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Summary

The structure of an actively transcribing complex, con-
taining yeast RNA polymerase Il with associated tem-
plate DNA and product RNA, was determined by elec-
tron crystallography. Nucleic acid, in all likelihood the
“transcription bubble” at the active center of the en-
zyme, occupies a previously noted 25 A channel in the
protein structure. Details are indicative of a roughly 90°
bend of the DNA between upstream and downstream
regions. The DNA apparently lies entirely on one face
of the polymerase, rather than passing through a hole
to the opposite side, as previously suggested.

Introduction

RNA polymerase Il, responsible for all mMRNA synthesis
in eukaryotes, is a complex of over half a million daltons
composed of 12 different subunits, conserved across
species from yeast to humans (Young, 1991). The two
largest subunits have counterparts in the four-subunit
bacterial RNA polymerase as well. Despite the size and
complexity of RNA polymerase Il, additional protein fac-
tors are required for initiation and for aspects of RNA
chain elongation. This constellation of transcription pro-
teins presents a formidable challenge for structural
analysis.

Structures of yeast RNA polymerase Il and of E. coli
RNA polymerase have been determined from two-
dimensional (2D) crystals by electron microscopy and
image processing at 16-24 A resolution (Darst et al.,
1989, 1991a; Schultz et al., 1993; Polyakov et al., 1995;
Jensen et al., 1997). A notable feature of the enzymes
at this resolution is a 25 A channel, appropriate in size
for binding duplex DNA. A similar feature in the X-ray
structures of single-subunit DNA and RNA polymerases
harbors the active center of the enzymes. Biochemical
studies have indicated, however, that the active center
of the multisubunit RNA polymerases is not closely re-
lated to those of the single-subunit enzymes (Treich et
al., 1992; Markovtsov et al., 1996; Mustaev et al., 1997),
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so the role of the 25 A channel in the multisubunit poly-
merases remains to be established.

An arm of protein density surrounding the 25 A chan-
nel in yeast RNA polymerase Il was suggested to retain
DNA and thereby enhance the processivity of a tran-
scribing complex (Darst et al., 1991a). Consistent with
this idea, electron crystallography revealed two alterna-
tive conformations of the arm in E. coli RNA polymerase:
an open conformation allowing access to the channel
in the polymerase holoenzyme (Darst et al., 1989), the
form responsible for initiation; and a closed conforma-
tion, with the arm around the channel, in core polymer-
ase (Polyakov et al., 1995), the form of the enzyme in-
volved in RNA chain elongation. The occurrence of an
open form of yeast RNA polymerase Il under conditions
conducive to initiation has been demonstrated as well
(Asturias et al., 1997; Asturias and Kornberg, 1999). The
two conformations of the yeast and E. coli RNA polymer-
ases have so far been seen, however, only in the ab-
sence of DNA. The proposal that a transcribing polymer-
ase adopts the closed conformation remains to be
tested.

Additional features of yeast RNA polymerase Il have
been identified by difference electron crystallography.
Two small subunits, Rpb4 and Rpb7, were located in a
niche in the floor of a 25 A groove, prompting speculation
as to their role in polymerase-DNA interaction (Jensen
et al., 1997). Binding sites for two transcription initiation
factors, TFIIB and TFIIE, were identified at a distance
from the 25 A channel and in a position relative to the
arm around the channel with important implications for
DNA binding (Leuther et al., 1996). The question of
whether DNA does occupy the channel during transcrip-
tion is crucial for understanding the roles of these and
other accessory factors.

DNase | protection mapping of RNA polymerase |l
transcription elongation complexes has shown the as-
sociation of 40-50 base pairs of DNA with the enzyme,
roughly centered on the active site (Rice et al., 1993;
Selby et al., 1997). This length of DNA, sufficient to wrap
nearly all the way around the polymerase, far exceeds
the size of the 25 A channel. There is also evidence
from nuclease protection and direct binding studies for
interaction of polymerase Il with about 20 residues of
RNA (Rice et al., 1991; Johnson and Chamberlin, 1994;
Guetal., 1996). The problem of polymerase-nucleic acid
interaction therefore goes well beyond the question of
whether DNA binds in the channel.

We report here on difference electron crystallography
between RNA polymerase ll-nucleic acid complexes
and the polymerase alone. Initial studies, performed with
polymerase-DNA template complexes, were hampered
by a low yield and poor quality of 2D crystals, attributed
to interference by free DNA. The work was therefore
extended to paused elongation complexes in which the
nucleic acids are more tightly bound. The results shed
light on a number of issues, including the role of the
25 A channel, the surrounding arm, and the paths of
DNA and RNA across the surface of the enzyme.
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Figure 1. Transcription Templates for Structural Studies with RNA
Polymerase I

(A) Tailed template used to form cocrystals with RNA polymerase
1. In the presence of ribonucleotides, RNA polymerase Il initiates
on the 3'-tail of such templates 3-5 bases before the junction with
duplex DNA (Kadesch and Chamberlin, 1982).

(B) Tailed template depicted as a paused elongation complex. The
left and right vertical lines mark the upstream and downstream
edges of the transcription bubble, in which template and nontem-
plate DNA strands are separated for about 15 bases (Uptain et al.,
1997; Nudler, 1999). The pause site is indicated at the first A residue
in the template strand. The transcription bubble extends 3-4 base
pairs downstream of the pause site. Further downstream lie 18-19
base pairs of duplex DNA. The diagram also shows 14 residues of
transcript RNA (lowercase), 8-9 residues of which are hybridized to
the template strand (Uptain et al., 1997; Sidorenkov et al., 1998;
Nudler, 1999). In part of this work, biotin was attached to an addi-
tional deoxycytidylate residue at the 3'-end of the nontemplate (up-
per) strand.

Results

RNA Polymerase Il-Tailed Template Cocrystal

Our studies of polymerase-nucleic acid complexes be-
gan with a “tailed template,” consisting of 18 base pairs
of duplex DNA with a 15-residue deoxycytidine exten-
sion or “tail” at one 3'-end (Figure 1A). Multisubunit
polymerases have been shown to initiate transcription
on such templates within the single-stranded region,
3-5 residues from the junction with duplex DNA, similar
to the location of the polymerization site in a transcribing
complex (Kadesch and Chamberlin, 1982; Gnatt et al.,
1997). The tailed template is evidently recognized as
half of the “transcription bubble” that normally occurs
at the active center of the transcribing enzyme. Three-
dimensional (3D) crystals of a yeast RNA polymerase
Il-tailed template complex have been reported and
await X-ray structure determination (Fu et al., 1998). In
order to reveal the location of the template DNA more
rapidly, we formed 2D cocrystals of the polymerase-
tailed template complex on positively charged lipid lay-
ers for electron microscopy. A well-characterized form
of the enzyme that lacks subunits Rpb4 and Rpb7 and
is capable of elongation was used because of its homo-
geneity and its propensity to form 2D crystals (Darst et
al., 1991b). A DNA concentration of 570 nM was used
to assure >90% occupancy of polymerase (190 nM),

based on a K of 30 nM as determined from electropho-
retic mobility shift assays (data not shown). The cocrys-
tals were smaller and less abundant than crystals ob-
tained with the polymerase alone. This was apparently
due to interference by free DNA, since increasing the
concentration of DNA inhibited crystal formation. The
negatively charged DNA may bind to the positively
charged lipid layer and prevent polymerase binding.

Despite these difficulties, six images of negatively
stained, untilted crystals, taken at relatively high defocus
values, were obtained, from which structure factors
complete to 20 A resolution and the corresponding pro-
jection map were derived. The crystals were evidently
isomorphous with those previously obtained of the poly-
merase alone in the closed conformation, based on simi-
larity of the unit cell parameters and projection maps,
permitting difference analysis. A projected difference
map showed peaks greater than two standard devia-
tions (c) above the mean, located in the 25 A channel
of both molecules in the center of the unit cell (arrows
in Figure 2A). Another pair of symmetrically positioned
difference peaks on the periphery of the molecules near
the channel was probably spurious, due to the high
noise level in the map, since no corresponding density
was found in the map obtained subsequently from
paused elongation complexes.

RNA Polymerase Il Elongation Complex Crystal

The formation of paused elongation complexes on a
minimal DNA template, with subsequent purification and
3D crystal growth has been described (Gnatt et al.,
1997). The DNA consisted of 33 base pairs of duplex
DNA with a 15-residue deoxycytidylate tail at one 3'-end
(Figure 1B). Transcription initiated on the tail, 3-5 resi-
dues from the junction with the duplex region. In the
absence of UTP, transcription paused 11 base pairs into
the duplex region, at the position of the first deoxyade-
nylate residue in the template strand. Purified, paused
complexes used for structural studies were analyzed for
transcript length, by native gel electrophoresis, and for
the capacity to resume RNA chain elongation upon addi-
tion of all four ribonucleoside triphosphates (data not
shown). The results of all analyses were in good agree-
ment with those reported previously (see Experimental
Procedures and Gnatt et al., 1997).

Purified, paused complexes formed large (up to 2 pm?)
2D crystals on positively charged lipid layers. When
these crystals were negatively stained and imaged in the
electron microscope, Fourier transforms of the images
showed diffraction spots to about 16 A resolution. The
crystals were isomorphous with those of polymerase
alone in the closed conformation, permitting difference
analysis. Untilted, projected difference maps computed
from subsets of images matched in defocus (nominally
within 200 A) showed a prominent peak, 2.5 o above
the mean, in the 25 A channel of both molecules in the
unit cell (Figure 2B). In the absence of other significant
peaks, the 2.5 ¢ difference may be attributed to nucleic
acid in the channel. The absence of any other significant
differences further indicates that the structure of the
polymerase in the elongation complex is the same as
that of polymerase alone in the closed conformation, to
the resolution of the analysis.
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Figure 2. Projected Difference Maps Showing Location of Nucleic
Acids in RNA Polymerase II-Tailed Template Complex and Paused
Elongation Complex

(A) Projected difference map between RNA polymerase ll-tailed
template DNA complex and polymerase Il alone. Positive (solid and
gray-filled) and negative (dashed) differences are contoured in 0.5
o increments starting at + 2 ¢ from the mean and are superimposed
on the outlines of the molecules in a unit cell of the RNA polymerase
Il crystal. The arrows point to difference peaks in the 25 A channel.
The pair of polymerase molecules in the center of the unit cell are
related by a two-fold rotational symmetry axis. As the crystallo-
graphic analysis was performed without the imposition of this sym-
metry, differences located on either molecule arise independently.
Each projection map was derived from 12 different crystalline areas.
The average phase error for each map was less than 20°. Maps
were calculated at 20 A resolution. The scale is the same as in (B).
(B) Projected difference map between paused RNA polymerase I
transcription elongation complex and polymerase Il alone. Differ-
ences are displayed as in (A) starting at = 2.5 o from the mean.
Each projection map was derived from 21 different crystalline areas.
The average phase error for each map was less than 20°. Maps
were calculated at 20 A resolution. Bar, 50 A

RNA Polymerase Il Elongation Complex-
Streptavidin Cocrystal

To further identify the location of nucleic acids in the
paused elongation complex, a DNA template was pre-
pared with an additional deoxycytidylate residue bear-
ing a biotin moiety at the 3’-end opposite from that
bearing the 15-residue deoxycytidylate tail. The biotin
was thus located at the downstream end of the template,
since transcription initiates on the tail. Biotin at this
location had no effect on the generation of paused elon-
gation complexes. The biotinylated complexes bound
streptavidin tightly and specifically, as shown by electro-
phoretic mobility shift analysis (Figure 3A). Biotinylated
complexes preincubated with saturating amounts of
streptavidin crystallized on lipid layers indistinguishably
from nonbiotinylated complexes. Untilted, projected dif-
ference maps showed the same peak in the 25 A channel
as previously obtained for the nonbiotinylated elonga-
tion complex and, in addition, a much larger peak adja-
cent to the arm of polymerase density surrounding the

A 1 2 3 4
Biotin| = |- |+ | +
Streptavidin| - |+ | - | +

Figure 3. Streptavidin-Labeled, Paused RNA Polymerase Il Elonga-
tion Complexes

(A) Gel electrophoretic mobility shift analysis of streptavidin-labeled
and unlabeled paused elongation complexes. Paused complexes
formed with nonbiotinylated (lanes 1 and 2) and biotinylated (lanes
3 and 4) template DNA were incubated with a two-fold molar excess
of streptavidin (lane 2), stoichiometric streptavidin (lane 4), or in the
absence of streptavidin (lanes 1 and 3), followed by gel electrophore-
sis. Complexes were radioactively labeled with the use of «-[*?P]-
ATP and revealed by autoradiography.

(B) Projected difference map between streptavidin-labeled, paused
elongation complexes and polymerase alone. Differences are dis-
played as in Figure 2A starting at = 2 ¢ from the mean. In addition
to the large difference peak alongside the polymerase molecule on
the left, a similar difference was seen alongside the polymerase on
the right at lower contour levels (data not shown). Each projection
map was derived from 22 different crystalline areas. The average
phase error for each map was less than 20°. Maps were calculated
at 20 A resolution. The scale is the same as in (C).

(C) Control projected difference map between nonbiotinylated,
paused elongation complexes crystallized in the presence of strep-
tavidin and polymerase alone. Differences are displayed as in Figure
2A starting at = 2.5 o from the mean. Each projection map was
derived from 21 different crystalline areas. The average phase error
for each projection map was less than 20°. Maps were calculated
at 20 A resolution. Bar, 50 A

channel (Figure 3B). The larger peak appeared bilobate,
with a longest dimension of about 60 A, comparable to
that of tetrameric streptavidin (Darst et al., 1991c). This
peak appeared alongside only one of the two polymer-
ase molecules in the unit cell at this contour level, due
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in all likelihood to preferential staining of one face of
the crystal (see below). As a control, nonbiotinylated
complexes were crystallized after preincubation with the
same amount of streptavidin, and at similar significance
levels no additional difference peak was observed (Fig-
ure 3C). This argues against nonspecific binding or other
perturbation by streptavidin.

In order to reveal as much as possible of the trajecto-
ries of DNA and RNA in the elongation complex crystals,
we undertook 3D reconstruction of the biotinylated com-
plex with associated streptavidin. The difference be-
tween the elongation complex and polymerase alone
was expected to be small, based on the difference den-
sity seen in projection and on the relatively small mass
of the DNA and RNA component (about 5% that of the
polymerase). We therefore took particular care to avoid
systematic errors between the two data sets, rede-
termining the structure of the polymerase alongside that
of the elongation complex to assure that the same micro-
scope and imaging conditions were used and that im-
ages were assessed, digitized, and processed identi-
cally. Structure factors were trimmed in resolution and
in apparent signal:noise ratio and were merged in the
same manner. The polymerase data set comprised 32
untilted images and 148 tilted images, 83 of which were
tilted to 45° or more. The elongation complex data set
comprised 31 untilted images and 118 tilted images, 53
of which were tilted to 45° or more. Following application
of a 20 A resolution cutoff, the two sets of structure
factors contained almost entirely common reflections,
with a missing cone of 40°. Both data sets contained
more than 85% of all possible structure factors within
the 25-20 A resolution shell, and more than 70% of
all possible structure factors within the 45°-50° conical
wedge. Overall, the polymerase structure factors were
98.4% complete and those for elongation complex were
92.0% complete to 20 A resolution and 50° tilt angle
(Figure 4). Image processing was performed assuming
cl2 symmetry, to average the signal from each polymer-
ase in the unit cell, since we could not know in the event
of any discrepancies between the two molecular density
maps which was most likely to be valid. The average
phase errors of individual measurements along lattice
lines within 0.0025 A~* in z* (the direction perpendicular
to the plane of the crystal) were 16.9° and 16.8° for the
polymerase and the elongation complex, respectively.

The reconstruction obtained for the polymerase alone
was essentially the same as that reported previously
(Darst et al., 1991a), except for the presence of some
density inthe 25 A channel (arrows in Figure 5A), partially
blocking what was previously a 20 A-wide hole, passing
from one side of the molecule to the other. The new
reconstruction is likely to be a more faithful representa-
tion of the enzyme and to show more detail than the
previous one, because the data were more complete
and because crystal quality was improved, due primarily
to the use of the “loop transfer” procedure and a deter-
gent treatment to remove lipid, which gave better stain-
ing (Asturias and Kornberg, 1995). Moreover, density of
similar size and position was seen in the X-ray structure
of polymerase alone at 6 A resolution (Fu et al., 1999
[this issue of Cell]).

The polymerase and elongation complex c12 struc-
ture factors were aligned and scaled to each other, and

adifference map was obtained (Figure 5B) showing posi-
tive differences at 2.5 o above the mean. Difference
density was largely confined to one face of the polymer-
ase molecule, the face visible for the molecule shown
on the left in Figure 5. A polygonal part of the difference
density (labeled “d” in Figure 5B) almost entirely fills the
channel. It is connected (by the density labeled “a” in
Figure 5B) to the streptavidin density (“s” in Figure 5B).
Two additional protruding densities (“b” and “c” in Fig-
ure 5B) emanate from the polygonal density in the direc-
tions of the previously noted “25 A groove” and “narrow
channel” (Darst et al., 1991a).

Discussion

The difference density map obtained for the paused
elongation complex is readily interpreted in terms of the
configuration of nucleic acids known from biochemical
studies. The active center of bacterial and eukaryotic
RNA polymerases is asymmetrically located within a 15-
residue single-stranded region or transcription bubble,
about 3 residues from the downstream edge of the bub-
ble (Uptain et al., 1997). In our paused complex, all 11
base pairs upstream of the pause site are melted. This
is followed by another 3-4 base pairs of melted DNA to
the downstream edge of the bubble, and then 18-19
base pairs of duplex DNA (Figure 1B). Of the 14-16
bases of transcript RNA, 8-9 bases will be hybridized
to the template strand within the transcription bubble
(Figure 1B) (Uptain et al., 1997; Sidorenkov et al., 1998;
Nudler, 1999). In our difference map, streptavidin marks
the downstream end of the duplex DNA. A molecular
model of streptavidin and DNA downstream of the pause
site (Figure 6) fits well into the densities due to streptavi-
din and nucleic acid (“s” and “a” in Figure 5B). The
transcription bubble, at the upstream end of the 18-19
base pair duplex segment, may therefore be identified
with the polygonal density in the channel (“d” in Figure
5B). The surface of the enzyme beneath the transcription
bubble must include the active center cleft.

Further interpretation of nucleic acid paths on the
surface of the enzyme is more speculative. A protruding
density (“b” in Figure 5B) passes from the active center
into the 25 A groove and points toward the binding site
of TFIIB and TATA box DNA (Leuther et al., 1996). The
protruding density may be provisionally identified on
this basis with upstream DNA. It is positioned above the
location of subunits Rpb4 and Rpb7 in the surface of
wild-type yeast RNA polymerase Il (Jensen et al., 1997).
Another protruding density, which passes from the ac-
tive center into the narrow channel (“c” in Figure 5B)
could represent the remaining component that ema-
nates from the transcription bubble, nascent RNA. On
the basis of these ideas, the path of DNA across the
polymerase surface would run up the 25 A groove to
the 25 A channel, bend roughly 90° in the channel, and
then go straight for 15-20 base pairs before emerging
into solution. The flexibility of single-stranded DNA
within the transcription bubble would enable bending
in the channel. A 90° bend is consistent with scanning
force microscopy studies showing that DNA is more
severely bent after the transition to elongation, with a
resultant bend ranging from 90°to 100° (Rees et al., 1993;
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Figure 4. Reciprocal Space Coverage in 3D Reconstructions of RNA Polymerase Il and Streptavidin-Labeled, Paused Elongation Complex

For reconstructions of both RNA polymerase Il (left side) and paused elongation complex (right side), four statistics are presented in each of
16 regions of reciprocal space. The 16 regions are delimited by resolution and tilt-angular boundaries. In each region, the number in the upper
left corner is the percentage of possible structure factors that were measured adequately enough to be sampled. Because measurements
are dispersed nonuniformly along lattice lines, whether or not a structure factor is measured adequately to justify sampling can be somewhat
subjective. Thus, a statistic called the redundancy of measurement is reported in the upper right corner, which is defined as the average
number of measurements recorded that lie closer than half the sampling interval (= 0.00167 At in this case) to each sampled structure factor.
Note that only measurements in sampled regions of space are included. The number in the bottom left corner is the average phase error,
defined as the average phase difference between measurements within 1/(4T) in z*, where T is an estimate of the thickness of the molecule
in the direction perpendicular to the plane of the crystal, and z* is that direction in reciprocal space (here, T = 100 A). Again, only measurements
in sampled regions of space are included. The number in the bottom right corner is the number of phase comparisons used to determine the

average phase error.

Rippe et al., 1997). The DNA would not pass through a
hole in the channel as previously imagined, but rather
would be associated with the polymerase entirely on
one face. This would be consistent with the evidence
presented here for protein density blocking passage
through the channel (Figure 5A).

Our results confirm the proposal that the closed con-
formation of RNA polymerase, with an arm of protein
density surrounding the 25 A channel, is the form en-
gaged in transcription (Polyakov et al., 1995). The sug-
gestion that the arm encircles the DNA, however, would
appear inconsistent with our evidence for a DNA path
confined to one face of the enzyme. The arm may none-
theless serve as a clamp, through multiple contacts with
the downstream duplex DNA (labeled “a” in Figure 5B;
see also Fu et al., 1999). Such a clamp might well corre-
spond with the downstream DNA-binding site identified
in E. coli RNA polymerase on the basis of biochemical
studies (Nudler et al., 1996, 1998). In these studies, ap-
proximately 10 base pairs of downstream DNA were
tightly associated with polymerase and were vital for
elongation complex stability.

Our analysis provides a point of departure for interpre-
tation of a 6 A electron density map of RNA polymerase
Il from X-ray diffraction (Fu et al., 1999). The combination
of the DNA path deduced from electron crystallography
and the protein structure at higher resolution fits well
with results of cross-linking studies, mutagenesis, and

other approaches. Detailed structure—function correla-
tions await high resolution X-ray analysis of crystals of
a paused elongation complex (Gnatt et al., 1997) and
those of RNA polymerase Il alone.

Experimental Procedures

Elongation Complex Preparation and Characterization

RNA polymerase I, lacking subunits Rpb4 and Rpb7, was purified
from Saccharomyces cerevisiae by immunoaffinity chromatography
and stored in 500 pg aliquots as described (Edwards et al., 1991;
Gnatt et al., 1997). All tailed template DNA (Figure 1) was prepared
from synthetic oligonucleotides (Ana-Gen, Palo Alto, CA) that were
purified by denaturing polyacrylamide gel electrophoresis as de-
scribed (Gnatt et al., 1997). The biotin group, on the biotinylated
version of the template used to form paused elongation complexes
(Figure 1B), was attached to an additional nucleotide on the 3’-end
of the nontemplate strand by a 10-carbon linker. Oligonucleotides
were further purified and desalted with a Sep-Pak C18 column (Wa-
ters, Milford, MA), dried, and resuspended in water. Oligonucleotide
concentrations were determined by optical density measurements.
To determine precise relative concentrations, y-[*2P] end-labeled
long strands were titrated against unlabeled shorter strands and
monitored by nondenaturing 12.5% polyacrylamide gel electropho-
resis. Hybridization was performed in 50 mM Tris-Cl (pH 8.0), 1 mM
EDTA, and 30 mM ammonium sulfate by heating to 75°C for 10 min
followed by cooling to 20°C. Streptavidin (Boehringer Mannheim,
Indianapolis, IN) was resuspended to 15 mg/ml and stored in 50
mM Tris-Cl (pH 7.5), 60 mM ammonium sulfate, 10 mM DTT, 6 mM
MgSO,, 10% (v/v) glycerol at —70°C. Small aliquots were thawed at
4°C and diluted immediately before use.
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For each of three preparations of elongation complexes, 0.5 mg
of yeast RNA polymerase Il in 50% saturated ammonium sulfate was
thawed on ice and centrifuged at 13,000 rpm at 4°C for 30 min. The
supernatant was removed with a glass pipette and the protein was
resuspended in cold T, buffer (50 mM Tris-Cl [pH 7.5], 10 mM DTT,
6 mM MgSO,, 10 mM ZnSO,, 10% glycerol) to a conductivity that
matched that of Tg (T, containing 60 mM ammonium sulfate). The
protein concentration was determined (Bradford, 1976) with bovine
serum albumin (Sigma; St Louis, MO) as the standard. Template
DNA, in 30 mM ammonium sulfate, was added in 1.5-fold molar
excess over RNA polymerase Il. After 5 min at 20°C, HPLC-purified
ATP, GTP, and CTP (Amersham Pharmacia, Piscataway, NJ) were
added to final concentrations of 60 uM, 1 mM, and 1 mM respec-
tively. In order to radioactively label the nascent transcript, 50-100
wCi of a-[*?P]-ATP was added from a 25 mM, 10 u.Ci/ul stock solution
(Amersham Pharmacia). The reaction was allowed to proceed for
20-30 min at 28°C. Reaction volumes were between 0.5 and 1 ml.
Following incubation, the reaction mixture was loaded on a 1 ml
disposable FPLC heparin-Sepharose column (Biotech HiTrap-Seph-
arose; Amersham Pharmacia) previously washed with 10 column
volumes of Tsy, (T, containing 500 mM ammonium sulfate) and sub-
sequently equilibrated with 10 column volumes of Tg,. The elongation
complexes were passed through the column in Ty buffer under
manual pressure applied with a 10 ml syringe. Fractions of 300-500
wl were collected. The elongation complexes began to elute in the
second or third fraction and were recovered in a total volume of
about 1.5 ml. The fractions were pooled and subjected to 5-8 rounds
of concentration in a microcon-100 (Amicon, Beverly, MA) at 4500
rpm in a table top centrifuge at 4°C under argon for 20 min and
dilution in 50 mM Tris-ClI (pH 7.5) at 4°C, 60 mM ammonium sulfate,

Figure 5. Three-Dimensional Reconstructions
of RNA Polymerase Il and of Streptavidin-
Labeled, Paused RNA Polymerase Il Elonga-
tion Complexes

(A) The surface envelope of a newly deter-
mined 3D reconstruction of yeast RNA poly-
merase Il at 20 A contoured at 0.9 ¢ above
the mean. A two-fold axis in the plane of the
figure relates the two molecules shown,
which therefore present two opposite faces
of RNA polymerase II. The same channels and
grooves observed in earlier 3D reconstruc-
tions of RNA polymerase Il (Darst et al.,
1991a; Jensen et al., 1997) are seen here.
The turquoise arrows point to an additional
density, not seen in other reconstructions,
which partially blocks what was previously
thought to be a hole. Bar, 50 A.

(B) Three-dimensional positive differences
between streptavidin-labeled, paused elon-
gation complexes and RNA polymerase Il, su-
perimposed on the 3D reconstruction of RNA
polymerase |l. Differences 2.5 o above the
mean are shown in yellow, and the surface
of RNA polymerase Il is rendered as in (A).
Isolated, small difference densities less than
about 15 A in largest dimension could only
be due to noise and were omitted for clarity.
The molecular surfaces are slightly rotated
with respect to the view shown in (A) to show
the differences more clearly. Note that the
main, continuous difference occurs entirely
on one face (the face shown on the left) of the
molecule. A polygonal portion of this density,
labeled “d,” appears in the 25 Acleft, directly
connected by density “a” to that correspond-
ing to streptavidin, labeled “s.” Two other
protrusions of density, labeled “b” and “c,”
emanate from the cleft in the direction of the
“25 A groove” and the “narrow channel” iden-
tified earlier (Darst et al., 1991a).

10 mM DTT, 6 mM MgSO,, 10% (v/v) glycerol. The final round of
centrifugation served to concentrate the complexes to 0.5-2 mg/ml.
Final yields ranged from 25%-50% of total polymerase recovered in
elongation complexes.

Elongation complex transcript lengths were determined by extrac-
tion and denaturing gel electrophoresis of RNA as described (Gnatt
et al., 1997). Elongation complexes were tested for the capacity to
resume transcription by incubation with all four ribonucleotides (1
mM) for 30 min at 28°C, followed by extraction of RNA and denatur-
ing gel electrophoresis as described (Gnatt et al., 1997). Transcript
lengths, whether from paused complexes or from those allowed to
resume transcription, and regardless of the presence or absence
of a biotin end label, were in agreement with the lengths determined
previously (Gnatt et al., 1997). The efficiency of «-[*?P]-adenylate
incorporation ranged from 45%-100% as determined by scintillation
counting. Elongation complexes were >95% pure and homoge-
neous as judged by their characteristic mobility in a nondenaturing
gel (Gnattetal., 1997). To monitor streptavidin binding by gel electro-
phoretic mobility shift, elongation complexes prepared with biotinyl-
ated and nonbiotinylated template DNA were incubated with an
equimolar concentration of streptavidin for 5 min at 20°C. The com-
plexes were then adjusted to 7% (v/v) glycerol and 0.03% bromphe-
nol blue and electrophoresed in a 16 cm vertical 5% polyacrylamide
gel in 90 mM Tris-borate (pH 8.3), 2 mM EDTA at 20°C until the
bromphenol blue reached the bottom of the gel.

Lipid Layer Crystallography

Two-dimensional crystals of RNA polymerase |l alone, in binary
complexes with DNA, and in elongation complexes were formed on
positively charged lipids by the lipid layer crystallization method. In
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Figure 6. Modeling of Streptavidin and Downstream DNA in the
Streptavidin-Labeled, Paused Elongation Complex

A 22-base pair B-DNA model (orange) was positioned on the surface
of RNA polymerase Il in the location of difference density attributed
to downstream duplex DNA (“a” in Figure 5B). This amount of duplex
DNA was chosen to approximate the length downstream from the
pause site (3—-4 unpaired bases followed by 18-19 base pairs of
duplex DNA). The atomic coordinates of a streptavidin-biotin com-
plex (PDB ID code 1stp, shown in yellow) were attached to the DNA
model through an extended, 10-carbon chain, corresponding to the
linker present in our biotinylated templates. The biotin group and
10-carbon linker are buried within the streptavidin molecule and are
not visible in this view. The density due to streptavidin in Figure
5B differs in appearance from the streptavidin model shown here
because the former density represents an average of two unequally
imaged, symmetry-related molecules (Figure 3B). Bar, 50 A.

all cases, the concentration of RNA polymerase Il was 100 pg/ml
(~~190 nM) in 50 mM Tris-Cl (pH 7.5), 60 mM ammonium sulfate, 6
mM MgSO,, 10 mM DTT, and no more than 2% glycerol. Following
dilution to this final concentration, the protein was chilled at 4°C for
45 min. For binary complexes, the polymerase was incubated with
a 3-fold molar excess of DNA for 30 min at 20°C, prior to chilling. For
experiments with streptavidin, an 8-fold molar excess was added to
elongation complexes, followed by incubation for 45 min at 4°C.
Droplets of protein solution, 16-18 pl, were placed in 3.5 mm diame-
ter, 0.5 mm deep nylon wells at 4°C (Asturias and Kornberg, 1995).
The surface of the protein solution in the well was overlaid with a
lipid mixture containing 0.45 mg/ml L-a-phosphatidylcholine and
0.05 mg/ml stearylamine (both from Avanti Polar Lipids, Alabaster,
AL) in 1:1 (v/v) chloroform/hexane. After incubation for 9-12 hr at
4°C in a water-saturated argon atmosphere, crystals were trans-
ferred with a Pt/Pd loop to glow-discharged (45 s in water vapor
at 0.5-1 mbar) carbon-coated 400 mesh copper-rhodium electron
microscope grids (Ernest E. Fullam, Latham, NY) (Asturias and Korn-
berg, 1995). Thirty seconds after deposition on the grids, crystals
were washed with 3 pl of 0.05% (v/v) Tween-20 (Sigma), lightly
blotted from the side with Whatman #1 filter paper (Whatman, Kent,
England), washed with 3 pl of water, blotted again, and finally stained
with 3 pl of 1% (w/v) uranyl acetate for 45 s before blotting to
dryness. Care was taken never to allow the samples to dry com-
pletely until after staining.

Electron Microscopy, Image Processing,

and Structure Calculation

Electron micrographs were recorded on SO163 film (Eastman Ko-
dak, Rochester, NY) at a calibrated magnification of 34,300 at
defocus values of 300-700 nm (binary complex images at 640-830
nm) in low-dose mode using a CM12 transmission EM (Philips Elec-
tron Optics, Eindhoven, The Netherlands) operating at 100 kV with
a LaB, filament. For images of untilted crystals, the defocus value
was estimated from measurements of the positions of contrast
transfer function minima in 2D Fourier transforms calculated with
the program Digitalmicrograph (Gatan, Pleasanton, CA). The uncer-
tainty in the determination of defocus values was about = 50 nm.

For three-dimensional reconstructions, individual crystals were im-
aged at 4-6 (including 0° tilt) different tilt angles (up to 60°, the limit
of the goniometer). Suitable micrographs were selected by optical
diffractometry and digitized with a Leaf Scanner (Leaf Systems,
Southborough, MA) with a 10 um square pixel size. Images were
processed in the two-sided plane group pl (a = 220 = 2 ,7-\, b =
220 2A y=121°*1°0rc2(@=384 + 4A b =216+ 2A vy =
90° + 1°) as described (Darst et al., 1991b; Meredith et al., 1996)
by standard methods (Amos et al., 1982; Henderson et al., 1986;
Crowther et al., 1996). The same unit cell parameters were deter-
mined from micrographs of frozen hydrated 2D crystals of yeast
RNA polymerase Il (data not shown) obtained on a Philips CM12
with a LaBs filament but otherwise as described (Asturias et al.,
1998). (It proved impractical to collect sufficient data from frozen,
hydrated samples for the analyses presented here). After pro-
cessing, structure factors derived from individual images were
trimmed to a resolution within the first zero of the contrast transfer
function, or to a resolution where less than 25% of the expected
structure factors were recovered with an apparent signal:noise
ratio >1.4 (IQ < 6) (Henderson et al., 1986). Analysis of data from
untilted crystals showed that structure factors meeting these criteria
consistently merge with overall phase residuals of less than 60°,
whereas below the level set by these criteria, structure factors tend
to merge with greater phase errors. Smooth curves were fit to the
accumulated structure factors to produce reciprocal space lattice
lines. These curves were sampled at a spacing corresponding to a
unit cell 300 A thick to obtain 3D Fourier terms. Reconstructions
were visualized with the XtalView software package (McRee, 1999),
and surface envelopes were generated with the SYNU software
package (Figure 5) (Hessler et al., 1992) or the program RIBBONS
(Figure 6) (Carson, 1997). Rapid image processing was facilitated
in part by automated procedures (Jensen et al., 1997). Manipulation
of the DNA and streptavidin-biotin complex coordinates in relation
to the RNA polymerase || map to generate Figure 6 was performed
with the program O (Jones et al., 1991).

Difference Calculations

All crystals obtained were isomorphous, allowing direct difference
calculation after appropriate trimming, scaling, and alignment. Two-
dimensional difference maps were calculated between data sets
where pairs of images between sets were matched for mean defocus
to within 20 nm. Projection maps were scaled in real space, minimiz-
ing the cumulative difference between corresponding pixels by lin-
ear regression. Control difference projection maps were calculated
by splitting the data for each average map into two groups and
calculating the difference. The resultant control difference maps
were featureless with few, small and asymmetrically distributed dif-
ferences at + 2.5 o (data not shown). For the 3D difference calcula-
tion, each set of structure factors was almost complete to 20 A with
a missing cone of data of 40° (Figure 4). All structure factors beyond
these limits were discarded. Amplitude scaling was done in the
following resolution bins: «-50 A, 50-40 A, 40-34 A, 34-30 A, 30-27 A,
and 1 A bins thereafter. Reconstructions were aligned as described
(Jensen et al., 1997). Three-dimensional differences were calculated
directly in real space or equivalently in reciprocal space by vector
subtraction.
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