, NY DNA' These paused 
14853. are the substrates on which each phage gene 

Q-encoded antiterminator protein acts in 
vitro to modify RNAP. We have identified 
the paused elongation complexes in vivo, 
and have used them to study the structure of 
the elongation complex in vivo. 

We detected paused complexes in cells 
using KMnO, to modify thymines and cy- 
tosines in denatured DNA (1 1) and thus to 
mark the transcription bubble. Cells bearing 
plasmids with the late promoter and initially 
transcribed region of the late operon of A or 
related phages were treated with KMnO, 
during growth, and KMn0,-modified py- 
rimidines were detected by primer exten- 
sion. In some experiments the drug rifampi- 
cin, which prevents initiation but not 
elongation of transcription by E. coli RNA 
polymerase, was added before KMnO, 
treatment. Inhibition of initiation allows 
elongating and paused RNAP to clear the 
DNA and thus identifies such enzymes, and 
also freezes RNAP.at the promoter in the 
open complex. 

w e  analyzed three plasmids containing 
the A late operon: (i) pXY306 (12) contains 
the wild-type A promoter p,' with its asso- 
ciated regulatory sequence qut (for ''Q utili- 
zation"); (ii) pXY306 (+6C) is a qut- point 
mutant that does not support the in vitro 
pause at + 16-+17 (and cannot be modified 
by Q), but still has an active promoter 
(13-15); and (iii) pXY306 (-11G) contains 
a mutation that nearly abolishes promoter 
function (13). Wild-type pXY306 has reac- 
tive residues at positions + 1 and +2 of the 
bottom (template) strand, and +14, +15, 
and + 16 of the top (nontemplate) strand 
(Fig. 1A) (1 6).  Treatment with rifampicin 
alters this pattern in two ways. Reactivity at 
+1 and +2 (lane 2) and +14, +15, and 
+16 (lane 8) is abolished, and the minor 
reactivity of T at - 11 (lane 2) and - 2, - 6, 
- 7, and - 8 (lane 8) increases. We infer that 
bases at + 1 and +2 on the bottom strand 
and at +14, +15, and +16 on the top 
strand occur in single-stranded regions of 
the transcription bubble of RNA polymer- 
ase paused after making 16 or 17  nucleo- 
tides of the late RNA, whereas T at - 11 on 
the bottom strand and -2, -6, - 7, and -8 
on the top strand are present in single-strand 
regions of open complex formed at the 
promoter. Open and paused complexes co- 
exist in a population, although for steric 
reasons they probably could not exist on the 
same DNA molecule. A time course shows 
that the half-life of the paused complex in 
vivo is about 30 s (17). 

This identification of melted DNA in 
open and paused complexes was supported 
by analysis of the mutant plasmids. KMnO, 
treatment of-cells bearing pXY306 (+6C) 
detected reactivity ascribed to open complex 
[at - 11 (Fig. 14 lane 3) and weakly at - 2, 
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-6, -7, and -8 (lane 9)], but not reactivity treatment of cells bearing pXY306 (- 11G) dent background reactivity. The reactivity of 
ascribed to the paused complex [at +1 and gave no modification of pyrimidines as- +12, +5, and -4 of the bottom strand was 
+2 (lane 3) and +14, +15, and +16 (lane cribed to either paused or open complex only slightly affected by the +6C mutation, 
9)]; as expected, the open complex signals (Fig. lA, lanes 5, 6, 11, and 12). which eliminated the pause and its associat- 
were increased by prior treatment with ri- The mutants and the dampicin treatment ed reactivity at + 1 and +2, but was much 
fampicin (lanes 4 and 10). Finally, KMnO, also revealed a general transcription-depen- reduced by dampicin, this is true even on 

the - 11G promoter mutant, which should 

A B not interact with RNAP. This background 
DNA & zlE lllG DNA yyl 
R I F - + -  t - + - t -  t - +  

a xi a Z; may be a result of transcription from other - R H A P t +  - tffi+ t t + + - t t + +  
NTP + + - t + + t - + + plasmid promoters. 

_.g RIF - t - - t - +  - . + -  - + - +  The corresponding regions of the late 
- -7 

t12- -4 - -2 
operons of phages 82 and 21 also revealed 

t12- - m 
f 1; 

denatured segments that corresponded to 
t 5  - 
t 2 -  

- * -d paused and open complexes detected in vi- 
,171 -+II +5 -2 m. There are pauses at positions + 15 and 
-4 - 

t l 4  
<+I5 ::y , +10 

+25 of phage 82 DNA (9) and at position 
't16 

4 - -+II +18 of phage 21 DNA (10). 
-11 

,t14 
- +15 We next compared the pattem of KMnO, 
'+16 

-10, =- reactivity on the A late promoter in vivo 
-11 - with that of in v im  transcription complex- 

1 2 3  4 5 6  7 8  9 1 0 1 1 1 2  
~ o n ~ m  Strand TOP Slnnd es. We formed open comp~ex& with 

1 2  3 4 5 6 7 8 9 10 11 1 2 1 3 1 4  RNA polymerase h o l o e ~ e  and the 
Bona  Sblnd  TOP Shand NusA protein on supercoiled pXY306, 

pXY306 (+6C), and- pXY306 - ( - 1 1 ~ )  
Fig. 1. KMn04 reactive pyrimidines of uansaibed DNA identify paused transaiption elongation DNA in vim (18) and either initiated tran- 
complexes near the RNA start sites of lambdoid phage late operons, and open complexes at the late scription by addition of r ~ T p s  or inhibited 
promoters. (A) Phage A DNA in vivo. Lanes 1 to 6 show KMn04 reactive pyrimidines in the bottom initiation with rifampicin. were 
(template) strand and lams 7 to 12 show reactive pyrimidines in the top (nontemplate) strand. 
Odd-numbered lanes, treatment with KMnO, alone; even-numbered lanes, treatment with rifampicin treated with -04 and bases 
(RIF) followed by KMnOl. The "wt" plasmid is pXY306 (13); "+6C" and *- l l G n  are point mutants mapped by primer extension (19). Reactiv- 
of ~XY306 and are d d b e d  in the turt. (6)  Phage A DNA in vim. Lanes 1 to 7 show reactive itv in & mirrored the Dattem in viva in 
py&nidines in the bottom (template) strand, k d  l&es 8 to 14 show reactive pyrimidines in the top every d d  (see Fii. l ~ ) ,  except that 
(nontemplate) strand. DNA of plasmids named in (A) were transaibed in vitro (18) and KMnO, 
modification and primer extension (19) reactions were performed as described. thymine at +10 and +11 was more reactive 

in v im  (compare Fig. lB, lane 8, with Fig. 

1 2 3 4  5 6  7 8  
Bottom Stnnd 

1 2 3 4 5 6 7 8  
BWom Strand 

9 10 11 12 13 14 15 16 
Top Strand 

9 10 11 12 13 14 
Top Shsnd 

Fig. 2. Point mutations d e h e  the 
margins and internal structures of A 
+16-+17 paused complexes and 
open complexes at the A late promot- 
er in vivo. Parentheses indicate mu- 
tant sites. (A) KMnO, reactivity in 
vivo of thymines at the margin of the 
transaiption bubble. Lanes 1 to 8: 
bottom (template) strand. Lanes 9 to 
16: top (nontemplate) strand. The 
"wt" DNA is pXY306; "-lA," 
"-IT," and "+3T" DNAs are point 
murants of pXY306 that do not hkct 
the abiitv of the tem~late to SUDDOR 
the traAaiptional buse in 'h 
(13). (6) KMnO, reactivity in vivo 
of thymines at internal positions in 
the template s m d  of the anscrip 
tion bubble. Lanes 1 to 8: bottom 
(template) strand; lams 9 to 16: top 
(nontemplate) strand. The "wt" 
DNA is pXY306, and " + a n  
"+7A," and "+9An are point mu- 
tants of pXY306 that affect pausing at 
+16-+17 only slightly (+9A and 
+7A) or not at all (+4A) (13). 

lA, lane 7) (20). In contrast to the total la& 
of promoter or pause signal on the - 11G 
plasmid in vivo, we saw some reactivity of 
pyrimidines at -10 and -11 on the bottom 
strand (Fig. lB, lane 7). Weak promoter 
function may be compensated by the long 
incubation with excess RNAP in vitro. An 
extremely low background reactivity was 
observed with supercoiled DNA in the ab- 
sence of protein ( ~ i ~ .  1B). 

~ o d e h  for the s&cture of a;mscription 
elongation complexes, based on measure- 
ments of complexes made in vitro, predict 
the promoter &stal margin of the dp- 
tion bubble to be immediately downstream 
of the catalytic center of RNA polymerase 
and the proximal m&g& of the 
bubble to remain a constant 17 to 18 bp 
upstream of the catalytic center (3, 21). The 
KMn04 reactivity of four independent 
paused elongation complexes on three dif- 
ferent templates supports this model. Pyrim- 
idines in the top strand at or just upstream 
of the 3' end of the nascent RNA chain were 
reactive, whereas pyrimidines downstream 
of the RNA 3' end were not. For example, 
the +16-17 paused complex of A DNA 
showed top strand modification of T at 
positions + 14 and + 15 and weaker modi- 
fication of C at + 16, whereas C at + 18 and 
+20 and T at +19 were unreactive. Results 
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c GATGGGTTAA; 
+ 16- +17 Paused complex 

T Y T T G G G T Y T T T G A C T  
c I G~~~~~~ 

ATTTTAAcccATTTAAAcTa PPPCi C ( Z L A I ~  I j< -G CTACCCAATT~ :;;;;;Aul~ 

T T T ZTTTT 

A::~GA~i4 1 
Open complex A I A  

A 1 C 
TAAAATTGGGT GATGGGTTAATTCGCTFGTT 

AT~TTAACCCA CTACCCAATTAAGCGAGCAA 

TAAACTGAG T~ 

TTTTGCCnqTGT 

+ 25 Paused complex GI 
T 

GGATTAAAAAGCATATATTTCATATAAATCTG Appp A ~ ~ r ~ ~  

CcTAAkTTTTmTATATAAAGTATAiTTAw A O ~  GcGTGA 
TA ~ u G c c ~ w G w u ~ ~  

LAACGGTTACAA~ 

AAETGATAT T + 15 Paused complex ;: I T- 
T.. 

A c 
GGATTARAAAGCATATATTTCAT CCAATGTTGTACGCACT 

I I "PAA 
CCTAATTTTTCGTATATAAAGTA A ,,:GGTTACAACATGCGTGA 

TA u zT TAg;;:;,"::::A 
--- - - 

IA Open complex T~TTTCATATA . , A, 
2.. 

G G A T T F G C A T  CTGATATTTTGCCAATGTTGTACGCACT 

CC'AATTTTTCGTA. .GACTATAAAACGGTTACAACATGCGTGA 

c Fig. 3. Summary of in vivo KMnO, reactivity and 
-20 -10 -1 + I  0 +20 deduced DNA structures of transcription elongation 

AGCTGCFGF~AG I 
+ 18 Paused complex ';A G 

CAAATGAGCAACACTATTCGC? w~~~~ 
A 
CTCTTA 

A 
GTTTACTCGTTGTGATAAGCG A 

Open complex 
c ACTA?~CG~ 

complexes and open complexes in vi;o. (A) T ~ C A  late 
elongation complex paused at + 16-+ 17  and the A 
late open promoter complex. Black bars designate 
bases reactive to KMnO, in vivo, and the thickness of 
the bar suggests relative reactivities. Mutations that 
introduce new thymines and their reactivities, are 
shown by vertical lines. (26). (B) The phage 82 late 
elongation complex paused at + 15 and- +%5 and the 
phage 82 late open promoter complex. KMnO, 

A1 
A ?; ;ea$ve bases a re  designated by black bars, as de: 

CAAATGAGC AAGCTGCCGTTAGTGACTCTTA scribed for (A). Bars in parentheses indicate uncer- 
GTTTACTCG ATTCGACGGCAATCACTGAGAAT 

TT T 
tainty whether reactivity arises from the + 15 paused 

GTGATAAGC~ complex or the open promoter complex (26). (C) The 
phage 21 late elongation complex paused at +18 and the phage 21 open promoter complex. KMnO, 
reactive bases are indicated by black bars as described for (A) (26). 

are similar for the +25 paused complex of reactivity. We found low reactivity of pyrim- 
phage 82 DNA and the +18 paused com- idines at internal positions of both strands 
plex of phage 21 DNA (see Fig. 3). relative to the strong reactivity at the bubble 

The distance between the upstream edge margins, and this reactivity did not entirely 
of the bubble and the catalytic center of derive from the paused complex. For exam- 
RNAP was also approximately constant. For ple, + 5 and + 12 of the A bottom strand and 
the + 1 6 1 7  paused complex of A DNA, for + 10 and + 11 of the A top strand in vivo 
example, T at +1 and + 2  of the bottom show this intermediate reactivity. To probe 
strand was strongly reactive, whereas T at this entire segment, we used a set of muta- 
-4 was unreactive. We examined the up- tions that introduced new thymines in posi- 
stream margin of the transcription bubble in tions +4  to + 11 of the A bottom strand 
the paused ;longation complkx of A DNA in without changing the properties of the pro- 
more detail using two point mutations that moter; data for three mutants are shown 
changed the DNA sequence at position - 1 (Fig. 2B) and the results are summarized 
but did not affect the ability of the template (Fig. 3A). The newly introduced T residues 
to support a pause at +1617 .  The reactiv- at +4, +7, +8, +9, + 10, or +11 were 
ity of T at - 1 in the bottom strand (mutant similar in reactivity to the T at +5, and 
- - 1 ~ )  implies that the promoter proximal much less reactive &an T at edge positions 
margin of the transcription bubble extended or T at +10 and + 11 in the top strand in 
at least as far as -1 (Fig. 2A, lane 3) vitro. Note that reactivities vary-for exam- 
(however, it is possible that-the mutant and ple, +4  is weakly reactive and +9 is moder- 
wild type do not have bubbles of exactly the ately reactive-and that reactivities are not 
same length). A T placed at - 1 in the top independent, as shown by the fact that the 
strand (mutant - 1T) was not reactive in the change of +4  to T suppresses the reactivity 
paused complex in vivo (Fig. 2A, lane 13) or of the wild-type + 5T. This analysis confirms 
in vitro and was probably protected by the intermediate reactivity of this segment of 
RNA polymerase. bottom strand DNA. 

The transcription elongation complex is In two cases there was more reactivity in 
thought to include 10 to  12 bp of -RNA- the top strand than in the bottom, as would 
DNA duplex along the template strand of be expected if RNA protected the bottom 
the DNA (4, 5) ,  a structure that should strand. For the phage 21 paused complex, T 
protect the template strand from KMnO, in the top strand at + 12 and + 13 was more 

reactive compared to the margin base +16, 
but the T at +14 of the bottom strand was 
weakly reactive compared to the margin 
bases +1 and +3 (Fig. 3C); for the A in vitro 
complexes, T at +10 and +11 of the top 
strand reacted strongly, but T at +12 and 
+ 13 of the bottom strand did not (Fig. 1B). 
Reactivity of bottom strand DNA in the 
phage 82 +25 complex was also consistent 
with protection by RNA: T at +26 in the 
bottom strand is moderately reactive, where- 
as T at +18 and +19 is nearly unreactive 
(Fig. 3B). 

The patterns of KMnO, reactivity of the 
three phage promoter open complexes in 
vivo are all similar to each other (Figs. 1 and 
3), to the lac L8: UV5 promoter (1 I ) ,  and to 
structures predicted for other prokaryotic 
a70 promoters (22). These results suggest 
that open complexes on the three late pro- 
moters melt the DNA helix from - 11 to + 3 
or +4  (phage A), from -11 or -12 to +4  
or +5 (phage 82), and from -12 to no 
more than +5 (phage 21). 

Our results are consistent with the follow- 
ing structure of the transcription elongation 
complex in vivo. The DNA helix is un- 
wound over 17  to 18 bp, with the catalytic 
center of RNA polymerase located within 2 
bp of the downstream margin of the bubble. 
The top DNA strand near the downstream 
margin and the bottom DNA strand near 
the upstream margin of the bubble are 
KMnO, reactive and thus are either solvent 
exposed or are only loosely bound by RNA 
polymerase. Nonreactive top strand pyrimi- 
dines near the upstream margin and at some 
internal positions may be protected by pro- 
teins of the transcription complex in vivo. 
However, T at + 10 and + 11 is strongly 
reactive in the A complex in vitro in the 
presence of RNAP and NusA, suggesting 
that other proteins-for example, the other 
Nus proteins that have been associated with 
transcription elongation complexes (23)- 
may interact in this region. 

The disposition of the nascent RNA 
strand relative to its template DNA remains 
an important question: Are they together in 
an RNA-DNA hybrid of 10 to 12 bp, as the 
conventional model proposes, or do they 
separate a few bases beyond the growing 
site, as inferred from the sensitivity of most 
of the putative hybrid to ribonuclease at 
high concentration (7)i The first view is 
supported by cross-linking of the 5' end of 
the emerging transcript to the template 
DNA strand until its length exceeds 10 to 
12 bases (4), and by the shortest homopoly- 
meric template segment (10 bases) that al- 
lows transcript slippage against the template 
(6).  Our resdts show that the template 
DNA strand over a 12-bp segment was not 
freely exposed to KMnO,, although it was 
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more reactive than duplex DNA. Possibly 
the -12-bp hybrid does exist but has a 
structure sufficiently different from extended 
hybrids that its DNA component is more 
reactive than a strand of DNA in a duplex. 
Alternatively, the -12-bp hybrid might be 
in equilibrium with free RNA and DNA and 
thus somewhat open to both nuclease and 
KMnO, attack. 
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Mechanism of Transduction by Retrovhyses 

Retroviruses can capture cellular sequences and express them as oncogenes. Capture 
has been proposed to be a consequence of the ine5ciency of polyadenylation of the 
viral genome that allows the packaging of cellular sequences flanking the integrated 
provirus in virions; after transfer into virions, these sequences could be incorporated 
into the viral genome by illegitimate recombination during reverse transcription. As a 
test for this hypothesis, a tissue culture system was developed that mimics the 
transduction process and allows the analysis and quantitation of capture events in a 
single step. In this model, transduction of sequences adjacent to a provirus depends on 
the formation of readthrough transcripts and their transmission in virions and leads to 
various recombinant structures whose formation is independent of sequence similarity 
at the crossover site. Thus, all events in the transduction process can be attributed to 
the action of reverse transcriptase on readthrough transcripts without involving 
deletions of cellular DNA. 

R ETROVIRUSES HAVE BEEN STUDLED 

for their ability to acquire and ex- 
press cellular sequences as onco- 

genes (1, 2). However, the mechanism by 
which these viruses incorporate cellular 
genes into their genome is still undefined. 
Transduction of oncogenes is thought to 
proceed from a provirus integrated within 
or near a proto-oncogene (3-5). Joining of 
cell and viral sequences can proceed by 
deletions that remove portions of viral and 
cellular sequences (4) or by formation of 
joint "readthrough" transcripts (5). Illegiti- 
mate recombination of the packaged hybrid 
transcripts during reverse transcription will 
incorporate proto-oncogene sequences into 
the provirus (Fig. 1). 

That readthrough transcripts could be 
intermediates in transduction is implied by 
the observation that cleavage and polyade- 
nylation of viral transcripts in the 3' long 
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terminal repeat (LTR) of avian leukosis 
virus is inefficient (6). A significant portion 
(about 15%) of viral transcripts from infect- 
ed cells contain neighboring cell sequences, 
are packaged efficiently, and can serve as 
templates for reverse transcription. Indeed, a 
mutation inactivating the polyadenylation 
signal of Row-associated virus (RAV-1) 
does not greatly affect viral replication. Most 
such mutant viral genomes have cellular 
sequences appended to their 3' ends, but 
these sequences are usually lost during re- 
verse transcription (7). 

To test the role of readthrough transcripts 
in the transduction of cellular sequences, we 
constructed a model resembling a provirus 
integrated upstream of a proto-oncogene 
and introduced it into cells in culture. The 
SV-neo cassette (8), containing the selectable 
neo marker, flanked by DNA containing 
promoter and polyadenylation signals from 
SV40, was placed downstream of an RAV-1 
provirus with a mutation in the polyadenyl- 
ation signal (7) (Fig. 2A). QT35 cells [a 
transformed quail cell line (9 ) ]  were trans- 
fected with this DNA, and neo-expressing 
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