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Structure of Saccharomyces cerevisiae DNA polymerase
epsilon by cryo–electron microscopy
Francisco J Asturias1, Iris K Cheung1,3, Nasim Sabouri2,3, Olga Chilkova2, Daniel Wepplo1 & Erik Johansson2

The structure of the multisubunit yeast DNA polymerase e (Pol e) was determined to 20-Å resolution using cryo-EM and
single-particle image analysis. A globular domain comprising the catalytic Pol2 subunit is flexibly connected to an extended
structure formed by subunits Dpb2, Dpb3 and Dpb4. Consistent with the reported involvement of the latter in interaction
with nucleic acids, the Dpb portion of the structure directly faces a single cleft in the Pol2 subunit that seems wide enough
to accommodate double-stranded DNA. Primer-extension experiments reveal that Pol e processivity requires a minimum length
of primer-template duplex that corresponds to the dimensions of the extended Dpb structure. Together, these observations
suggest a mechanism for interaction of Pol e with DNA that might explain how the structure of the enzyme contributes to
its intrinsic processivity.

DNA replication involves a large set of proteins acting in a concerted,
well-orchestrated fashion to carry out precise replication of a cell’s
genome at every cell division. Eukaryotic cells use a large number of
template-dependent DNA polymerases to accomplish the task1,2.
Some of these enzymes are directly involved in DNA replication,
whereas others participate in the equally important process of DNA
repair. DNA polymerases vary in size and complexity from small,
single-subunit viral polymerases to large, multisubunit eukaryotic
enzymes. X-ray crystallographic studies suggest that all DNA poly-
merases might share a two–metal ion polymerization mechanism3.
However, consistent with the large range of their complexity and
organization, they show varying degrees of processivity, fidelity and
catalytic efficiency, and they also differ with regard to their template
preferences. Absent until now has been any structural information
about multisubunit eukaryotic DNA polymerases that could help to
understand their functional properties.

The precise function of Pol e during DNA replication has not been
fully established, but several lines of evidence suggest that it has an
important role. In vitro DNA replication in cell-free Xenopus extracts is
dependent on Pol e4,5. Genetic experiments and chromatin immuno-
precipitation assays have shown that Pol e is active at the origins of
replication6 and that it travels with the replication fork7. Furthermore,
genetic experiments in yeast have demonstrated that Pol e and Pol d
proofread opposite DNA strands8,9, suggesting a model in which each
one of the polymerases is responsible for replication of a DNA strand.
Consistent with this ‘one DNA polymerase per strand’ hypothesis,
both Pol e and Pol d are purified from yeast cell extracts with a single
catalytic subunit10,11. A number of studies have established that Pol d

is the lagging-strand DNA polymerase12–15, bringing up the possibility
that Pol e might be responsible for leading-strand replication.

Pol e comprises four different subunits (Pol2, 256 kDa; Dpb2,
79 kDa; Dpb3, 23 kDa; Dpb4, 22kDa) with a combined molecular
weight of 379 kDa10,16. Pol2 is the catalytic subunit, containing the
polymerase active site as well as the site with exonuclease activity
responsible for Pol e’s proofreading function17. Notably, the
C-terminal 120-kDa portion of Pol2 is essential even though it does
not contain any catalytic activities. This suggests that, besides its
polymerase and proofreading activities, Pol e is also involved in other,
as yet unidentified essential functions18,19. With regard to the other
Pol e subunits, genetic analysis identifies DPB2 as an essential gene in
S. cerevisiae that is phosphorylated by cdc28 in a cell cycle–dependent
manner20,21. DPB3 and DPB4 are not essential, but their deletion
results in phenotypic changes22,23. Both Dpb3 and Dpb4 contain
histone-fold motifs24, and Dpb4 has been found as a component of
a chromatin-remodeling complex in both S. cerevisiae and human
cells, suggesting involvement of Pol e in the inheritance of hetero-
chromatin configurations that convey specific epigenetic informa-
tion25. Finally, recombinant Dpb3 and Dpb4 form a stable complex
with appreciable affinity for double-stranded DNA26.

We set out to determine the structure of S. cerevisiae Pol e using
macromolecular cryo-EM and single-particle image analysis, and we
found that the enzyme comprises two largely separate domains joined
by a flexible connection. A model based on consideration of structural
and functional information is presented in which we suggest that the
two Pol e domains have specific functions, enabling Pol e to be
processive in the absence of an auxiliary DNA clamp (PCNA).
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RESULTS
Determination of a Pol e structure from single-particle images
Individual Pol e particles adsorbed to a continuous carbon support
film and preserved in uranyl acetate were imaged in the electron
microscope at 01 and 551. Interaction with the support film caused
most of the molecules to adopt similar orientations, and in the zero-
tilt micrographs Pol e particles appeared elongated. A total of 1,159
zero-tilt particle images were subjected to reference-free alignment,
which resulted in an average projection map in which two domains
were apparent. Multivariate statistical analysis and hierarchical ascen-
dant classification27 were used to segregate particles into more
homogeneous subgroups. The first group seemed to include particles
with variable conformation, orientation or both, as the group average
was blurred and only one of the domains apparent in the overall
average was easily distinguishable. A second group included relatively
homogeneous particle images. Finally, a third group included images
where two domains were distinguishable but not particularly well
defined. The particles in the most homogeneous (second) group were
used to calculate an initial three-dimensional reconstruction (Fig. 1,
top row) using the random conical tilt method28. Projections of this
initial reconstruction were used in an iterative projection matching
procedure to incorporate information from additional views of the
structure, which resulted in a somewhat improved reconstruction with
a resolution of B26 Å (estimated by Fourier shell correlation29) and a
volume roughly corresponding to the molecular weight of Pol e
(B380 kDa) (Fig. 1, bottom row). The Pol e structure comprises a
globular domain connected to a more extended tail-like structure. The
improved reconstruction calculated from stained specimens was used
as reference for classification and alignment of images of unstained,
frozen-hydrated Pol e particles.

About 13,000 images of unstained Pol e particles were selected from
micrographs recorded from specimens preserved in amorphous ice.
Pol e particles could be clearly recognized in the unstained images
(Fig. 2a). To ascertain whether the Pol e structure calculated from
stained specimens was adequate for classification and alignment of the
many different projections likely to be obtained from frozen-hydrated
specimens, unstained images in groups generated by classification
against projections of the Pol e reconstruction in stain were subjected
to multiple rounds of reference-free alignment. The resulting
reference-free group averages appear somewhat blurred owing to
inclusion in each class of images with varying degrees of defocus,
but they nonetheless match the corresponding reference projections
(Fig. 2b,c), thereby establishing the quality of the data obtained from
frozen-hydrated specimens and the adequacy of the reference structure
for classification of unstained images into homogeneous groups. Next,
the unstained Pol e images were divided into groups according to their
defocus value and subjected to an iterative refinement by a projection
matching procedure30 to calculate a Pol e reconstruction at a resolu-
tion of B23 Å (estimated by Fourier shell correlation29). The
reconstruction was improved by increasing the number of images in
the data set to 19,240 and by including images collected closer to focus
(the defocus range for the final data set was 0.9–3.20 mm), resulting in
a final Pol e reconstruction with a resolution of B20 Å (Fig. 3).

Localization of Pol e subunits
To establish the location of the catalytic Pol2 subunit, images of
purified Pol2 subunit particles preserved in stain were recorded, and
the random conical tilt reconstruction technique was used to calculate
a Pol2 reconstruction with a resolution of B35 Å (Fig. 4a). The Pol2
reconstruction resembled the globular portion of the Pol e structure.
Further refinement of the Pol2 volume using an iterative projection

matching procedure resulted in an improved Pol2 reconstruction with
a resolution of B20 Å (Fig. 4b,c) and a volume consistent with the
molecular weight of the Pol2 subunit (B260 kDa), whose structure
corresponds to that of the globular portion of the Pol e reconstruction
(shown in Fig. 3). Reference-free class averages calculated from the
Pol2 image data set correspond to projections of the globular portion
of the Pol e structure (Fig. 4d), bolstering the conclusion that the Pol2
subunit constitutes the globular portion of the Pol e structure. In
agreement with this observation, the elution volume for the Pol2
subunit from a Superose12 gel-filtration column is that which would

TopFront

501221437

1,159

a

b

Figure 1 Classification and initial analysis of Pol e particle images.

(a) Reference-free alignment and classification of zero-tilt images of

Pol e particles preserved in negative stain. Particles adopt a number of

closely related orientations when deposited on a continuous amorphous

carbon film support, as evidenced by the appearance of the reference-free

average obtained from 1,159 particle images (top). Three groups of particles
were identified by multivariate statistical analysis and hierarchical ascendant

classification. A first group (bottom left, 437 particles, 37% of the total)

included images with variable conformation, orientation or both, as

evidenced by the blurred appearance of the group average. A second

group (bottom center, 221 particles, or 20%) included images with a

homogeneous, well-defined conformation, evidenced by the sharpness of the

group average, in which two domains are clearly distinguishable. Finally, a

third group (bottom right, 501 particles, or 43%) included images where

two domains were also distinguishable but not particularly well defined,

suggesting variability in the conformation of the particles. The particles in

the most homogeneous (second) group were used to calculate an initial

Pol e three-dimensional reconstruction. (b) Two reconstructions of the Pol e
structure calculated from images of particles preserved in stain. An initial

reconstruction was calculated from 331 image tilt pairs using the random

conical tilt method (top row). That reconstruction was used as the initial

model to calculate reference projections for a projection matching

procedure, which resulted in inclusion of additional information from images

of particles in slightly different orientations (bottom row). This resulted in an
improved reconstruction with a resolution of B26 Å (estimated by Fourier

shell correlation). Scale bar represents 100 Å.
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be expected for a globular protein with a molecular mass of B256 kDa
(data not shown). The implication is that the extended tail domain in
the Pol e structure must include the remaining subunits, Dpb2, Dpb3
and Dpb4. In agreement with this interpretation, frictional coefficient
measurements have suggested an extended conformation of the
Dpb3–Dpb4 subcomplex26.

Biochemical data indicates that subunit Dpb2 interacts directly with
the C terminus of Pol2 (ref. 31), and we were able to isolate and purify
a stable Pol2–Dpb2 complex. Imaging of the Pol2–Dpb2 complex after
preservation in stain showed particles like the ones present in the Pol2
samples except that an extended density (which seemed variable in
conformation) could be seen emanating from the globular portion of
the structure. A three-dimensional reconstruction of the Pol2–Dpb2
complex was calculated, using as an initial reference the structure of
the Pol2 subunit filtered to 40-Å resolution. Refinement of the data
resulted in a Pol2–Dpb2 reconstruction with a resolution of B20 Å.
Comparison of the Pol2 and Pol2–Dpb2 reconstructions (Fig. 5)
reveals the presence of additional density in the area where the Pol2
subunit connects to the extended portion of the Pol e structure. The
additional density is much smaller than what would have been
anticipated on the basis of the molecular weight of Dpb2 (79 kDa),
which should account for a substantial portion of the extended tail
domain in the Pol e structure. This indicates that the position of Dpb2
in the Pol2–Dpb2 complex is highly variable, something we antici-
pated from the appearance of Pol2–Dpb2 single particles, which show
a density with a variable structure extending from the globular Pol2
portion of the complex. The Pol2–Dpb2 connection must be flexible
and Dpb2 mobility must be greatly increased in the absence of
subunits Dpb3 and Dpb4. The presence and behavior of the Dpb2
subunit must have a marked effect on the hydrodynamic properties of
the Pol2–Dpb2 complex, because the elution volume of Pol2–Dpb2
from a Superose6 column is unchanged when compared to that of
Pol e (data not shown).

Notably absent in the Pol2 structure is an
unobstructed channel that could facilitate
interaction with a straight, continuous DNA
substrate. Only one opening, facing the
extended tail domain formed by subunits
Dpb2, Dpb3 and Dpb4, appeared wide
enough to accommodate double-stranded
DNA upstream of the primer-template junc-
tion, and we suspected that this cleft might
grant access to the polymerase and exonu-
clease active sites in the Pol2 subunit. Sub-
units Dpb3 and Dpb4 have been reported to
interact with double-stranded DNA26, and
the shape and position of the extended tail
appear ideally suited for interaction with the
helical structure of double-stranded DNA. A
minimal length of double-stranded primer
DNA would be required for full interaction
with the extended structure of the tail, and in
the absence of an auxiliary DNA clamp, the
processivity of Pol e should be compromised
for double-stranded primers shorter than the
length of the tail. This proposition (Fig. 6a)
was tested by performing a series of primer-
extension assays to analyze whether varying
lengths of double-stranded primer DNA
would influence the processivity of Pol e.

Primer-extension assays
To study the effect of double-stranded primer DNA length on Pol e
processivity, a series of primer-extension assays were carried out using
primer-template duplexes assembled from purified oligonucleotides of
precisely determined lengths. Processivity was measured by determin-
ing the termination probability at each position on a template32,33. To
ensure that each replication product would correspond to a single Pol
e–DNA binding event (thereby reflecting the processivity of the
enzyme), the assays were run under conditions that minimized the

a

b

c

Figure 2 Evaluation of unstained Pol e images from specimens preserved in amorphous ice. (a) A

gallery of representative particle images selected from micrographs of unstained specimens, in which

Pol e particles are recognizable. (b) Some of the projections of the Pol e structure calculated from

specimens preserved in stain, which were used as references for classification and alignment of

unstained Pol e images. (c) Averages obtained by reference-free alignment of members of groups

generated by classification against projections of the Pol e reference structure. The averages are

somewhat blurred owing to inclusion of images with varying defocus values. Nevertheless, the similarity

to the corresponding reference projections shown in b confirms that the unstained particle images

contain useful structural information and that projections of the structure calculated from specimens

preserved in stain are adequate references for alignment of unstained images.

1/101/200

0.25

Å–1

0.50

0.75

1.00

Side

90°

90°

Top

Front

Figure 3 Structure of Pol e calculated from images of Pol e particles

preserved in amorphous ice. Pol e has an elongated structure comprised by

a globular domain joined by a thin connection to a more extended one. The

resolution of the final reconstruction was estimated at B20 Å by Fourier

shell correlation (lower right). Scale bar represents 100 Å.
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probability that a Pol e molecule would initiate synthesis on a
previously extended primer. These so-called single-hit conditions
require the presence of a large molar excess of primer, and when
they are reached, the distribution of termination probabilities remains
constant independently of the incubation time for the polymerization
reaction34,35. Five primer-template duplexes with the same sequence
context and variable lengths of double-stranded DNA (that is, of
primer) were designed (Supplementary Table 1). Each primer-
template duplex was independently titrated against Pol e (or Pol2)
to empirically determine the enzyme-to-substrate ratio ([E]/[S])
required to run the assay under single-hit conditions32. The intensities
of bands in denaturing polyacrylamide gels corresponding to replica-
tion products of different lengths were then used to calculate the
termination probability at each nucleotide position by dividing the
amount of replication product terminating at
position N by the sum of the amounts of
replication products terminating at positions
ZN (ref. 32). As a control, a ten-fold molar
excess of Pol e was incubated with each
primer template for 20 min, showing that it
was possible to extend 96%–99% of the end-
labeled primer (Fig. 6b). From these experi-
ments, we concluded that a 30-fold molar
excess of primer-template duplex should be
used for templates with 24-, 40-, 45- or 58-
nucleotide (nt) primers, whereas a template
with a 12-nt primer required a ten-fold molar
excess over Pol e (Supplementary Fig. 1
online). As a control for the effect of the
Dpb2–Dpb3–Dpb4 tail, identical assays were
carried out to measure the processivity of

Pol2 alone. Owing to inefficient use of pri-
mers, Pol2 required only a 1:1 molar ratio of
enzyme to primer-template to meet single-hit
conditions (Supplementary Fig. 1).

The length of the double-stranded portion
of the primer-template duplex had a sub-
stantial effect on the capacity of Pol e to
commit to its DNA substrate (Fig. 6b). A 12-
or 24-nt primer only supported what could
be considered distributive synthesis, whereas
more processive DNA synthesis required the
use of a primer whose length was 40 nt or
more (Fig. 6b). To compare the results from
the different elongation assays in a quantita-
tive manner, we divided the amount of repli-
cation product terminating at each position
N by the sum of the amounts of replication
products terminating at positions 3–18 after
incubating the reactions for 2 min (Fig. 6c).
Only 23% of the binding events between Pol
e and a 12-nt primer resulted in a replication
product that was 14 nt or longer. Similarly, a
24-nt primer allowed Pol e to add 14 nt or
more in 28% of the binding events. In con-
trast, we found that greater than 62% of the
binding events between Pol e and a primer
end resulted in replication products longer
than 13 nt when the length of the double-
stranded DNA (that is, of the primer) was 40,
45 or 58 nt. This shift in length of replication

products is explained by a change in termination probability. To
compare the termination probabilities, we calculated the average
termination probability from nucleotide positions 3–13 (the intensity
of bands corresponding to positions 1 and 2 cannot be accurately
determined, and the termination probability for N 413 is biased, as
the end of the template is nearby) for each primer-template duplex.
The termination probability decreased three-fold when the length of
the double-stranded portion of the primer-template increased from 24
to 40 nt (Fig. 7). Notably, this decrease in termination probability (or
increase in processivity) happens as the length of the double-stranded
portion of the primer-template duplex reaches the dimensions
required to cover the distance from the Pol2 subunit to the end of
the extended tail formed by the Dpb2–Dpb3–Dpb4 subcomplex
(Fig. 6a). In contrast, the length of the double-stranded DNA had

1/101/200

Å–1
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0.50

0.75

1.00a

d

b c

Figure 4 Structure of the Pol2 catalytic subunit calculated from images of Pol2 particles preserved in

stain. (a) Initial 35-Å-resolution Pol2 reconstruction calculated using the random conical tilt method.

(b) Improved reconstruction of the Pol2 subunit calculated by using projections of the initial random

conical tilt reconstruction shown in a in an iterative projection matching procedure that made possible

to incorporate information from additional projections. A single feature in the Pol2 structure (indicated

by arrow) is wide enough to accommodate the double-stranded primer-template region, and this might

correspond to the cleft that allows access to the polymerase and exonuclease active sites contained in

the N-terminal region of Pol2. Scale bar represents B100 Å. (c) Fourier shell correlation plot used to

measure the resolution of the Pol2 reconstruction, estimated at B20 Å. (d) Projections of the globular

portion of the Pol e structure (top two rows) closely match reference-free class averages of the Pol2

image data set (bottom two rows), confirming identification of the Pol2 subunit as constituting the

globular portion of the Pol e structure.

1/10 1/200

0.25

0.50

0.75

1.00

Å–1

a b c

Figure 5 Structure of the Pol2–Dpb2 subunit complex calculated from images of Pol2–Dpb2 particles

preserved in stain. (a) Structure of the Pol2 subunit (filtered to 40-Å resolution) used as a reference

volume for alignment of Pol2–Dpb2 particle images. (b) Structure of the Pol2–Dpb2 subunit complex.

The structure closely resembles that of the Pol2 subunit, but extra density (red) is observed, which

must correspond to the Dpb2 subunit. This extra density accounts for only a portion of the expected

volume for Dpb2, which indicates high mobility of Dpb2 in the Pol2–Dpb2 complex. (c) Fourier shell

correlation plot for refinement of the Pol2–Dpb2 structure indicates a resolution of B20 Å.
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no effect on the processivity or the termination probability of the Pol2
subunit by itself (Figs. 6 and 7). Together, these results support the
proposition that the location and structure of the tail domain allow it
to mediate interaction of the catalytic Pol2 subunit with double-
stranded DNA. To perform this proposed function, the extended Dpb
domain would probably have to adopt a different conformation to
engage a nucleic acid template. To examine this issue, we decided to
examine more closely the conformational variability of Pol e particles
preserved in stain (images of unstained Pol e particles were too noisy
to allow for independent domain alignment required to examine
conformational variability).

Conformational variability of Pol e
Because of their relatively high contrast, images of single particles
preserved in stain are particularly well suited to characterize mole-
cules that adopt different conformations. Averages calculated from
as few as two dozen particles contain meaningful information, and
successive rounds of image alignment and classification can be used
to identify homogeneous image subpopulations that can be

compared to characterize the different conformations sampled by a
macromolecule36,37. We focused on the largest group of images of
stained Pol e particles identified by hierarchical ascendant classifica-
tion analysis. The images in this group were subjected to several
rounds of reference-free alignment and classification as an indepen-
dent group and the results from all rounds were compared to identify
general trends and to avoid focusing on artifacts generated by a
particular combination of alignment and classification parameters. A
typical round of reference-free alignment and classification resulted in
an average in which both the head and tail domains were easily
identified (Fig. 8a, top). The tail domain was well defined and
classification of the images on the basis of the tail portion of the
structure resulted in class averages in which the structure of the tail
domain remained fairly constant, suggesting limited variability in its
orientation with respect to the carbon film substrate. However,
categorization on the basis of the appearance of the head domain
resulted in group averages that show distinct head structures. A
threshold value for clustering was selected such that the number of
particles in each group was large enough to generate a meaningful
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Figure 6 Primer-extension assay to determine the correlation between primer length and Pol e processivity. (a) The structure of the Pol2 catalytic domain

suggests the likely location of the active site cleft. The structure of the Dpb2–Dpb3–Dpb4 tail domain and its position relative to the purported Pol2 cleft

suggest a possible mode of interaction with DNA. In this scenario, a minimal length of the double-stranded primer-template region would be required to

result in full engagement of the tail domain, which would lead to processive replication. (b) Primer-extension assay with five primers of increasing length

(12, 24, 40, 45 and 58 nt; Supplementary Table 1). The positions of the unextended primers and of the full-length replication products (in parentheses) are

labeled. The percent of extended primer is indicated below each lane (ND, not determined). (c) Distribution of replication products (starting with N ¼ 3) in
primer-extension assays under single-hit conditions with either Pol e (upper charts) or the Pol2 subunit (lower charts) for the different primer-template

duplexes (Supplementary Table 1).
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average, but small enough to reflect the variability apparent in the
data. Clustering of the images into four different groups indicates that,
whereas the tail domain remains relatively constant, the appearance of
the head domain varies as would be expected if it were in slightly
different orientations (Fig. 8a, bottom). To examine this possibility in
a more quantitative manner, the head portion of each one of the four
class averages was cross-correlated with projections of the head
portion of the Pol e structure (Supplementary Fig. 2 online). The
results indicate a variable orientation of the head domain and, given
the relatively constant appearance of the tail portion of the structure,
suggest that there is appreciable interdomain movement in the Pol e
structure, with the relative orientation of the head an tail domains
varying by as much as 251 to 701, depending on the direction of
motion (Fig. 8b). A change of this magnitude in the relative orienta-
tion of the head and tail domains would suffice to allow full access to
the putative active site cleft in the Pol2 portion of the Pol e structure.
It is worth noting that although the relative position of the head and
tail domains seems to vary for Pol e particles preserved in stain, the
majority of particles in specimens preserved in amorphous ice must
adopt a similar conformation, as reflected in the Pol e structure shown
in Figure 3. Whereas the interdomain flexibility in the Pol e structure
was measured by analyzing images of particles preserved in stain,
which might have been affected by dehydration and interaction
with the carbon film substrate, it has been documented that changes
in molecular conformation measured in specimens preserved in stain
often represent reasonably well the behavior of particles preserved in
amorphous ice37. At the very least, analysis of particles preserved
in stain reveals the potential flexibility of a molecule and identifies the
areas in which a structure is flexible37.

DISCUSSION
The structure of Pol e presented here constitutes the first of a
eukaryotic, multisubunit DNA polymerase. The much larger size of
Pol e precludes unique docking of the high-resolution structures of
smaller viral and bacterial DNA polymerases into the Pol e reconstruc-
tion. However, considering common features revealed by structural
analysis of nucleic acid polymerases38 can help in interpreting the
Pol e reconstruction, especially in regard to interaction of the enzyme
with its DNA substrate. High-resolution structures of polymerase–
nucleic acid complexes show the template strand positioned in an
active site cleft, where it makes a sharp turn at the active site.
Additional openings or pores allow access of nucleotides to the active
site area. In Pol e, interaction with the primer-template junction is
likely to involve a wide cleft (the only feature in the Pol2 portion of the
Pol e structure wide enough to accommodate the double-stranded
primer region) apparent on the right side of the Pol2 structure, facing
the extended tail that seems to include the Dpb2, Dpb3 and Dpb4
subunits. Pol e can efficiently extend the 3¢ end of a primer attached to
a very long (several thousand bases) template strand, and it can also
extend a primer on relaxed, circular plasmid DNA16,39. Therefore,
Pol e is capable of reaching the primer-template junction without
having to travel (thread through) the full length of the template strand,
and it can also engage a continuous template strand. These obser-
vations support the proposition that, as observed for other nucleic
acid polymerases, bending of the template strand may be required for
its interaction with the Pol e polymerase active site. The flexible
template strand would reach into the cleft and access the polymerase
active site, located somewhere in the internal surface of the cleft. That
only the (single) template strand would reach the active site would be
consistent with the observation that the polymerase activity of Pol e is
blocked by interaction with single-, but not double-stranded DNA26.

A model for interaction of Pol e with DNA
Early experiments on polydA-oligodT templates showed that an
N-terminal 145-kDa proteolytic fragment of Pol2 is catalytically active
and shows some degree of intrinsic processivity16. This could be
explained by interaction of the catalytic portion of the Pol2 subunit
with the template DNA strand. Moreover, the same study reported
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different primer templates. Black, termination probabilities for Pol e on

primer-template duplexes with 12-, 24-, 40-, 45- and 58-nt primers

(Fig. 6b); gray, termination probabilities for Pol 2 on equivalent duplexes

(Supplementary Fig. 1).
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Figure 8 Analysis of Pol e structural flexibility on the basis of classification

of images of particles preserved in stain. Conformational variability of Pol e
particles detected by statistical analysis and classification of images of Pol e
particles preserved in stain are shown. (a) Statistical classification of B500

Pol e images corresponding to similar molecular projections indicated that

the orientation of the tail domain remained approximately constant whereas

that of the head domain varied appreciably. (b) Flexibility and range of

motion between the head and tail domains in the Pol e structure. Two-
dimensional cross-correlation analysis was used to determine the

orientations of the head domain corresponding to the head projections

for the different class averages shown in a (Supplementary Fig. 2). The

connection between the head and tail domains is highly flexible and their

relative orientation seems to vary as much as possible within steric limits

imposed by their respective structures.
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that the processivity of the intact, four-subunit Pol e is higher. As the
structure of the catalytic Pol2 subunit appears to be unchanged by
interaction with the Dpb2, Dpb3 and Dpb4 subunits (Figs. 4 and 5),
this suggests that the extended tail domain formed by the Dpb2, Dpb3
and Dpb4 subunits contributes directly to Pol e processivity. Unlike
other DNA polymerases, Pol e has appreciable binding affinity for
both single- and double-stranded DNA26. In fact, there is indirect
evidence that, at least at some points in the cell cycle, Pol e might
function independently of the sliding PCNA clamp40. The structure of
the Dpb2–Dpb3–Dpb4 complex, and the correlation between proces-
sive replication and the length of the double-stranded DNA segment
revealed by primer-extension assays (Fig. 6), suggest a simple mechan-
ical explanation for the effect of the tail domain on processivity.
Modeling of double-stranded DNA along the center of the Pol e tail
reveals a close fit, with a number of contacts between the tail and the
helical DNA structure. Furthermore, the minimal length of double-
stranded DNA required for processive DNA synthesis (B40 bp)
corresponds to the distance from the central portion of the catalyti-
cally active Pol2 domain to the end of the extended tail domain
formed by the Dpb subunits. This suggests that processivity is brought
about by full engagement of the extended Pol e tail with a matching
length of rigid, double-stranded DNA. The Dpb2–Dpb3–Dpb4 tail
would mediate engagement of Pol e to its template, thereby comple-
menting (and for some Pol e functions, perhaps even replacing) the
function of the PCNA sliding DNA clamp. These arguments are most
easily appreciated by considering a model of a Pol e–DNA complex
(Fig. 9). In the conformation apparent in our Pol e reconstruction, the
tail domain can fully engage double-stranded DNA and prevent
dissociation of Pol e from its template, much like a closed sliding
clamp would. However, the flexibility of the connection between the
Pol2 catalytic subunit and the extended tail would allow the tail
domain to adopt other orientations that could facilitate engagement of
a continuous template or accommodate changes in the direction of
DNA with respect to the Pol2 domain expected to take place as Pol e
switches from polymerization to exonuclease mode41.

Finally, according to the model illustrated in Figure 9, the presence
of the tail domain would preclude direct interaction of the catalytic
Pol2 subunit with the sliding PCNA clamp. Analysis of the structure of

the yeast replication factor C (RFC)–PCNA complex has suggested a
possible mechanism for positioning of a DNA polymerase at the
primer-template junction that depends crucially on direct coupling
between the clamp and a DNA polymerase42. Notably, although
both the 145-kDa N-terminal proteolytic fragment of the Pol2 subunit
and the entire Pol e are stimulated by PCNA16, none of the Pol e
subunits have a classical PCNA interaction motif in their extreme
C terminus, as observed for other DNA polymerases. It would
be interesting to explore further the interaction of Pol e with PCNA
and to compare it with the interaction of other DNA polymerases with
the clamp. For Pol e, positioning of the enzyme at the primer-template
junction may occur by a different mechanism, which might involve
structural motifs in the noncatalytic C-terminal portion of the Pol2
subunit or the tail domain.

METHODS
Purification of proteins. The four-subunit Pol e was overexpressed in

S. cerevisiae and purified as described in ref. 10. In the final step of the

purification, Pol e fractions were injected on a Superose6 column, equilibrated

in buffer C200 (25 mM HEPES-NaOH (pH 7.6), 10% (v/v) glycerol, 1 mM

EDTA, 0.5 mM EGTA, 1 mM dithiothreitol, 2 mM pepstatin A, 2 mM leupeptin,

5 mM NaHSO3, 200 mM sodium acetate; the concentration of sodium acetate

is indicated as a suffix in all buffer names, for example, buffer C200 is buffer C

with 200 mM sodium acetate). The Pol2–Dpb2 complex was overexpressed and

purified in essentially the same way, but with the following modifications. The

pJL2 plasmid10 was digested with BamHI and NotI and the resulting fragment

was ligated into a pRS423GAL vector, resulting in a plasmid called pJL9. Yeast

strain pY116 was transformed with pJL1 and pJL9 and the transformants were

selected on synthetic complete –Trp –His medium. This strain was used to

overexpress the Pol2–Dpb2 complex as described in ref. 10. The purification

protocol was the same as for Pol e, with one exception. After the MonoQ

column fractions were diluted with buffer B0 (25 mM HEPES-NaOH (pH 7.6),

10% (v/v) glycerol, 1 mM EDTA, 0.5 mM EGTA, 0.005% (v/v) Nonidet P-40,

1 mM dithiothreitol, 5 mM pepstatin A, 5 mM leupeptin, 5 mM NaHSO3) to a

conductivity corresponding to buffer B350. Next, the fractions were loaded on a

1-ml MonoS column equilibrated with buffer B350 and the Pol2–Dpb2

complex was eluted with a linear gradient from buffers B350–B750. Finally,

the peak fraction containing the Pol2–Dpb2 complex was injected on a

Superose6 column, equilibrated in buffer C400. Expression of the Pol2 subunit

was carried out in a similar manner, in yeast strain pY116 transformed with

plasmid pJL1. The transformants were selected on synthetic complete –Trp

medium. Pol2 was overexpressed essentially as described in ref. 10, but with the

following modifications. Pol2 was loaded on a MonoQ column equilibrated

with buffer B500 and eluted with a linear gradient from buffers B500–B1100.

Next, the peak fractions were pooled and diluted with B0 to a conductivity

corresponding to buffer B200. Pol2 was then loaded onto a MonoS column that

was equilibrated with buffer B200 and eluted with a linear gradient from B200–

B1000. As a final step, the peak fraction containing Pol2 was injected on a

Superose12 column equilibrated with buffer C400. The specific activities of

Pol e, Pol2–Dpb2p and Pol2 ranged from 25,000 U mg–1 to 48,000 U mg–1

when measured on a polydA-oligodT template, as defined in the literature16.

Primer-extension assays. Five oligonucleotides (Supplementary Table 1), a

12-mer, a 24-mer, a 40-mer, a 45-mer and a 58-mer, were end-labeled with

[g-32P]ATP using 5 pmol primer, 50 mCi [g-32P]ATP, 10 units T4 polynucleo-

tide kinase and 1� reaction buffer (Promega), incubated at 37 1C for 30 min.

After labeling, the primers were purified from a polyacrylamide gel and

annealed to their corresponding templates (a 30-mer, a 42-mer, a 58-mer, a

63-mer and 76-mer (Supplementary Table 1)) at a 1:1.5 molar ratio. The

resulting primed templates were purified from a polyacrylamide gel and Pol e
was able to extend greater than 96% of the isolated primers (Fig. 6b). DNA

polymerase reactions (15 ml) contained 40 mM Tris-HCl (pH 7.8), 8 mM

magnesium acetate, 100 mM NaCl, 0.2 mg ml–1 acetylated BSA, 1% (v/v)

glycerol, 1 mM dithiothreitol, 100 mM each of dATP, dCTP, dGTP and dTTP,

2 nM primer-template duplex and Pol e (or Pol2) at a molar ratio indicated in

Flexible link

DNA

Pol2

Template
strand

Dpb2–Dpb3–Dpb4

Figure 9 A model for the interaction of Pol e with DNA. A change in the

relative orientations of the Pol2 and Dpb2–Dpb3–Dpb4 domains made

possible by the flexible connection between them could result in a

conformation that would allow access of the DNA to the active site cleft

(top). A return of the tail to its normal conformation after entry of double-

stranded DNA into the active site cleft would result in close interaction of

the nucleic acid with the extended tail domain (bottom). This mode of

interaction with DNA would explain the intrinsic processivity of Pol e and the

involvement of the Dpb3–Dpb4 complex in double-stranded DNA binding.

The processivity dependence of the length of the double-stranded primer

region would be explained by the requirement of a minimal length of double-

stranded DNA to ensure proper interaction with the full length of the

extended tail domain in the Pol e structure.
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the figures. Each reaction was incubated at 30 1C for 2, 8 or 20 min and stopped

by adding 15 ml of an 80% formamide and 10 mM EDTA stop solution. Before

loading the reactions on an 8% (for 40-, 45- and 58-nt double-stranded DNA)

or 15% (for 12- and 24-nt double-stranded DNA) polyacrylamide-urea gel, the

templates were denatured at 99 1C for 4 min and then cooled on ice. The

intensity of bands corresponding to different replication products was quanti-

fied using phosphorimager plates and the ImageQuant software package

supplied with a Typhoon 9400 phosphorimager (Amersham Biosciences).

Equal to or less than 11% (Pol e) or 18% (Pol2) of the primers were extended

under our empirically determined single-hit conditions (Fig. 6b and Supple-

mentary Fig. 1), which is below the recommended maximum of 20%34,35.

EM sample preparation and imaging. For samples preserved in stain, 2 ml of

this material was applied to carbon-coated, 400-mesh copper-rhodium grids

(Ted Pella) that were glow-discharged in the presence of water vapor.

Approximately 30 s after adsorption, the excess buffer was blotted and 3 ml

of water was used to wash the grid. Several washes with 1% uranyl acetate were

followed by application of 3 ml uranyl acetate for 30 s. The grid was immersed

in uranyl acetate and surfaced under a second layer of carbon, creating a

‘carbon layer sandwich’ to improve particle staining43,44. Samples were imaged

under low-dose conditions using a CM120 transmission electron microscope

(Philips/FEI) fitted with a LaB6 filament and operating at an accelerating

voltage of 100 kV. Micrographs were recorded at a nominal magnification of

�60,000. Most particles in the images showed the Pol e complex in one

preferred orientation, and well-stained particle fields were imaged at both

01 and –551 tilt angles to provide the images required for a random conical tilt

Pol e reconstruction.

Unstained, frozen-hydrated samples were prepared by applying the protein

solution to freshly glow-discharged carbon-coated grids, blotting and freezing

by plunging the grid in liquid ethane. Samples were imaged under low-dose

conditions using a CM200 transmission electron microscope (Philips/FEI)

equipped with a field emission source and operating at an accelerating voltage

of 120 kV. Micrographs were recorded at a nominal magnification of �66,000

and underfocus values between 0.93 mm and 3.20 mm. Micrographs were

digitized on a Zeiss SCAI scanner using a 7-mm step size. Subsequent two-fold

(for ice samples) or three-fold (for stained samples) pixel averaging resulted

in a final sampling of 2.05 and 3.5 Å pixel–1, respectively (calibrated using

images of catalase crystals). A total of 19,240 images were selected from the

digitized micrographs and classified according to their defocus value into

17 different defocus groups (defocus range 0.93–3.20 mm) for refinement by

iterative projection matching. Figures showing the final Pol e model were

prepared using Raster3D45.

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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