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of RNA remaining in the complex after cleav- 
age with GreB. In some cases, the cleavage 
Dosition was verified bv identification of the - 

;eleased 3' fragment (R-c). In most cases, 
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During transcription elongation, three flexibly connected parts of RNA polymerase of (chasing). When a complex failed to 
Eschen'chia coli advance along the template so that the front-end domain is followed by resume elongation, it was classified as non- 
the catalytic site which in turn is followed by the RNA product binding site. The advancing chaseable dead end according to the or@d 
enzyme was found to maintain the same conformation throughout extended segments of designation by Chamberlin (9). 
the transcribed region. However, when the polymerase traveled across certain DNA sites The relation between C and F within the 
that seemed to briefly anchor the front-end domain, cyclic shiing of the three parts, segment +47 to +60 is shown in Fig. 2. The 
accompanied by buildup and relief of internal strain, was observed. Thus, elongation bottom panel shows RNA transcripts and is 
proceeded in alternating laps of monotonous and inchworm-like movement with the flexible organized in three-lane sets corresponding to 
RNA polymerase configuration being subject to direct sequence control. the intact halted complex (left lanes), the 

complex after treatment with Exo I11 (mid- 
dle lanes), and the Exo 111-treated complex 
after chasing (right lanes). The top panel 

Elongation of transcription has been envis- sequences. To address these issues we car- presents the front edge mapping by Exo I11 
aged as a monotonous process in which ried out systematic mapping of the three digestion. The advancement between 47 
each nucleotide addition is accompanied by advancing parts of RNA polymerase in a and 53 is monotonous. Each nucleotide 
a one-base pair (bp) translocation of RNA succession of complexes halted along a long addition is accompanied by equivalent trans- 
polymerase, which was considered an in- stretch of template. location of the front edge, so that the C-F 
flexible, rigid structure (I). Recent obser- We prepared defined elongation com- distance maintains a constant value of 18 nt. 
vations, however, suggest a substantial con- plexes using RNA polymerase that carries By contrast, as the transcript grows from 53 
formational plasticity of the ternary com- six His residues at the COOH-terminus of to 57, a cycle of inchworming is observed. 
plex. First, deoxyribonuclease (DNase) I the p' subunit (8). Through the His-tag, From 53 to 56 no advancement of the front 
footprinting of RNA polymerase that has the enzyme adsorbs to the Ni2+chelating end takes place. In fact, in EC,,, the front. 
been walked in single-nucleotide steps nitrilotriacetic acid (NTA)-agarose so that edge retreats by 2 bp as compared to EC5$ to 
through a short segment of DNA showed assays can be performed in solid phase. By give the C-F value of 12 nt. EC,, is 
that the front end of the enzyme advances centrifuging and resuspending the beads unstable and converts spontaneously into 
in a leap of several nucleotides (2). Other with adsorbed elongation complexes, it is the nonchaseable dead-end complex. This 
observations relate to the phenomenon of possible for the polymerase to travel along conversion for EC,, is about 30%. 
internal transcript cleavage induced by the the template in controlled steps (walking). As the transcript grows by 1 nt from 56 
GreB protein (3, 4). The cleavage removes Defined elongation complexes were pre- to 57, the front end leaps ahead by 7 bp and 
the 3'-proximal segment of RNA, whereas pared that spanned the segment +20 to the complex regains its original features, 
the 5' fragment remains in the ternary +75 in the T7A1 transcription unit. The including the 18-nt C-F value. Further 
complex. Hence, it was hypothesized that nomenclature used identifies elongation elongation from 57 to 60 is monotonous. 
the complex contains a 3'-proximal loose complexes by the length of the transcript; Thus, within the segment +47 to +60 the 
RNA-binding site, and a tight RNA-bind- that is, EC7,, designates the complex carry- elongating polymerase alternates between 
ing site upstream from the point of cleavage ing 70-nucleotide (nt) RNA. monotonous and inchworm-like modes of 
(Fig. 1A) (5). In a series of successive For each complex, several parameters were movement. 
complexes, a 3' segment of increasing determined (Fig. 1A). The position of the ECs2 and EC5, were chosen for further 
length was cleaved and removed by GreB, catalytic site (C) followed directly from the analysis as representative complexes of the 
reflecting gradual filling of the loose site length of the transcript. The front edge (F) monotonous and the inchworming states, re- 
with RNA. Thus, a two-stroke model of was mapped by protection of the nontemplate spectively. The effect on these complexes of 
RNA chain growth emerged, in which the DNA strand from 3' to 5' degradation with Merent doses of GreB is shown in Fig. 3. The 
filling of the loose site alternates with the Exo In. The distance between the transcript two complexes differ in GreB sensitivity. ECS2 
threading of the recently synthesized RNA tip and the front edge (C-F) was calculated is resistant to moderate exposure to the factor 
through the tight site (4, 6). The coupling from the two above parameters. The bound- (up to 1.5 CkeB molecules per complex), 
of the two-stroke mechanism of RNA syn- ary between the tight and the loose RNA- whereas one-tenth the amount of GreB com- 
thesis with the leaplike translocation of binding sites (R) was mapped from the length pletely cleaves the transcript in ECS6 remov- 
RNA polymerase is the central postulate of 
the inchworm model of elongation that was 
first suggested and theoretically justified by A ., C-F L B 
Chamberlin (7). The principal unresolved 
question of the model is whether the inch- C-F= I~  

worming is an obligatory, intriiic feature 
of the elongation process or an incidental 3, 
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ing a 4-nt piece of RNA. The cleavage is restored. The cleaved complex is fully chase- 
accompanied by a forward shift of the front able. Thus, the cleavage effectively converts 
edge, so that the 18-nt C-F parameter is EC,6 into EC,,. At higher doses of GreB, 

Flg. 2. Advancement of the elon- 
gation complex in the segment 
+47 to +60. RNA polymerase 
was walked through the segment 
in single-nucleotide steps (14), 
yielding defined elongation com- 
plexes from EC,, to EC,. The top 
panel shows the protection of ter- 
minally 32P-labeled nontemplate 
DNA strand from Exo Ill digestion. 
The bottom panel presents radio- 
labeled RNA in each complex an- 
alyzed either in the intact form or 
after treatment with Exo Ill before 
or after the chase with the four 
NTPs, as indicated (15). The ta- 
ble on the left lists the positions of 
the front end (F) in each complex 
which is identified by the length of 
the transcript (C). 

Flg. 3. RNA cleavage in elonga- 
tion complexes EC,, and EC,. 
The two complexes were ex- 
posed to increasing doses of 
GreB expressed in molar equiva- 
lents of the GreB protein per RNA 
polymerase (16). The top panel 
shows the protection of DNA from 
Exo 111 ( 15), and the bottom panel, 
the RNA in the complex. The table 
indicates the positions of the front 
end (F) on the DNA sequence. 

both the ongmal EC,, and the EC,, derived 
from EC56 behave identically. RNA is 
cleaved in increments of 1 to 2 n t  from the 3' 
terminus, accompanied by retreating of the 
front edge. Thus, the attack with a lugh dose 
of GreB appears to push EC,, backward with- 
out major internal rearrangement (10). We 
intemret the two levels of GreB sensitivitv as 
the reflection of two dfierent phenomena: In 
one case, the cleavage occurs in the context 
of the static complex, in the other i t  requires 
backward translocation of the enzyme. 

From these results, two types of elonga- 
t ion complexes can be distinguished (Fig. 
1B). The GreBresistant complex with C-F 
= 18 contains no RNA in the loose site and 
is characteristic o f  monotonous movement. 
Such a complex is relatively stable and, as 
shown below, i s  predominant during elonga- 
tion. We designate this conformation of 
elongation complex "preferred." The G r e B  
sensitive complex wi th C-F < 18 carries 
RNA in its loose binding site, is unstable, 
and can spontaneously collapse into the 
dead-end configuration. The unstable com- 
~ l e x  behaves as if i t  contains internal ten- 
sion, and we term it "strained." 

The principal features of the preferred or 
suained conformations were found in all 25 
complexes that we analyzed (Table 1). I t  can 
be concluded that within the segment +20 to 
+75, the "road map" of elongation includes 
two alternating monotonous (+30 to +53 
and +57 to +75) and two inchworming 
(+23 to +27 and +54 to +56) stretches. Of 
all the complexes, only the last complex in 
each inchworming cycle (EC,, and ECS6, 
respectively) displayed a high level of conver- 
sion to dead end under standard conditions, as 
indicated by the asterisk. 

Fig. 4. Effect of se- A B 
quence change be- 
yond position 75 on the 
conformation of EC,,. 
RNA polymerase was 73, 
"wa1ked"through equiv- 
alent segments of the 
two templates. Tem- 
plate 1 (A) and tem- 
plate 2 (B) are identical 
in the promoter-proxi- 
ma1 sequence (shown 
in boldface) but differ 
beyond position 75. 
The top panels show 
the protection of DNA 
from Exo Ill digestion 
(15). The bottom pan- 
els show RNA in each 
complex analyzed ei- 
ther in the intact form or 
after treatment with Exo 
Ill, as indicated. The ta- 
bles on the left list the 
positions of the front 
end (F) in each com- 
plex, which is identified by the length of the transcript (C). 
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Thus, the switch between the monoto- the 3' terminus of RNA (bottom panel). 
nous and the inchwormine modes amears These observations are corroborated bv the c, . . 
to be directed by the nucleotide sequence. 
The mechanism of this control was exam- 
ined by comparison of two transcription 
templates that differed in the DNA se- 
quence beyond position 75. On template 1 
(Fig. 4A) an inchworming cycle is seen 
within the stretch +70 to +75. It is man- 
ifested as an invariant position of the front 
edge in EC,, and EC,, followed by a 4-nt 
leap as the complex advances from 73 to 75 
(top panel). EC,, on template 1 is unstable 
and yields a nonchaseable dead-end com- 
plex, represented by a secondary band in 
the EC,, lane. By contrast, on template 2 
(standard template, Fig. 4B) the front edge 
(top panel) advances concomitantly with 

Flg. 5. Effect of sequence change 
at position 75 on RNA cleavage in 
elongation complexes. The top 
panel shows the effect of GreB 
(180 molar equivalents of GreB 
per RNA polymerase) on the RNA 
in the four different complexes. 
The bottom panel presents the 
titration of different doses of GreB 
on EC,, on the two templates. The 
experimental conditions were the 
same as in Fig. 3 (16), except that 
the Exo I l l  treatment step was 
omitted. 

results of GreB cleavage. As can be seen 
from Fig. 5 (top panel), starting with EC,,, 
the pattern of transcript cleavage on the two 
templates is very difTerent. The GreB sensi- 
tivity of EC7, on template 1 is 10 times 
higher than on template 2 (bottom panel). 
Thus, on template 1, EC,, displays all the 
properties of a strained complex, whereas on 
tem~late 2 it exists in the   referred confor- 
mation despite the fact that the transcripts 
in both cases are identical. These results are 
summarized in Table 2. We conclude that 
the signal telling the complex to enter into 
the inchworming mode is at least partially 
encoded in the nontranscribed region, ahead 
of the growing RNA tip. 

EC 70 1 73 1 75 1 80 
GreB - 1 + I - I 

emplate 11211 1211 1211 121112IlI2I112I 112 

Table 1. Dimensional parameters 
of defined elongation complexes. G@. R-C R 
The definitions of the parameters CF,mw 
are presented in the text. The 20 39 19 -/+ ND ND 
table presents the summary of all L 

experimental results obtained for 23 39 16 ++ ND ND 
template 2. Strained complexes :5. :: i: ii 
are shown in boldface. The aster- 
isk marks complexes with a high 30 48 -/+ l-2 30 

incidence of dead-end formation 1; ;:$ 
under standard conditions and in- 36 54 18 -I+ 1-2 35 

dicates that a mixture of the pro- 2 it 1 
0 40 
0 44 

ductive and inactive complex was 47 65 18 - o 47 
analyzed in each case. The differ- so 68 18 -I+ 1-2 50 
ence between the four levels of ;: 1: 1; ;I; z: 
GreB sensitivity represented by 53 71 18 -I+ 1-2 53 
+ +, +, -I+, - is empirical and 

54 70 16 ++ spans about three orders of mag- 56' 68 12 ++ 

nitude. It was determined in ex- 

0 70 

: :: ?,,- 
periments represented by Figs. 3 1; --; ;:; 
and 5 (17). The length of the 59 77 18 - 1-2 
fragment removed by cleavage 60 78 - O I-- 67 86 19 -/+ 1-2 67 
(R-C) was determined by intro- 70 89 19 - 
ducing radioactive phosphate 73 92 19 -I+ 1-2 73 
near the 3' terminus to visualize 75 93 ND ND 75 

the cleaved 3' segment in the gel 
as described (4). The scheme on the right presents the interpretation of the data as alternating 
phases of movement. ND, not done. 

A model of elongation emerging from 
these experiments envisages a flexible ter- 
nary complex that tends to stay in a pre- 
ferred, relaxed configuration as it advances 
along the template. Certain sequence sig- 
nals encountered on the wav cause the 
complex to rearrange. We propose that the 
rearrangement is induced by the "anchor- 
ing" of the front-end domain to a DNA site 
in the nontranscribed region accompanied 
by the cessation of threading of the newly 
synthesized FWA through the tight RNA- 
binding site. At the same time, the growth 
of FWA chain continues, resulting in pro- 
gressive filling of the loose product-binding 
site with RNA. The rearrangement is ac- 
companied by buildup of internal strain, 
which is relieved when the anchoring con- 
tacts are broken and the front end leaps 
ahead with concomitant threading of the 
transcript through the product site. The 
length of the leap is sequence specific. We 
call this parameter "inchworming span." 
The maximum inchwormine man in these " .  
experiments is 7, but on some DNA sites it 
may be as high as 18 (1 1). 

Our observations prove the main predic- 
tion of the inchworm model that filling and 
emptying of the loose RNA-binding site 
and leaping of the front end of the complex 
are coupled to each other and constitute 
different manifestations of the same process 
(4, 7). At the same time, our results reject 
the key postulate of the original hypothesis 
that inchworming is intrinsic to elongation 
and constitutes the very mechanism of 
movement. Rather we show that inch- 
worming is an incidental event, a response 
to a signal in the DNA. In the absence of 
the signal, elongation proceeds monoto- 
nously, that is, the polymerase translocates 
concomitantly with the growth of the tran- 
script. In other words, the inchworming 
cycle is not the power train converting the 

Table 2. Effect of sequence change on dimen- 
sional parameters of elongation complexes 
around position 73. The table summarizes the 
data of Figs. 4 and 5. The crucial line repre- 
senting EC,, on the two templates is highlight- 
ed in boldface. The designations are the same 
as in Table 1. 
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catalytic reaction into movement but rather 
is a resuonse of the moving comulex to an - 
obstacle encountered on the way (12). 

The characteristics of the strained elonga- 
tion complex (shortened C-F distance, filled 
loose product site, sensitivity to GreB) and its 
exclusive tendency to convert into the dead- 
end state find analogy in the phenomenon of 
elongation arrest by eukaryotic RNA poly- 
merase I1 (1 3). The arrested Pol I1 complex is 
characterized by high sensitivity to the eu- 
karyotic transcript cleavage factor S2, the 
long register of cleavage, and a shortened 
distance between the RNA 3' end and the 
front edge of the complex. By contrast, elon- 
gation-competent Pol I1 complexes artificially 
halted elsewhere in the temulate resemble the 
preferred conformation oi  the elongation 
complex in E. coli. These correlations strongly 
suggest that the model presented here for E. 
coli holds true for the mechanism of transcrip- 
tion elongation in eukaryotic systems. 
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Stimulation of RNA Polymerase II Elongation by 
Chromosomal Protein HMG-14 
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The high-mobility group protein 14 (HMG-14) is a non-histone chromosomal protein that 
is preferentially associated with transcriptionally active chromatin. To assess the effect of 
HMG-14 on transcription by RNA polymerase II, in vivo-assembled chromatin with ele- 
vated amounts of HMG-14 was obtained. Here it is shown that HMG-14 enhanced tran- 
scription on chromatin templates but not on DNA templates. This protein stimulated the rate 
of elongation by RNA polymerase I1 but not the level of initiation of transcription. These 
findings suggest that the association of HMG-14 with nucleosomes is part of the cellular 
process involved in the generation of transcriptionally active chromatin. 

Transcription in mammalian cells occurs 
in the 'context of chromatin, a complex of 
genomic DNA with histones and non-his- 
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tone proteins. Consequently, the transcrip- 
tion of a gene can be regulated by alter- 
ations in its chromatin structure (1). Tran- 
scriptionally active chromatin is distin- 
guished from inactive chromatin by 
alterations in protein composition and by 
protein and DNA modifications. Candi- 
dates for potentiators of the switch from an 
inactive to an active chromatin structure 
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closely related HMG-17 proteins are two 
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