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REVIEW: TRANSCRIPTION

An Integrated Model of the Transcription
Complex in Elongation, Termination,

and Editing

Peter H. von Hippel

Recent findings now allow the development of an integrated model of the thermo-
dynamic, kinetic, and structural properties of the transcription complex in the elon-
gation, termination, and editing phases of transcript formation. This model provides
an operational framework for placing known facts and can be extended and modified
to incorporate new advances. The most complete information about transcriptional
mechanisms and their control continues to come from the Escherichia coli system,
upon which most of the explicit descriptions provided here are based. The transcrip-
tional machinery of higher organisms, despite its greater inherent complexity, appears
to use many of the same general principles. Thus, the lessons of E. coli continue to be

relevant.

The central event in transcription is the
RNA polymerase—catalyzed “copying”
of the sequence of the template strand
of a gene into a complementary RNA tran-
script. This transcript may serve as a message
for translation into protein, it may comprise
structural RNA that forms the framework of a
ribosome or of a transfer RNA “adaptor”
molecule in protein synthesis, it may form the
genome of an RNA virus, or it may itself
serve a regulatory function. The chemistry of
transcript formation is straightforward, but
the regulatory mechanisms that have been
developed by evolving organisms to control
this synthetic process appear almost infinite
in number, although the basic principles on
which they operate are likely to be relatively
few. This complexity may reflect the fact that
transcription is the primary event of gene
expression, which is defined at the molec-
ular level as the transformation of genes (or
operons) into the functional proteins and
enzymes that direct and catalyze the events
of cellular metabolism and differentiation.
As a consequence, transcription comprises
the first, and thus the most effective, level
at which the “reading of the DNA cook-
book™ can be regulated.

Control at the Gene Level

Formation of a transcript has traditionally
been divided into three sequential stages,
called initiation, elongation, and termination.
All are subject to regulatory control. It may
now be more appropriate to divide the overall
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process into two major phases: (i) activation
and transcript initiation and (ii) transcript
elongation, with the latter including termina-
tion (transcript release) and editing (transcript
shortening and resynthesis with increased fi-
delity), because both can be viewed as alter-
native pathways that, in principle, compete
with elongation at every template position. At
the activation-initiation stage, transcription
control processes regulate intergene (or in-
teroperon) competition for a limiting amount
of RNA polymerase. Each gene, to be com-
petitive, is activated by multiple factors that
increase the relative ability of its promoter to
recognize and bind polymerase and then to
facilitate promoter opening, transcript initia-
tion, and promoter clearance. These activa-
tion procedures, sometimes coupled with
specific repression events, involve interaction
of the promoter-bound polymerase with pro-
tein subassemblies that may bind at adja-
cent or more distant DNA sites and be
brought to the promoter by controlled DNA
looping (1, 2).

The activation-initiation process is com-
plete when the nascent transcript becomes
sufficiently long to stabilize the transcription
complex against dissociation from the DNA
template. Conformational changes permit the
“core” RNA polymerase (defined as the basic
enzymatic unit required for the template-di-
rected synthesis of the transcript; the o,BB’
complex in Escherichia coli) to free itself
from most of the factors and regulatory sub-
assemblies involved in the activation-initia-
tion process (/, 3). These components are
either released into solution or left behind at
the promoter, and the core polymerase moves
into the elongation phase, which is character-
ized by multiple and specific pausing events.

The duration of these pauses depends on (i)
the specific DNA sequence being transcribed,
(ii) interactions with regulatory proteins that
either bind directly to the elongating tran-
scription complex or are brought to it from
protein-binding sites located upstream on the
nascent transcript (below), (iii) the concentra-
tion of the next required (by the template)
nucleotide triphosphate (NTP), and (iv)
whether a misincorporation event has oc-
curred at the 3’ end of the chain. These
interactions may also change the stability of
the complex and thus make dissociation of
the polymerase from the DNA template, with
concomitant release of the nascent transcript,
either more or less likely (4).

The final step in transcript formation is
termination, which occurs when the elongat-
ing transcription complex moves into (or, in
some cases, beyond) one or more terminator
sequences along the DNA template that may
serve as transcription regulators within genes
or mark the end of a gene or operon. In E.
coli, terminators are either “intrinsic,” mean-
ing that release of a nascent transcript can be
brought about at these terminators without
the involvement of protein factors, or “rho-
dependent,” in that release requires the par-
ticipation of the E. coli transcription termina-
tion factor, rho. The efficiency with which
transcripts are released at either type of ter-
minator is generally regulated by additional
factors (1, 4).

Control at a Specific Template
Position

After transcript synthesis has been initiated,
the transcription complex at any given tem-
plate position can, in principle, proceed by
several alternative reaction pathways (Fig. 1).
Each of these potential pathways is charac-
terized by a particular reaction rate, which
may vary from one template position to
the next. These alternative reactions are
in kinetic competition with one another
(5); thus, changes in relative rates can
“switch” the transcription complex between
pathways.

This kinetic competition between poten-
tial reaction pathways can be quantified by
formulating it in terms of free energy of
activation barriers for the competing reac-
tions (6). Differences in barrier heights can
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be used to predict the rate or stability
changes within the transcription complex
that are required to bring about any partic-
ular regulatory consequence. This approach
for the competition between elongation and
termination at a given template position is
shown in Fig. 2. Each pathway consists of
a series of steps, and thus the activation
barriers shown are oversimplified and rep-
resent only the rate-limiting step for each
reaction under the conditions of the exper-
iment. Changing conditions can change the
relative heights of these barriers, and Fig.
2C shows the termination efficiency (TE;
defined as the fraction of the total tran-
scripts reaching a given template position
that terminate there) as a function of the
difference in barrier heights (AAG?*) for
this two-pathway competition. Clearly, the
transition from domination of the overall
reaction by elongation to domination by
termination is very abrupt with respect to
AAG*, meaning that a very small change in
the relative rates of the competing process-
es, under conditions where the activation
free energy barriers are of comparable
height (at terminator positions; Fig. 2B),
can result in an effective switch from one
reaction pathway to the other. In contrast,
an equivalent change under conditions of
substantially different barrier heights (at
elongation positions; Fig. 2B) has virtually
no effect on TE (Fig. 2C). meaning that the
rate of the elongation process and the sta-
bility (and thus the dissociation rate) of the
elongation complex can be regulated over a
wide range at these positions without risk
of transcript release. This quantitative for-
mulation of the kinetic competition model
will be exploited in describing transcrip-
tional control mechanisms as regulatable
switches in what follows.

Stability of the Elongation Complex

A crucial mechanistic feature of the tran-
scription elongation complex is its ex-
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Fig. 1. Three competing pathways for the tran-
scription complex at a given template position.
The options are (i) to move forward along the
template with the concomitant elongation of
the RNA chain by one nucleotide residue, (ii} to
move backward along the template (with or
without shortening the transcript by one or
more residues), or (iii) to dissociate from the
template, resulting in release of the nascent
RNA.
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treme stability. Thus, elongation complexes
can be halted at elongation positions (most
easily by omitting the next required NTP
from the transcription mix) and can re-
main bound to the DNA template and
the nascent transcript for long periods with-
out dissociation (7). This stability is dy-
namic, as well as static, because the com-
plex also cannot dissociate while moving
from one template position to the next.
Control of the “processivity” of the elon-
gation process, defined in terms of
the relative propensities of the polymerase
to extend the transcript or to dissociate, is
central to the regulation of all polymerases.
RNA polymerases control processivity by
forming elongation complexes that are
massively stable, perhaps in part as a con-
sequence of the “closure” of structural
components of the polymerase around the
DNA and the nascent transcript to limit
dissociation (8, 9). The problem then be-
comes one of bringing about sequence-spe-
cific destabilization of the elongation com-
plex when terminator sites are reached, so

that the nascent transcript (and the core
polymerase) can be released at these tem-
plate positions.

A Structural Model of the Elongation
Complex

The two mechanisms used by E. coli to
achieve the destabilization necessary for ter-
mination are most easily described in the
context of a overall structural model of the
protein and nucleic acid components of
the elongation complex (Fig. 3). A central
feature is a transiently open “transcription
bubble” [~18 base pairs (bp) in length],
which moves with the core RNA polymer-
ase through the otherwise double-stranded
DNA while the polymerase catalyzes tem-
plate-directed transcript elongation. The
moving polymerase protects a “footprint”
of about 30 bp along the DNA against
nuclease digestion, and this footprint in-
cludes the transcription bubble as well as
some double-stranded DNA on either side.
Chemical footprinting of the transcription
bubble, as well as direct binding measure-
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Fig. 2. Competition between elongation
and termination at a given template posi-
tion. (A) General formulation of the rate
competition process in terms of apparent reaction rate constants. The rate of the transcript
elongation process (state A to state B) may be dependent on the concentration of the next required
NTP (as shown), or it may be pseudo-first order in the presence of excess NTP. Both rates may also
depend on the concentrations of regulatory factors if these are present at less than saturating
amounts. k, ., and k, . are the rate constants for going from state A to states B and C,
respectively. dNTP, deoxynucleotide triphosphate. (B) The elongation versus termination rate
competition is described as free energy of activation barriers at terminator positions (barriers of
about equal height) and elongation positions [termination barrier (red curve) much higher than
elongation barrier]. The red circle represents the transcription complex at the ground state.
AGY, arg and AGE__ indicate the heights of the free energy of activation barriers to termination
or elongation, respectively, at termination positions, and AGg, .., represents the standard free
energy change of the elongation reaction. The blue bars correspond to the range of differences in
barrier heights over which the termination efficiency (TE) ranges from 0.01 (higher termination
peak within the blue bar versus the lower elongation peak) to 0.99 (lower termination peak within
the blue bar versus the higher elongation peak). (C) TE, defined as k , . /(Koigng T Krerm): Where koo
and k., are the rate constants for the single nucleotide elongation and termination reactions,
respectively, is plotted here as a function of the difference in the heights of the competing free
energy of activation barriers (AAG 1) according to the following equation: TE = [1 + exp(AAG$/
RT)] ', where R is the gas constant and T is absolute temperature. The region of the graph between
the two vertical lines corresponds to the blue bars in (B).
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ments, suggest that specific sections (Fig.
3) of both the transiently single-stranded
and the double-stranded DNA, as well as
portions of the RNA-DNA hybrid and a few
RNA residues at the 5’ end of the hybrid,
make stabilizing interactions (or at least
contact) with the polymerase (10). The
template side of the transcription bubble is
hybridized to the 3’ end of the nascent
RNA, with the terminal 3'-OH located very
close to the downstream edge of the bubble
(11). Current estimates of the average
length of the transient RNA-DNA hybrid
range from 9 to 12 bp (8, 9, 12-14). Up-
stream of the hybrid, the polymerase ac-
tively displaces the RNA from the template
strand of the bubble (15), sending the nas-
cent transcript across a polymerase-binding
site for single-stranded RNA (8, 9) and then
on into solution, which permits the up-
stream end of the DNA bubble to reclose.

The catalytic site of the polymerase (inset,
Fig. 3) contains both a substrate-binding sub-
site, at which the incoming NTP is bound to
the polymerase and to the complementary
nucleotide residue of the template, and a
product-binding subsite, at which the 3’ ter-
minus of the growing RNA chain is posi-
tioned (/6). Elongation of the chain by a
single nucleotide residue results in phos-
phodiester bond formation between the NTP
bound at the substrate-binding subsite and the
3’ end of the RNA chain bound at the prod-
uct-binding subsite. This positions the 3’ end
of the newly extended chain in the substrate-
binding subsite. Completion of the single nu-
cleotide addition cycle thus requires that the
chain be released from the substrate subsite,
accompanied by a shift of the active site of
the polymerase by one position along the
template. As a consequence, the RNA-DNA

Fig. 3. A schematic rep-
resentation of essential
structural features of
the elongation com- |
plex. The downstream |
portion of the RNA-
DNA hybrid (1) is the
region in which the
rU - dA sequence is po-
sitioned at intrinsic ter-
minators (see text).
The upstream portion
of the hybrid (il), as
well as the RNA se-
quence at i, indicate
the position of the RNA
chain  within  which
the termination hairpin
forms at intrinsic ter-

DNA (non-template strand)

separator

RNA Transcript b
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hybrid becomes 1 bp longer at the down-
stream end, the separation mechanism oper-
ates to make the hybrid 1 bp shorter at the
upstream end, and the polymerase moves
along the template by one position while the
hybrid retains a constant length.

A Thermodynamic Model of the
Elongation Complex

A structural model of this general sort (17)
has been used to formulate a quantitative
hypothesis for intrinsic termination (/8) that
has withstood the tests of time and experi-
mentation with reasonable success. This hy-
pothesis, which is generally called the “ther-
modynamic model,” posits that the interac-
tions between the protein and nucleic acid
components within an elongation complex
rearrange rapidly as the complex moves from
one template position to the next, meaning
that the complex can be considered to be at
equilibrium during its “dwell time” at each
template position. If this is the case, the free
energy of formation [from free core polymer-
ase and a closed (double-stranded) DNA ge-
nome] of a stable elongation complex at a
particular template position can be written as

(o] — o o
AGcomplex - AGDNA-DNA + AGRNA-DNA

+ AGY, N
where AGY, .., is the net free energy that
stabilizes the elongation complex against dis-
sociation, AGQ\ o pna 1S the (unfavorable for
elongation complex formation) free energy of
opening the DNA-DNA base pairs of the
transcription bubble, AG3\ . pna 1S the
(smaller but favorable) free energy of form-
ing the base pairs of the RNA-DNA hybrid
within the unpaired transcription bubble, and
AGY, A-polymerase 1S the (also favorable) net
free energy of interaction of the polymerase

-polymerase

Transcription bubble

X Next NTP
-‘ (Substrate binding
subsite)

Product binding subsite

minators. The single-stranded RNA-binding site of the polymerase is located at Ili, and IV indicates the
position of the “thumb” that closes around the double-stranded DNA and may be involved in
maintaining the processivity of the polymerase (27). Polymerase contacts (and perhaps interactions),
defined by footprinting reactions, also occur at other positions along the nontemplate strand of the
transcription bubble and elsewhere. The inset shows the active (catalytic) site of the polymerase at the
downstream end of the transcription complex, including the substrate-binding subsite for the next NTP
(green square) and the product-binding subsite for the 3’ end of the nascent transcript (black circle).
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with the various parts of the nucleic acid
(NA) framework of the complex.

The magnitudes of two of these thermody-
namic terms (AGRuapna aNd AGRya pna)
can be calculated from known nucleic acid
stability basis sets (/&) at any particular tem-
plate position, if we assume equilibrium and the
above (or any other structurally defined) model
for the nucleic acid components of the complex
at a given template position. Because the net
free energy of complex formation (AGS,..)
can be estimated independently (/8), the net
(favorable) magnitude of the multipartite
AGRa polymerase t€rM can be calculated by dif-
ference. The experimentally demonstrated sta-
bility (with respect to dissociation) of the tran-
scription complex at elongation positions along
the template indicates that the unfavorable
AGY\a.pna (transcription bubble formation)
term is more than offset by the sum of the
favorable AGS and AGY

RNA-DNA NA-polymerase
terms.

Destabilization Is Required for
Termination

To make the termination pathway kinetically
accessible (Fig. 2, B and C), any model that
purports to explain intrinsic termination must
provide a mechanism for the massive desta-
bilization of the transcription complex that
occurs as it moves through these terminators
along the DNA template (/9). The extent to
which termination actually does occur at any
particular template position within an intrin-
sic terminator depends on the interactions of
the transcription complex with the local DNA
sequence and with factors bound to the poly-
merase and may also be regulated by decreas-
ing the concentration of the next required
NTP. Complexes that emerge from the termi-
nator sequence without having dissociated re-
sume their original stability characteristics (/9).

Intrinsic terminators, which represent
about one-half of the termination sites of E.
coli, are defined by a template DNA sequence
that codes for a stable termination hairpin in
the nascent RNA, followed by a run of ri-
bouridylate (rU) residues at the 3’ terminus of
the transcript (/7, 19). A plausible quantita-
tive model (/8) for intrinsic termination has
been developed on the basis that the RNA-
DNA hybrid is substantially destabilized as
the complex passes through an intrinsic ter-
minator sequence, thus also destabilizing the
elongation complex by reducing the (favor-
able) contribution of the AGY 4 pna term to
AG, piex The run of deoxyadenylate (dA) -
rU base pairs that is positioned at the down-
stream end of the hybrid when the complex is
located at template positions within an intrin-
sic terminator (Fig. 3, region 1) is particularly
unstable relative to its DNA-DNA or RNA-
RNA cognates (20). In addition, the forma-
tion (in competition with the upstream por-
tion of the RNA-DNA hybrid; Fig. 3, region
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IT) of the stable terminator hairpin within the
RNA at intrinsic terminators also destabilizes
the RNA-DNA hybrid [see also (21)]. The
sum of these sequence-dependent destabiliza-
tion events suffices to lower the height of the
activation barrier to termination to about the
same level as the barrier to elongation (Fig.
2B), primarily by decreasing the (favorable)
magnitude of the AG3 4 pna term of Eq. 1.
This general model is consistent with the
results of experiments on appropriately mu-
tated intrinsic terminators (/9).
Rho-dependent terminators, which are re-
sponsible for the other half of the transcrip-
tion termination events in E. coli, do not
share the destabilizing sequence features of
intrinsic terminators. Instead, the required de-
stabilization of the transcription complex at
these terminators is provided by the RNA-
DNA helicase activity of the rho protein (22).
There are two important sequence require-
ments for rho-dependent terminators. First,
the (rather variable) DNA sequences at the
terminators must produce substantial pausing
of the transcription complex within these
sites. In addition, DNA sequences that code
for an extended (~70 nucleotides) site along
the transcript that is essentially devoid of
RNA secondary structure must be present
upstream of these terminators. This unstruc-
tured RNA sequence serves as a binding site
that permits the hexameric rho helicase to be
“loaded onto” the transcript, thus activating
the cryptic RNA-dependent adenosine
triphosphatase of the protein to provide the
chemical free energy needed to drive the
bound rho processively and directionally
(5' — 3’) along the nascent RNA. When the
translocating rho helicase “catches up with” a
paused transcription complex at a rho-depen-
dent terminator, it triggers the release of the
nascent transcript, presumably by separating
the RNA-DNA hybrid within the transcrip-
tion bubble, thus again destabilizing the com-
plex sufficiently to permit termination (22).

“Fine-Tuning” of Termination
Efficiency by Regulatory Factors

A gross destabilization of transcription com-
plexes at intrinsic or rho-dependent termina-
tors is required to make the heights of the
competitive free energy of activation barriers
for elongation and termination comparable,
thus making termination possible. The actual
termination efficiencies that are observed at
individual template positions within termina-
tors are often fine-tuned by termination or
antitermination factors that bind to the tran-
scription complex, either directly or as a con-
sequence of RNA looping (23). These factors
can function by altering the rate at which the
transcribing elongation complex moves along
the template (raising or lowering the height of
the elongation barrier), by changing the rate
of dissociation of the transcription complex
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(raising or lowering the height of the termi-
nation barrier), or by a combination of both
mechanisms (4, 6). As Fig. 2C shows, only
relatively small changes in these parameters
are required to “adjust” TE across its entire
range.

Translocation of the Transcription
Complex Along the Template

In addition to describing elongation and ter-
mination in the context of the equilibrium
properties of the transcription complex at a
particular template position, we must also
consider the kinetic mechanisms responsible
for the translocation of the complex along the
template. How does forward translocation oc-
cur within the single nucleotide addition cy-
cle (24)? There is no direct evidence with
respect to RNA polymerases on this point,
but a minimal proposal can be put forward
that is compatible with ideas generated for
DNA polymerases (24) and can also accom-
modate the backward movement of the tran-
scription complex (below). This proposal
suggests that phosphodiester bond formation
[together with inorganic pyrophosphate (PP,)
release; Eq. 2] “triggers” the release of the 3’
terminus of the newly extended RNA from
the substrate-binding subsite of the polymer-
ase (Fig. 3). This puts the polymerase into a
“sliding mode” (Fig. 4 and below) relative to
the nucleic acid framework of the transcrip-

At Misincorporation Positions

tion complex, permitting the next required
NTP to bind to both the substrate-binding
subsite of the polymerase and, by comple-
mentary hydrogen-bonding, the next position
on the DNA template. This dual binding of
the next NTP serves to “relock” the polymer-
ase to the nucleic acid framework, with the 3’
terminus of the extended RNA chain now
positioned in the product-binding subsite of
the polymerase in preparation for the next
phosphodiester bond formation event (25).
Regardless of detailed mechanism, this
repeating single-nucleotide addition cycle
drives the polymerase directionally along the
template DNA in much the same fashion as a
cytoplasmic “molecular motor” protein (dy-
nein, kinesin, or myosin) moves directionally
along a microtubule or actin filament or a
nucleic acid helicase moves directionally
along DNA or RNA (26). Of course, the
movement of an elongating polymerase dif-
fers from these other molecular motors in that
polymerase translocation results in the con-
comitant extension of the nascent transcript,
whereas cytoplasmic motors and helicases
generate only heat, adenosine diphosphate,
and inorganic phosphate to mark their pas-
sage. The elongation-dependent movement of
RNA polymerase along the template has re-
cently been observed directly in single-mol-
ecule experiments with a laser-trapping pro-
cedure, and the force generated by this mo-
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Fig. 4. Proposed sliding and fidelity (editing)
mechanisms. (A) Competing free energy of
activation barriers to normal elongation
(lower barrier on right), to elongation of a
chain containing a misincorporated residue

I | > complex
3 after backsliding

and cleavage

(Cleavage activated by Gre Factors)

(higher barrier on right), and to the editing (backward) reaction. Under normal synthesis conditions,
the forward pathway is favored, whereas under misincorporation conditions the backward pathway
is favored. The red circle represents the transcription complex in the ground state. (B) ( Top) The
transcription complex in the elongation mode. The square marked 3 represents the substrate-
binding subsite containing the next required NTP. (Middle) The transcription complex in the
backsliding mode. The green transcript sequence shown within the RNA-DNA hybrid in the top
panel has been "extruded” from the front of the complex by "backsliding” (see text). (Bottom) The
transcription complex again in the elongation mode after backsliding and Gre factor-activated
cleavage of the section of transcript extruded in the middle panel. The polymerase and the
transcription bubble move along the transcript RNA and through the double-stranded DNA in
register, with the RNA-DNA hybrid "rolling” (or “zippering”) along the transcript while maintaining
base pair complementarity and constant hybrid length (see text).
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lecular motor has been measured (27).
The chemical reaction that underlies tran-
script elongation may be written as

RNA, + NTP & RNA,,, + PP,  (2)

with incorporation of the next NTP extend-
ing the RNA chain by one residue and
releasing one molecule of PP,. This chem-
ical reaction is readily reversible, with a
measured equilibrium constant (K, = [PP,]/
[NTP]) ~100 for template-directed RNA
synthesis catalyzed by E. coli RNA poly-
merase (28). Although the free energy bal-
ance in the presence of 1 mM concentra-
tions of NTPs and PP, [the estimated phys-
iological’ concentrations of these species
(28)] favors elongation, the chemical reac-
tion can be driven backward in the presence
of excess of pyrophosphate, resulting in
both the shortening the nascent transcript
and the movement of the transcription com-
plex backward along the template (Fig. 1)
(28, 29). :

RNA polymerase can also move back-
ward along the template by a process that is
akin to that driven by the 3" — 5’ exonucle-
ase editing reaction used by DNA poly-
merases (30). Misincorporation at the 3’ ter-
minus of an RNA chain is favored by omit-
ting the next required NTP. This greatly
slows the elongation reaction, because both
the addition of an incorrect nucleotide residue
and the subsequent extension of the RNA
chain beyond such a misincorporated residue
are slow relative to normal elongation (31).
During such “enforced” pausing at misincor-
poration sites, the transcription complex can
go into an “unactivated” state from which
elongation is not readily resumed when the
next required NTP is again added. However,
this recalcitrant state can be overcome and
clongation resumed, if factors that activate
transcript editing are added (31, 32).

Stalled transcription complexes occasion-
ally appear to suffer “spontaneous” transcript
cleavage reactions in which a 3’ terminal
oligonucleotide of variable length is removed
from the transcript, followed by resumption
of elongation from the newly created 3’ end
of the shortened RNA (33). Subsequent work
has shown that transcription factors GreA and
GreB in E. coli, and the equivalent factor SII
in eukaryotes, activate RNA polymerase to
cleave a nascent transcript at variable (1 to 11
nt) distances back along the chain (/2, 32,
34), suggesting that these processes could
account for such spontaneous chain cleavage.
What is likely to be happening in such paused
or “arrested” complexes is that the 3’ end of
the chain is occasionally released from the
product-binding subsite of the polymerase,
presumably by much the same mechanism
that applies under active elongation condi-
tions. At this point, if a terminal misincorpo-
ration has occurred or if (perhaps at an “arrest
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site”) the polymerase has adopted an altered
conformation that does not immediately per-
mit the next required NTP to “relock” the poly-
merase at the next template position, the com-
plex may continue to slide backward along the
template DNA in a one-dimensional diffusion
(random walk) process. This sliding is accom-
panied by the extrusion of the 3’ end of the
nascent RNA from the transcription complex,
and when GreA or GreB (or SII) factors are
available to activate chain cleavage, a new 3’
terminus is formed that can rebind the short-
ened transcript to the polymerase at the appro-
priate template position and permit renewed
synthesis in the presence of the next required
NTP (Fig. 4) ({2, 34, 35).

This backward sliding pathway results in
the editing of the nascent RNA and an in-
crease in the fidelity of transcription (35).
Transcripts that cannot be extended, either
because the next required NTP is missing
from the transcription mix or-as a conse-
quence of the misincorporation of an incor-
rect terminal nucleotide residue, are “stalled”
on the template. As a result, the probability of
release of the 3’ terminus from the polymer-
ase active site at such template positions is
increased, favoring the “backsliding” mode
of the polymerase with subsequent GreA- or
GreB-dependent chain cleavage and release
of the 3'-oligonucleotide containing the “in-
correct” base, followed by resynthesis. In
contrast, chain shortening by pyrophos-
phorolysis involves the direct reversal of
the normal elongation mechanism (Eq. 2).
Because a misincorporation event that in-
hibits elongation would also inhibit tran-
script shortening by this means, pyrophos-
phorolysis should not result in effective RNA
editing.

How Does Backward Sliding Occur?

The definitive answer to this question is not
known, but a plausible mechanism can be
formulated in the context of the structural
model for the transcription complex present-
ed in Fig. 3. The sliding process appears to be
diffusional in nature, in that it does not re-
quire the hydrolysis of adenosine triphos-
phate or other sources of chemical free ener-
gy. This suggests that the interactions that
hold the template and the nontemplate DNA
strands of the transcription bubble and the
single-stranded section of the nascent RNA to
the polymerase are likely to be non-se-
quence-specific (electrostatic?) in nature,
permitting the polymerase to diffuse along
these strands as along an “isopotential sur-
face,” with the upstream end of the bubble
opening and the downstream end closing to
maintain constant bubble size as the complex
slides backward and the reverse process oc-
curring when the complex again slides for-
ward (12, 34-36).

Figure 3 suggests that the polymerase is

held to the nucleic acid framework of the
transcription complex not only by non-se-
quence-specific protein-DNA and protein-
RNA interactions that can permit sliding as
described above but also by complementary
Watson-Crick hydrogen-bonding between the
nascent RNA and the template DNA in the
transient RNA-DNA hybrid. This latter spe-
cific and complementary interaction certainly
cannot slide in the same way. However, if the
normal processes that maintain the hybrid at a
constant (9 to 12 bp) length in elongation also
operate in the backward sliding process, then
the hybrid can essentially “roll” along the
DNA template, shifting the sequence that is
base-paired within the hybrid backward or
forward along the template and the transcript
in concert with the one-dimensional diffusion
of the polymerase. Thus, the maintenance of
the transient hybrid at a fixed length also
serves to make it a part of the isopotential
one-dimensional diffusion surface, in that
whenever a base pair at one end of the hybrid
closes, a compensating base pair opens at the
other end. Furthermore, as shown experimen-
tally (12, 34) and as expected in terms of this
model, the polymerase cannot diffuse to
within less than ~12 bp of the 5’ terminus of
the transcript (or to within less than ~12 bp of
the end of a “blocking” complementary
oligonucleotide that has been hybridized to
the nascent RNA), nor can it diffuse be-
yond the 3’ end of the transcript, because
either of these processes would result in a
net opening (shortening) of the RNA-DNA
hybrid and therefore cost more free energy
than is available through a diffusional
mechanism. This proposed mechanism for
the movement of the polymerase along the
nucleic acid framework of the transcription
complex is illustrated in Fig. 4.

Conclusions and Perspectives

Although the integrated model of the elon-
gation complex that has been presented
here can rationalize most of what we know
about the behavior of this entity to date, it
is still short of both structural and mecha-
nistic detail. Thus, we do not yet know the
molecular structure of any multisubunit
RNA polymerase, aithough the common
features of the various DNA polymerase
and reverse transcriptase structures that
have been solved provide useful hints (37)
and available low-resolution images of
transcription complexes and biochemical
cross-linking studies provide insight into
some details of structure and topology (8,
9). However, we do not know the exact
path taken through the polymerase by the
DNA and RNA framework of the transcrip-
tion complex, how various transcription
factors change the rates of movement or the
stability properties of the transcription
complex, or how these changes are further
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modulated by the local sequences of the
template and nontemplate DNA and the
nascent transcript. Additional facts, as they
come in, will further define or modify the
conceptual framework that has been pre-
sented here.
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