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Introduction

The C-terminal domain (CTD) of the largest
subunit of RNA polymerase II (pol II) contains a
seven-amino acid motif, tandemly repeated 27 times
in yeast and 52 in man, with a consensus sequence
(Tyr-Ser-Pro-Ser-Thr-Pro-Ser) that is highly con-
served across species (Corden, 1990). Unique to pol
II, the CTD is essential for cell viability and plays a
central role in the regulation of mRNA synthesis
in vivo. The CTD is also required for initiation of
transcription and for the response to activator
proteins at some promoters in vitro (Thompson
et al., 1989; Lee & Greenleaf, 1991; Kang & Dahmus,
1993; Buermeyer et al., 1995; Gerber et al., 1995).
While mechanisms have not been established, there
is biochemical and genetic evidence for the
involvement of many CTD-interacting proteins in
transcription (Conaway et al., 1992; Koleske et al.,
1992; Usheva et al., 1992; Serizawa et al., 1993;
Thompson et al., 1993; Kim et al., 1994; Maxon et al.,
1994; Yuryev & Corden, 1994).

The CTD undergoes a cycle of extensive
phosphorylation and dephosphorylation at every
round of transcription initiation, and the murine
CTD is also glycosylated (Kelly et al., 1993; Zawel
et al., 1993; Dahmus, 1995). Serine, threonine and
tyrosine residues in the CTD are all targets of
phosphorylation, and a number of kinases capable
of these modifications, as well as a CTD-specific

phosphatase, have been described (Feaver et al.,
1991; Lee & Greenleaf, 1991; Zhang & Corden,
1991a; Lu et al., 1992; Baskaran et al., 1993; Dvir
et al., 1993; Chambers & Dahmus, 1994; Svejstrup
et al., 1994). Purified preparations of pol II contain
relatively unphosphorylated and hyperphosphory-
lated forms, denoted IIa and IIo, respectively. There
are many indications that the IIa form is favored for
entry into preinitiation complexes, while the IIo
form is associated primarily with elongation
complexes (Lu et al., 1991; Chesnut et al., 1992;
Greenleaf, 1993; Kang & Dahmus, 1993; O’Brien
et al., 1994). Phosphorylation has been suggested to
alter either the conformation of the CTD or its
affinity for other components of the transcriptional
machinery.

The structure of the CTD has proved difficult to
establish. NMR and circular dichroism studies of a
synthetic peptide containing eight repeats of the
consensus sequence (Cagas & Corden, 1995), the
minimum number required for viability of yeast
(Nonet et al., 1987; West & Corden, 1995), suggested
an extended conformation with successive beta
turns and apparent right-handed helical symmetry.
Similar results were obtained from circular dichro-
ism studies of synthetic peptides containing either
one or approximately 83 to 97 consensus repeats,
but in this case a left-handed helical structure
was proposed (Nishi et al., 1995). Yet additional
structures have been put forward based on
modeling (Matsushima et al., 1990; Suzuki, 1990).
Finally, an increase in the apparent Stokes radius of
bacterially expressed murine CTD upon phos-
phorylation by a purified kinase points to a more

Abbreviations used: CTD, C-terminal domain; pol II,
polymerase II; 2-D, two-dimensional; 3-D, three-
dimensional.
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extended conformation following modification
(Zhang & Corden, 1991b).

The three-dimensional (3-D) structure of yeast
RNA polymerase II in form IIa has been determined
by electron crystallography of 2-D crystals in
negative stain at 16 Å resolution (Darst et al., 1991a).
Notable features of the structure include a 25 Å
channel, thought to bind duplex DNA, and a finger-
like extension having about 75% of the volume
expected for a globular domain with the mass of the
CTD. We report here on the location and conform-
ation of the CTD in this polymerase structure.

Results

A mutant strain of yeast was constructed with a
12CA5 monoclonal antibody recognition site and
two factor Xa protease cleavage sites interposed
between the CTD and the rest of the largest
polymerase subunit (Niman et al., 1983; Wilson
et al., 1984; Li & Kornberg, 1994). Factor Xa cleavage
of the purified enzyme yielded a CTD-less poly-
merase, with activity that was indistinguishable
from that of the intact molecule in transcription
reconstituted with purified proteins in vitro (Li &
Kornberg, 1994). The strain was further modified
for removal of pol II subunits 4 and 7, shown
previously to facilitate crystallization (Edwards
et al., 1991). Enzyme isolated from this strain
(YLC2D4) and cleaved with factor Xa (CTD-less
D4/7 pol II) formed 2-D crystals isomorphous with
those of intact D4/7 pol II, allowing difference
Fourier analysis.

As previously reported, a unit cell of the 2-D
crystals contained a central pair of enzyme
molecules, related by an apparent dyad between the
molecules in the plane of the crystal (Figure 1a;
Darst et al., 1991b). In view of slight differences
between these two molecules in negative stain, we
preferred to perform image processing in plane
group p1. Ten electron micrographs of both
CTD-less D4/7 pol II and D4/7 pol II crystals in
projection were subjected to image processing,
averaging of Fourier components, and Fourier
synthesis. Both data sets were complete to 15.7 Å
resolution, and the resulting electron density maps
were essentially the same as those previously
obtained (Darst et al., 1991a,b). A Fourier difference
map between the two data sets (Figure 1b)
contained appreciable density at many sites.
Statistical analysis allowed some discrimination
amongst these sites. The micrographs were individ-
ually subjected to image processing and Fourier
synthesis, yielding two sets of electron density
maps, which were compared pixel-by-pixel with the
use of a Student’s t-test where variances were not
assumed to be equal (Milligan & Flicker, 1987;
Mendenhall & Sincich, 1988). The resulting statisti-
cal significance map, contoured at the 99.95%
confidence level (Figure 1c), contained peaks along
one edge of the polymerase molecule and at one
intermolecular contact. These peaks were appar-
ently real, since they did not appear upon splitting

a set of electron density maps in two and computing
statistical significance maps between the half sets
(data not shown). These results are inconclusive,
since there are multiple peaks, most smaller than
the diameter of about 30 Å expected for a globular
domain having the mass of the CTD.

More definitive evidence was obtained through
binding of a 12CA5 antibody fragment. In the
mutant pol II described above, an epitope for
antibody binding was located at the C terminus of
the largest subunit following factor Xa cleavage for
removal of the CTD. A large excess of anti-epitope
Fab was added to the CTD-less enzyme (epi-CTD-
less D4/7 pol II) prior to crystallization. Large,
well-ordered 2-D crystals were less abundant in the
presence of Fab, but were isomorphous with those
obtained in its absence. Five images were processed
and averaged, yielding data complete to 20.0 Å
resolution. A Fourier difference map (Figure 1d)
between these data and those described above for
the CTD-less enzyme, truncated to 20.0 Å, con-
tained a major, ellipsoidal density along the edge of
one molecule, a lesser density in the same location
on the apparent dyad-related molecule, and small
peaks near the 25 Å channel of one of the molecules.
A statistical difference map, contoured at the 99.95%
confidence level (Figure 1e), contained the major,
ellipsoidal density and peaks near the 25 Å channel.
The shape and dimensions of the ellipsoidal density
were in good agreement with those of an Fab in
negative stain (Boisset et al., 1993; Smith et al., 1993).
The location of this density corresponded with that
of the peaks along the lower edge of a polymerase
molecule in the difference map between intact and
CTD-less enzymes (Figure 1c).

As a control, intact D4/7 pol II (lacking an epi-
tope tag) was crystallized in the presence of anti-
epitope Fab. Six images were processed and aver-
aged, and data to 20.0 Å resolution were subtracted
from that of the cocrystal of Fab with epi-CTD-less
D4/7 pol II described above. Any contribution
arising from non-specific Fab binding should be
removed in this way. While the resulting Fourier
difference map (Figure 1f) still exhibited extraneous
density, a statistical significance map (Figure 1g)
contained only peaks in the location of the Fab and,
to a lesser extent, in the corresponding location on
the apparent dyad-related polymerase molecule.
Peaks in the vicinity of the 25 Å channel were
eliminated. The density in the location of the Fab
may have appeared fragmented because data for
intact polymerase were subtracted from that for
CTD-less enzyme, resulting in a negative contri-
bution from the CTD. In support of this possibility,
adding back the CTD by superposition of statistical
significance maps reconnected the fragmented
density and filled out the profile of the Fab (Figure
1h). Two types of experiment, removal of the CTD
and binding of Fab, thus gave consistent results and
pointed to a region on the surface of the polymerase
from which the CTD likely extends into solution.

Inasmuch as the difference between intact and
CTD-less polymerases failed to reveal a single
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contiguous region of the size expected, the CTD
must possess a degree of conformation mobility. We
therefore examined the previously determined 3-D
density map for comparatively weak features, by
contouring at lower levels in space group P1. On
reducing the contour level only slightly, from 1.8 to
1.0 standard deviations above the average, a new
density appeared in the location of the CTD
(Figure 2). Remarkably, there was no other sig-
nificant new feature at the lower contour level. The

new density was connected to the body of the
polymerase by a slender neck that coincided with
the location of one end of a bound Fab as seen in
projection (Figure 1e), consistent with an epitope at
the base of the CTD interacting with the tip of the
Fab. The new density appeared flattened against a
surface parallel to the plane of the crystal (possibly
either the lipid layer on which the crystal was
grown or the carbon film on which it was deposited,
although the orientation of the crystal with respect

Figure 1. Projection maps of yeast
RNA polymerase II and of differ-
ences due to deletion of the CTD or
to Fab association with an epitope at
the base of the CTD. a, Outlines of
CTD-less D4/7 pol II molecules in
2-D crystals. The two polymerase
molecules in the center of the p1
unit cell indicated (a = 234 2 2 Å,
b = 231 2 2 Å, g = 120 2 0.5°) are
related by an apparent dyad axis in
the plane of the crystal (heavy
vertical line). Features noted: A, a
finger-like extension, previously
suggested to be due to the CTD
(Darst et al., 1991a); B, a channel
about 25 Å in diameter, suggested to
bind duplex DNA (Darst et al.,
1991a); and C, approximate sites of
attachment of the CTD determined
in this work, symbolized by open
and filled circles for density extend-
ing into and out of the page
respectively. b, Fourier difference
map between average images of
D4/7 pol II crystals and CTD-less
D4/7 pol II crystals. c, Statistical
significance map of the difference in
b. d, Fourier difference map be-
tween average images of Fab:epi-
CTD-less D4/7 pol II cocrystals and
CTD-less D4/7 pol II crystals.
e, Statistical significance map of
the difference in d. f, Fourier differ-
ence map between average images
of Fab:epi-CTD-less D4/7 pol II
cocrystals and Fab:intact D4/7 pol II
cocrystals. g, Statistical significance
map of the difference in f.
h, Superposition of the statistically
significant positive peaks in c (in
black), e (in white), and g (in grey)
on the molecular outlines in a; the
negative peaks are indicated by
broken lines. In b, d, and f, dif-
ferences in projection 2.0 standard
deviations and greater above the
average, contoured at steps of 0.5
standard deviations, are shown in
grey, superimposed on the molecu-
lar outlines in a. Differences 2.0
standard deviations below the aver-
age, contoured at the same step size,

are indicated by broken lines. In c, e, and g, positive significance peaks at the 99.95% confidence level, determined by
pixel-by-pixel application of a two-sided Student’s t-test, are shown in black superimposed on the molecular outlines
in a, while negative peaks are indicated by broken lines. Details of average images are given in Table 1.
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Table 1. Details of averaged datasets
Average
phase

No. of No. of error Resolution No. of
Dataset images molecules (°) (Å) reflectionsa

Intact CTD 10 18,000 20.6 15.7 286/294
D4/7 pol II
CTD-less 10 46,000 24.7 15.7 286/294
D4/7 pol II
Fab:epi-CTD-less 5 7500 25.4 20.0 172/185
D4/7 pol II cocrystals
Fab:D4/7 pol II cocrystals 6 21,000 20.3 15.7 283/294

a Number of reflections with a signal to noise ratio greater than one observed over the number of
reflections possible within the stated resolution limit.

to the supporting surface is unknown). This density
occupied a volume about four times that expected
from the mass of the CTD and may therefore
represent multiple conformations of the CTD,
constrained by interaction with or by steric
hindrance due to an adjacent planar surface. The
lack of a corresponding density on the apparent
dyad-related polymerase molecule may reflect a

lack of constraint on a CTD extending in the
opposite direction, relative to the plane of the
crystal. In the projection maps of Fab cocrystals
described above, one of the apparent dyad-related
polymerase molecules failed to display associated
Fab density. Fab may have been present, bound at
the site of attachment of the CTD to this molecule,
but not uniquely oriented due to flexibility of the
residues immediately preceding the CTD, and so
not revealed at the contour level used. That there is
flexibility in this region of the largest subunit of pol
II is consistent with previous molecular genetic
studies showing a tolerance to insertions in this
region in vivo (Li & Kornberg, 1994).

Discussion

These results rule out the previous suggestion
that a finger-like extension from the polymerase
structure noted above (Figure 1a) might be due to
the CTD (Darst et al., 1991a). This extension is
unaffected by removal of the CTD (Figure 1b,c) and
the site of attachment of the CTD demonstrated here
is on the opposite side of the polymerase molecule.
The location of the CTD is further of interest
because it identifies a region of the polymerase
structure occupied by the largest subunit, Rpb1.
The site of attachment of the CTD is the C terminus
of Rpb1 of the CTD-less enzyme, and the 25 Å
channel noted above (Figure 1a) is also likely
formed, at least in part, by Rpb1 (Allison et al., 1985;
Sweetser et al., 1987; Darst et al., 1991a), defining
two boundaries of this subunit within the structure.

In view of the several lines of evidence presented
here for conformational mobility of the CTD, the
appearance of density due to this domain in the 3-D
structure was fortunate, probably owing to the lipid
layer crystallization procedure and preservation in
negative stain. The CTD is evidently so mobile and
unstructured as to be fully penetrated by stain
when not constrained against a surface. This is
consistent with recent results from NMR and
circular dichroism studies of synthetic CTDs
mentioned above (Cagas & Corden, 1995; Nishi
et al., 1995). Further, an Fab bound at the base of the
CTD appeared to be barely visible in the absence of
a surface constraint, suggesting that the point of
attachment of the CTD to the body of the

Figure 2. Three-dimensional model of D4/7 RNA
polymerase II showing the CTD. The protein surface from
electron crystallography in negative stain, processed as
space group P1, contoured at 1.8 standard deviations
above the average density (Darst et al., 1991a), is shown
in green, while results of contouring the same data at 1.0
standard deviations above the average are in purple. The
right-most molecule of an apparent dyad pair is viewed
here following rotation 6° around the vertical axis (b) in
Figure 1a and 18° around the horizontal axis (perpendicu-
lar to the b axis in the plane of crystallization). The
finger-like projection, A, and the 25 Å channel, B, of
Figure 1a are labelled. Density due to the CTD is indi-
cated by an arrow. The image was generated with the pro-
gram package SYNU (Hessler et al., 1992) and edited to
remove extraneous density from neighboring D4/7 pol II
molecules with the program Adobe Photoshop 3.0.
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polymerase molecule is flexible as well. Deletions or
substitutions in the sequence immediately preced-
ing the CTD may shed light on the importance of
such flexibility for polymerase function.

The results presented here form a basis for
comparison with modified forms of the domain and
its association with other molecules. The analysis
may be repeated with the CTD in a hyperphospho-
rylated state, suggested to induce a more extended
conformation of the domain. Future studies may
also be directed towards cocrystals with CTD-bind-
ing proteins, such as kinases (Cisek & Corden,
1989; Payne et al., 1989; Lee & Greenleaf, 1991;
Stone & Reinberg, 1992; Baskaran et al., 1993;
Dvir et al., 1993; Feaver et al., 1994; Liao et al., 1995),
phosphatases (Chambers & Dahmus, 1994), and a
multiprotein mediator complex whose interaction
with the CTD is necessary for both activation and
repression of transcription (Kim et al., 1994; Li et al.,
1995).

Materials and Methods

Plasmids and strains

Plasmid pSPL8 was constructed by insertion of a 2.9 kb
EcoRV/SalI genomic fragment from pRP41 that contained
the entire RPB4 coding sequence into EcoRV/XhoI sites of
pSP73 (Promega) (Woychik & Young, 1989). The 1.6 kb
PvuII/SpeI fragment of pSPL8 containing the majority of
the RPB4 coding sequence was replaced by a 3.81 kb
XbaI/BamHI fragment containing a hisG-URA3-hisG
insert (Alani et al., 1987) from pSPK/O (derived from
pSP73, a gift from Brad Cairns) to give pSPL9. For this
purpose, pSPK/O was digested with BamHI, followed by
treatment with DNA polymerase I large fragment to fill
in the ends, and digestion with XbaI. Plasmid pSPL9 was
digested with BamHI and used to transform Saccha-
romyces cerevisiae strain YLC2 (MATa ura3-52 leu2-3
leu2-112 his3-D300 rpb1-187::HIS3/[YCpL14 (LEU2 CEN4
RPB1-epi2FXa)]) by the method of Rothstein to yield
strain YLC2D4 (MATa ura3-52 leu2-3 leu2-112 his3-D300
rpb1-187::HIS3 rpb4D1::URA3/[YCpL14 (LEU2 CEN4
RPB1-epi2FXa)]) (Rothstein, 1983; Li & Kornberg, 1994).
The replacement of the genomic RPB4 sequence was
confirmed by Southern blot analysis.

IgG purification and Fab preparation

Monoclonal 12CA5 IgG was purified from murine
ascites (Babco) on Protein A-Sepharose (Sigma) following
precipitation with 50% ammonium sulfate. Fabs were
obtained by elastase (Boehringer Mannheim) cleavage of
mAb 12CA5 followed by separation from uncleaved IgG
and residual Fc fragments on Protein A-Sepharose as
described for murine isotype 2b IgG (Parham, 1983).

Specimen preparation

RNA polymerases, prepared as described (Edwards
et al., 1990; Li & Kornberg, 1994) were crystallized on
lipid layers (Darst et al., 1991b) in nylon wells (Asturias
& Kornberg, 1995) from solutions containing 70 to 100 mg
protein/ml, 50 mM Tris-HCl (pH 7.5), 60 mM (NH4)2SO4,
10% (v/v) glycerol, 5 mM spermidine, 5 mM dithiothrei-
tol under argon on a motion-free table for 8 to 12 hours
at 4°C. Where Fabs were used, they were added in 45-fold

molar excess over RNA polymerase at a reduced
dithiothreitol concentration of 1 mM and allowed to bind
for 45 minutes at room temperature, followed by one hour
at 4°C, prior to crystallization. Crystals were transferred
to glow-discharged carbon-coated 400 mesh electron
microscope grids, washed with 0.05% (v/v) Tween-20,
washed with water, and stained with 1% (w/v) uranyl
acetate as described (Asturias & Kornberg, 1995).

Electron microscopy and image processing

Images were recorded on a Philips EM400T with a
100 kV accelerating voltage under low dose conditions
(<10 electrons per Å2) at a magnification of 37,300× on
Kodak SO163 film. A defocus of about 3000 Å yielded
images with a contrast transfer function with its first zero
corresponding to about 10 Å resolution. Suitable images
were selected by optical diffractometry, digitized with
a Perkin Elmer scanning microdensitometer at 20 mm
square pixel-size, and processed by standard methods
(Amos et al., 1982; Henderson et al., 1986; Darst et al.,
1991b).

Difference calculation and statistical analysis

Scaled Fourier differences were calculated as described
(Kubalek et al., 1987). Significance maps were calculated
with a Student’s t-test statistic (Milligan & Flicker, 1987)
modified for small sample size where population
variances were not assumed to be equal (Mendenhall &
Sincich, 1988).
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