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OVERVIEW

Initiation Rates and Gene Expression

Gene expression in Escherichia coli begins with the promoter-spe-
cificbinding of the enzyme RNA polymerase to initiate transcrip-
tion of the >10° DNA operons into mRNA. The amount of gene
product synthesized is primarily determined by the rate of pro-
ductive initiation. In vivo, productive initiation rates span a range
of approximately 4 orders of magnitude. The maximum ob-
served initiation rate-of ~1 transcript per s for individual rRNA
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promoters at high growth rates (144) corresponds to ~1.5 X 10°
transcripts per generation. At the other extreme, an initiation rate
of 107 transcripts per s at a lower growth rate corresponds to
production of 1 transcript per generation.

What are the principal determinants of the rate of transcrip-
tion initiation? What molecular interactions and what kinetic
steps on the pathway (mechanism) between uncomplexed and
initiating states of promgter and RNA polymerase determine
the hierarchy of initiation rates for different operens? What are
the roles of intrinsic variables (e.g., promotér-sequence) and
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extrinsic variables (e.g., the concentrations of RNA polymerase
and repressors, the extent of DNA supercoiling, as well as cyto-
plasmic or in vitro solution conditions) in the regulation of the
rates of these stéps and the overall rate of initiation? Even after
two decades of intensive study. these questions remain at the
frontiers of research. ‘

Steps in the Process of Initiation

Transcription initiation is a multistep process involving several classes
of steps, as illustrated by the summary mechanism (A) in Fig. 1.

Within each class of steps (I through IV) in mechanism (A), the
detailed mechanism (i.e., the full set.of intermediates and the
order of their appearance) is currently being investigated by
kinetic and structural methods, reviewed in subsequent sec-
tions. For txample, several key intermediates in the conversion
of the initial (closed) binary complex to the final (open) binary
complex (class II) have recently been identified. Research on this
exciting frontier is continuing. However, even when all these im-
portant details are known, summary mechanism (A) will still re-
main a useful general characterization of the overall molecular
events of transcription initiation, just as the classical Michaelis-
Menten kinetic mechanism (E + S == ES == EP == E + P)
remains a useful summary of the mechanism of interaction of
any enzyme (E) with a substrate (S) to yield product (P).

Class I: Reversible Initial Specific Binding. RNA polymerase (R)
holoenzyme, defined as the 1:1 complex of the core polymerase
(subunit composition, 0,,f") with the appropriate ¢ (specific-
ity) subunit, binds to the double-helical DNA of the promoter
site (P), forming an initial “closed” complex designated RP..
(“Closed” indicates that the promoter DNA remains entirely
double-helical in this complex.)

Class II: Reversible Conformational Changes Driven by Bind-
ing Free Energy To Form the Final Binary Open Complex. Initially,
RP.; is converted to another closed state (designated RP.,), in which
RNA polymerase R interacts with the promoter DNA downstream
aswell as upstream of the transcription start site. The intermediate
complex RP,; is poised for the key event of this series of steps,
namely, the reversible “opening” of a specific 10- to 15-bp region
of DNA at the start site of transcription. For some if not all
promoters, formation of a stable binary open complex is driven
entirely by binding free energy and requires no coupled hydrolysis of
nucleotides or other free energy inputs. To date, two open complexes
have been characterized (designated RPo; and RP.). The region of
the transcription start site (+1) opens in the conversion of RPo; to
RPy; and the complex is then poised to bind the initiating ribonu-
cleotide.

Class ITI: Reversible Binding of Initiating Ribonucleotides (NTP).
The nucleoside triphosphate (NTP) complementary to the tem-
plate strand at the open start site (+1) binds to form the first of
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a series of ternary initiation complexes at the promoter, here
collectivelydesignated RPini. Each of these may advance by bind-
ing to the next ribonucleotide (specified by the DNA template
sequence) and by catalysis of covalent bond formation to the
previous ribonucleotide, or may reverse by cleavage to remove
the terminal ribonucleotide. Alternatively, RPinic may revert to
RPo2 by release of the entire nascent oligo RNA chain, a cycle
called abortive initiation.

Class IV: Transition to Elongation (Promoter Clearance/Escape).
Once a 7- to 12-nucleotide RNA is synthesized, the ¢ subunit is
released. At this point, no specific interactions with the promoter
DNA remain, and the switchover from initiation to processive
elongation by core RNA polymerase occurs.

Assumption: a Common Mechanism for all Promoters

The central premise of this article is that the steps and types of
intermediate complexes on the path (i.e., the mechanism) by
which the initial closed complex converts to the final binary open
complex and then to a transcribing complex are common to all
promoters transcribed by Eo” holoenzyme (and probably to
other E. coli RNA polymerases as well). We assume that promoter
sequence and other intrinsic and extrinsic variables affect the rate
constants of these steps and the relative stabilities and popula-
tions of the intermediates, but do not cause fundamental changes
in the mechanism. For example, the global and local extents of
DNA supercoiling are important physiological variables which in
general affect the thermodynamics (i.e., equilibria) of DNA
opening. Effects of supercoiling on the kinetics of open complex
formation and transcription initiation are generally attributed to
the stabilization of RP.; or the facilitation of kinetically signifi-
cant isomerization steps involved in converting RP.; to RPy,
under the assumption that RP.; remains an integral part of the
mechanism on both linear and supercoiled DNA (see below). An
alternative possibility (for which there is no evidence, and which
is inconsistent with this assumption) would be that negative
supercoiling facilitates opening of A-T-rich regions of the pro-
moter DNA in the absence of RNA polymerase and thereby
changes the mechanism, eliminating the need for closed com-
plexes and allowing RNA polymerase to bind directly to open
DNA, as occurs in “bubble duplexes” (2, 45).

The challenge to the experimentalist is twofold: (i) to deter-
mine the important intermediates and steps in the classes de-
fined by the proposed mechanism (A), and (ii) to correlate the
effects of DNA sequence and extrinsic variables on initiation
rates with the rates and rate constants of these steps. This chap-
ter focuses primarily on the two groups of mechanistic steps
(initial binding, isomerization) involved in forming the final
binary open complex at the promoter. Relevant aspects of the
nucleotide-binding and catalytic steps which made up the sub-
sequent two groups of processes in initiation are also discussed.
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FIGURE1 Mechanism (A).
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Kinetic Concepts

How is the rate of formation of transcribing complexes related
to reactant concentrations and to the rates and rate constants of
the individual steps in the mechanism? For mechanism (A) or
any more detailed version thereof, analyzed in the steady state,
the rate of production of transcribing complexes per promoter
(designated by V; the initiation velocity in transcripts per second)
is given by an algebraic expression of the form:
\4 (Rl

— —g=_10F
V K, +[Rl;

max

(1

In equation 1, O is the overall fractional occupancy of the
promoter by RNA polymerase in all complexes in the steady
state. Fractional occupancies range from 0 to 1; from equation
1, 0 is determined by the concentration of unbound (free)
active RNA polymerase holoenzyme ([R]F) and by the quan-
tity designated K., a mechanism-specific collection of rate
constants for the individual steps of classes I through IV in
mechanism (A) above. The quantity designated Vmax is the
“maximum” initiation velocity obtainable for the promoter
and conditions being investigated; Vmay is the velocity at full
occupancy (0 = 1), achieved when [R]r >> K. For a specified
[R]r a promoter with a higher K., has a lower steady-state
occupancy by R; this steady-state definition of occupancy
includes both closed and open binary and ternary complexes
in mechanism (A).

Both the form and terminology of equation 1 are of course
identical to those used in a completely different context to
discuss the steady-state velocity of a noncooperative enzyme-
catalyzed reaction. Equation 1, used to analyze in vitro initia-
tion kinetic data for coliphage T7 and T3 RNA polymerases
(references, e.g., 96, 139, 140, 187), should provide a general
framework to discuss the rate of initiation of transcription
both in vivo and also in multiround transcription assays in
vitro, as long as the process begins with a bimolecular bind-
ing event and ends with regeneration of the binding. site
(promoter DNA). Equation 1 also is applicable to initial rate
data in both reversible and irreversible promoter-binding ki-
netic assays (see below).

Fromi equation 1, the rate of initiation at an individual pro-
moter site (in transcripts per second) is determined by the free
polymerase concentration [R]rand the mechanism-specific col-
lections of sequence- and environment-dependent rate con-
stants which constitute Vmax and K, Multiplication of this
intrinsic rate by the number of copies of that promoter per cell
(or by the molar concentration of that promoter in solution)
yields initiation rates in transcripts per cell per second (or moles
of transcript per liter per second).

From mechanism (A) and the corresponding velocity equa-
tion 1, several generalizations with regard to initiation rates and
their regulation can be made. (These are quantified using the
steady-state approximation in a subsequent section.)

(i) A high rate of initiation is achieved when, for each intermedi-
ate complex, the rate constant of the reverse (dissociation
direction) step is small in comparison to that of the next
forward step, so that the forward direction is essentially irre-
versible. In this case, Vimax is determined primarily by the
slowest forward step, according to the “bottleneck” principle
of chemical kinetics (and of traffic flow).

(ii) The highest initiation rate observed in vivo (~1 transcript %)
may correspond to the situation where the kinetics of the final
two classes of steps in mechanism (A), namely, the regenera-
tion of the promoter-binding site by downstream movement
of the transcription complex in conjunction with very early
stepsin transcription elongation, are rate determining,. In fact,
since elongation rates are in the range of 50 to 100 nucleotides
s7! (138) and since the transcribing complex must move 30 to
60 bp downstream from the start site to permit another RNA
polymerase to bind to the promoter, the overall rate of this
promoter regeneration step is probably no greater than ~1 to
3 7, very close to the highest observed initiation rate (144).

(iil) Alternatively, the rate of the initial bimolecular binding event
to form RP,; (the forward direction of step I in mechanism A)
may not exceed 1 s and therefore may be rate determining
for the most rapidly initiating promoters. The rate of this step
is proportional to the free RNA polymerase concentration
[R]r. In vitro measurements (as well as theoretical estimates)
of the rate constant for this step yield values which are suffi-
ciently large (2 x 108 to 3 x 10* M~ s7! in vitro [22, 27, 169])
to make the rate of this step in excess of 1 s™ in vivo (and
therefore faster than the maximum observed initiation veloc-
it}?) if the in vivo [R]pis 10 nM. (Estimates of [R]r in vivo
typically range from 10 to > 100 nM.) Since nonspecific bind-
ing of polymerase is thought to be significant in vivo, then
facilitating mechanisms (e.g., diffusional sliding on adjacent
nonspecific DNA) may extend the DNA target (229), thereby
increasing the rate constant of the initial binding step. This
facilitating mechanism is only effective for promoters at which
the initial closed complex is stable to dissociation on the time
scale of its isomerization. For those promoters, the existence
of such a facilitating mechanism would permit the in vivo [R]F
to be less than 10 nM, without being the rate-limiting quantity
in transcription initiation. In any case, the rate of association
to form RP,; is determined by diffusional parameters and [R]F
and is independent of promoter sequence, (All other forward
and reverse steps in initiation mechanism (A) may depend on
promoter sequence.)

(iv) The initiation rate is reduced and the possibilities for regula-
tion of initiation rate by DNA sequence and/or extrinsic
variables are greatly increased for promoters or conditions
where one or more of the steps involved in forming the
transcribing complex are reversible. Evidence exists for revers-
ibility of all three classes of intermediate complexes in mecha-
nism (A), at least at some promoters under some conditions.
How does reversibility affect Kipand Vinad If the initial binding
step is reversible, then the overall K, increases if the rate
constant of any reverse step increases. The magnitude of Vinax
does not depend on the initial binding step, but is reduced by
an increase in the rate constant of any reverse isomerization
step, as quantified in a section below. '

(v) In general, how do changes in promoter sequence affect V,
Vo and K2 Conceptually useful but mathematically ap-
proximate algebraic expressions for V;, Vinax, and Ky, obtained
from application of the steady-state approximation to each
intermediate in detailed initiation mechanisms derived from
mechanism (A), are presented in this article. These demon-
strate how the experimentally observable quantities V, Vimax
and K., may depend on the rate constants and-equilibrium
constants (ratios of forward and reverse rate constants) for
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individual mechanistic stéps. These rate and equilibrium
constants in turn depend on promoter sequence and experi-
mental conditions. .

- Equilibrium constants are related to free energy differences
(AG") between the corresponding final and initial states; rate
constants are interpreted in terms of quasithermodynamic acti-
vation free energy differences (AG *) between the relevant “tran-
sition” state and the initial (“ground”) state. Changes in the
sequence of a promoter affect the free energies of various transi-
tion states and/or initial states and thereby affect the corre-
sponding rate constants and equilibrium constants. The
information now available regarding effects of sequence on free
energies of initial states and transition states for related systems
in vitro (e.g., references 129 and 154) indicates that (i) single
base pair stbstitutions can have very large effects on these free
energy differences, (ii) the first substitution in a site or subsite
may have a much larger effect than additional substitutions, and
(iii) the transition from specific to nonspecific binding can be
quite abrupt. This information is presently being sought for
RNA polymerase-promoter variants.

Organization of this Chapter

This chapter covers structural, thermodynamic, and kinetic stud-
ies focused on understanding the mechanism of transcription
initiation. OQur coverage is of necessity selective, not comprehen-
sive. The article is intended to be readable by the nonspecialist,
while at the same time discussing examples of current (quantita-
tive) work in this exciting research area. The article is organized
tointroduce first the structural features of promoters and of RNA
polymerase, followed by a review of selected structural and ther-
modynamic information regarding polymerase-promoter com-
plexes on, or relevant to, the pathway of productive initiation.
The kinetics of the steps in the overall process of initiation are
then examined, with the goals of (i) relating studies of the kinetics
of binding and isomerization to the overall kinetics of initiation,
and (ii) relating kinetic parameters obtained from the original
irreversible two-step mechanism used to interpret binding ki-
netic data to more realistic multistep mechanisms and to revers-
ible binding conditions. In this regard, the kinetic and structural
studies used to develop the present four-step mechanism of open
complex formation at the APg promoter are reviewed. We then
discuss the role of promoter sequence (an intrinsic variable) in
determining the rate of transcription initiation and conclude
with a brief summary of selected systems in which quantitative
kinetic studies of the effects of supercoiling, repressors, and
activators, among other extrinsic variables, have been performed.
Other perspectives and discussions of these topics are provided
by the classic reference books on E. coli RNA polymerase (133,
177, 179), comprehensive reviews (23, 25, 34, 35, 46, 75, 77, 86,
93,108, 127, 143, 170, 178), and references therein.

THE PLAYERS

Promoter DNA Sequences Recognized by Ec”’

Apromoter is the sequence of DNA from which RNA polymerase
Initiates transcription. Important elements of the promoter se-
quence are the positions where a change in sequence affects the
rate of initiation of transcription from the specified start site.
Sequences of ~300 naturally occurring E. coli and coliphage
promoters (i.e., 15 to 30% of the total) recognized by E¢™, the

most abundant form of RNA polymerase holoenzyme, have been
statistically analyzed (81, 131). This analysis demonstrates the
key importance of three features within the “core” region of the
promoter DNA: two conserved 6-bp DNA sequences centered
approximately 10 and 33 bp upstream from the start site of
transcription (+1), called the “~10” and “~35” hexamers; and the
length of DNA that separates them, called the “spacer” region,
which is most commonly ~17 bp in length but varies from 15 to
21 bp. Figure 2 summarizes the primary structure of this statis-
tically defined (cloned and investigated in vivo and in vitro, but
not yet naturally observed) E6”® consensus core promoter, speci-
fied by convention in the 5 to 3’ direction as the sequence of the
nontranscribed strand, which corresponds to the transcript se-
quence. When optimally aligned, the sequences of most promot-
ers match at least 7 of the 12 bp in the consensus 35 (TTGACA)
and —10 (TATAAT) hexamers (81, 131). At many promoters, the
primary start site (+1; specified by the same convention) is an A
and the bases flanking it are C(-1) and T(+2) (83).

The sequence conservation observed in the core promoter
indicates functional importance. Indeed, E. coli promoters at
which Ec” initiates at high rates typically exhibit no more than
three deviations (in total) from consensus in the —35 and -10
regions of the promoter and from the consensus (17 bp) spacer
length (157). Base substitutions that reduce a promoter’s ho-
mology to consensus generally reduce the rate of transcription
initiation from the promoter. In addition, other regions up-
stream (183) and downstream (22, 27) of the statistically de-
fined core promoter are observed to be functionally important
in at least some promoters. These regions, designated as the UP
clement and the downstream region (DSR), respectively, are
shown in Fig. 1. More quantitative correlations between pro-
moter structural features and the rate of transcription initiation
are discussed in subsequent sections.

E. coli RNA Polymerase Holoenzyme

Subunits; Assembly. Promoter-specific initiation of transcrip-
tion requires both core RNA polymerase (E) and a specificity
subunit () (28,29, 91). Core polymerase is a stable noncovalent
assembly of four polypeptide chains: two o (each 36,511 gmol ™),
one B (150,615 g mol™), and one 3’ (155,159 g mol™*), which are
the products of the rpoA, rpoB, and rpoC genes, respectively (see
reference 28). Under riormal growth conditions, transcription of
most E. coli genes is initiated by RNA polymerase holoenzyme
Ec” (459,163 g mol™), in which the specificity subunit ¢7°
(70,262 g mol ™) is the product of the rpoD) gene.

The pathway of assembly of core polymerase in vitro begins
with dimerization of o to form o, followed by addition of B and
subsequently of B (97, 238). The core enzyme is thought to be
thermodynamically stable to dissociation both in vivo and at the
concentrations typically investigated (> 1 nM) in vitro. The in-
teraction of 67" with core involves region 2 of 67° (128; see Fig. 4
below). The sites on the subunits of core contacted by 6 remain
to be determined. At one set of solution conditions, the equilib-
rium binding constant for association of ¢7° with core RNA
polymerase is ~2 X 10° M~ (70). Under these conditions, a
solution which is nominally 1 nM in holoenzyme (i.e., a 1:1 ratio
of active core polymerase and 67%) is actually an equilibrium
mixture of holoenzyme (~0.5 nM), core polymerase (~0.5 nM),
and unhbound 67° (~0.5 nM). Since the fractional extent of disso-
ciation of holoenzyme of course increases with increasing dilu-
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FIGURE 2 Structure of the “consensus” Eg’" promoter showing functionally important regions.
Consensus sequences of the —35 and —10 hexamers and the consensus spacer length shown are
illustrated, along with their percentage of occurrence in the database of ~300 promoter sequences (81,
131). The upstream (UP) element (183) and downstream (DSR) region (22), which are of functional

importance for some promoters (see text), are also indicated.

tion, dissociation must be of major significance in experiments
performed at subnanomolar concentrations of polymerase.

Possible Structural Features of Holoenzyme Relevant for DNA
Binding: Channel, Grooves, and Surrounding Flexible Regions.
Neither E6”® RNA polymerase nor its subunits have been crys-
tallized, and the holoenzyme is far too large to obtain a high-reso-
lution solution structure by nuclear magnetic resonance. Low-
resolution structural information was obtained originally by
small-angle X-ray scattering (147) and more recently by electron
microscopy (EM) image analyses of negatively stained two-di-
mensional crystals of EG’” (44). In the latter structure, with a
resolution of ~27A, the holoenzyme appears as an irregularly
shaped object with dimensions of ~90 by 95 by 160A (1 A = 0.1

nm). The key structural feature observable at this resolution isa
cylindrical channel ~25 A in diameter and ~55 A in length, which
is surrounded by a “thumblike” projection (see Fig. 3A). Approxi-
mately 16 bp of double-helical DNA would fill this channel; this
DNA would be removed from water if the surrounding thumb
folded over it like the lid of a box. However, no such structural
data on a E6”"-promoter DNA complex are available.

[nsight into other structural features of Ec” related to DNA
binding comes primarily from sequence comparisons and com-
parisons of the very-low-resolution EM data on Ec”” with high-
resolution (~3 A) X-ray crystallographic data for single-subunit
polymerases (see Fig. 3A and below) and with the low-resolution
(~16 A) EM two-dimensional crystal structure of a nine-subunit
variant of yeast RNA polymerase II (pol II) (43; see Fig. 3B), all

FIGURE3 (A) Very-low-resolution (27 A) EM crystal structure of E. coli E6’° RNA polymerase, with
the high-resolution crystal structure of the Klenow fragment of E. coli DNA polymerase 1 superim-
posed. From reference 44 with permission. (B) Low-resolution (16 A) EM crystal structure of yeast
RNA polymerase 11. Beads placed on the structure have a scaled diameter of 6.8 A, corresponding to
the length of 2 bp of double-helical DNA or of 2 bases of single-stranded DNA (see text). From
reference 43 with permission.
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FIGURE 2 Structure of the “consensus” E6”° promoter showing functionally important regions.
Consensus sequences of the —35 and —10 hexamers and the consensus spacer length shown are
illustrated, along with their percentage of occurrence in the database of ~300 promoter sequences (81,
131). The upstream (UP) element (183) and downstream (DSR) region (22), which are of functional

importance for some promoters (see text), are also indicated.

tion, dissociation must be of major significance in experiments
performed at subnanomolar concentrations of polymerase.

Possible Structural Features of Holoenzyme Relevant for DNA
Binding: Channel, Grooves, and Surrounding Flexible Regions.
Neither E6”° RNA polymerase nor its subunits have been crys-
tallized, and the holoenzyme is far too large to obtain a high-reso-
lution solution structure by nuclear magnetic resonance. Low-
resolution structural information was obtained originally by
small-angle X-ray scattering (147) and more recently by electron
microscopy (EM) image analyses of negatively stained two-di-
mensional crystals of Ec”® (44). In the latter structure, with a
resolution of ~27A, the holoenzyme appears as an irregularly
shaped object with dimensions of ~90 by 95 by 160A (1 A = 0.1

nm). The key structural feature observable at this resolution is a
cylindrical channel ~25 A in diameter and ~55 A in length, which
is surrounded by a “thumblike” projection (see Fig. 3A). Approxi-
mately 16 bp of double-helical DNA would fill this channel; this
DNA would be removed from water if the surrounding thumb
folded over it like the lid of a box. However, no such structural
data on a E6”°-promoter DNA complex are available.

Insight into other structural features of E6” related to DNA
binding comes primarily from sequence comparisons and com-
parisons of the very-low-resolution EM data on Eo”° with high-
resolution (~3 A) X-ray crystallographic data for single-subunit
polymerases (see Fig. 3A and below) and with the low-resolution
(~16 A) EM two-dimensional crystal structure of a nine-subunit
variant of yeast RNA polymerase II (polII) (43; see Fig. 3B), all

FIGURE3 (A) Very-low-resolution (27 A) EM crystal structure of E. coli Ec’’ RNA polymerase, with
the high-resolution crystal structure of the Klenow fragment of E. coli DNA polymerase I superim-
posed. From reference 44 with permission. (B) Low-resolution (16 A) EM crystal structure of yeast
RNA polymerase II. Beads placed on the structure have a scaled diameter of 6.8,A, corresponding to
the length of 2 bp of double-helical DNA or of 2 bases of single-stranded DNA (see text). From

reference 43 with permission. . B
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obtained in" the “absence of DNA. Although this yeast pol II
variant lacks two subunits important for specific binding to pro-
moters, it contains the two largest subunits, which exhibit exten-

© sive sequence similarity to the large (B, B’) subunits of E. coli
RNA polymerase (4, 219). .

Key structural features of the yeast polymerase (see Fig. 3B)
include a cylindrical channel ~25 A in diameter and ~30 to 35 A in
length, which is surrounded by an “armlike” projection analogous
to the thumblike projection in Ec” It is a reasonable working
hypothesis to assume that these structural features are formed by
conserved regions of these large subunits. Leading into the channel
is a surface groove, ~25 A in diameter and ~5 to 10 A deep, extend-
ing ~40 A. The groove and channel together span ~70 to 80 A and
could accommodate 20 to 25 bp of double-stranded DNA, of which
~10 bp wonld be in the channel, buried beneath the arm. If so
bound, the DNA would be bent near the intersection of the groove
and the channel. In this same region, a narrower, deep surface
groove (~12 to 15 A wide, ~20 to 25 A deep, and ~30 A long) is
envisioned to branch from the channel. Near the branch point, a
tunnel ~8 A in diameter is proposed to extend for ~35 A from the
floor of the narrow groove through to the other side of the protein
(see Fig. 3B). Given a monomer repeat of about 3.5A (18), the
narrower groove could accommodate up to ~9 bases of the nascent
RNA chain (or possibly the nontemplate DNA strand); the tunnel
could be an access route for NTP (or possibly could accommodate
up to ~10 bases of the RNA chain) (43). Structural (footprinting)
and binding (thermodynamic) data for the E. coli enzyme, reviewed
in sections below, support the existence of a channel closed by an
arm or thumb and of extensive surface binding grooves on Ec”°,
some of which differ in their accessibility to promoter versus non-
promoter and single-stranded versus double-stranded DNA. Possi-
ble relationships between low-resolution structural features of yeast
pol II and nucleic acid-binding properties of the E6”® polymerase
are discussed in subsequent sections.

Structural similarities were also noted between the channel and
projecting thumb of Ec” and the corresponding features of the
high-resolution X-ray crystal structure of the large (“Klenow”) frag-
ment of E. coli DNA polymerase I, superimposed on the E6”° struc-
ture in Fig. 3A. Indeed, several single-subunit DNA and RNA
polymerases, including the Klenow fragment (9, 163), human im-
munodeficiency virus reverse transcriptase (110), T7 and T7/T3
hybrid coliphage RNA polymerases (201, 202), and rat DNA poly-
merase 3 (166), appear to share a set of important structural features
(208), including a “handlike” structure that constitutes the nucleic
acid binding dleft. The “palms” (i.e., the base of the clefts) of these
structures contain the key carboxyl residues which bind the Mg**

Region 1 Region 2

Core Binding

1b 21 22 23 24

-10 recognition

ions required for catalysis of the polymerization reaction. The
thumbs are flexible or disordered structures in the absence of
DNA, which are thought to undergo conformational changes upon
DNA binding, perhaps functioning to clamp the DNA in place.
Possible relationships between these structural features and struc-
tural, thermodynamic, and kinetic-mechanistic properties of Ec™-
promoter complexes are discussed in subsequent sections.

Roles of Subunits in the Steps of Initiation.

The “specificity subunit” 6. While core polymerase caninitiate
transcription from ends, nicks, and open regions of DNA, a bound
© subunit is required for promoter-specific initiation (29). The E.
coli genome encodes at least six sigma factors, each of which directs
RNA polymerase to a different set of promoter sequences (77). The
best-studied sigma factor, 67, is required for transcription of genes
involved in most fundamental cell functions (metabolism, biosynthe-
sis, etc.) during exponential growth. Other sigma factors coordinate
transcription of functionally related sets of coregulated genes, includ-
ing those involved in heat shock response (6°2and 6% [6%]), nitrogen
assimilation (6*), flagellum gene expression (6°%), and stationary-
phase expression (6°%) (see reference 77 and the Appendix to this
chapter).

With the exception of 6>, the above-mentioned sigma subunits
are homologous (see references 77 and 86). Sequence comparisons
that include sigma factors from other prokaryotes indicate that all
known sigma factors are either 67° type or 6™ type. 6"%type sigma
factors can be further classified into primary (e.g., 6"%) and alterna-
tive (674 0%, etc.) sigma factors. 07 exhibits greater similarity to
primary G factors from other organisms than to alternative (cf. %)
sigma factors in E. coli (see Fig. 4). We have focused this review on
transcription initiation by E6”° holoenzyme.

Important contacts between the 67° subunit and promoter DNA
were identified by isolating mutations in the sigma-encoding rpeD
gene that suppressed promoter mutations in the —10 and —35 se-
quences. Conserved region 2.4 of 6”° was found to be involved in
recognition of the —10 sequence (198, 231). (An analogous conclu-
sion was obtained for a minor ¢ factor in Bacillus subtilis [42]).
Conserved region 4 is involved in recognition of the —35 sequence
(65, 198). Key residues in conserved region 2.4 may be part of an o
helix; key residues in conserved region 4 may be part of a helix-turn-
helix motif, which is characteristic of many proteins that bind with
specificity to sites on double-stranded DNA (see reference 77).

The o subunit (specifically conserved region 2.3 of 67°) has also
been postulated to play a role in the local DNA opening that occurs
during open complex formation (86). This model is consistent with
identification of mutants in the analogous sigma subunit of B. sub-
tilis (6*) that are defective in DNA opening (3, 103). However,

Region 3’ Region 4

Activation -35 recognition

FIGURE 4 Regions of sequence conservation in primary (G7O—type) Prokaryotic sigma factors

(adapted from reference 77). Shaded regions are conserved in primary (¢

O-type) prokaryotic sigma

factors; functions of these regions are specified where known. Regions 2, 3, and 4 are also conserved

in alternative (cf. 632) sigma factors.
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mutants in comparable positions in E. coli 67 retain transcrip-
tional activity on a promoter in vivo (232).

Although intact 6”° does not bind detectably to DNA in the
absence of core RNA polymerase, peptides containing regions 2 and
4 of 6°° bind with modest specificity to promoter DNA (51). In free
0", conserved region 1 apparently inhibits formation of specific
o"%promoter complexes (50). Truncated peptides not containing
region 1 bind to promoter DNA, but with much lower stability and
specificity than that characteristic of E6”® holoenzyme. Core enzyme
subunits must contribute directly to stability and indjrectly to speci-
ficity of promoter binding.

Conserved region 3 of ¢’° appears to be positioned in the
vicinity of the binding site for the initiating nucleotide, and thus
near the +1 site on the template. An initiating nucleotide analog
was found to cross-link to this region of 67° (as well as to the f§
subunit) in an open complex at the T7 Al promoter (194).

In addition to its direct role in promoter recognition, 6°° has
recently been implicated in some forms of positive gene regula-
tion. In general, it appears that positive activators that bind to
sites centered at or near —40 make contacts with 67°. Examples
include AcI activation of APgry (117, 130), PhoB activation of
PpstS (118), and CAP activation of gal P1 (118). Mutations in
sigma region 4 suppress cI mutants defective in activation of
APry in an allele-specific fashion, but do not suppress ¢I mu-
tants defective in DNA binding. (The activation defective mu-
tants are called positive control [pc] 6 mutants [130].) Likewise,
deletion analysis of sigma indicated that activation of pstSp by
PhoB and of gal P1 by CAP requires region 4 and part of region
3(118).

Although this chapter is dedicated to the analysis of tran-
scription initiation involving the E6”® holoenzyme, it is impor-
tant to point out the potential ambiguities resulting from the
overlapping specificities of E6*® (also designated EG®) and E6”°.
Eo?® (which is present during stationary phase) programs tran-
scripts from some E6”° promoters because of the similar —10
region recognition pattern (222). This observation may compli-
cate some in vivo studies of promoter specificity and some in
vitro studies with uncertain 68 contamination.

Roleof aininteractions with upstream DNA regions and bound
factors. The o subunit plays an important and direct role in
promoter recognition at some promoters by specifically interact-
ing with sequences upstream of the —35 region. E6”® variants in
which the carboxy-terminal third of o is deleted, or changed by
a point mutation, fail to utilize promoter upstream elements (UP
elements; see below) such as that found in the rrnB P1 promoter
(183). The direct role of the C-terminal domain (CTD) of o in
recognition of the UP element was demonstrated by DNase I
footprinting; both purified ot and a-CTD specifically protect UP
element DNA (16, 183).

The o subunit is also indirectly involved in the activation of
several promoters, as discussed below. In these cases, the car-
boxy-terminal sequence appears to provide the contact point for
the activating protein. No activation occurs in the absence of the
carboxy-terminal sequence or for some carboxy-terminal point
mutants (95, 98, 223). It is of interest that the a-UP element
contact domain and the o-positive activator contact domain are
in the same region of o. It is not yet clear whether these two
functions are mechanistically related.

The o subunit is not believed to play a direct role in tran-
scription initiation at many other promoters (presumably lack-

ing UP elements). For example, the holoenzyme assembled from
o, peptides missing the carboxy-terminal third of the primary
sequence initiated transcription in vitro with the expected speci-
ficity and efficiency at a number of promoters (95). The amino-
terminal two-thirds of o (from residue 8 to 241) appears to be
sufficient for holoenzyme assembly and, in these cases, for function.

Roles of B and B’ subunits in initiation. Since the large
and B’ subunits of E6”" play important roles in binding DNA and
NTP and in catalysis of RNA synthesis, it is unfortunate that they
are not better characterized at a structural level. Extensive se-
quence homology exists between these large subunits of E6”’ and
the largest subunits of other prokaryotic and eukaryotic DNA-
dependent RNA polymerases (4, 219). The B and B’ subunits
probably define the major structural features of E6”° (e.g., the
channel, grooves, and thumb [or arm]) responsible for stable
DNA binding in at least the processive (elongation) phase of
transcription (44; see Fig. 3A) and probably in specific promoter-
bound open complexes as well.

In E. coli polymerase, the B subunit contains the site for
binding the initial nucleotide substrate and is involved in the
initial polymerization steps which lead to promoter clearance.
Cross-linking studies using initiating nucleotide analogs indi-
cate that residues 1065 and 1237 of the [} subunit are in the
immediate vicinity of the initiating nucleotide (71, 72, 159). A
number of mutants mapping in the B subunit exhibit altered
substrate binding properties and are defective in promoter
clearance (101). Stepwise substitution of alanine for the amino
acids in the region surrounding residue 1065, thought to be
involved in binding the initiating nucleotide, alters the abortive
initiation and promoter clearance properties of the enzyme
(106, 185). The 3 subunit is probably involved in DNA binding,
since B can be cross-linked to DNA in a holoenzyme-DNA
complex (38). The roles of the B’ subunit in the initiation proc-
ess also remain largely undefined. B binds nonspecifically to
DNA (239) and interacts with at least the nontemplate strand of
the promoter DNA (38, 162).

RNA POLYMERASE-PROMOTER COMPLEXES:
STRUCTURAL AND THERMODYNAMIC
PROPERTIES

In the development of this field, kinetic and/or thermodynamic
evidence for the intermediate complexes on the pathway to in-
itiation in general preceded the structural characterization ob-
tained by trapping these intermediates. We invert this order for
ease of presentation of this material. Complexes believed to be
mechanistically significant on the pathway of transcription in-
itiation are described below.

Structural Characterization of Binary Complexes

The structures of polymerase-promoter complexes have been
studied by probing the availability of DNA functional groups to
cleavage by specific chemical or enzymatic probes. Sites available
for cleavage in free DNA but less accessible in an RNA poly-
merase-promoter complex ‘are considered sites of protection,
while sites cleaved to a greater extentin the RNA polymerase-pro-
moter complex than in free DNA are termed enhancements. This
type of chemical and enzymatic probing, known as footprinting
(see references 175 and 226 for reviews), provides specific infor-
mation regarding accessibility to'the probe of (i) the DNA phos-
phodiester backbone (hydroxyl radical [HO:]'or DNase I cleav-

d
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A Template strand

FIGURE 5 (A) Increased accessibility of the AP transcription start site to HO- in RP) versus RPgj.
Phosphorimager comparison of template strand footprints obtained in the presence and absence of
Mngr (from reference 40a with permission). (B) Two-dimensional model for the APg-Ec’’ open
complex (RPo2). Sketch of APr promoter DNA on RNA polymerase based on the approximate
dimensions of the protein (160 by 100 A) determined by Darst et al. (45). In the upstream region, four
DNA bends result in the wrapping of DNA around the protein. The small arrows show intrinsic DNA
bends at A,-Ty, tracts; the large arrows show g};otein—induced bends. Spheres (not drawn to scale)

indicate possible binding sites for the three Mg
RPo2 (from reference 40a with permission).

age), (ii) the major groove (methylation of guanines by dimethyt-
sulfate [DMS]), (iii) the minor groove (methylation of primarily
adenines by DMS), and (iv) normally buried surfaces of the bases,
especially T (by KMnO4) and C (by DMS), which become acces-
sible due to local opening or severe bending. Interference experi-
ments, the reverse of protection experiments, detect sites where
chemical modification interferes with formation of a complex.
Our review focuses on general characteristics of polymerase-pro-
moter interactions deduced from these studies.

‘Closed Complexes (RP.). The process of specific recognition of
the promoter DNA sequence begins in the initial closed complex
(RP¢1), which involves only regions of the promoter upstream of
the transcription start site. Subsequent conformational changes
in polymerase and DNA extend the contacted region through the
transcription start site and into the downstream region, to form
the closed complex designated RP.,.

Initial closed complex: RP.1. Initial closed complexes are
characterized by trapping them at low temperatures (typically
~0 to 10°C) where the subsequent isomerization steps are ther-
modynamically unfavorable and/or kinetically blocked. DNase 1
and HO- have been used as probes of the accessibility of the DNA
phosphodiester backbone in RP,; to large (DNase I) and small
(HO-) reagents. Studies of initial closed complexes at a variety of
promoters, including those recognized by both E6”® and Ec*,
indicate that RNA polymerase contacts one face of the promoter
DNA from —55 to =5 in this complex (17, 40, 92, 113, 146, 188).
The protected region does not include the start site (+1) or the
initial transcribed region, indicating that neither E6”° nor E6™
interacts with this key region of the promoter in RP.1. Within the
-55 to -5 region, an alternating pattern of protection and depro-
tection is apparent from the HO- footprints (146, 188). This
pattern exhibits a 10- to 13-bp periodicity which is approximately
that of the DNA helix, indicating that binding occurs to one face
(side) of the double helix (227). On the basis of the EM crystal-

ions (221) taken up in the conversion from RPg; to

lographic data for yeast pol I reviewed above, it is reasonable to
propose that RP. involves binding the promoter DNA in the
wider surface groove (but not a closed channel) of the Eg”°
polymerase. However, the 50-bp region of DNA spanned in RP¢
is far longer than the length of the wide surface groove identified
in yeast pol I1.

Isomerized closed complex(es): RP,. Formation of the
isomerized closed complex (RP.,) involves major conforma-
tional changes in the polymerase and/or the DNA. RP;is trapped
for study at a promoter-specific range of temperatures (typically
~10 to 15°C), above the temperature where only RP,; is observed
but below that where significant opening of the DNA occurs.
Probing of RP.; complexes at the lacUV5 (204), tetR (54), GroE
(40, 146), and T7 Al (188) promoters with DNase I and HO-
yielded “footprints” spanning the range from position 55 to
approximately +20 on the promoter DNA. Clearly, more of the
promoter DNA interacts with RNA polymerase in RP; than in
RP.1. Almost all of the additional protection occurs downstream
of the start sité; the upstream boundary of the protected region
is unchanged. The contacts between polymerase and the down-
stream region which form in the transition from RP to RP;
presumably play a role in the initiation (i.e., nucleation) of DNA
opening.

The periodicity of protection in the upstream region (—10 to
—55) is virtually identical to that observed by HO- footprinting
for RP.; at the groE (146) and T7 A1 (188) promoters. Both Ec*?
and E6”° polymerases therefore interact with the upstream re-
gion of the promoter DNA in RP.; in the same manner as in
RP,, indicating that this DNA must remain in a surface groove
on the polymerase. Downstream, however, protection from HO-
is complete from —10 to +20 on both template and nontermplate
strands, indicating that RNA polymerase contacts the backbone
of both strands of the DNA helix in this region of the promoter.
This result suggests that the region from —10 to +20 in RP, may
be bound in the channel, with the backbones of both strands
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buried by the arm, thumb, or other flexible features of this
structure. If this model is correct, then both conformational
changes in the arm of the polymerase and bending of the DNA
may be involved in the conversion of RP.; to RP,, as judged
from the features of the yeast pol II groove-channel-arm struc-
ture.

RP, is designated a closed complex on the basis of the lack of
reactivity of cytosines of the promoter DNA in this complex
with DMS (40, 55). (Recall that DMS reacts with accessible
cytosines in open or distorted regions of DNA.) The lack of
DMS reactivity of cytosine does not by itself prove that RP., is an
entirely closed complex, because the opening might be confined
to a few A-T base pairs whose adenines are unreactive in free
DNA, and/or because any open bases might be protected by the
polymerase. The possibility of protection by polymerase on both
strands can be eliminated because the complementary guanines
at the positions of the unreactive cytosines are reactive to (and
hence accessible to) DMS. A scenario where only the nontem-
plate strand (which contains the cytosines) is protected cannot
be ruled out. If opening were present but confined to a few A-T
base pairs, these probably would be in the region -9 to —12, as
judged by the data reviewed above on RP.; complexes at the groE
(E6*?) and tetR (E6”") promoters. Evidence for some untwisting
{(~2 to 4 bp) of promoter DNA early in the process of open
complex formation is provided by kinetic studies with super-
coiled templates (216), as reviewed below.

Binary Open Complexes (RP,). The process of DNA strand
openingappears to begin upstream of the transcription start site
and to extend subsequently to the start site in the “final” binary
open complex (RP,3), in which the template strand is accessible
to initiating NTP. We begin by reviewing the available structural
information for RPo;and then discuss the more limited structural
information regarding intermediate binary open complexes.

Final binary open complex: RP,z. Chemical probing of the
single-stranded regions of the final binary open complex (RP,
formed in the presence of Mg®*) with DMS and KMnQ, indicates
that DNA strand opening extends from the —10 region (as far
upstream as position —12) to the region of the start site (as far
downstream as +2) (55, 107; 186, 196, 218). Most pyrimidines
on both strands in this region are reactive (though the extent of
reactivity varies with position). Hence the bases are accessible to
small solutes and cannot be completely buried in the binding
channel. On the other hand, HO- footprinting indicates that the
backbone of the nontemplate strand is completely protected in
the region —10 to +20 by E6” in RPo; and that only a small part
of the backbone of the template strand (from —4 to +1 at APg
[40a]) is accessible to HO- in this key region (Fig. 5A). (Recall
that the backbones of both strands are protected from HO-
cleavage in the region —10 to +20 in RP.,.) Subsequent binding
of the initiating nucleotide to form the first RPini ternary com-
plex appears to occur without a major conformational change
(203).

In RP,;, the promoter DNA is protected from DNase I diges-
tion from approximately —55 to +20 (40, 40a, 54, 92, 113, 197,
204). At all promoters investigated (including lacUV5 [204],
tetR [54]), fdVII P2 [92], and GroE [40]), the patterns of methy-
lation and DNase I cleavage protection in RP.; remain essentially
unchanged from those in RP., indicating that the opening of the
DNA in the vicinity of the transcription start site does not re-
quire significant shifts in other areas of RNA polymerase-DNA

contacts. In particular, the positions of protection and deprotec-
tion in the upstream region as well as the lack of periodicity in
the protection downstream of —10 are preserved in RP,; (146).
Interpreted in terms of the yeast pol II structure, this result
indicates that the upstream region of the promoter DNA (-55 to
—10 in RP,;) remains bound in a wide surface groove, as in RP;
and RP.; (139). . ,

Protection of DNA from DMS methylation in open com-
plexes at six promoters occurs primarily in the region from —32
to +8, with the most complete protection (in both the major and
minor grooves) occurring in the —10 region (-8 ——13) (54). In
the region from —14 to -20 (i.e., the downstream part of the
spacer region), both the major and minor grooves are protected
from DMS methylation. In particular, the major groove at —14
and —15 is always protected, even though the sequence at these
positions is not highly conserved (exhibiting omnly a slight bias
toward guanine [81]). Comparison of methylation interference
data for seven promoters indicated that methylation of residues
between positions —20 and —24 of the spacer region never inter-
fered with open complex formation (54), suggesting that these
residues have no specific role in open complex formation.

The DNA in the open complex is thought to be bent (see, e.g.,
references 167 and 225), based in part on the results of gel mobility
shift assays (116) and hyperreactivity of bases in the spacer region
to DNase I digestion (Fig. 5B) (146). Even if the DNA-binding site
on the polymerase were aligned with the longest dimension (~160
A) of the enzyme, no more than ~50 bp of linear B-DNA could be
protected. Since ~70 bp of DNA is protected in both RP.; and the
open complexes (40, 204), the promoter DNA must be bent or
wrapped around the enzyme (44). Scanning atomic force micros-
copy of open complexes provides additional evidence for this pro-
posal (173). However, analysis of neutron scattering studies of an
open complex of Ec’® at the T7 Al promoter suggested that if
bending occurs in this complex, the bend angle must be less than
45°(89).

Investigation of positions of cross-links between RNA poly-
merase and promoter DNA in open complexes indicates that f3, ',
and ¢ all contact both the ~10 and —35 regions of the core promoter
(21, 26, 38, 39, 65, 82, 165, 198, 199, 231). Presumably, therefore, &
lies along the groove and channel created by the B and B’ subunits.
Genetic and footprinting evidence suggests that at the rrnB P1 pro-
moter, o contacis the region upstream of the —35 sequence (the UP
element [183]).

Intermediate open complex(es). Potential intermediate open
complexes have been observed at several promoters (lg& 211,217,
218; W. C. Suh, Ph.D. thesis, University of Wisconsin, Madison,
1993). The best characterized of these is the complex formed at the
APy promoter in the absence of Mg** (217, 218; Suh, Ph.D. thesis).
This putative intermediate complex, designated RP,;, differs from
RP,; in having a smaller number of open bases and a smaller extent
of KMnOQj reactivity of bases which are reactive (i.e., open). In RPo1,
the open region is confined principally to positions —11 to ~1.
Notably, the start site (+1) is relatively inaccessible to KMnOs.
Positions —12, +1, and +2 exhibit the largest relative increases in
KMnOq reactivity in the transition from RPo; to RPoz. Hence, at least
the final stage of opening appears to propagate bidirectionally.

The conversion RP,; — RP,; makes the start site accessible to
probes [HO- from Fe(EDTA)*, KMnO,] which are of comparable
size to the initiating nucledtide and also negatively charged (Fig.
5A). The transition from RPo; to RP; requires Mg?* at millimolar
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concentration and cannot be- efficiently induced by elevated
temperature or negative supercoiling in the absence of Mg**
(218; Suh, Ph.D. thesis). Since the function of RP,; is to bind the
initiating nucleotide, it is plausible to propose that the requirernent
for Mg?* in the conversion of RP, to RPo, which greatly increases
the accessibility of the start sife on the template strand to both
MnOs and HO- [i.e; to Fe(EDTA)* ], involves binding of Mg?"
ions in the vicinity of the start site (Fig. 5B). By analogy with
structural data on single-subunit polymerases (208), these Mg”*
ions may bind to the triad of carboxylate side chains involved in
catalysis of phosphodiester bond formation. The increase in reac-
tivity to negatively charged reagents at this position may in part
reflect local neutralization of negative charge by binding Mg?*, in
addition to (or in place of) conformational changes causing addi-
tional opening (40a).

Methylation of cytosines by DMS as a function of temperature
in the presence of Mg?* is uniformly temperature dependent at all
positions (54, 107). Therefore, opening as a function of tempera-
ture appears to behave thermodynamically as an all-or-none coop-
erative process, with no evidence for stable partially opened
complexes such as RP,; in the presence of Mg?*. Since RPo; (at APg)
is trapped as a function of Mg”* concentration but not temperature,
other intermediates may be discovered by judicious use of ion
concentrations as well as temperature to probe the mechanism of
open complex formation. The proposal that RP,; (trapped in the
absence of Mg?* but not at intermediate temperatures) is an inter-
mediate on the kinetic pathway of opening in the presence of Mg**
is supported by the rationale that RP,, rapidly converts to RPjnic
upon addition of Mg?* and a subset of NTP (180, 181).

Complexes which may correspond to RPq; at APr are also ob-
served at other promoters. In particular, synthetic Jac variant and
consensus promoters probed without Mg?" exhibit KMnOj reac-
tivities characteristic of RPo1. At the lacUV5 promoter, a presum-
ably open complex (probed in gel slices) exhibited no reactivity to
1,10-phenanthroline-copper in the absence of Mg”*, but in the
presence of Mg?" it was reactive to the probe in the region between
positions —3 and —6 (120). Two open complexes at the lucUV5
promoter are observed by gel mobility shift assays at intermediate
temperatures in the presence of Mg?" (209, 211). Relative amounts
of these two complexes are highly temperature dependent. It is not
yet clear whether either of these open complexes corresponds to the
complex (RP,;) formed in the absence of Mg*".

Characteristics of Ternary Initiated Complexes (RPinit)
and the Events of Promoter Clearance

The binary open complex RP,, is poised to initiate transcription,
awaiting the addition of the four NTP substrates. The next event
in the transcription initiation process is the choice of the start site
and the associated binding of the initiating NTP to RNA poly-
merase. In the presence of all four nucleotides (the in vivo
situation), most promoters appear to have a cluster of start sites
with one usually predominating both in vivo and in vitro (83).
Three factors appear to dictate the choice of primary start site.
First, the start site is typically restricted to positions 6 to 8 bp
downstream of the —10 hexamer. Also, although any of the four
nucleotides can serve as an initiating nucleotide, given a choice,
RNA polymerase appears to prefer initiating with a purine. Fi-
nally, for promoters in which a C is the initiating nucleotide, an
unusually high intracellular concentration of the nucleotide is

probably necessary, presumably because RNA polymerase exhib-
its a higher steady-siate enzymatic (Michaelis) constant (K,"'")
for dissociation of C as an initiating nucleotide than for A and G
(200). Key elements of the core promoter sequence may also
influence the decision regarding start site (32).

Once the start site is chosen (i.e., once the initiating nucleotide
is bound), RNA polymerase begins the complex series of events
that eventually lead to promoter clearance. Promoter clearance
(which typically occurs after the synthesis of a 7--to 12-nucleo-
tide-long message) involves release of contacts with the pro-
moter, loss of the ¢ subunit, and synthesis of full-length
transcripts (31, 80, 115, 210). We designate all of the complexes
on the pathway to promoter clearance collectively as RPini

RPyiscomplexes have been characterized by examining the DNA
structure associated with RNA polymerase as a function of the
number of nucleotides that have been incorporated by RNA po-
lymerase (e.g., the potential length of the RNA transcript in the
ternary complex), using subsets of the four nucleotides. At the
lacUV5 promoter (which initiates with a sequence AAUU), no
difference was observed between the structure of the complex
formed in the absence of nucleotides (as probed by DMS) and that
formed in the presence of the dinucleotide ApA (203). However,
upon addition of both U and ApA to RP,;, the open region shifts
downstream. Similar effects are seen at the AP promoter (221, 224;
Suh, Ph.D. thesis). It is plausible (but not proven) that these trapped
complexes are also significant intermediates in the pathway of in-
itiation in the presence of all four nucleotides.

These structurally unique properties are consistent with the
observation that RPinir complexes are more stable to dissociation
than RP,; complexes (34, 137, 180). At many promoters, RPiy; is
resistant to brief competition with high salt concentrations (>0.5
M) that would cause RPq; to dissociate rapidly. In general, stabiliza-
tion is by no means absolute, because RPjic complexes typically
undergo a process of recycling (abortive initiation) in which short
transcripts are continuously synthesized and released, reforming
RP,; (discussed below). Since the pathway of dissociation of polym-
erase from RPiniis probably via RPg, formation of RPy;; reduces the
rate of dissociation from that characteristic of RPo:.

The catalytic behavior of RPiyi in vitro is complex. Even in the
presence of a sufficient excess of all four NTPs, aborted as well as
full-length products are synthesized. At some promoters the molar
yield of aborted products is significantly greater than that of full-
length products. After each nucleotide condensation step, there is a
finite probability of an abortive cycle in which polymerase releases
the short transcript and reforms RPop.

Alternatively, the polymerase continues with the next incor-
poration step. The probability of cycling versus elongation at
each step is unique to a particular type of promoter, as is the
yield of abortive product versus full-length product. After syn-
thesis of a 7- to 15-nucleotide-long transcript, RNA polymerase
escapes abortive cycling and continues on to synthesize a full-
length transcript (30, 73, 114, 158, 210; L. M. Hsu and M. J.
Chamberlin, in preparation).

Another surprising property of the RPii complex is that
initial short transcripts can undergo a “slippage” event to yield
transcripts with additional Us (or As) at the 5" end of the tran-
scripts when the start site is embedded within a run of T/A (or
A/T) base pairs. Slippage appears to be involved in forming
stable ternary (RNA polymerase, promoter, nucleotide) com-
plexes at the rrnB P1 promoter (19). Slippage of RPiyiis known



802 RECORD ET AL.

to occur both in vitro and in vivo (78, 236). It is not clear what
effect, if any, oligo(A) or oligo(U) 5’ tails have on the transcripts.

In one system (pyrBI), transcriptional slippage is proposed to
have an interesting role leading to pyrimidine (UTP)-mediated
gene regulation. In this case, slippage appears to block produc-
tive messenger elongation (this is not the case for other promot-
ers demonstrating slippage [e.g., sce references 78 and 236]),
and slippage (and hence no elongation) occurs only in the pres-
ence of high levels of UTP (132).

Are properties of RPini¢ relevant in vivo? Evidence exists that
at some strong promoters, where Vrc (equation la) is relatively
high, steps in class III of mechanism (A) (i.e., after open com-
plex formation and before promoter clearance) are primary
determinants of the rate of initiation (22, 57, 58, 158, 206). It is
possible that initiated complexes at some promoters pause dur-
ing recycling or slippage, delaying promoter clearance events. In
vivo hyperreactivity to KMnO, was observed in the region between
positions +6 and +12 in such a promoter (57). This KMnO, reac-
tivity presumably results from the open region of a ternary complex
paused at a step before promoter clearance, although it has yet to be
demonstrated that this complex is undergoing nonproductive
initiation. Additional evidence exists for a role of recycling of
RPiitin determining promoter activity. The DSR is important in
determining the strength of some promoters (27; see below).
This observation has been largely attributed to an effect on the
promoter-specific recycling properties of RPiyi (Hsu and Cham-
berlin, in preparation). Finally, CAP (catabolite gene activator
protein)-mediated positive regulation of malT occurs by facili-
tating promoter clearance from the RPin; complex (151).

RNA POLYMERASE-PROMOTER COMPLEXES:
STABILITY AND EQUILIBRIUM SPECIFICITY

‘What noncovalent interactions are involved in forming a specific,
stable complex between RNA polymerase and a promoter DNA
site? To introduce this topic, we briefly summarize the quantita-
tive definitions of stability and specificity and the general conse-
quences for stability of bringing together oppositely charged
regions of protein and DNA surface and of removing nonpolar
regions of protein and DNA surface from exposure to water.
Then we review the available information regarding the origins
of stability and specificity of holoenzyme-promoter complexes
by comparing them with other specific protein-DNA complexes
and with other complexes of core polymerase and holoenzyme
with nonpromoter DNA.

General Thermodynamic Properties of Protein-DNA
Complexes

Fora protein-DNA interaction of the form A + B. > AB, stability
is characterized by the equilibrium concentration quotient Kops,
defined as Kobs= ([AB]/[A][B])eq. Equilibrium specificity is char-
acterized by the ratio of values of Kqps for specific and nonspecific
binding (K% / K3 if ) where each DNA nucleotide (phos-
phate) constitutes a potential nonspecific binding site.

In general, stabilities of both specific and nonspecific pro-
tein-DNA complexes increase profoundly with a reduction in
salt concentration. In many cases, virtually any desired stability
can be achieved by a suitable choice of the concentration and
also the chemical identity of the salt (see references 170 and
172). (Of particular importance are the valence of the cation and
the chemical identity of the anion.) The strong effects of salt

concentration are interpreted in terms of local reductions in the
density of negatively charged phosphate groups on DNA, either
by interaction with positively charged functional groups or re-
gions on the protein or by conformational changes (e.g., local
denaturation). The polyelectrolyte character of sufficiently large
DNA molecules (>100 bp) guarantees that both local denatura-
tion and binding of any (locally) positively charged ligand will
be highly salt-concentration dependent as a consequence of the
release of salt cations from the vicinity of the DNA when its
phosphate charge density is locally reduced (18, 164, 171).
Stabilities (Kobs) of specific protein-DNA complexes typically
show an unusual but characteristic temperature dependence, in
which Kobs exhibits a maximum at a temperature near the physi-
ological range (~10 to 50°C). The existence of a temperature of
maximum stability is interpreted in terms of the importance of
the hydrophobic effect (the removal of nonpolar surface from
exposure to water) as a driving force for specific binding (79,
205). At temperatures below that of maximum stability, binding
is enthalpically unfavorable but entropically favorable; above the
temperature of maximum stability, binding is favorable both en-
thalpically and entropically, though the latter effect dominates.
From the characteristic effects of salt concentration and tem-
perature on the stability of E6”-APr promoter open complexes
(RP,2), we conclude that extensive reductions of DNA phos-
phate charge density, extensive burial of nonpolar surface, and
extensive coupled folding local regions of polymerase all play
important roles in this interaction, as summarized below.

RNA Polymerase-DNA Complexes

E. coli RNA polymerase exhibits multiple modes of specific and
nonspecific binding. In all cases investigated, binding is driven by
the favorable entropy change; enthalpic effects are either small
{for nonspecific binding) or highly unfavorable (for open com-
plex formation). How can a binding interaction be so favorable
entropically? In the gas phase, it could not; in aqueous salt
solutions, the redistribution of water and of salt ions that accom-
panies binding provides a large entropic driving force, especially
for processes which reduce the amount of nonpolar surface
exposed to water (the “hydrophobic effect”) and/or which reduce
the charge density of polyelectrolyte (e.g., DNA) surfaces (the
“polyelectrolyte effect”). A maximum estimate of the primarily
entropic contribution of cation release (the polyelectrolyte effect)
to the binding free energy may be obtained at a specified salt
concentration from knowledge of SKops (see next section) (171,
205).

In addition to its specificity for promoter sequences, EG”°
holoenzyme also exhibits specificity of binding to ends of double-
stranded DNA and to as-yet-uncharacterized “tight-binding”
but noninitiating sites (148). Nonspecific (random) binding of
both E6”® holoenzyme and core polymerase appears to occur on
all regions of double-stranded and single-stranded DNA. Both
core and holoenzyme bind much more strongly to single-
stranded than to double-stranded DNA, and holoenzyme binds
more strongly than does core to single-stranded DNA (47).
Hence both core and holoenzyme are “melting proteins,” which
by their presence destabilize double-stranded DNA thermody-
namically (99). o

Early studies of binding of E6”" RNA polymerase to promot-
ers, generally performed at'low salt concentration, indicated that
open complex formation was essentially irrevetsible on the time

4
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scale of subsequent steps in transcription initiation. Hence the

physiologically important detérminant of specificity of pro-
moter recognition was thought to be the overall rate constant of
open complex formation. More recently, it has been recognized
‘that formation of RP,» and/or RPiyi: (in excess NTR) may be a
reversible process at some promoters on the time scale of pro-
ductive initiation, and that an equilibrium definition of binding
specificity (K / KI5 ) may therefore be applicable.
This is yet another reason for the need to understand the
origins of stability of specific promoter complexes and of
those nonspecific complexes formed at all DNA nucleotide
phosphates. '

Large Effects of Salt Concentration on Stability: Thermodynamic
Signature of Reduction of DNA Phosphate Charge Density upon
Binding. “‘A dominant characteristic of all specific and non-
specific modes of binding of RNA polymerase to DNA is their
extraordinarily large dependence on salt concentration. In the
absence of Mg, binding constants Kobs vary as large negative
powers of the univalent salt concentration, with exponents
(called SKibs, the log-log derivative of Kops with respect to [salt])
specific to the mode of binding, ranging from —7 to —21. These
large salt-concentration dependences indicate that the phosphate
charge density of the promoter DNA site is extensively reduced
as a consequence of the interactions with E¢”® (171). Two ways
in which local DNA phosphate charge density may be reduced
are (i) by interaction with positively charged regions of RNA
polymerase and (ii) by local strand opening, if the phosphates in
the open region were not already interacting with positively
charged regions in EG”°. Interpretation of the strong effect of salt
concentration on the extent of binding can provide quantitative
information about the contribution of charge-charge (coulom-
bic) interactions to the binding “energetics” (see references 151,
164, and 171). In addition, salt concentration provides a powerful
variable for investigating the mechanism of binding, as described
_in a subsequent section.

Magnitudes of SKobs which in general are different for differ-
ent binding modes and even for different promoters (J.-H. Roe,
Ph.D. thesis, University of Wisconsin, Madison, 1984), are
among the largest observed for any protein-DNA interaction.
Binding modes in which holoenzyme forms (presumably)
closed complexes with double-stranded DNA (e.g., at the T7 Al
promoter at 0°C), at fragment ends, and at nonspecific sites (47,
148, 195, 214, 215) all are less salt-concentration dependent
(=SKobs, ~7 to 10) than are modes in which the DNA is locally
open at the promoter or globally single stranded (=SKps, ~12 to
20) (47, 182,195, 214, 215). Hence, the equilibrium distribution
of holoenzyme between different binding modes depends on
salt concentration, since both the stability (Kobs) and the speci-
ficity ratio (K™ / Kor** ) change with changes in salt con-
centration. Nonspecific complexes of core polymerase with both
double-stranded and single-stranded DNA are very salt-concen-
tration dependent-(—SKobs = 16 to 21 [47]).

Can some insight into the location of 67° on core polymerase,
and into the sites on polymerase contacted by DNA in the vari-
ous binding modes, be obtained from comparisons of Kqps and
SKops values? In a previous section we proposed that the initial
closed complex (RP.;) involves binding to a wide surface groove
of polymerase. Based on values of SKops, it is reasonable to
propose that this same surface groove is used to form complexes
of E6” holoenzyme with fragment ends and double-stranded

nonpromoter DNA sites, and perhaps is used as part of the binding
site in all the other complexes discussed below. Nonspecific com-
plexes of core RNA polymerase with double-stranded DNA involve
more jon release and hence more extensive reduction in DNA
phosphate charge density than observed for the nonpromoter com-
plexes of holoenzyme with douhle-stranded DNA. As a structural
basis for this behavior, we propose that 6’° may block access of
nonpromoter double-stranded DNA to the channel adjacent to
the surface groove, but that this channel is used by core poly-
merase to bind double-stranded DNA, resulting in a much
larger magnitude of SKb, (which is comparable to that observed
for open promoter complexes or nonspecific complexes of both
core and holoenzyme with single-stranded DNA). Since com-
plexes formed by holoenzyme with single-stranded DNA are
more stable than those formed by core polymerase, but approxi-
mately as strongly dependent on salt concentration, the presence
of 6’ must introduce some favorable but relatively nonspecific
interactions with single-stranded DNA. Whether these occur in
the channel or in a putative narrower groove like that of yeast
pol Il is of course unknown.

Existence of a Temperature of Maximum Stability: Thermo-
dynamic Signature of the Hydrophobic Effect (Reduction in
Exposure of Nonpolar Surface upon Binding). At low tem-
peratures (below 20°C), the enthalpy of binding of E6° to the
APr promoter is large (~ 70 kcal [ca. 292.9 kJ]) and positive.
Binding under these conditions is highly endothermic (i.e., re-
quires heat) and is driven by a large positive (favorable) entropy
change. Binding of EG”° to the APy promoter becomes increasingly
favorable at higher temperatures, as would be true of any endother-
mic interaction. In this case, however, the interaction becomes much
less endothermic at higher temperatures, exhibiting a smaller en-
thalpy change of ~30 kcal (ca. 125.5. kJ)} near 30°C. These data
indicate a large negative heat capacity change upon binding, such
that the enthalpy change became more exothermic (i.e., less endo-
thermic) by ~2.4 kcal (ca. 10.0K]J) per degree increase in temperature
(182). This analysis predicts a maximum in Kobs (near 42°C for
Eo”%-APg), at which temperature the enthalpy change is reduced
to zero. Maxima in Kops in the physiological temperature range
and large negative heat capacity changes are in fact common
features of specific protein-DNA interactions (79, 205).

This characteristic thermodynamic behavior has been inter-
preted in terms of the removal of nonpolar macromolecular
surface from exposure to water (i.e., the hydrophobic effect).
Estimates based on model systems indicate that the amount of
nonpolar surface buried in complexation is more than twice that
available in rigid contact surfaces between E6” and promoter
DNA, and hence lead to the proposal that the large-scale confor-
mational changes in polymerase that accompany binding to
form RP,; must bury additional nonpolar surface (79).

A comprehensive analysis of all available structural and ther-
modynamic data for protein processes (folding; association; li-
gand binding, including site-specific protein-DNA binding) led
to the proposal that in many binding interactions “additional”
nonpolar surface is buried as part of local protein-folding tran-
sitions that create parts of the complementary recognition sur-
faces (205). Analysis of the entropy change upon complexation
provides a test of this hypothesis. The entropy change should
contain a “thermodynamic signature” of coupled folding, just as
the heat capacity change provides a signature of burial of non-
polar surface (205). Indeed many protein-ligand, protein-protein,
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TABLE1 Stabilities of EG’>-DNA complexes at
~0.1 M NaCl-0.1 M MgCl, (pH ~8)

DNA Binding

o -1
sequence mode Temp (°C)  Kobs(M™)  Reference(s)
Nonspecific ~Nonspecific 0-37 ~10 47
T7Al RP4 0 ~10° 195, 214,
215
T7A1 RPg; 37 ~10%° 195,214,
215
APy RPy 0 ~107 181
APx RPo; 37 ~10M 181

and protein-DNA interactions exhibit a much less favorable
entropy change than that expected from the hydrophobic effect,
based on a quantitative analysis of the burial of nonpolar sur-
face. If this “entropy deficit” is interpreted in terms of coupled
folding, an estimate of the number of amino acid residues folded
is obtained which is consistent with both structural and heat
capacity data in systems where these are available (205). For F6”°
RNA polymerase, no high-resolution structural data are vyet
available. The thermodynamic analysis predicts folding of ~10?
residues, burying additional nonpolar surface but simultane-
ously ordering these residues. Both at a qualitative and
semiquantitative level, this proposal appears consistent with
emerging structural data on polymerases. Approximately 50 dis-
ordered or flexible residues exist in the Klenow polymerase at
the tip of the arm or thumb (163). These cannot be detected in
the high-resolution crystal structure, but appear at the low reso-
lution of the E6’® EM structure (Fig. 3A; 142). In addition,
approximately 40 residues at the end of the thumb of T7/T3
hybrid polymerase are thought to be disordered in the crystal
structure of the uncomplexed protein (202). Folding of 40 to 50
residues of E6” in the process of forming RP,; at the APy pro-
moter would account for almost half of both the excess heat
capacity change and the deficit in the observed entropy change.

Stability and Specificity of RNA Polymerase-Promoter
Complexes

Table 1 summarizes experimentally determined stabilities (Kobs)
of the various binding modes of RNA polymerase at the APg and
T7 Al promoters at one set of solution conditions (~0.1 M
NaCl-0.01 M MéClz, pH ~8). Nonspecific binding of holoen-
zyme exhibits K Obss =10° M7, relatively independent of tempera-
ture (47, 195). Specific binding to the T7 Al promoter is charac-
terized byK ;. = 10°® M~ at 0°C (presumably forming RP.,) and
KA =101 M at 37°C (presumably forming RP,) (195, 214,
215). For the APgr promoter at a similar ionic condition,

Ky

R+P > RPy —> HP°2¥-> RP;

kII

AP

K2 = 10" at 0°C (RP:) and Kt = 101 M~ at 37°C (RPo)
(180-182).

From the appropriate ratios of Kops, the equilibrium specific-
ity of holoenzyme for promoters relative to nonpromoter DNA
phosphate sites at 37°C (RP,;) is ~10° (T7 A1) and ~10° (APy).
These large specificity ratios are comparable to that of EcoRI
endonuclease and somewhat less than that of lac repressor
(~107) (see reference 172 and references therein). Similar speci-
ficities apply to RPo; at 0.2 M Na', estimated from data in the
absence of Mg?". At 0°C (RP,y), equilibrium specificity is much
less: ~10% (APg) and ~10° (T7 A1). These small specificity ratios
indicate that competition between the ~10° promoter sites and
~107 nonpromoter DNA sites for E6”° should be very significant
at the level of the initial closed complex.

Binding of E67° holoenzyme to blunt-ended (Haelll) restric-
tion fragments exhibits K, = 10® M~ at 0°C (149), indicating
the importance of another type of competition in in vitro pro-
moter-binding studies using small DNA fragments. Since end
binding of holoenzyme appears to be of comparable strength
and specificity to the initial closed complex (RP.;), the kinetics
and the extent of specific binding to a promoter may be signifi-
cantly reduced if end-bound polymerase overlaps the promoter
site. Therefore, large fragments (with centrally located promoter
sites) and excess polymerase should be used in kinetic and equi- .
librium studies of promoter binding.

KINETICS OF TRANSCRIPTION INITIATION AND OF
FORMATION OF INTERMEDIATE BINARY AND
TERNARY COMPLEXES

This section reviews the background for discussing the current
status of kinetic and mechanistic studies of promoter binding
and indicates the relevance of these studies to the kinetics of
transcription initiation and promoter strength. We present ap-
proximate algebraic relationships between experimentally meas-
ured rates of initiation or binding and rate constants for individ-
ual mechanistic steps, or classes of steps. These relationships,
obtained by application of the “steady-state approximation” of
chemical kinetics to all intermediates, provide a basis for the
qualitative statements regarding the kinetics of binding and in-
itiation in the first section of this review. Many association kinetic
data have previously been interpreted in terms of a two-step
mechanism of formation of an open complex (RPo; or RPjgip), in
which the first (binding) step is assumed to be rapidly reversible
and the second (isomerization) step is assumed to be irreversible.
Since the mechanism of formation of RPg; is now thought to
include at least four steps, and since all of these steps may be
reversible, previous analyses of kinetic data which assumed an
irreversible two-step mechanism should be reconsidered. The con-
clusions of the steady-state analysis presented below are (to our

MTCH,

init

FIGURE 6 Mechanism (B). RP¢; represents the initial “closed” complex, RPo is the final binafy »
open complex, RPint is a ternary (initiated) complex, APis abortlve product, and FC is the transcrib-

ing complex
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knowledge) "not- available elsewhere for RNA polymerase-pro-

moter interactions and transcription initiation. We recognize
that for many readers this will represent a new and seemingly
complex way of discussing these topics. However, it provides
“essential fundamental insights into the factors responsible for
promoter strength and provides a basis for understanding the
relationship ‘between kinetic studies and mechanism. We also
recognize -that our use of the steady-state approximation, while
the only route to algebraic rather than numerical solutions of the
differential equations of kinetics, is approximate and therefore
less suitable for analysis of kinetic data than a global nonlinear
fit. However, in our opinion the above-mentioned fundamental
insights are best captured by this approximate analysis. Readers
are invited to work though the algebraic details.

Velocity of Initiation of Transcription (Vrc)

In vivo, relative velocities of forming transcribing complexes
from different promoters are deduced from a comparison of
levels of expression of a common reporter protein (e.g., B-galac-
tosidase or galactokinase). In vivo comparisons of this type may
be complicated by uncontrolled variables, including changes in
the promoter copy number (which can be estimated but not
accurately determined) and variations in mRNA stability and
translation initiation frequencies, resulting from differerices in
the 5" ends of the mRNA sequences of the different promoter
constructs.

Velocities of transcript production in vitro are routinely de-
termined from multiround runoff transcription assays on pro-
moter-containing DNA fragments. These should be done under
conditions of excess active RNA polymerase (total concentration
[Rl7 >> [Plr, so [R]F = [R]7). Incorporation of radiolabeled
NTP into polymeric RNA product is monitored as a function of
time. If the velocity of elongation is rapid in comparison to that
of forming a transcribing complex (Vrc), a condition which can
be obtained by use of a sufficiently short transcribed sequence
" (the elongation rate is typically ~50 to 100 nucleotides s™*) (138),
then this assay yields Ve

Steady-State Analysis of a Prototype Mechanism. The general
form of equation 1, reproduced here, is applicable to describe
the steady-state rate of production of transcribing complexes at
a promoter:

v 1 dTq_ (R
- [Pl dt  K,+[R];

In this section, we indicate how the parameters (V2™ Ky,) of
equation la are related to the individual rate constants of a
mechanism. The simplest inclusive mechanism representative of
the classes of steps involved in forming a transcribing complex
[mechanism (B): identical to mechanism (A) but with symbols
in place of words] is shown in Fig. 6.

We use mechanism (B) to describe general features of the
classes of steps of transcription initiation and of the analysis of
kinetic data. We start with mechanism (B) instead of more de-
tailed versions thereof for three reasons: (i) the general princi-
ples of the analysis are independent of the number of steps in the
mechanism, but the algebra is simple for a smaller number of
steps; (ii) everi a more complete mechanism [e.g., mechanism (E)
(Fig. 9), see below] will undoubtedly prove incomplete as more
intermediates are discovered; and (iii) the first two steps (I, II) of
mechanism (B) correspond to the classical two-step mechanism

(1a)

previously widely used to analyze binding kinetic data. Limita-
tions of mechanism (B) in analyzing kinetic data are summa-
rized later in this article.

Our notation for describing the rate constants has been care-
fully chosen. Rate constants that refer to the classes of steps
specified in mechanisms (A) and (B) are designed by the roman
numerals corresponding to those classes of steps. Rate constants
with roman numeral subscripts therefore describe collections of
reaction steps, rather than a single (elementary) reaction step.
Subsequently we will use arabic number subscripts on rate con-
stants that describe the more or less “elementary” steps in a
mechanism including all known intermediate complexes.

Contributions to the initiation velocity Ve from the individ-
ual steps of mechanism (B), or more detailed versions thereof,
are best discussed using the reciprocal of equation 1la:

Vi = (V) 4 K (V)R] (2)

For mechanism (B), analyzed in the steady-state approximation
(assuiming the concentrations of all intermediates are inde-
pendent of time) in excess NTP, one obtains the approximate
(but algebraic) results:

Vie " = (R [RY, ™) + ey (1 (K [Rp) ™) + k14 Ky
(K K[ R1p) "} + by {14 Ky~ (14 Ky )+ (K Kg K [R1:) 7Y (3)
so that
(Vi =k ™ kg UK D4k K 04K D (4)
and
K (VB = b ™ 4 (Kiky )™ + (K Kk )™ + (K K Kk )™ (5)

Though this analysis is approximate, it allows the following
general conclusions. The first term in equation 3 represents the
reciprocal of the initial velocity of forming RP. The sum of the
first two terms is the reciprocal of the initial velocity of appear-
ance of the final binary open complex (RPy,). The first three
terms represent the reciprocal of the initial velocity of formation

. of the ternary complex RPy;t (cf. equation 11, below). Each of

these components of Vi may be determined independently; as
discussed below. In equation 3, if the equilibria favor bind-
ing/isomerization (i.e., Ki[R] >> 1, Ki1 >> 1, etc.), the smallest
forward rate constaut of the set (ki[R], kn, ki kiv) is the princi-
pal determinant of the velocity Vrc, because the reciprocals of
these rate constants are added to obtain V™.

Kinetic Inferences: Central Role of [R]r. What determines the
rate of transcript initiation at a given promoter in E. coli? What
is the relationship between promoter sequence and rate constants
of the various isomerization (kr, ki) and dissociation (k _ip, k i)
steps which specify the kinetic behavior of an individual
promoter?

Equation 3 demonstrates that the velocity of productive in-
itiation per promoter is determined by the concentration of free
RNA polymerase and by the intrinsic rates (rate constants) of

ky kit
R+ P &~ RPoi «— RPp
k_I k_II

FIGURE 7 Mechanism (C).
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NTP
ky kn Km

R+P & RPy < RP°2¥—> RPinit
Ky K :7 K.

AP

FIGURE 8 Mechanism (D).

the various binding, isomerization, and clearance events at the
promoter. Key elements of system design in vivo are therefore (i)
the concentration of free polymerase [R]F; (ii) the cytoplasmic
variables (e.g., T, viscosity, ion concentrations) which determine
the rate constant for initial association (ky); and (iii) the se-
quence-specific polymerase-promoter interactions and cyto-
plasmic variables (T, ion concentrations) which determine K,
and the rate constants k_g, ki, and k_i1 (and probably also contrib-
ute to kmp, ko and krv). We discuss [R]r here. Discussion of the
other design elements is deferred to later sections.

In vivo, the total concentration of RNA polymerase is deter-
mined by a balance between the net rates of synthesis and degra-
dation and by the cytoplasmic volume under the growth
conditions examined. However, macromolecular crowding at
the high protein and nucleic acid concentration of the cytoplasm
may make the effective concentration of RNA polymerase substan-
tially higher than its physical concentration (33). In vivo, RNA
polymerase is thought to be distributed approximately as follows:
actively transcribing core, ~50%; specifically bound holoenzyme,
~25%; nonspecifically bound core and holoenzyme, ~25%; and free
holoenzyme, <1% (144). The free RNA polymerase concentration
[R]rmay be buffered against change during cell growth at constant
conditions by the large reservoir of nonspecifically bound poly-
merase, which should equilibrate rapidly with free polymerase on
the time scale of the events in mechanism (B) (228); [R]rin princi-
ple may vary with changes in growth conditions which change ion
or water concentrations in the cytoplasm (33). In vitro, tran-
scription and binding experiments should be performed in ex-
cess RNA polymerase (i.e., total concentration [R]7>> [P]7), so
[R]r = [R]r throughout the time course. This rediices experi-
mental uncertainties regarding [R]r as a consequence of non-
promoter binding and allows a pseudo-first-order analysis of
the kinetics.

In addition to its roles in drastically reducing and buffering
the free RNA polymerase concentration, nonspecific binding
may also serve to enhance the rate of initiation (Vr¢) formation
by reducing the dimensionality of the diffusional search for the
promoter from three to one (or two) (229). However, while
evidence exists for sliding of RNA polymerase on nonspecific
DNA (104), no significant contribution of sliding to the velocity
Vrcof productive initiation has yet been demonstrated.

Relationship of Kinetic Studies of Binding to Initiation Velocity

Association and dissociation kinetic studies performed as a func-
tion of temperature, salt concentrations, and other solution vari-
ables in the absence of NTP provide a means of investigating the
details of the mechanism of forming RP; at a particular pro-
moter sequence and/or determining the rates of the steps (and
substeps) of the simplest inclusive binding mechanism (C), cor-
responding to the first two classes of steps of mechanism (B) (Fig.

7). Separation assays, in which polymerase-DNA complexes are

separated from free radiolabeled promoter DNA on nitrocellulose

membrane filters (e.g., references 91 and 180) or by electrophoretic
gel mobility shifts (e.g., references 63, 66, and 211), have been used
to measure the kinetics of formation and dissociation of RPs,. Most
spectroscopic methods are of insufficient sensitivity to detect cormn-
plexation at the concentrations required for equilibrium and kinetic
studies.

The abortive initiation assay (142, 145), subsequently modified
for fludrescence detection of pyrophosphate release in nucleotide
incorporation (13, 14), in which a subset of initiating NTP is used
to obtain repetitive synthesis of a short (abortive) RNA product
(AP), provides a means of investigating the steps and substeps of
the simplest inclusive mechanism (D), of formation of a particular
RPinit (Fig. 8). [Mechanism (D) corresponds to the first three classes
of steps of mechanism (B).] The details of prototype mechanism
(D) may also be investigated by performing binding assays in the
presence of a subset of NTP yielding umquely stable ternary com-
plexes (180).

In general, formation of both RPy; and RPjsic (in excess NTP) is
a reversible process, which proceeds to equilibrium and not to
completion. In excess RNA polymerase ([R]r>> [P]7), the experi-
mentally determined reversible kinetics of forming both RP,; and
RPj,ic are observed to fit rate equations of the general form (189; P,
J. Schlax, Ph.D. thesis, University of Wisconsin, Madison, 1994).

d[RP,]
dr

= Ogp [Pl —Pre [RP] (6)

where RPy is either RP,; or RPiyi. Because the equilibrium con-
centration [RPy]®? is independent of time (d[RPy]/dt = 0 at
equilibrium), the promoter-concentration-independent, experi-
mentally determined quantities 0z and Brp must be related
by the equilibrium condition:

O, _ [RE Y
BRPx [Pl

Substitution of equation 7 into equation 6 yields the result that
Bre, is the observed first-order rate constant for the approach of
[RPX] to its equilibrium value. Mechanisms (C) and (D), as well
as more detailed versions thereof [e.g., mechanism (E), below],
when analyzed under pseudo-first-order conditions using the
steady-state approximation, invariably yield rate equations of the
form of equation 6 (189; Schlax, Ph.D. thesis).

In excess RNA polymerase, the quantity oz, - ! is found to be
a linear function of [R]7", both experimentally and by steady-
state analyses of C, D, and extended versions thereof:

= (kg [Rl) ™" + kg, ! (8)

In equation 8, 0.y, ' is equivalent to the previously de-
fined time constant Tops = kobs™ for irreversible association of
RNA polymerase with a promoter (142). Double-reciprocal plots
analogous to that indicated by equation 8 are commonly used in
chemical kinetics to separdte concentration-dependent and concen-
tration-independeit contributions to an observable kinetic quan-
tity. Equation 8 defines two observable composite rate constants, a
second-order (“association”) rate constant (k;) and a first-order
(“isomerization”) rate constant (k;); these can be interpreted in terms
of collections of elementary, rate constants of the corresponding

@)

- mechanism. Different mechanisms resultin dlfferent mterpretatlons

of k,and k; (see below).
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Dissociation of RP, made irreversible by addition of a polyan-
jonic competitor to bind free R and monitored by the reduction in
concentration of RPy; with time, is invariably found to be a
first-order process characterized by the rate constant k.

* For the two-step summary mechanism (C) of formation of the
open complex RP;, analyzed using the steady-state approximation:

kaRPz =(K k) +k !
ke, ki )
and
kd,RPol_lr =k, +K IIk—I‘il

For the analogous three-step summary mechanism (D) of for-
mation of an 1n1t1at1n§ complex RPmn to the same approxima-

tion: ke, = sk +ky "+ (Kgkyg)
kope, " = (KK Ky) "+ (KK ™+
ki,Rth_l = ku_l + knl_l +(Kyky ) (10)
and

| -1 -1
kd RP, = kHI +K IHk—H + KK IIk—I

init

Since formation of both RPq; and RPjnit is in general reversible,
two different experimental strategies exist for determining Oy, as
a function of [R]t, and hence for determining the corresponding
rate constants k,zp and k;pp_ . (i) From the kinetics of the ap-
proach of [RP,] to its time- 1ndependent equilibrium value [RPx]*,
one obtains the so-called “relaxation” rate constant Bz, and calcu-
lates oLy, from equation 7. (The dissociation rate constant k; pp is
also obtained from this relaxation experiment.) (ii) From the initial
rate per promoter, defined as V,z, = [P1]” ~! (d[RPy]/dt):0, One
obtains OLgp directly from V, gp = Ol . Hence:

Vorn, | =(kore IRI) ™+, ™ (11)

o,RP,
which may also be expressed in the form of equation 1 with
Viax =kigp and K, =k; zp . (This method isimpractical with the
abortive initiation assay.)

At a specified free RNA polymerase concentration [R]r, the
initial velocities of formation of RP,; and RPjy; may be related,
using the steady-state approximation, to the initiation velocity
Vrc (equation 3) by:
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1 1 _
Vic = Vore, +hy {1+ Ky T+ K, (Ky[Rlp)™
-1 - -1 -
+hky {1+ Ky (1+ Ky )+ (KKK [Rlp) 7™
(12)
-1 -1 - _ -
=Vpe, thy {1+Ky 1(1+KII )+ (K Ky K [Rp) ™}

A plausible correlation has been observed between in vivo values
of Vic, inferred from levels of expression of a [3-galactosidase re-
porter protein from the transcript, and in vitro values of
Ve, =0 = T, | measured at excess [R]r= [R]r= 30 nM under
ionic conditions which, while nonphysiological, may be equivalent
in the sense of yielding kinetic and thermodynamic constants simi-
lar to those appropriate in vivo (143). (Ignoring crowding effects,
an in vivo concentration {R}z= 30 nM corresponds to ~1% of the
total holoenzyme concentration [R]rin the cell.) The existence of
this correlation indicates that the in vivo clearance/elongation term
fv 41 + K (1 + K'Y + (KiKuKm[R]|p) ™} is kinetically insignifi-
cant in comparison to Vg, ;1 at the promoters investigated.
Clearly these térms are significant for other promoters (22, 57, 58).

Relationship of Experimentally Observed Rate Constants
(ka, ki, k4) and Rate Constants of the Classical Two-Step
Mechanism (C) to Rate Constants of Individual
Mechanistic Steps

Mechanism (C) for formation of RP; corresponds to the classical
two-step mechanism of open complex formation, an irreversible
version of which has been extensively used to interpret association
kinetic data (ks ki, kg) in terms of the quantities K1 (previously
designated as Kp [142]) and ki (previously designated kr [142])
{compare equations 9 and 10). Although this two-step mechanism,
like the analogous two-step treatment of enzyme-catalyzed reac-
tions, summarizes the division between bimolecular and uni-
molecular steps, mechanism (C) is insufficient in detail for any
promoter. Neither mechanism (C) nor the rapid equilibrium ap-
proximation conventionally assumed to analyze it should be used to
interpret k, and k; without direct experimental evidence for their
applicability. In particular, the ratio of k, to k; should not be inter-
preted as the equilibrium constant for formation of RP.; without
verifying these approximations.

The structural information reviewed above and the kinetic/
mechanistic studies reviewed in a subsequent section indicate
that the minimal mechanism of formation of RP,; is shown in
Fig. 9.

ky ko ks ky
: —>»
R+ P & RPyy == PRPp < RPy1 - RPgp
K. ko ks ka4
DNase Footprint: -55t0 -5 -55 to +20 -55 to +20 -55 to +20
KMnQ4 Footprint (APg) none none -11to -1 -12to0 +2
Accessibility of template strand at start site:
backbone: accessible protected protected accessible
base: closed closed closed. open

FIGURE 9 Mechanism (E).
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For both APg and lacUV5 promoters, the isomerizations be-
tween the two closed complexes are thought to be the rate-deter-
mining steps in both association and dissociation of RPg; under
most experimental conditions.

To analyze effects of sequence changes and other variables on
the kinetics of open complex formation, one must answer the
following questions: (i) how are the experimentally determined
rate constants ky, ki, and k; and the kinetic and thermodynamic
parameters of the two-step mechanism Ki, ki, and ky (pre-
viously interpreted as k,, ki, and kg, respectively) related to the
rate constants and equilibrium constants of mechanism (E)?
and (ii) how (if at all) would these interpretations change if (or
when) more intermediates between RP.; and RP,; are discov-
ered and mechanism (E) expands to include them?

Steady-state (approximate) solutions for k, and k; for linear
mechanisms of the form of E with any number of isomerization
steps are available (e.g., Schlax, Ph.D. thesis). Though approximate
(see reference 60) and therefore less satisfactory than global nu-
merical analysis of kinetic data (e.g., references 15, 152, 153, 240,
and 241) in any particular context, a steady-state analysis is the only
reasonably general approach to obtain approximate algebraic rela-
tionships between experimentally determined and elementary rate
constants, and provides a semiquantitative description of the effect
of reversibility on the observed kinetics. In the appropriate limit,
the steady-state approximation becomes equivalent to the less
general approximation of rapid equilibrium, as demonstrated
below.

For the particular case of the four-step mechanism (E), ana-
lyzed with the steady-state approximation, the relationships be-
tween experimental rate constants (ks ki, ks) and the two-step
(composite) and four-step (“elementary”) rate constants are:

k' z= kit + (K™ = (Kiko) ™ (1 + kbt + Q1) (13)
kl=ki'=kt (1+ Q) + Q) (14)
kits k™ + Kok 2 Kk (1 + ok + Q) (15)

where the initial factor on the right-hand side of each equation,
highlighted in boldface type, is the term thought to be the dominant
contributor to the experimentally determined rate constant for the
APy promoter under most conditions investigated (180182, 217)
and kok [, Qy, and Q; are “correction” terms which must be small
in comparison to unity for the initial factor to indeed be the domi-
nant termin each equation. In equations 13 through 15 the quotients
of rate constants specified as Qi and Q; in the parenthetical correc-
tion factors are:

Q, =k_k, (1 +k_k7") (16)

Kk k(KT
Lk Gk (KK

17)

and it is assumed that ky= k; (see below).

The following is a brief paraphrase of equations 13 through 15.
In equation 13, k, is typically interpreted as Kiky; for this to be a
reasonable interpretation, the corresponding correction terms
must be small (k; k™! << 1, Q << 1). From equation 14, for k;= k;,
it is necessary that Q; << 1 and Q, << 1. If k; = Kik,, then (cf.
equation 15) ks = KaKsk 57, consistent with k,/ks = K1 KoKsKy.

The Initial Bimolecular Association Step. For promotersin thein-
terior of relatively small DNA fragments (<1 kbp), itis likely that the

initial association step is at or near the value predicted from an
orientation-corrected calculation of the rate of productive en-
counters resulting from three-dimensional diffusion of the
DNA and the polymerase in solution:

R+P—E R P

Hence ki = k1, the elementary rate constant for the diffusion/col-
lision process. If all collisions between the promoter site and
polymerase lead to reaction, we estimate k; = 3 x 10° M~ s7!
(229). Measurements of k; for association of polymerase with
strong promoters on DNA fragments yield estimates of k; in the
range of 2 X 108t0 3 x 108 M1 571 (22, 27, 169), suggesting that
~10% of collisions have the correct orientation (neglecting long-
range coulombic effects, which are of unknown importance). On
larger DNA molecules (>>1 kbp), sliding or other mechanisms
of facilitated (one- or two-dimensional) diffusion on nonspecific
DNA may extend the DNA target from the promoter site to much
or all of the DNA molecule, thereby increasing ki above the predicted
three-dimensional diffusion limit (229). Since such facilitating proc-
esses will also increase ki, they will only increase the velocity of
initiation Vrc (or of open complex formation) if the initial binding
step is relatively irreversible (i.c., ki[R]7>> k).

Dissociation of RP.: Relationship of kjto k1. If ki = ki, as dis-
cussed above, then the relationship between k_jand elementary rate
constants is:

k- :k_1(1 +Q2)71 (18)

Only if the isomerization of RP; to the next intermediate com-
plex (RPy) is the rate-determining step in the forward direction
(mathematically equivalent to the statement that k;™'is much larger
than k57, k7L, or the other terms in Q,, so that 0= Q, << 1) will k4
in the two-step mechanism C be identical with the elementary rate
constant k; for dissociation of RP,.

Isomerization of RP.;: Relationship of kir to k;. The composite
isomerization rate constant ki corresponds graphically to
the intercept term in a “t-plot” (142) of %rp, = Tobsre, versus
[R]77, generated from data from a binding kinetic assay that
detects RPo; directly. Alternatively, ki may be estimated from the
abortive initiation assay for RPi,i, provided that ki >> knand Kip
>> 1. If formation of the species detected (RPs3 RPini) is not
essentially irreversible, then it is significantly more difficult to
obtain %rp,  and ki from kinetic data. Lack of data regarding
reversibility complicates the interpretation of some of the kinetic
literature in this field; such studies indicate where large effects
can be observed but in our opinion should not be considered
quantitative or definitive without a demonstration of irre-
versibility or a correction for reversibility.

Subject to the above considerations regarding its measure-
ment, the quantity k; is interpreted as:

k7 =k =k, (14Q)(1+Qy) (14)

1

If Q1 << 1 and Q; << 1, corresponding to the case where the
isomerization RP.; — RP., is the slow step in the association
direction (so that k; is the smallest term in Q,), and where the
forward direction of conversion of RPc; and subsequent interme-
diates is favored kinetically (ks >> ko ki >> k_s), then ki = kn =
ks. For both APr and lacJV5 promoters, it appears that these
conditions are met for experiments performed-at temperatures
above ~20°C. Where the DNA opening steps become kinetically

4
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significant (f)reéumably at lower temperature or higher salt con-

centration), and/or where reversal of the intermediate isomeri-
zations becomes kinetically significant, then k; = ku < ka.

Equilibrium Bi}lding To Form RP;: Relationship of k,/k; to K.
From equations 13 and 14 the ratio of experimentally deter-
mined composite rate constants k,/k; is interpreted as:

kL (4Q)(1+Q,)
o Rl
k; (+kk, +Q)
Only if Q2 << 1and kok17'(1 + Qi)™ << 1 does ko/ki = Kj, which
is the interpretation of this quantity in the commonly used (but

seldom critically tested) rapid-equilibrium limit of the two-step
mechanism (C).

(19)

Dissociation of RPyz: Dissociation Rate Constant kg. For both
APr and lacUV5 promoters, under the conditions studied, the
isomerization RP., — RP; is thought to be the slow step in the
dissociation direction. Hence, ki’ is most conveniently expressed
by equation 15:

kit = KaKsko™'(1 + koko ™' + Qa) (15)

If Q: << 1 and ky << k_j, then ki = K4Ksks L. This behavior
of ks has been assumed in previous studies (e.g., reference 217).

Case Study: Evidence for Intermediate Closed (RP¢2) and
Open (RP,1) Complexes at the APR Promoter

RP,;. The existence of an intermediate complex, subsequently
designated RP, in the APg mechanism was deduced from studies
of the effects of temperature and univalent salt concentration on the
phenomenological rate constarits ks, k;, and kg for the EG7%-APr
promoter interaction (180-182). Kinetic studies as functions of
these variables provide information about whether an observed rate
constant (e.g., ks, ki, or k) is a composite of equilibrium constants
and rate constants for multiple steps, or whether it is a rate constant
-of an elementary step. At the time, the question was whether a
two-step mechanism [as in mechanism (C)] was sufficient to de-
scribe the kinetics of formation of RPg), or whether an additional
intermediate complex was required. The key evidence that an addi-
tional intermediate and therefore a three-step mechanism was re-
quired for open complex formation came from an inability to
reconcile both the salt-concentration dependence of the association
rate constant k, and the temperature dependence of the dissociation
rate constant k; with the same two-step mechanism. (i) The asso-
ciation rate constant k, was substantially less than the diffusion
limit, and decreased strongly with increasing salt (NaCl) con-
centration: k, e« [Na*]™'2in the absence of Mg?* or other cations.
This findings indicated that an intermediate (RP.1), in rapid equi-
librium with reactants, contributed to the association kinetics. If k,
= Kikn = Kik; (cf. equation 13; rapid equilibrium implies that
>>k;), then the strong Na™ dependence of k, is that of K), the
equilibrium constant for forming RP; (i.e., K1 o< [Na*]™%). (ii) The
dissociation rate constant k; decreased with increasing temperature.
The resulting large negative Arrhenius activation energy could not
result from an elementary rate constant (i.e., that of a single step),
and therefore one or more intermediates also contributed to the
dissociation kinetics. Consistent with this, ks was also very Na*
dependent: ko< [Na®]® These intermediates in dissociation, now
known to be RP; (and RPo1), which apparently are in rapid equilib-
rium (see equation 15) with RP,; on the time scale of conversion of
RP,; to RP.y, could not be the same as RP.;. Hence, it was necessary

to conclude that the mechanism contained at least three steps.
The activation energies obtained from k, and k; are themselves
strikingly temperature dependent, an observation which is consis-
tent with the overall large heat capacity change in the process of open
complex formation and indicates that large changes in the amount
of water-accessible nonpolar surface occur in the kinetically signifi-
cantsteps of both association and dissociation. The interconversions
of the two closed complexes (RP1, RP.2) were deduced to be the slow
steps in both directions of the process under the conditions investi-
gated.

A concurrent set of kinetic studies at the lacUV5 promoter (24)
indicated that a mechanism involving at least three steps was re-
quired to describe formation of RPjn Structural studies (204)
indicated that the proposed intermediate complex following RPc;
on the association pathway was not open (because the cytosines
were inaccessible to methylation). Hence an intermediate closed
complex (RP;) is a common intermediate in the mechanisms of
open complex formation at APy and JacUV5 parameters. The de-
tails of these studies on lacUV5 and APy have been thoroughly
reviewed (23, 127).

RP,1. The existence of an intermediate open complex (RPq1) was
deduced from dissociation kinetic and KMnO4 footprinting data in
the presence and absence of Mg®* (217, 218). Dissociation of open
complexes in the presence of Mg?" was less dependent upon the
concentration of Mg?* and under many conditions was slower than
predicted from studies in the absence of Mg”* (217). Parallel KMnO4
reactivity studies showed that addition of Mg?" extended the “open”
(i.e., KMnOs-reactive) region into the transcription start site (+1,
+2) (218). Thisresult was anticipated by equilibrium binding studies
(195,214, 215) on the T7 Al promoter. In this case Mg*" exerted a
large competitive effect on binding of E6”° holoenzyme at 0°C
(presumably forming RP.;), but exerted only a small competitive
effect at 37°C (presumably because its competitive effect on stability
of open complexes was counterbalanced by its role in conversion of
RPo1 to RPOZ)-

With the inclusion of univalent (e.g., Na*) and Mg*' cations in
the appropriate steps, mechanism (F) becomes mechanism (E )
(Fig. 10). Steps involving major reductions in DNA axial charge
density (initial binding of RNA polymerase as RP.;; opening to
form RP,) are affected by cation concentration; cation uptake (in
the thermodynamic sense) is required in the direction in which the
DNA axial charge density increases (dissociation or RPcj; closing of
RPo1) (182). The Mg** requirement for formation of RPy is a
specific one, not satisfied by univalent cations and only inefficiently
satisfied by Ca®" or Ba?* (218). Although the site of binding of Mg**
in RP,; is unknown, it is possible that some or all of these ~3 Mgt
ions bind to a “trio of catalytic carboxylates,” as observed at the base
of the DNA-binding channel of several single-subunit polymerases
and thought to be the catalytic site for RNA phosphodiester bond
formation (208). This would be consistent with the proposal that
RP,,, the final binary open complex, is poised to carry out poly-
merization upon binding the initiating NTP.

INTRINSIC REGULATION: EFFECTS OF PROMOTER
SEQUENCE AND STRUCTURE

Introduction: Homology to the Core Consensus Promoter
Sequence

Most studies of effects of promoter primary structure on pro-
moter function have focused on the major structural elements of
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R+P > PRPy =~ PRPy
K.q Ko
~12Na*(or 6Mg2*)

~3Mg2+(not Na+)
k3 ks
RP01 < RPo2
K3 k4
~8Na*(or 4Mg?*)

" FIGURE 10 Mechanism (E".

the core promoter, namely the sequence of the —35 and —10
hexamers and the length of the intervening spacer region. The
fundamental premises of these studies are that the statistically
defined consensus core promoter structure yields the highest
initiation velocity (called the promoter strength) of any core
promoter in a given context (i.e., choice of flanking sequences)
and that the reductions in initiation velocity observed for other
core sequences in the same context correlate with their reduced
homology to the consensus core promoter. Although important
exceptions exist, results to date in general support both of the
above hypotheses.

A qualitative definition of a given promoter’s homology to
the consensus promoter sequence is obtained from the number
of positions at which the sequence matches the consensus se-
quence. In general the in vivo strength of a promoter correlates
with its qualitative homology to the consensus sequence. Muta-
tions increasing homology to consensus increased promoter
strength; with one exception, mutations reducing homology de-
creased promoter strength (83). A direct relationship between
the qualitative homology of a promoter sequence to consensus
and in vivo and in vitro promoter strength was shown for a
series of variants in the —10 and —35 regions of the APrm.up1
promoter (220). Changes in the length of the spacer region
separating the —10 and —35 hexamers affected promoter strength
in the direction expected from the homology-to-consensus
model (8, 156, 220). In addition, promoter strength depended
on which nonconsensus base was present at a given position (83,
220). ’

A more quantitative approach has therefore been used to
define homology and interpret or predict relative promoter
strengths. In this approach, at each position in the —10 and —35
hexamers, the homology score of each base is assigned based
upon its statistical frequency of occurrence (156). For example,
for three promoters differing only in the base at position —8, the
promoter with an A (the “consensus” base, found in 56% of
scored promoters) is given a higher score than the promoter
with a C (observed 20% of the time), which, in turn, is given a
higher score than the promoter with a G (observed 8% of the
time) (131). The contribution of the consensus base at a particu-
lar position to the overall homology score also depends on its
frequency of occurrence. For example, the consensus A at posi-
tion —11 (occurring with a frequency of 76%) contributes more
to the homology score than an A at position -8 (with a fre-
quency of 56%) (131). A contribution to homology score from
spacer length is also included, based on frequency of occurrence.

Use of a quantitative homology score assumes that the bases

at different positions are fecognized independently. Quantita-

tive studies of other site-specific protein-DNA interactions,
however, show many examples of context-dependent effects of
base substitution, suggesting that this assumption may not be
generally valid for polymerase-promoter interactions (e.g., ref-
erences 129 and 154).

In spite of the above caveat, a systematic comparison of in
vivo activity as a function of —10 and —35 sequence in the con-
text of the P22 Pan promoter indicated that the quantitative
homology score can be a good predictor of promoter strength
(76, 155). The wild-type P22 P,y promoter deviates from con-
sensus only at position —8. One at a time, each base in the -10 -
and —35 hexamers was systematically changed to the three alter-
natives. In all but one case, the relative promoter strengths of
these variants correlate-with the statistical probability of occur-
rence of that base in the collection of core promoter sequences.
At position —8, the wild-type (nonconsensus) base pair was
slightly preferred to the consensus base pair.

Is a homology score based solely on the core promoter struc-
ture sufficient to predict relative promoter strength? The answer
in general is “No.” For example, the consensus core promoter
sequence, in the context of a particular flanking sequence, was
found to be ~17-fold less strong than the T7 A1 promotet, which
has three nonconsensus bases in the core promoter but a differ-
ent flanking sequence (49). Hence, flanking sequences may play
a large role in determining promoter strength, as discussed in
more detail subsequently. Changes in flanking sequences may
either stabilize or destabilize intermediates or the RPini; complex
and therefore influence promoter strength (57, 58). Thus, the
context (i.e., flanking sequences) of the core promoter must be
considered when predicting or comparing promoter strength. In
addition, the design of promoters with very high homology to
consensus may simultaneously introduce constraints which re-
duce promoter strength (e.g., RNA polymerase may bind so
tightly that it does not readily advance through RP;yi to form an
elongating complex) (57, 58).

Changes in the -35 and —10 Hexamers

Do changes in the individual regions of a promoter (e.g., the
sequence of the —35 hexamer, the —10 hexamer, or the flanking
regions of the promoter) affect single steps or many steps in
transcription initiation? The ¢lassical “bipartite model” of pro-
moter structure-function (69), which was proposed contempo- -
raneously with the two-step kinetic mechanisni, hypothesized
that the —35 sequence affected primarily the initial binding of
polymerase to the promoter and the —10 sequence affected pri-

. marily opening of the DNAY This model has been tested in vitro

by comparing various mutants with their wild-type counterparts.

4
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The general coniclusion from-these ;studies is that the simple
bipartite model for promoter structure-function is not correct.
The bipartite model was a useful first step in defining a model for
promoter structure and function. However, since the mechanism
of open complex formation has been shown to contain at least
four steps, it is clear that the bipartite model is no longer
adequate.

A comprehensive study of the lacUV5 promoter illustrates
the apparent limitations of the bipartite model. The four possi-
ble variants at each position of the —35 hexamer of the lacUV5
promoter were examined. Single-round in vitro transcription
and abortive initiation assays indicated that both the time re-
quired to obtain the appropriate product and the final amount
of product depend on the sequence of the —35 hexamer (109).
Though quantitative interpretation of these data in terms of
equation 3 is not possible, the qualitative conclusion of this
study, namely, that changes in —35 sequence affect multiple steps
of transcription initiation, appears justified. Which isomeriza-
tion steps are affected is not yet known.

Changes in the —10 sequence of a promoter also appear to
affect the rates of multiple steps of formation of RPii The
abortive initiation assay was used to investigate three variants of
lacPy (lacP1, lacPs, and lacUV5): lacUV5 has a consensus —10
region, lacP; has one nonconsensus base pair in the —10 region,
and the wild-type lacP; has two nonconsensus base pairs in the
—10 region (135). Subject to the assumption of irreversibility, k,
and k; were both largest for the lacUV5 promoter and smallest
for the wild-type promoter, suggesting that more than one step
is affected by the changes in sequence of the —10 hexamer (cf.
equations 13 and 14). Do the kinetic effects of these changes in
sequence correlate with structural differences between com-
plexes formed at these promoters? To examine this, KMnO4 was
used to probe the opening regions of lacPs, lacP;, and lacUV5
promoters (186). Significant differences were observed in the
pattern of reactive bases and in the extent of reactivity of those
‘bases in the open regions of these promoters, consistent with the
proposal that the —10 sequence is of importance in the steps of
opening the promoter DNA to form RPg.

Changes in Spacer Length and Sequence

Any role for the —35 and —10 hexamers in determining promoter
strength is likely to also involve a role of the spacer sequence in
aligning the —35 and —10 hexamers (6, 7). Large effects of chang-
ing spacer length on the kinetics of open complex formation have
been reported (e.g., reference 233 and references therein). Sys-
tematic changes (1 bp) in spacer length have indicated that the
consensus 17-bp length yields the largest values of k, and k; for
the fac and lacP promoters (156, 207). However, the effects of
spacer length on the mechanistic steps of transcription initiation
appear to depend upon the sequences of the —35 and —10 hex-
amers:. This is evident from a comparison of the effects of spacer
length on the dissociation rate constant kg at the lacPs and tac
promoters. For the tac promoter variants, ks is smallest for the
17-bp spacer length and largest for the 16-bp spacer length (156).
For lacP; variants, kg is largest for the 17-bp spacer and smallest
for the 16-bp spacer (207). Differences in the trends exhibited by
kq for the two sets of constructs indicate that factors in addition
to the length of the spacer must be important in the helix-closing
(and opening) and other isomerization steps which determine ks
(see equation 15). Significant increases in k, are observed when

part of the sequence of the spacer region of APrum.upiis replaced
by tracts of C, G, or CG (6). Generally, these results are consistent
with the hypothesis that the role of spacer length (and to a lesser
extent sequence) ih determining promoter strength is to orient
the positions of the —35 and ~10 hexamers (see reference 46).

Changes in Start Site

Although RNA polymerase exhibits a preference for ATP or GTP
starts, this obsetvation does not directly indicate whether a
change in the sequence of the start site (+1) affects the velocity
of transcription iditiation. Few systematic studies have addressed
this question. Within the context of the lacUV5 promoter system,
a number of mutations have been constructed with altered start
site sequences (100; X. F. Xiong, Ph.D. thesis, University of Wis-
consin, Madison, 1992). Analysis of the transcripts programmed
by these mutant promoters confirms that A start sites are chosen
preferentially, but that the other three base pairs can also function
as start sites. Interestingly, C start sites yield significantly lower
levels of expression. The deleterious effect and bias against C start
sites are also the apparent molecular basis for regulation of
Salmonella pyrC and pyrD promoters in which the choice of a C
start only occurs when the cell has unusually high internal pools
of CTP (200). The effects of C starts may be an indirect effect of
promoter sequence; e.g., they may result from a higher Ky for
this nucleotide in the initiating-nucleotide binding site of the

polymerase.

Non-Core Sequences Affect Promoter Strength In Vivo

As discussed above, homology to the consensus core promoter
elements is not always sufficient to determine promoter strength
levels in vivo. Sequences upstream, downstream, and between the
core promoter elements can also have significant effects, We
consider these separately because they probably are important
only for a subset of promoters. Understanding how these se-
quences affect promoter strength will provide important infor-
mation regarding the overall process of transcription initiation.

Extended —10 Promoters. Some ¢7° promoters such as gal P1
contain no obvious —35 region sequence. In these cases the se-
quence immediately upstream of the —10 region has been found
through mutation studies to affect promoter activity (see refer-
ences 119 and 236 and references therein). The optimal sequence
in these cases appears to be TnTGn followed by the —10 region.
It is not known whether an extended —10 region can influence
promoter strength in the presence of a consensus —35 region
sequence, nor what step(s) in the transcription process is influ-
enced by this sequence. Extended ~10 promoters are efficiently
recognized in vitro by E6”? containing a deletion of the 6 subunit
region 4 (the recognition element for the —35 region recognition
element) (119).

UP Element. Replacement of the upstream region (—40 to —60)
(UP element) of the rrnB P1 promoter with vector or random
sequences reduced the strength of the promoter in vivo to 1/30
its wild-type amount, indicating that the UP element contributes
greatly to the strength of the promoter (126, 160, 169). Replace-
ment of the naturally occurring sequence of the lac or lacUV5
promoter (—40 to —60) with the UP elements of the rrnB P1,
rrnB P2, mer, or RNA II promoters resulted in increases in
promoter activity, suggesting that the UP element of rrnB P1 has
a unique function which is separable from the function of the
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core promoter sequence (169, 183). UP elements are A-T rich,
but the critical sequences or structures have not yet been deter-
mined.

How do UP elements increase the velocity of transcription
initiation? Replacement of the natural UP element at the rrnB P1
promoter with vector sequences results in a reduction in k, and
possiblyin k; (126, 169). The UP element may therefore function
mechanistically by stabilizing the initial closed complex such
that, upon removal of the UP element, the rate constant for the
dissociationi of the initial closed complex (k1 or k_;) becomes
significant in the kinétics of open complex formation (169).
Since the o subunit and o-CTD bind this region of DNA (16,
183) and since the amount of transcription from the rruB P1
promoters is reduced in carboxy-terminal o mutants, it is likely
that the binding of the o subunit is responsible for increasing K,
the equilibrium constant for formation of RP;. -

Other Upstream Sequence Effects. The effects of curved or bent
(e.g., A-tract) sequences located upstream of the —35 region on
the kinetics of transcription initiation have been studied at
many promoters (12, 20, 64, 67, 122, 126, 169). Replacement of
curved upstream sequences by random or vector sequences
reduces k, and/or k; suggesting that initial binding and/or
isomerization steps may be influenced by the upstream sequence
(reviewed in reference 167). Replacement of the upstream region
of a promoter with sequences of other promoters or A tracts
influenced both the in vivo promoter strength and the kinetics of
forming a stable (presumably open} complex (27, 58, 105). Gen-
erally, insertion of A tracts or sequences from strong phage
promoters upstream of the —35 sequence increases the rate at
which RNA polymerase forms the first competitor-resistant
complex. However, an imperfect correlation was observed be-
tween this rate constant and in vivo promoter strength, suggest-
ing that steps after open complex formatioii may be rate limiting
in vivo and that the presence of A-tracts or other specific up-
stream sequences may reduce the rates of these subsequent steps
(58). 1t is not clear which of the observed effects of changes in
upstream sequence are related to UP element function.

At some promoters, the base pair immediately adjacent to the
—35 region has a significant effect on promoter strength. For
example, substitution of the —37 C/G base pair in the lac pro-
moter for a T/A base pair (changing the —35 region from
CTTTACA to TTTTACA) reduces expression by 10- to 20-fold,
possibly by introducing a stronger “A-tract bend.” Other substi-
tutions at this site also have deleterious effects (124; W. S.
Reznikoff, unpublished data). Similar behavior was observed
with the rrnB P1 promoter (102). In this case the mutant effect
was attributed to the introduction of an unfavorable DNA bend
immediately adjacent to the —35 region (64). These observations
are important because they suggest that effects of changes in
DNA sequence may in some cases result from changes in DNA
structure instead of only from changes in DNA functional
groups which interact with polymerase.

Downstream Flements. The region immediately downstream
of the transcription start site influences promoter strength (27).
A series of downstream regions (DSR; also called initial tran-
scribed regions [TTR]) were introduced to change the sequence
from position +1 to +20 of a consensus core promoter and of
the N25 phage promoter (105). Different sequences affected in vivo
promoter strength by mote than 10-fold, indicating that the DSR

canbeimportantin determining promoter strength. However,in
measurements performed at a single polymerase concentration,
no effect of these changes on the rate of formation of RP,; was
observed. It appears that the DSR does not play a role in open
complex formation at these promoters, but rather affects steps
involving ternary RPjy;: complexes. Investigation of the in vitro
abortive initiation recycling properties of those Pnas constructs
shown previously to exhibit DSR effects in vivo (Hsu and Cham-
berlin, in preparation) showed that downstream sequence affects
the distribution and amounts of abortive products generated.
DSR yielding a high level of in vivo expression yielded a low level
of abortive initiation in vitro, and vice versa. ‘

Finding Promoters in DNA Sequence Information

Soon, the entire DNA sequence of the genomes of E. coli and
other related organisms will be known. Do we know enough
about promoter structure to identify promoters in regions of the
sequence that lack genetic and/or biochemical analysis? A matrix
search protocol based on quantitative homology scores derived
from the analysis of P22 Puy promoter mutant data (155) was
used to search for promoters (41). The test derived a numerical
score for core promoter elements that was a sum of scores at each
ofthe 12 positions in the two hexamers plus a score for the length
of the spacer between the —35 and —10 region. Scores were
assigned to individual bases at each position based on their effect
on P22 Pyt promoter activity. Possible promoters were identified
upstream of open reading frames. However, this type of analysis
is certain to suffer frem two types of limitations. First, it does not
take into consideration non-core sequences that affect promoter
strength. Second, the scoring system assumes that RNA poly-
merase recognizes the bases at different positions independently;
e.g., the scoring system does not include context-dependent
effects. The obvious challenge is to develop a predictive under-
standing of the contribution of non-core sequences and to com-
pensate for context-dependent effects.

EFFECTS OF SOME EXTRINSIC VARIABLES ON
TRANSCRIPTION INITIATION

Supercoiling

Negative supercoiling of closed circular or otherwise topologi-
cally restrained DNA provides a large thermodynamic driving
force for processes that unwind the DNA double helix (e.g.,
intercalation of dyes; denaturation) or otherwise reduce the
amount of negative supercoiling (e.g., wrapping the DNA, as on
a nucleosome). Since local denaturation (opening) and bending
or wrapping of the promoter DNA appear to be integral parts of
the mechanism of open complex promotion, it is reasonable to
expect that both the thermodynamics and at least some aspects
of the kinetics of open complex formation/dissociation should
be strongly affected by the extent of supercoiling of a closed
circular promoter DNA. The total unwinding accompanying
open complex formation at two strong TAC promoter constructs
on supercoiled minicircles was found to be 1.0 to 1.2 turns (216);
previous determinations for other promoters ranged from 0.7 to
1.7 superhelical turns. These results indicate that the unwinding
that results from opening of 1 to 1.5 turns of B-DNA in forming
RPq; is not topologically restrained by the contacts of RNA
polymerase with DNA oh botlr sides of the.open promoter
region; and that DNA opening, as expected, and-noiwrapping or
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twisting of helical DNA, makes the;dominant contribution to -

superhelical unwinding.

The effects of changes in supercoiling on initiation velocity
(promoter strength) in vivo and on the kinetics of open complex
formation in vitro are sometimes large, often complicated, and not

well understood. Effects in vivo are promoter specific; promoter
strength can be increased, reduced, or unaffected by changes in
supercoiling (see reference 53). In vitro, promoter-specific increases
in the association rate constant k, of up to 160-fold (JlacUV5 [24]),
~50-fold (JacP* [207]), ~20-fold (TAC 16 {216]), and ~4-fold (TAC
17 [216]) have been reported. These association rate constants
typically exhibit biphasic responses (first increasing, then leveling
off or decreasing) to increases in negative superhelical density.
Maximal rates of association on different promoters (as cited
above) appear to occur at different superhelix densities, which may
explain the different directions of the effects of changes in super-
coiling on promoter strength at different promoters in vivo (see
reference 216 and references therein).

Analysis of the effects of changes in superhelix density (in the
range 0 to —0.04, which is roughly physiological) on k, for the TAC
16 and TAC 17 promoters led to the proposal that approximately
20% (TAC 17) to 40% (TAC 16) of the total unwinding at these
promoters occurs in or prior to the rate-limiting step in open
complex formation (216). For example, if k, = Kik, (equation 13),
then this unwinding (equivalent to opening 2 to 4 bp) occurs prior
to the transition state separating RP., from RPq. If this unwinding
occurs relatively early in the opening mechanism, before the forma-
tion of open complexes (RP; or RPo2), it may result from wrapping
or other events unrelated to DNA opening, potentially including
any untwisting involved in alignment of the —10 and —35 hexamers
(see reference 46).

Examples of Repression or Activation of Transcription
Initiation by Proteins

In this section, some quantitative studies of the mechanisms by
which repressors and activators affect transcription are reviewed.
Other aspects of these topics are discussed elsewhere in this
volume (see chapters 82 and 83 of this book). Both repressor and
activator proteins exert large effects on transcription initiation
and could, in principle, affect any of the steps in the mechanism
of initiation. Indeed, different repressor and activator proteins
exert their effects on initial binding and/or isomerization and/or
initial transcript production.

Repression by Competition. The DNA-binding sites (called op-
erators) of many repressors overlap the promoters which they
regulate. The simplest mechanism of repression in these cases is
that repressor and polymerase cannot simultaneously occupy
these overlapping sequences and hence compete (either thermo-
dynamically or kinetically) for the promoter-operator region. A
bound repressor reduces the available promoter concentration
[P], thereby reducing the rate of formation of the initial closed
complex. '

lexA. The lexA operator site (Fig. 11A) overlaps the =35 region
of the uvrA promoter. An elegant quantitative study was used to
determine the in vitro mechanism of repression of the uvrA
promoter by binding of lexA or the weaker binding lexA N-ter-
minal DNA-binding fragment to this operator (13). Measure-
ments of the rate of formation of open complexes at a variety of
RNA polymerase and lexA concentrations were used to show that

lexA repressor acts as a thermodynaﬁlic competitor which re-
duces the available promoter concentration and thereby reduces
the rate of initial binding of RNA polymerase.

lacR. The primary lac operator site, lac O; (Fig. 11B), overlaps
the start site (+1) of the lac promoter. Does a direct competitive
binding mechanism describe Jac repression? Regulation of the lac
operon by lac repressor (L) has been studied both in vivo and in
vitro for over 30 years. In vivo, regulation of expression of the Jac
genes by lac repressor appears to be under thermodynamic con-
trol, where the fraction of maximum expression (here designated
F).is simply the fraction of promoter-operator sites (P) which are
free (i.e., not occluded by bound repressor), and is given by an
equilibrium binding isotherm of the form:

_ [P] .

F o (1+Kpa,) (20)
where Kpy is the repressor-operator equilibrium binding con-
stant and a is the thermodynamic activity of repressor (123,184,
228, 230). Though equation 20 is consistent with a competitive
binding model for lac repression, an inverse dependence of F on
az is also at least qualitatively consistent with other mechanisms
of repression proposed on the basis of in vitro experiments, as
discussed below.

In vitro, the primary effect of lac repressor on transcription
appears to be on initiation (36), although it may also affect
elongation (48, 193). Footprinting, gel mobility shift, cross-link-
ing, transcription, and abortive initiation assays provided sup-
port for a variety of models in which repressor blocked initial
binding (121, 134, 136), affected conformational changes of
RNA polymerase and/or promoter DNA (21, 36, 191, 213),
and/or interfered with nucleotide incorporation steps (125) in
transcription initiation.

The mechanism of lac repression of the lacUV5 promoter
was recently investigated in vitro for a choice of the repressor-
operator binding constants and ranges of concentrations (ther-
modynamic activities) of lac repressor (L) and RNA polymerase
(R) which appear to be relevant in vivo (189). Effects of [L] on
the extent of formation and the kinetics of association and dis-
sociation of abortively initiating open complexes (RPinit) were
quantified using fluorescence-detected abortive initiation and
KMnO; chemical probing. For the chosen solution conditions,
both the observed velocity of abortive RNA oligomer synthesis
and the KMnO, reactivities of bases in the open region are
functions of [L] and [R], demonstrating that formation of both
RPiy and the repressor-operator complex (PL) are reversible
processes under these conditions (189). Thus the use of a relaxa-
tion-to-equilibrium analysis (equations 6 through 8) is required
to interpret the kinetics. Addition of L to preformed abortively
initiating complexes (RPisit) results in a loss of KMnO, reactivity
of the bases in the open region and a reduction in the velocity of
abortive product synthesis, indicating a reduction in [RPii]
with increasing [L]. The kinetics of dissociation of RPy are first
order and independent of [L]r, with a dissociation rate constant
which agrees within error with that obtained using heparin as a
competitor. This result excludes any significant role of a product
ternary complex (RPiniL) (189).

Quantitative analysis of all the kinetic data supports a direct
equilibrium competition mechanism in which reversibly bound
repressor reduces the available promoter concentration [P] and
therefore reduces the rate and extent of formation of RP.. The
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FIGURE 11 Schematic of the regulatory regions of several op-
erons. (A) In the uvrA promoter, the binding site for lexA overlaps
the —35 sequence of the core promotet. (B) In the lac operon, the
primary binding site for the lac repressor (the O1 operator) overlaps
the start site of transcription from the primary P1 (or mutant UV5)
promoter. A binding site for CAP is centered 61.5 bp upstream of
this start site. A second promoter (P2) overlaps P; and the CAP site.
Two weaker lac-repressor-binding (secondary or pseudo-operator)
sequences are centered 93 bp upstream (O3) and 401 bp down-
stream (O3) of the center of the Q1 operator sequence. (C) In the
APg-APry regulatory region, the start sites of the two divergent

agreement between dissociation rate constants of RPy; when
challenged with either lac repressor or heparin, and the depend-
ences on [L] and [R] of abortive synthesis velocities at binding
equilibrium and of relaxation rate constants for reversible forma-
tion of RPyy from PL, all provide evidence for this equilibrium
competition mechanism. Without taking the reversibility of open
complex formation into account in the analysis of the kinetic data,
an incorrect conclusion (i.e., that lac repressor might inhibit tran-
scription initiation by affecting an isomierization step) would have
been obtained. It therefore appears that, for physiologically relevant
choices of binding parameters, lac repressor inhibits formation of
RPyand hence the observed rate of abortive product synthesis by
reducing the equilibrium extent of formation of the first closed
complex (RP.;), without affecting either the nature of RPinyor steps
in formation of RPy,; from RP; (189). B

AcIRepressor. In the Og control region of phage lambda, both a
direct thermodynamic competitive mechanism of repression and a
more complicated indirect mechanism of repression are observed.
This regulatory region contains two divergent promoters (APg,
APry) separated by three binding sites for hcl repressor (see
Fig. 11C). Acl repressor binds most tightly to the Ogrl operator,
located adjacent to the APg —35 region. AcI bound to Orl effec- -

promoters are separated by 82 bp. Three binding sites for AcI re-
pressor are located in this region, centered at 17, 41, and 64 bp
upstream of the APr start site. (D) At the malT promoter, a single
CAP site (overlapping a divergent Px promoter) is centered 70 bp
upstream of the transcription start site. (E) In the gal operon, two
tandem promoters (gal P1 and gal P2) with start sites separated by 5
bp are regulated by CAP, which binds to a site centered 41.5 bp
upstream of the gal P1 promoter, and by galR, which binds to two
operator sequences (Or and Oy) centered 59.5 bp upstream and 53
bp downstreami of the gal P1 start site.

tively represses APr in the absence of the other operator sites. Acl
binds to Or2 with second highest affinity. When Acl is bound to
both Oxrl and Og2, APk is repressed and APruv is activated.
Binding of Acl reduced k, but did not affect k; at the APy pro-
moter, indicating that Acl competes at the thermodynamic level
with initial binding of RNA polymerase (84).

A second level of modulation of expression, obseryed in the
absence of Acl repressor, results from the proximity of the two
promoters, whose divergent start sites are located 82 bp apart. In
excess RNA polymerase, the rate of transcription initiation at
AP is reduced by formation of an open complex at APgry and
vice versa (87). Kinetic studies to determine the effects of
changes in the sequence of one promoter on the kinetics of
transcription initiation at the other promoter were performed
using series of constructs containing wild-type and variant APx
and APgy promoters (61, 62, 87, 88, 234). Open complex forma-
tion at both APry and APr (and.their variants) is apparently
irreversible under the conditions of these studies. RNA poly--
merase can occupy both promoters simultanecusly, so repres-
sion by polymerase probably is not caused by competition in the
initial binding- steps, but rather by an effect of polymerase

_ bound at the one promotefq on isomerization steps.at the other
promoter. Kinetic studies of open complex formation at eagh
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promoter suppott this ‘proposal by demonstrating that, in all
cases studied, k; is affected by changes in the sequence of the
other promoter. Presumably a direct interaction between the
two promoter-bound RNA polymerases causes these effects,
though other explanations have not been excluded.

Activation by, CAP Protein: Evidence for a Direct Protein-
Protein Interaction. Catabolite gene activator protein (CAP) is
the most extensively studied transcriptional activator (56, 111,
176). CAP is a dimeric protein which, when complexed: with
cyclic AMP, binds to specific DNA sites upstream of the core
promoter sequence and increases promoter strength (see Fig. 11B,
D,and E). Two classes of CAP-responsive regulatory systems are
known. In class 1 systems, CAP binds to a site centered at
position —61.5 relative to the promoter start site. At the lac P
promoter, CAP increases promoter strength ~50-fold upon bind-
ing at —61.5. In class 2 systems (e.g., the gal promoter) the
CAP-binding site is centered at —41.5. The importance of CAP-
binding site location, rather than differences in promoter struc-
ture, in distinguishing these two classes of CAP-responsive regu-
latory systems was confirmed by studies of a synthetic series of
CAP-regulated constructs in which the basic promoter sequence
was conserved but the CAP-binding site location was varied (68).
These differences in binding site location have profound effects
on the molecular nature of the activation mechanisms, as de-
scribed below.

Current evidence, primarily derived from studies of class 1
activation systems {such as the lac promoter), suggests that CAP
functions by making a protein-protein contact with RNA po-
lymerase. The evidence in support of this model includes the
following. (i) CAP and RNA polymerase each have cooperative
effects on binding of the other to lac regulatory region DNA
(111, 174, 212). (ii) CAP binds to RNA polymerase in the ab-
sence of core promoter DNA (although this binding appears to
be greatly facilitated by DNA fragments containing the CAP-
binding site) (90). (iii) CAP activation of transcription initiation
is abolished by mutations in a unique loop (containing residue
158) between two B-strands of CAP. These mutants have normal
DNA binding and bending activities and they specifically block
CAP-RNA polymerase cooperativity in DNA binding and CAP-
RNA polymerase binding in solution (10, 59, 166, 237). In addi-
tion to this contact location, class 2 promoters demonstrate
another possible contact between CAP and RNA polymerase
(5). (iv) CAP activation of lac transcription initiation is abol-
ished by carboxy-terminal o mutants (95, 112, 223, 242). These
mutant RNA polymerases function normally in initiating tran-
scription at many nonregulated promoters. There is a slight
ambiguity in this particular point, since the recognition of UP
element DNA may involve a nearby portion of the o protein. (v)
The proposed CAP-o interaction has been recently confirmed
through protein-protein photo-cross-linking experiments (37).

Although the evidence is consistent with a model in which
CAP activation occurs by direct interaction with RNA poly-
merase, other mechanisms have been proposed which may func-
tion in addition to the direct contact mechanism. For example,
CAP bends DNA (192, 235). Although bending alone is not
sufficient to activate lac (based upon the properties of the CAP
mutants near residue 158), it may play an ancillary role. CAP
may also act to prevent RNA polymerase binding to nonproduc-
tive sites (136, 168), but genetic evidence suggests that this indi-
rect activation mechanism is not likely to play a major role (52).
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The effects of CAP on the kinetics of open complex forma-
tion have been studied for both class 1 and class 2 promoters.
Studies with the wild-type lacP; promoter (class 1; CAP site
centered at ~—61.5) demonstrated that the presence of CAP
served to increase kg, while k; was unaffected (135). Interpreta-
tion of these association experiments is complicated by the pres-
ence of the overlapping P, promoter and the fact that the
binding of CAP activates RNA polymerase binding to lacP1 both
directly and indirectly (by occluding: binding of RNA poly-
merase at the lacP, promoter). The dissociation rate constant kg
for RPy; at lacP; was reduced in the presence of CAP (135).

To avoid the complications of a second overlapping pro-
moter site, the effects of CAP on the kinetics of open complex
formation were investigated using a synthetic promoter system
in which the distance separating the CAP- and RNA poly-
merase-binding sites was systematically changed (68). As with
the lacP; promoter, association experiments with a synthetic
class 1 promoter demonstrated a significant increase in k, in the
presence of CAP. A small increase in k; was also observed. The
dissociation rate constant kg was not affected by the presence of
CAP. For a synthetic class 2 promoter (CAP site centered at
~—41.5), CAP significantly increased both k, and k; and reduced
ka slightly.

On the basis of these limited studies, it appears possible that the
mechanism of CAP activation is different for class 1 and class 2
promoters. For both promoter classes, CAP caused large increases
in k, and only small decreases (lacPy, synthetic class 1) or no effect
(synthetic class 2) in ks However, CAP binding at —41.5 of the
synthetic class 2 promoter dramatically increased k;, while only a
small (or no) increase in k; was observed for CAP binding at —61.5
in the class 1 promoters. This suggests that for class 1 promoters
CAP primarily increases the extent of initial binding (RP.1) by
increasing [P] (at lac) and/or by decreasing k-1, while the main
effect of CAP on open complex formation at class 2 promoters may
be to increase k; for the RP.; — RP,, isomerization step.

While CAP has been implicated in contacting the o subunit
of RNA polymerase, the Acl repressor, which activates transcrip-
tion from the APry promoter, apparently contacts the 6”° subunit
(as described above) (117, 130). Repressor increases the rate of
open complex formation at APrm by increasing both &, and £; (85,
87, 234). This results from a direct effect of AcI on open complex
formation at APravand from an indirect effect resulting from the
repression of APg by Acl. (As described above, polymerase
bound at AP represses transcription initiation at APgy.)

The malT promoter is positively regulated by CAP binding to
a site centered 70.5 bp upstream of the transcription start site.
The mechanism of activation at this CAP site does not appear to
correspond to mechanisms of activation at the previously de-
scribed class 1 or class 2 activated promoters. Effects of CAP on
the observed rate of open complex formation at the malT pro-
moter were very small at all RNA polymerase concentrations
tested (150). Surprisingly, CAP increased the affinity of the open
complex for binding to UTP, resulting in production of a higher
percentage of productive (full-length) transcripts. This result
suggests that in this system CAP affects steps between open
complex formation and promoter clearance.

In summary, repressors and activators exert large effects on
the individual steps in transcription initiation. Various regula-
tory proteins affect the kinetics of binding and dissociation of
RP.; (13, 68, 85, 135, 189), the kinetics of subsequent isomeriza-
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tion steps (68, 85, 87, 234), and the kinetics of steps subsequent
to open complex formation but prior to promoter clearance
(150).

SUMMARY

In this article, we have discussed the steps of transcription initia-
tion by Eo’’ RNA polymerase in terms of the thermodynamics
and kinetics of site-specific binding and of coupled conforma-
tional changes, as well as the subsequent enzymology of the
NTP-driven processes of chain initiation and downstream move-
ment of polymerase. As for other specific DNA-binding interac-
tions, not only sequence and context but also environmental
variables are crucial determinants of the rates and equilibria of
the steps involved in forming RP; and RPini. These strong de-
pendences on sequence, context, and environment of noncova-
lent interactions between polymerase and promoter DNA allow
the cell to regulate the kinetics of initiation in a promoter-specific
manner at each forward and reverse step of the process, and they
provide the flexibility to adapt to new conditions characteristic
of living systems.

Many different levels of control of gene expression during
transcription initiation are known, and doubtless many more
remain to be identified. Intrinsic regulation is governed by the
effects of sequence of the core promoter and its flanking regions
on the steps in transcription. Additionally, different sigma fac-

“‘tors recognize different classes of core promoter sequences, al-
lowing expression of different families of genes to occur as a
response to the condition of the cell. Binding sites for regulatory
proteins in the vicinity of the promoter allow repressors and
activators to have direct effects (by competition or protein-pro-
tein interaction) on the kinetics and equilibria of individual
steps in initiation. Looping and the existence of multiple sites for
different regulatory proteins allow for a spectrum of mecha-
nisms of regulation (1, 11, 74, 141, 190).

Changes in the extrinsic (regulatory protein concentration
and binding strength, supercoiling) and intrinsic (sequence)
variables can therefore change the velocity of transcript initia-
tion (Vrc) by many orders of magnitude. The assignment of
these large effects to individual kinetic steps of the mechanism
of initiation is well under way. Relationships between promoter
structure and function are being characterized by these kinetic
and mechanistic studies.
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APPENDIX

Nomenclature of Sigma Factors from Escherichia coli and Salmonella typhimurium
and Relationships to Sigma Factors from Other Organisms
MICHAEL A. LONETTO AND CAROL A. GROSS

There is some confusion with regard to the nomenclature of
sigma factors in Escherichia coli, especially when compared to
those from Bacillus subtilis and other organisms. Similar sigma
factors have different names, while different sigma factors have
identical names (5). E. coli does not contain homologs to the
sporulation sigmas o%, o, 6% and o found in Bacillus and
other gram-positive organisms. On the other hand, 6°® of E. coli
is sometimes referred to as ¥ (for flagellar synthesis) while it is
in fact homologous to 6P of Bacillus. A similar situation is seen
with 6% from E. coli, which is not homologous to & of Bacillus
but belongs to a group which is most similar to 6™ (6). In
addition, the stress response sigma factor 62 is unrelated to 6%,
the stress sigma from Bacillus.

We have polled a number of workers in this field and have
found a nearly uniform dissatisfaction with the present nomen-
clature. However, the community is divided on whether to base
sigma names on molecular weights versus letter designations.
Further, among those who prefer letter designations there is
disagreement on which letters to use. We therefore endorse the
use of molecular weight designations in the table below, while

hoping that these problems can be resolved in a more compre-
hensive manner in the proper forum. The following table lists
the sigma factors from E. coli and Salmonella typhimurium,
along with homologous sigma factors, which have similarity of
both sequence and function, as well as related sigma factors with
either different or unknown function.
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Name and Gene Functions Homologous sigma factors Sigma factors related References
synonyms by sequence
o™, oP* rpoD Major sigma factor during In all eubacteria; approx. 40 Streptomyces and Anabaena 2,5
- exponential growth cloned; gene usually . species contain families of
designated either rpoD (07", alternative sigma factors
o®) or sigA Ca) closely related to the primary
sigma factor
%6’ poS, katF Major sigma factor during RpoS (0‘5) (Salmonella enterica,
stationary phase; response to S. typhi, S. dublin, Y.
oxidative and osmaotic stress; enterocolitica, Pseudomonas
expression of virulence genes aeruginosa, Shigella flexneri)
in Salmonella and Yersinia
o, o rpoH, htpR Transcription of heat shock RpoH (62) (Haemophilus 6% c¢ (Myxococcus xanthus 5
proteins induced by influenzae, P. aeruginosa), and Stigmatella aurantiaca
~ cytoplasmic stress HtpR (Citrobacter freundii) fruiting body formation and
sporulation)
o%, o™ fUA, flaD (E. coli) Expression of late flagellar P (B. subtilis), 6° WhiG (Streptomyces coelicolor 1
genes, including flagellin (P. aeruginosa) early sporulation)
o™, ot rpoE Response to periplasmic stress Uncertain whether any of the &° (Photobacterium sp., 6
sequence-related sigma H. influenzae,
- factors have similar functions Mpycobacterium leprae), algT
(algU) (P, aeruginosa,
alginate production), HrpL
(P. syringae, virulence
s N ) ) Lfactors) B
6,0 rpoN, ntrA, ginF Pleiotropic functions: nitrogen Approx. 20 so far known, G (B. subtilis levansucrase 3
metabolism, formate usually designated 6%, 6>, regulation)
degradation, phage shock or G ; genes designated’
19 response rpoN or ntrA
G, Fecl fecl Iron citrate transport Pupl (P. putida), PvdS X (B. subtilis), nccH 6

(P, fluorescens, P. aeruginosa)
(iron siderophore regulation)

(Alcaligenes xylosoxidans
nickel resistance), cnrH
(A. eutrophus cobalt and
nickel resistance)

*Conflicts with B. subtilis nomenclature.





