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Structural Basis of Transcription
Initiation: RNA Polymerase
Holoenzyme at 4 A Resolution

Katsuhiko S. Murakami, Shoko Masuda, Seth A. Darst*

The crystal structure of the initiating form of Thermus aquaticus RNA polymerase,
containing core RNA polymerase (o33’ w) and the promoter specificity o subunit,
has been determined at 4 angstrom resolution. Important structural features of the
RNA polymerase and their roles in positioning o within the initiation complex are
delineated, as well as the role played by o in modulating the opening of the RNA
polymerase active-site channel. The two carboxyl-terminal domains of o are sep-
arated by 45 angstroms on the surface of the RNA polymerase, but are linked by
an extended loop. The loop winds near the RNA polymerase active site, where it
may play a role in initiating nucleotide substrate binding, and out through the RNA
exit channel. The advancing RNA transcript must displace the loop, leading to
abortive initiation and ultimately to o release.

Transcription initiation is a major control point
of gene expression. RNA polymerase (RNAP),
the central enzyme of transcription, contains an
~400-kD catalytic core (subunit composition
a,BfB w in bacteria) conserved in structure and
function among all cellular organisms (/-3).
Promoter-specific initiation requires additional
proteins, ranging from an ~750-kD collection
of more than a dozen basal initiation factors for
messenger RNA (mRNA) synthesis in eu-
karyotes (4) to a single polypeptide in bacteria,
the o subunit, which binds core RNAP to form
the holoenzyme (3).

The bacterial RNAP holoenzyme forms an
initial closed promoter complex by recognizing
two hexamers of consensus DNA sequence: the
Pribnow box (—10 element), centered at about
—10 with respect to the start site (+1), and the
—35 element (6). A series of isomerization
steps yields the transcription-competent open
promoter complex, in which about 14 base pairs
of DNA are melted in a region including the
start site (the transcription bubble). In the pres-
ence of nucleotide substrates, RNA synthesis
begins.

Before transitioning to a stable elongation
complex, the enzyme initiates repeatedly, gen-
erating and releasing short transcripts, usually 2
to 12 nucleotides (nt) in length (7, &), without
dissociating from the promoter. The rate of
synthesis of these abortive products can vastly
exceed that of the full-length transcript. By the
time the transcript reaches a length of around 12
nt, the complex acquires the properties of the
elongation complex, with a stable hold on both
the DNA template and the RNA transcript (9).

Structures of most components of the ho-
loenzyme have been determined. The 3.3 A
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resolution structure of core RNAP from 7.
aquaticus (Taq) revealed a crab claw—shaped
molecule with a 27 A wide internal channel
(3, 10). The enzyme active site is located on
the back wall of the channel, where an essen-
tial Mg?* ion is chelated. High-resolution
structures of three domains of Tag o* have
also been determined (//).

These studies revealed the structural com-
ponents of the holoenzyme and give insight
into their individual roles in transcription ini-
tiation. To understand how these elements
function together, we need to know the struc-
ture of the holoenzyme. Here, we present the
4 A resolution x-ray crystal structure of the
Tag RNAP holoenzyme [Figs. 1A and 2,
Table 1, fig. S1 (12)]. The structure provides
insight into the multiple roles of the o subunit
in transcription initiation and provides a basis
for the design of future experiments probing
the initiation process.

Overall structure. 7aq o* belongs to a
homologous family closely related to Esche-
richia coli ¢”°, with distinct regions of highly
conserved amino acid sequence [Fig. 1B, fig.
S2 (12-14)]. The o structure comprises three,
flexibly linked domains, o,, o5, and o, that
contain conserved regions 1.2 to 2.4, 3.0 to
3.1, and 4.1 to 4.2, respectively [Fig. 1B, fig.
S2 (11, 12)]. In the holoenzyme, the three o
domains lay spread out across the upstream
face (15, 16) of the RNAP (Figs. 1A and 2).
The COOH-terminus of o, (residue 332) and
the NH,-terminus of o, (residue 366) in the
holoenzyme are separated by 45 A. This dis-
tance is spanned by an extended 33-residue
linker, comprising primarily o region 3.2,
that winds through the RNAP active-site
channel and out through the RNA exit chan-
nel. A disordered loop (o residues 337 to
345) may extend even further toward the
active site, consistent with cross-linking re-
sults that place o residues 333 to 386 within

5 A of the initiating nucleotide ~y-phosphate
(7). The chain then continues into o, which
is clamped to the a helix at the tip of the B
flap (B flap-tip helix; Fig. 1A).

Conserved structural features of RNAP, the
B’ zipper and B’ lid [using the nomenclature
introduced for yeast RNAP II (/)], were disor-
dered in the bacterial core RNAP (3, /0) but
resolved in the holoenzyme (Fig. 2). Electron
density for the 3’ NH,-terminal Zn?*-binding
domain (B'ZBD, also disordered in core
RNAP) was present but difficult to interpret.
The region was modeled (Fig. 2), but after g’
residue 45, the path of the peptide backbone
and the sequence register are extremely
tentative.

The structure of the ' 1id is very similar to
that of the RNAP II Rpbl lid (/). In the ho-
loenzyme, the main RNAP channel is relatively
closed, allowing the ' lid to interact with the
inner surface of the {3 flap, creating a protein
tunnel through which o region 3.2 threads (Fig.
2). For this protein-protein interaction to estab-
lish itself, a profound conformational change of
the core RNAP is required.

Genetic and biophysical studies implicate o
region 2.4 residues in recognition of the —10
element (5), region 2.3 residues in sequence-
specific binding of the melted nontemplate
strand of the —10 element in the open complex
(18), and region 3.0 residues (/) in recognition
of the extended —10 motif (/9). The structure of
Tag ¢*, bound to —35 element DNA (//) con-
firmed earlier genetic studies (20, 27) implicat-
ing residues within the recognition helix of the
o, helix-tum-helix motif in —35 element bind-
ing. In the holoenzyme, all promoter recogni-
tion determinants of ¢ are solvent exposed,
ready to engage promoter DNA (Fig. 2), and
their spacing is roughly consistent with their
binding sites on the DNA.

Conformational changes of RNAP.
Large conformational changes of RNAP,
mainly due to swinging motions of the clamp
domain [Fig. 3, table S1 (/2)] that open and
close the main channel by >20 A, have been
observed for yeast RNAP Il (1, 15, 22, 23)
and bacterial RNAPs (24). Additional mobile
modules have been defined by comparing
different crystal forms of yeast RNAP II (/).

Comparison of the core RNAP structure (3.
10) with the core RNAP within the holoenzyme
reveals five modules that move essentially as
rigid bodies relative to each other [Fig. 3, table
S1 ({2)]. The bulk of the enzyme lies in a
“core” module containing the two o—subunit
NH,-terminal domains, the » subunit, and re-
gions of 3 and P’ around the active site. Four
additional modules that move relative to the
core module between the core RNAP structure
and the holoenzyme structure essentially frame
the main channel on three sides (Fig. 3). The
overall effect of these changes is to close the
width of the main channel by about 10 A in the
holoenzyme compared with core RNAP.
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The clamp, B1, and B flap domains make
extensive interactions with o,, o,, and o,
respectively [Fig. 1A; table S1 (/2)], and the
conformational changes of these domains are
likely the result of o binding. The 2 domain,
by contrast, does not interact with o. The
conformational change of this domain is like-
ly to be in response to changes in the other
RNAP modules.

a-core RNAP interactions. In the ho-
loenzyme, each o domain, as well as the
linkers connecting them, makes extensive in-
teractions with core RNAP (Fig. 1, table S2).
The total contact area of the o—core RNAP
interface (8230 A?) is nearly twice the area of
the largest protein-protein recognition inter-
face (4660 A?) (25) and is comparable to the
largest contact areas of oligomeric proteins
(~10,000 A?) (26).

The holoenzyme structure confirms genetic
studies indicating that the c—core RNAP inter-
face involves several regions of o (27), as well
as studies suggesting that the primary interface

Fig. 1. Tag RNAP ho-
loenzyme  structure
and g—core RNAP in-
teractions. (A) Struc-
ture of holoenzyme
and map of the o—core
RNAP interface. (Left)
The core component
of the holoenzyme is
shown as a molecular
surface, color coded as
follows: al, all, w: gray;
B3: cyan; B': pink. The o
subunit is shown as an
a-carbon  backbone
worm, with o helices
shown as cylinders,
color coded according
to the conserved re-
gions as schematized B
in (B). Surfaces of
RNAP within 4 A of
any o atoms are color P
coded green (B) or red
(B’) and labeled. Posi-
tions in o region 2.2
(orange backbone) and
41 (tan backbone)
where  substitutions
cause defects in core
RNAP binding are indi-
cated by orange or tan
a-carbon spheres, re-
spectively (27, 30). The
exposed surface of
B'Arg>®° on the B'cc
important for o inter-
action is colored blue
and labeled (28).

A
764-778
(B flap-tip helix)

zipper
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involves the exposed, polar surface of the o
region 2.2 helix and the B’ coiled-coil (cc) (28,
29). The contact area of the o,—core RNAP
interface is the largest of any of the o domains
[table S2 (/2)], and this interface mainly in-
volves association with the B’cc (Fig. 1). Mu-
tants that cause defects in o—core RNAP bind-
ing have been isolated on the exposed faces of
the o region 2.2 helix (27, 30) and B'cc (28),
and these residues face each other across the
interface (Fig. 1).

Region 1.1 of ¢. The holoenzyme crys-
tals could be obtained only by using Tag c*
with an NH,-terminal truncation of 91 resi-
dues (Table 1). Among the ¢7° family, the
primary or group 1 o subunits uniquely har-
bor an ~90-amino acid NH,-terminal exten-
sion, region 1.1. This region is poorly con-
served in sequence, but the characteristic
acidity is preserved. In Tag o residues 1 to
91, fully one-third of the residues are nega-
tively charged, for a total charge of —20 and
a calculated isoelectric point (pI) of 3.95.

29-35

: 536-573
(B' zipper)

(B*ec)

591-598
(B* rudder)

372-376 p
113-117

flap

669-675

Two functions have been ascribed to re-
gion 1.1. First, it autoinhibits promoter rec-
ognition by free o (31, 32). This autoinhibi-
tion is presumed to be relieved upon o bind-
ing to core RNAP. Second, region 1.1 can
accelerate open complex formation at some
promoters (33), which suggests that a step,
rate limiting only at some promoters, is facil-
itated by region 1.1.

Although region 1.1 is missing from the
crystals, the electrostatic surface of the holoen-
zyme provides insight into the initiation role of
region 1.1. Although the overall charge of
RNAP is highly negative (the pl of core RNAP
is near 5), the electrostatic charge distribution
over the surface is very asymmetric (Fig. 4A).
The outside of the enzyme is almost uniformly
acidic, whereas surfaces that interact with nu-
cleic acids, and especially the inner walls of the
main channel, are basic. The NH,-terminal end
of the o fragment in the crystals comprises an o
helix that points into the main RNAP channel,
directly toward the active-site Mg2* (Figs. 2 and

1064-1068

flap-tip helix

ZBD lid cc

rudder

(Right) The same view, except that the (B flap has been removed, revealing
the o,-0 linker and its interactions with the B’ lid and B region | under-
neath. (Bi Schematic map of the o—core RNAP interface. The bars represent
the primary sequences of 3 {top, blue), B’ (bottom, pink), and c* (middle,
black). Portions of B and B’ are omitted, as indicated by breaks in the bars.
The gray boxes denote evolutionarily conserved regions among prokaryotic,
chloroplast, archaebacterial, and eukaryotic 8 {labeled A to 1) and B’ (A to H)
homologs (3, 40). Theconserved regions (77, 73, 74) are labeled and color
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coded. The domain architecture of the o segment in the holoenzyme crystals
is indicated above the bar, with rectangles indicating the three structured
domains, and lines representing the flexible linkers. Disordered segments
within the holoenzyme structure are indicated by dashes. important struc-
tural features of the 8 and B’ subunits are indicated above (for 8) and below
(for B'). The lines connecting between o and 8 or B’ denote regions of the
subunits that interact (<4 A) in the holoenzyme. (A) was made with the
program GRASP (47).
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4A). Extending from the NH,-terminus of this
helix, the acidic region 1.1 would likely locate
directly inside the main channel, where it could
interact with the basic surface of the channel
walls.

In the holoenzyme structure, the RNAP
channel is relatively closed. The distance across
the open end of the channel is about 15 A, so
double-stranded DNA could not enter. We sug-
gest that o region 1.1 inside the channel could
widen the channel to facilitate DNA entry, pos-
sibly explaining the acceleration of open com-
plex formation at some promoters by region 1.1.
At a later stage of initiation, other signals may
induce closure of the claws, ejecting region 1.1
from inside the channel (Fig. 4B). The closed

Fig. 2. Tag RNAP holoen-
zyme structure. Views of the
Tag  RNAP  holoenzyme
structure, shown as a molec-
ular surface but with impor-
tant features of core RNAP
shown as «-carbon back-
bone worms without the
corresponding surfaces (col-
or coding of surfaces and
worms is indicated). The mo-
lecular surface of o is trans-
parent, allowing the orange
a-carbon backbone worm to
be seen as well. (A) The

A

same view as in Fig. 1A. The Zn?" ion bound in the B'ZBD is shown as a light-green
sphere. Surfaces of o corresponding to residues important for promoter recognition
and melting are color coded as follows: melting/—10 element nontemplate strand
binding, yellow; — 10 element recognition, green; extended — 10 element recognition,
blue; —35 element recognition, brown. (B) Partial, magnified view, obtained from (A)
by rotation about the horizontal axis as indicated. Obscuring portions of 3 have been
removed to reveal the inside of the main channel. The outline of B is shown as a cyan
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conformation of the holoenzyme in the crystals
may be induced by crystal packing and is un-
likely to be normal for free holoenzyme, possi-
bly explaining why crystals with full-length o
could not be obtained (in addition, the high salt
concentration in the crystallization solution
would likely inhibit the electrostatic interac-
tions). Support for this hypothesis comes from
hydroxyl-radical protein footprinting, showing
that E. coli 7 region 1.1 is exposed to hydroxyl
radicals in free ¢7°, strongly protected in the
holoenzyme but exposed again in the binary
complex of holoenzyme with promoter DNA
(34). In the holoenzyme-DNA complex (39),
the conformation of the enzyme channel is
closed even further relative to the holoenzyme

alone, but in this case, isomorphous crystals
could be obtained either with or without o re-
gion 1.1. Two observations indicate that in these
crystals, o region 1.1, when present, was located
outside the RNAP channel, flexible, and ex-
posed to solution. First, in crystals where region
1.1 was present, it was not observed in the
electron density maps; and second, the region
was very sensitive to proteolysis within the
crystals.

Abortive initiation and o. A model for
the nucleic acid path through RNAP in an
elongation complex was determined from
cross-link mapping (/6). The modeled com-
ponents included downstream duplex DNA,
RNA-DNA hybrid extending from the RNAP

_surfaces worms
s @ o B' ZBD s
B B flap = B' lic me—
p@® B flap-tip helix e B CC mm—
ol, oll, 0 @ B' zipper wess  f' rudder

line. The active-site Mg?" is shown as a magenta sphere. The disordered segment of &

is denoted by orange dots, connecting o residues 336 to 346, which are labeled. The NH

-terminus of the o fragment (corresponding to Tag o* residue

93), which points into the RNAP channel toward the active-site Mg?*, is indicated (Ni. The figure was made with the program GRASP (47).

Table 1. Crystallographic analysis and structural model.

Diffraction data

Data set* Wavelength  Resolution Redundancy Completeness ifa(l) Ry,mt (%) No. of Phasing powert
(A) (A) (total/last shell) (%) (total/last shell) (totas{/ ast shell) sites (50 to 5.5 A)
(total/last shell) {acentric/centric)
Native 1.03320 50-4.0 1.9/1.7§ 79.9/70.1 5.4/1.8 15.8/35.7 -
TagBr,, 1.03320 50-5.5 23 96.6/95.4 6.6/2.42 10.1/31.5 8 0.76/1.09

Figure of merits|: TagBr,, (50 to 5.5 A), 0.19; molecular replacement (50 to 4.0 A), 0.58; combined (50 to 4.0 A), 0.59.

Structural model

Number of residues

Protein subunitq]

Regions modeled

Sequence Model
B’ 1525 1171 3-145, 453-1240, 1257-1409, 1413-1499
B 1119 1085 2-56, 63-212, 220-245, 254-291, 298-649, 653-1116
Al1g” 347 322 93-155, 171-336, 346-438
al 313 224 6-229
all 313 220 6-225
® 99 92 2-93
Total 3716 3114

*Data sets were collected at APS-SBC 19ID, Advanced Photon Source, Structural Biology Center, Argonne, IL. tRoym = 2 — (DI/ZI, where I is observed intensity and (/) is average
intensity obtained from multiple observations of symmetry-related reflections. }Phasing power was calcutated y MLPHARE (43). §Final shell: 4.14 to 40 A, [Figure of
merit {combined phase between model and isomorphous phases) was calculated by CNS (44).  YAlso included in the model were one Mg?* and two Zn2* ions.
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active site, and upstream single-stranded
RNA extruded through the RNA exit channel
formed by the  flap. The structure of elon-
gating yeast RNAP II confirmed the modeled
downstream DNA and RNA-DNA hybrid
(15). The exiting upstream RNA was not
resolved.

The o,-, linker occupies the same space as
the exiting RNA transcript of the elongation
complex (Fig. SA). At most, a 5- to 6-nt tran-
script can be accommodated without steric
clash. If the nine-residue disordered segment in
the o,-0, linker (residues 337 to 345) were
modeled as a loop extending toward the RNAP
active-site Mg?* (Fig. 5A), it could interfere
with transcripts of only 2 or 3 nt. Upstream, the
clash persists until the transcript fills the exit
channel at a length of 13 or 14 nt (Fig. 5A).
Thus, there is a marked correspondence between
the range of transcript lengths with which the
05-0, linker would clash and the typical lengths
of transcripts that would be subject to abortive
release. We suggest that, in the initiating com-

Fig. 3. Mobile modules and conformational chang-
es. The viewing angle is the same as in Fig. 1A. (A)
View of the RNAP holoenzyme a-carbon back-
bone, shown as a worm. The ¢ subunit is colored
orange and rendered faint by making it transpar-
ent. The five mobile modules of core RNAP [table
S1 (72)] are color coded as follows: core module,
gray; B1, green; B2, yellow; B flap, blue; clamp,
magenta. The active-site Mg?* is shown as a
magenta sphere; the 3'ZBD Zn?* ion is shown as
a green sphere. (B) The holoenzyme mobile mod-
ules that move with respect to the core domain
(81, B2, B flap, clamp) are shown [color coded as
in (A)] superimposed on the same segments from
the core RNAP crystal structure (3, 70), colored
gray. The two structures were aligned according to
the core module, which is not shown. The active-
site Mg?* is shown as a magenta sphere. The
movements of the mobile modules from the core
RNAP structure to their positions in the holoen-
zyme are indicated by arrows. The figure was
made with the program RIBBONS (42).
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plex, the o;-0, linker must be displaced from
the RNA exit channel as the transcript is extend-
ed. Competition for a binding site in the RNAP
would hinder the initiation process and destabi-
lize the transcripts, leading to abortive initiation.

Consistent with this hypothesis, substitution
of two highly conserved residues in region 3.1
near the beginning of the ;-0 linker (Pro®®
and Ser®*! in Tag o numbering) led to a pro-
found reduction in the ratio of abortive to full-
length transcripts (36). The substitutions may
disrupt important contacts between the linker
and RNAP, making the linker easier to displace
by the advancing transcript. The 33-residue link-
er contains nine conserved acidic residues, giv-
ing an overall charge of —8 to —9 among group
1 o subunits. The negatively charged, extended
polypeptide chain may serve as a nucleic acid
mimic.

To test the hypothesis about abortive initia-
tion, we compared the distribution of RNAs
produced by E. coli holoenzyme with that of
wild-type 67 or of a 67 COOH-terminal trun-
cation lacking region 3.2 [¢7° (residues ! to
503) or 67°AC] initiating from an extended —10
promoter (12). Wild-type ¢’® holoenzyme pro-
duced 71-nt run-off transcripts, as well as an

core
(channel
open)

(channel
closed)

11-fold molar excess of abortive transcripts
(Fig. 5B). On the other hand, production of
abortive products by the o’°’AC-holoenzyme
was not significant (Fig. 5B), which supports the
hypothesis.

This model posits the sequential displace-
ment of the o;-0, linker from the RNA exit
channel by the advancing RNA transcript. The
0,-0,, linker would be completely displaced by a
12- to 14-nt transcript, and this in turn may
weaken the interaction between o, and the B
flap, causing release of o, and ultimately the rest
of . This is consistent with the two-step model
of Shimamoto et al. (37) for o release, in which
a rapid triggering (displacement of the o,-o,
linker by the RNA transcript) is followed by
slow dissociation.

Relation to eukaryotic initiation. The
catalytic core of eukaryotic RNAPs is homol-
ogous in structure and function with the bac-
terial enzyme (/3). Although details of initi-
ation in bacteria and eukaryotes are quite
different, the tasks required of the general
initiation apparatus are the same: to recognize
the promoter and recruit RNAP, to specify
the start site, and to melt the DNA to create
the transcription bubble. Very little data exist

RP,

Fig. 4. Electrostatic distribution of holoenzyme and o region 1.1. (A) Two surface views of the RNAP
holoenzyme, color coded according to electrostatic surface potential (negative, red; neutral, white;
positive, blue). The transparent a-carbon backbone worm of o (orange) is superimposed. (Left) Same
view as in Fig. 1A. (Right) View obtained from the left view by a rotation about the vertical axis as
indicated; the active-site Mg2* in the back of the main RNAP channel is visible as a magenta sphere. The
NH,-terminus of the o fragment (corresponding to Tag o* residue 93), which points into the RNAP
channel toward the active-site Mg?™, is indicated (N). (B) Schematic diagram illustrating the proposed
mechanism of the negatively charged o region 1.1 in promoting open complex formation. The viewing
angle is similar to that in Fig. 1A. Two states of the RNAP holoenzyme—promoter DNA complex are
illustrated. The positioning of the DNA is according to (35). The core RNAP is colored gray, and o is
colored orange, except region 1.1, which is colored magenta. (Left) The initial closed promoter complex
(RP,), where we propose that o region 1.1 is positioned inside the positively charged RNAP channel
[protecting it from hydroxyl-radical cleavage (34)], holding the channel open (indicated by thick black
lines) to allow entry of double-stranded DNA. (Right) Final open promoter complex (RP,), where DNA
has entered the RNAP main channel and the channel has closed, ejecting o region 1.1, where it is
exposed in solution to proteases (35) and hydroxyl-radical cleavage (34). (A) was made with the
program GRASP (47).
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M 924-
L___jtx
A R
run-off abortive
products

Fig. 5. Structural basis of abortive initiation. (A) (Left) View of the RNAP holoenzyme structure,
represented as a molecular surface and color coded as follows: al, all, @: gray; B: cyan; B: pink, o orange.
{Right) The boxed area on the left is magnified. The o surface is rendered transparent, revealing the
orange a-carbon backbone worm inside; the B’ lid is shown as a pink worm without the corresponding
surface. Also shown in the structure is the RNA-DNA hybrid (from +1 to —7) and the upstream
single-stranded RNA (from —8 to —14) from the elongation complex model (RNA, red; DNA template
strand, green) (76). The base-paired RNA-DNA hybrid is shown as atoms. The phosphate backbone of the
upstream single-stranded RNA is shown as a worm, with phosphate atoms shown as spheres. In the
ma§nified view on the right, obscuring portions of «l and 3 have been removed, revealing the active-site
Mg+ (shown as a magenta sphere), the inside of the main RNAP channel filled by the RNA-DNA hybrid,
and the RNA exit channel. The outlines of the al and B subunits are shown as gray and cyan lines,
respectively. Selected positions of the RNA (with respect to the transcription start site at + 1) are labeled.
(B) (Left) Autoradiograph showing the radioactive RNA produced by E. coli wild-type o7°-holoenzyme
(lane 1) and 67°AC-holoenzyme (lane 2) transcribing from an extended — 10 promoter and analyzed by
denaturing gel electrophoresis (72). (Right) Profiles of the two lanes from the gel on the left, quantitated
by phosphorimagery. The two profiles have been normalized according to the run-off peak. (A) was made
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with the program GRASP. (47).

to identify epitopes for eukaryotic general
initiation factors on their RNAPs, but we
expect analogies with o—core RNAP interac-
tions. For example, a eukaryotic initiation
factor may place a segment near the RNAP
active site and in the RNA exit channel,
analogous to o region 3.2, to assist binding
the initiating nucleotide and to effect abortive
initiation, which is a prominent feature of
eukaryotic initiation (38, 39).

Conclusions. The bacterial RNAP ho-
loenzyme structure provides a view of an
intact o subunit and delineates the role of
core RNAP elements in positioning o with-
in the initiation complex. Features of the
o—core RNAP interaction indicate pro-
found conformational changes in establish-
ing the complex.

The structure also provides insight into the
role of o in binding the initiating nucleotide
substrate and in the processes of abortive initi-
ation and open complex formation. A holoen-
zyme with a COOH-terminal truncation of g
lacking region 3.2 was active on extended —10

promoters but had a defect in initiating nucleo-
tide binding (/7). We propose that the disor-
dered segment of o at the 3.1/3.2 junction
directly participates in binding the initiating nu-
cleotide in the RNAP i-site. Once the first phos-
phodiester bond forms and RNAP undergoes
the initial translocation, nucleotide binding in
the i-site is no longer required as it is occupied
by the 3’ end of the transcript, explaining the
logic of fulfilling this one-time role by an initi-
ation-specific subunit. This segment of o near
the active site then becomes an obstacle to RNA
extension and induces abortive initiation.
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