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SUMMARY

DNA polymerase ¢ (Pol?) is specialized for the exten-
sion step of translesion DNA synthesis (TLS). Despite
its central role in maintaining genome integrity, little
is known about its overall architecture. Initially iden-
tified as a heterodimer of the catalytic subunit Rev3
and the accessory subunit Rev7, yeast Pol{ has
recently been shown to form a stable four-subunit
enzyme (Pol¢-d) upon the incorporation of Pol31
and Pol32, the accessory subunits of yeast Pol3. To
understand the 3D architecture and assembly of
Pol¢ and Pol¢-d, we employed electron microscopy.
We show here how the catalytic and accessory sub-
units of Pol{ and Pol¢-d are organized relative to
each other. In particular, we show that Pol¢-d has a
bilobal architecture resembling the replicative poly-
merases and that Pol32 lies in proximity to Rev7.
Collectively, our study provides views of Pol¢ and
PolZ-d and a structural framework for understanding
their roles in DNA damage bypass.

INTRODUCTION

Cellular DNA is under constant attack by external and internal
agents that cause lesions and block the progression of the
DNA replication machinery. Both prokaryotes and eukaryotes
possess specialized translesion synthesis (TLS) DNA polymer-
ases (Pols) that can replicate through these lesions (Prakash
etal., 2005). Most of the TLS polymerases belong to the Y-family,
which includes the single subunit Poln, Poli, Polk, and Rev1 in
humans (Prakash et al., 2005). Pol¢ is a multisubunit TLS poly-
merase that belongs to the B-family (Prakash et al., 2005;
Sharma et al., 2013). It is specialized for the extension step of
lesion bypass, whereby it is recruited to add nucleotides once
another TLS polymerase has added a nucleotide opposite the
lesion. The ability of Pol¢ to carry out synthesis downstream of
DNA lesions caused by UV light and chemical mutagens (Pra-
kash et al., 2005) is important in maintaining genome integrity
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and preventing cancer (Lange et al.,, 2011; Sharma et al,
2013). Because Pol¢ can extend from both correct and incorrect
nucleotides opposite from DNA lesions, it also contributes to
mutagenic TLS.

Although Pol¢ was discovered >40 years ago (Lemontt, 1971),
there is still little or no structural understanding of how this TLS
polymerase is organized. Pol{ from S. cerevisiae was initially
identified as a heterodimer consisting of the subunits Rev3
and Rev7 (Nelson et al., 1996). Rev3 is the catalytic subunit
that belongs to the same B-family of Pols as Pol1, Pol2, and
Pol3, the catalytic subunits of the high-fidelity eukaryotic repli-
cative Pola, Pole, and Pold, respectively (Johansson and Mac-
neill, 2010; Johnson and O’Donnell, 2005). During replication,
Pola. primes the Okazaki fragments on the lagging DNA strand,
which are then elongated by Pold. Pole is believed to be the
leading-strand DNA polymerase (Nick McElhinny et al., 2008).
Besides the catalytic subunits, these high-fidelity polymerases
in yeast also contain accessory subunits: Pol12, Pri1, and Pri2
in Polo; Dpb2, Dpb3, and Dpb4 in Pole; and Pol31 and
Pol32 in Pold (Johansson and Macneill, 2010; Johnson and
O’Donnell, 2005). In mice, disruption of the Rev3 subunit of
Pol¢ causes embryonic lethality (Prakash et al., 2005; Sharma
et al,, 2013). The Rev3 sequence differs from that of Pol1,
Pol2, and Pol3 in containing a large insert that is the site of
Rev7 binding (Figure 1A). Rev7 both stabilizes and increases
the activity of Pol¢. Surprisingly, Pol{ has been found recently
to associate with Pol31 and Pol32, the accessory subunits of
Pold (Johnson et al., 2012; Makarova et al., 2012). A stable
four-subunit Rev3/Rev7/Pol31/Pol32 complex can be purified
from yeast, which we refer to as Pol¢-d to distinguish it from
the traditional Pol¢ heterodimer (Johnson et al., 2012). Impor-
tantly, the Pol31 and Pol32 subunits have been shown to be
essential for Pol¢ function in vivo, and in vitro they increase
the catalytic activity of Pol{ between 3-fold and 10-fold (de-
pending on the lesion) (Johnson et al., 2012; Makarova et al.,
2012). The Pol31/Pol32 subcomplex associates with Pol¢ via
an interaction between the Rev3 C-terminal domain (CTD) and
Pol31 (Baranovskiy et al., 2012; Johnson et al., 2012; Makarova
et al., 2012). The Rev3 CTD contains two cysteine-rich metal-
binding motifs, CysA and CysB, analogous to the motifs at the
C termini of Pol1, Pol2, and Pol3. Thus, in subunit composition
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and structural complexity, Pol¢{-d resembles the high-fidelity
replicative Pols a, €, and 3. The fact that it shares the same
accessory subunits (Pol31 and Pol32) as Pold raises questions
as to how the activities of the two polymerases are coordinated
during lesion bypass.

Current structural information on Pol¢ (or Pol¢-d) is limited to
structures of human Rev7 in complex with a short peptide (resi-
dues 1,875-1,895) from human Rev3 and a structure of the hu-
man counterpart of Pol31 (p50) in complex with the N-terminal
domain of Pol32 (p66N) (Baranovskiy et al., 2008; Hara et al.,
2010). To understand how Pol? and Pol¢-d are assembled into
functional DNA polymerases, we undertook electron microscopy
(EM) analyses of the two complexes. Here, we present 3D
models of yeast Pol{-d and Pol¢, showing how the catalytic
and accessory subunits are organized relative to each other.
We show that Pol¢-d has a bilobal architecture resembling the
high fidelity replicative Pols, and that Pol32 lies in close proximity
to Rev7. We discuss the implications of our findings for the role of
PolZ in DNA damage bypass.
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Figure 1. Purification of Pol¢ and Pol¢-d Com-
plexes

(A) Scheme of the proteins and domains of the Pol¢
and Pol¢-d complexes used in this study. Numbers
indicate the delimiting residues. The Rev3 catalytic
core is composed of the N-terminal domain (NTD),
the Rev7 binding domain (Rev7-BD), and the Exo/
Pol domain. The Rev3 C-terminal domain (CTD) is
joined to the catalytic core by a flexible region.
PoI32N is composed of the first 103 N-terminal
amino acid residues of Pol32. “PreScission” and
“Thrombin” indicate protease cleavage sites.

(B) Gel filtration elution profile of Pol{-d over a Su-
perdex 200 10/300 size exclusion column. The
exclusion volume at 7.5 ml is indicated as V,. The
first and second peaks of the chromatogram are
labeled as “a” and “b,” whereas “c” indicates the
slope of the second peak.

(C) SDS-PAGE analysis and Coomassie blue stain-
ing of this peak reveals that Pol¢-d is a stable com-
plex of the subunits Rev3:Rev7:Pol31-GST:Pol32N.
(D) Gel filtration elution profile of Pol¢ over a Super-
dex 200 10/300 size exclusion column. Peaks are
labeled as described in (B).

(E) The SDS-PAGE analysis of this peak shows that
Pol¢ forms a stable Rev3:Rev7 complex. Aliquots of
the top fractions of peaks “b” were used for single-
particle EM analysis for both samples.
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RESULTS

Purification and EM Analysis of Pol¢-
d and Pol{ Complexes

To purify the four-subunit Pol{-d complex,
we cotransformed plasmids expressing
FLAG-tagged Rev3 (residues 1-1,504),
Rev7 (residues 1-245), glutathione S-trans-
ferase (GST)-tagged Pol31 (residues
1-487), and Pol32N (residues 1-103) in
S. cerevisiae cells (Figure 1A). The FLAG
and GST tags were engineered to be
cleaved with PreScission and thrombin protease, respectively,
and Pol32N was designed to express only the N-terminal domain
of Pol32 (residues 1-103) that interacts with Pol31. The unstruc-
tured C-terminal tail of Pol32 (residues 104-350) that contains a
proliferating cell nuclear antigen (PCNA) interaction motif was
omitted from the construct. The Pol{-d heterotetramer was first
purified over a glutathione Sepharose column and then over an
anti-FLAG agarose column. The FLAG and GST tags were not
cleaved and the complex was concentrated and further purified
over a Superdex-200 gel filtration column. SDS-PAGE analysis
of peak “b” fraction indicated a complex consisting of Rev3,
Rev7, Pol31, and Pol32N (Figures 1B and 1C). To prepare the
Pol¢ heterodimer (Rev3/Rev7) for EM analysis, we separated it
from partially purified Pol{-d. We adopted this procedure
because expression of Rev3/Rev7 in the absence of Pol31/
Pol32 is poor and the complex tends to aggregate. Thus,
following the partial purification of Pol¢-d over the glutathione
Sepharose column (described above), ion exchange chromatog-
raphy was used to separate the Rev3/Rev7 heterodimer from the



Figure 2. EM and Image Processing
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(A) EM field view of negatively stained Pol¢-d. Representative particle images are boxed. Scale bars indicate 50 nm in the EM field and 100 A in the boxed

particles.

(B) Maximum likelihood representative classes obtained during the iterative rounds of two-dimensional processing and classification of the raw particle images of
the Pol¢-d heterotetramer and the Pol¢ heterodimer. The number of particles included in each class is shown below every image. Masks were omitted in this

analysis. Scale bars represent 100 A.

(C) Comparison between projections of the final 3D reconstruction of Pol{-d and raw single-particle images. Every couple of images corresponds to a projection
of the masked volume (the first image) and a corresponding single-particle image (the second image). Scale bars represent 100 A.

See also Figures S1 and S2.

Pol31/Pol32N subcomplex. The Rev3/Rev7 heterodimer was
then further purified over a Superdex-200 gel filtration column
(Figures 1D and 1E).

Gel-filtered samples of Pol¢-d and Pol¢ were used to prepare
the EM grids. Due to the relatively small size of both Pol¢-d and
Pol¢, we imaged the specimens embedded in negative stain to
ensure sufficient contrast (Ohi et al., 2004). Figure 2A displays
a representative field view of negatively stained Pol¢-d showing
abundant elongated particles. Approximately 56,000 single
images of Pol¢-d particles and 69,000 of Pol¢ were automatically
selected using EMAN2 (Tang et al., 2007) and then subjected to
iterative rounds of reference-free classification and heterogene-
ity analysis using two-dimensional maximum likelihood (MLF2D)
(Scheres et al., 2005). The MLF2D averages for Pol¢-d revealed
(Figure 2B) an elongated bilobal structure that is reminiscent of
the bilobal architecture previously determined for the Pol1-
Pol12 complex (Klinge et al., 2009) and presumably represent
side-view projections of the Pol{-d complex rotating along its
longitudinal axis. Consistent with the lower molecular weight of
the Pol¢ heterodimer (185 kDa), the MLF2D averages for this
complex revealed smaller globular particles, which correspond
with projections of the larger of the two lobes observed for the
Pol¢-d heterotetramer. Further support for this interpretation
was obtained by comparative KerDenSOM heterogeneity anal-
ysis (Pascual-Montano et al., 2001) between selected particle
images of Pol{ and Pol{-d masked around the large lobe
(Figure S1).

As a result of our MLF2D analysis, a subset of approximately
15,000 particle images of the Pol¢-d heterotetramer and 2,000
of the Pol¢ heterodimer were employed for 3D reconstruction
and refinement using Xmipp (Scheres et al., 2008). Projections
of the reconstruction of Pol¢-d correspond closely with individual
particle images (Figure 2C), indicating consistency between the

reconstructed structure and the particle data set. Based on the
0.5 criterion of the Fourier ring correlation, the final structures
of Pol¢-d heterotetramer and Pol¢ heterodimer were determined
to resolutions of 23 and 25 A, respectively (Figure S2).

Pol¢-d Has a Two-Lobe Architecture with Separate
Catalytic and Regulatory Modules

The 3D reconstruction of Pol¢-d was rendered at a threshold that
includes a volume of 344,000 As, corresponding to a molecular
weight (determined using an average protein density of 0.856
Da/,&a; Fischer et al., 2004) of ~298 kDa, in agreement with the
mass of the Pol¢-d heterotetramer. The EM map revealed an
elongated bilobal structure, in which two “stems” at the back
of the structure connect the small upper lobe with the large lower
lobe (Figure 3B, right panel; stems labeled as green circles A
and B). There is also a prominent “protrusion” at the front of
the small lobe that does not connect with the large one (labeled
as a green circle C in the right panel of Figure 3B). The overall
dimensions of the large lobe in Pol¢-d are consistent with the
molecular weight of Rev3 (173 kDa), while the small lobe has a
size consistent with the combined mass of Rev7, Pol31, and
Pol32N (total mass of 122 kDa). Due to the lower molecular
weight of Pol¢ and the significantly lower number of particles
used for its 3D reconstruction, the EM map of Pol¢ was of lower
quality relative to that of Pol¢-d. However, the density features
shared by Pol¢-d and Pol¢ (Figure 3B) confirm that the large
lobe corresponds to the catalytic subunit Rev3. The density re-
gion corresponding to the protrusion at the front of Pol¢-d heter-
otetramer is also apparent in the Pol¢ heterodimer, indicating
that it likely represents Rev7. Consistent with the absence of
Pol31 and Pol32 subunits in the Pol¢ heterodimer, the major
part of the density in the small lobe of the Pol¢-d heterotetramer
is missing in the Pol¢ heterodimer.
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Figure 3. Structures of Pol¢ and Pol¢-d

(A) Schema depicting the modeled regions of the different subunits of Pol¢ and PolZ-d.

(B) Front views of the EM reconstructions of Pol¢ and Pol¢-d. Consecutive letters A, B, and C inside green circles mark the two stems that separate the big and
small lobes and the protrusion extending from the small lobe. Scale bars represent 50 A.

(C) Fitting of the modeled domains of Rev3 catalytic core (in blue; residues 1-300 and 660-1,362) and Rev7 (in green) into the EM maps. Both maps are rotated 90°
along the z axis relative to the orientations in B. Residues flanking Rev7-BD (330 and 660, labeled with a red circle #1) are located in proximity to the assigned
density of Rev7-BD. The B strands of Rev7 responsible of the interactions with Rev3 (red circle #2) are facing the Rev7-BD assigned density.

(D) Bottom view of the Pol¢-d EM map, showing a hole in the density that matches the DNA hole of Rev3.

(E) Fitting of the four subunits into the EM map of the Pol¢{-d heterotetramer. The height of Pol{-d was measured as 165 A. The residue 1362 of Rev3 i labeled (red
circle #3), and the location of the 32 next amino acid residues that separate the CTD (residues 1,398-1,504) of the catalytic core is represented by a dashed line.
The density assigned to GST is in proximity to the N-term residues of Pol31 (red circle #4).

(F) EM structure and subunit architecture of Pola. in a similar orientation to our reconstruction (Klinge et al., 2009).

Homologous Pol31 and Pol12 (PDB ID 3FLO) and Rev3 and Pol1 (PDB ID 2VWJ) are depicted in (E) and (F) using identical colors. Both Pol¢ and Pola share a
similar architecture with comparable dimensions. See also Figures S3, S4, and Movie S1.
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Figure 4. Biochemical Assays

W E (A) DNA binding activity of Pol¢ and Pol¢-d. Binding
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of Pol¢-d and Pol¢ to a 40/45 duplex DNA as moni-
tored by changes in anisotropy during the titration.

Fitting of the data yields a K4 of 3.5 + 0.25 nM for the

- Pol¢-d heterotetramer (red line) and a Ky of 4.2 +
3 4 0.40 nM for the Pol¢ heterodimer (black line). The
6-FAM (6-carboxyfluorescein)-labeled oligonucleo-
tides were excited at 490 nm and the resulting
emission was passed through a 520 nm cutoff filter
on a Beacon 2000 fluorescence polarization system.

Rev7

| Rev7 The DNA concentration was fixed at 2 nM. Protein

A_{_J B

. L F

e |

O

Q

<

z

a

5 -

=

=] 1 2

o

®

w
[ —
5 6

1E4 1E3 001 01 1 10 100 1000
Pol[nM]

7 8 concentration was varied from 10 pM to 625 nM.
(B) Physical interaction of Rev7 with Pol32 and
Pol32N. Glutathione Sepharose bead-bound Pol32
(lanes 1-4) or Pol32N (lanes 5-8) was mixed with
Rev7 and pull-down assays were done as described

in Experimental Procedures. Fractions load (L, lanes 1 and 5), flow through (F, 2 and 6), wash (W, 3 and 7), and elution (E, 4 and 8) were resolved on a 15%
denaturing polyacrylamide gel, followed by Coomassie blue R-250 staining. Rev7 binds to full-length Pol32, but not to the C-terminally truncated Pol32 (Pol32N).

See also Figure S3 and Movie S1.

A Structural Model of Pol¢-d

In order to produce a structural model of yeast Pol¢-d consistent
with our 3D reconstruction, we manually fitted homology models
of all the subunits to match the corresponding regions of the
EM map (Movie S1). To guide the placement and orientation of
the subunits in the map, we used constraints derived from the
comparison of the EM maps of Pol¢-d and Pol¢, complemented
with additional constraints derived from published structural
and biochemical data. We employed comparative protein struc-
ture modeling with the program Modeler (Fiser and Sali, 2003)
to build homology models for yeast Rev3, Rev7, Pol31, and
Pol32N. The modeled regions of the different subunits are
schematized in Figure 3A. The structure of Pol3 catalytic core
of yeast Pold (Swan et al., 2009) served as a template for the
catalytic core of yeast Rev3. The Rev3 CTD was modeled on
the basis of the structure of yeast Pol1 CTD in complex with
Pol12 (Klinge et al., 2009). In addition, the crystal structures of
human Rev7 (Hara et al., 2010) and the p50-p66N heterodimer
(Baranovskiy et al., 2008) served as templates to build the
models of yeast Rev7 and Pol31-Pol32N, respectively.

The catalytic core of yeast Rev3 is much larger than the Rev7
subunit and could fit with a high cross correlation (CC) coefficient
of 0.86 into the large lobe of Pol¢-d (Figure 3C, right panel). The
orientation of the catalytic core was inferred by matching a char-
acteristic “DNAhole,” also observed in the center of the structure
of Pol3, with the only hole at the bottom of the large lobe of the
EM map (Figure 3D). Consistently, the Rev3 catalytic core also
fitted well and with the same orientation into the corresponding
density in the Pol¢ heterodimer (Figure 3C, left panel). Rev7 fitted
(CC coefficient = 0.81) into the density region suspended over
Rev3 in both the Pol{-d heterotetramer and the Pol{ homodimer.

The crystal structure of only a short peptide region (21 amino
acids) from human Rev3, which interacts with Rev7, has been
elucidated (Hara et al., 2010). Due to the lack of an appropriate
structural template, we could not model the corresponding
Rev7-interacting region of yeast Rev3 (residues 300-660) in
Pol¢ and Pol¢-d EM models. However, the orientation of Rev7
in our model positions the Rev3 binding site in Rev7 (red circle 2
in Figure 3C) ~50 A away from residues 299 and 661 in Rev3

(red circle 1 in Figure 3C), in the direction of the first stem (labeled
as green circle B in Figure 3B) connecting the large lobe with the
small lobe in the Pol{-d EM map. We suggest that this density
along the first stem corresponds to the unmodeled insert in
Rev3 (residues 300-660) that connects to Rev7. On the basis
of recent biochemical studies, the Pol31/Pol32 subcomplex
associates with Rev3 via a direct interaction between the Rev3
CTD and Pol31. We modeled the Pol31/Pol32 complex based
on the crystal structure of p50/p66N complex (Baranovskiy
et al., 2008), the human counterparts of Pol31 and Pol32, and
the interaction between Rev3 CTD and Pol31 was modeled on
the crystal structure of Pol1 CTD/Pol12 complex (Klinge et al.,
2009). The modeled Pol31-Pol32-CTD structure accounts for
the major portion of the EM density (CC coefficient = 0.87) in the
small lobe of Pol¢-d (Figure 3E). The Rev3 CTD region of Rev3
connects to the catalytic core via a 36-amino-acid-long linker,
beginning at amino acid 1,362 (red circle 3 in Figure 3E). We
suggest that this unmodeled linker corresponds to the second
stem (labeled as green circle A in Figure 3B) of density connecting
the upper lobe with the larger lower lobe in the Pol¢-d EM map.

Taken together, the structural model of Pol¢-d shown in Fig-
ure 3 accounts for a majority of the EM density of the 3D recon-
struction of Pol¢-d (CC coefficient = 0.86). The model suggests a
bilobal architecture for Pol¢-d with separate catalytic and regula-
tory modules. The accessory subunits Rev7, Pol31, and Pol32
form the regulatory module that connects to the catalytic subunit
Rev3 at two different sites via interaction with Rev7 and Pol31,
respectively. The Pol31/Pol32 subunits hover above the Rev3
catalytic core, raising the possibility that they may interact with
the DNA (Figure S3).

Interactions with the DNA

To test whether the Pol31/Pol32 subunits in Pol{-d increase the
affinity of Pol¢ for DNA, we compared the binding of Pol¢-d and
Pol¢ to a fluorescein-labeled 40 nt/45 nt primer/template using
fluorescence anisotropy. The length of the primer/template
was based on the Pol¢-d structural model, as the number of nu-
cleotides required to span the catalytic (Rev3) and regulatory
(Rev7/Pol31/Pol32) modules. Figure 4A shows that the PolZ
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homodimer (Rev3/Rev7) and Pol¢-d heterotetramer (Rev3/Rev7/
Pol31/Pol32N) bind the primer/template with similar Ky of
~4 nM. Together, these data suggest that despite the proximity
of Pol31 and Pol32N to the modeled DNA in the Pol¢-d heterote-
tramer, these subunits do not contribute significantly to DNA
binding.

Interactions between Rev7 and Pol32

Intriguingly, Rev7 and Pol32N are in close spatial proximity in our
Pol¢-d model, raising the possibility that Rev7 and Pol32 physi-
cally interact. We tested this idea via a GST pull-down assay.
Briefly, GST-Pol32 and GST-Pol32N (C-terminally truncated
Pol32, 1-104 aa) were bound to GST beads and individually
mixed with Rev7. After incubation and extensive washing, the
bead-bound proteins were eluted and resolved on a 15% dena-
turing polyacrylamide gel, followed by Coomassie blue staining.
Indeed, Figure 4B shows that Rev7 binds to full-length Pol32, but
not to the C-terminally truncated Pol32 (Pol32N).

Comparison to Pola

Despite differences in subunit composition and stoichiometry, a
comparison between the EM structures of Pol¢-d and high-fidel-
ity Pola. complexes (Klinge et al., 2009; Nunez-Ramirez et al.,
2011) reveals a common architecture (Figure 3F). Both polymer-
ases share a bilobal configuration with very similar dimensions
along the longitudinal axis and separate catalytic and regulatory
modules. In both polymerases, a short linker connects the poly-
merase catalytic core to its CTD and the respective B-accessory
subunit, Pol31 in Pol¢-d and Pol12 in Pola. In Pola structures, this
linker has been suggested to be the source of flexibility between
the regulatory and catalytic modules (Klinge et al., 2009). A study
of the conformational heterogeneity of the Pol1-Pol12 complex,
for example, using three-dimensional maximum likelihood in
Fourier space (MLF3D) revealed that the CTD-Pol12 module
could sample a range of positions relative to the catalytic core.
Indeed, this intermodular flexibility appears to be a general prop-
erty of replicative B-family polymerases. An EM 3D model of the
yeast Pole holoenzyme suggests analogous flexibility between
the catalytic subunit (Pol2) and the accessory subunits (Dpb2,
Dpb3, and Dpb4) (Asturias et al., 2006). Also, small-angle X-ray
scattering analysis of the yeast Pold holoenzyme, which shares
the Pol31-Pol32 subunits with Pol¢, suggests high conforma-
tional variability of the regulatory module with respect to the cat-
alytic domain (Jain et al., 2009). To examine the conformational
heterogeneity in the Pol¢-d heterotetramer, we performed the
MLF3D procedure on the EM data but did not observe significant
variation in the relative positions of the catalytic and regulatory
modules (data not shown).

DISCUSSION

Here, we present 3D structural models of Pol{ and Pol¢-d based
on EM imaging and single-particle reconstruction. We show that
Pol¢ has a globular-like structure, whereas Pol¢-d has an elon-
gated bilobal architecture. The large lobe of Pol¢-d can be fitted
with the Rev3 catalytic core and the smaller lobe with the acces-
sory subunits Rev7, Pol31, Pol32N, as well as Rev3 CTD. There
are two stems of density connecting the lobes, which appear to

84 Cell Reports 5, 79-86, October 17, 2013 ©2013 The Authors

derive from the insert in Rev3 (residues 300-660) that binds Rev7
and the linker connecting the catalytic core of Rev3 to the CTD/
Pol31/Pol32N substructure. The extended bilobal architecture of
Pol¢-d is highly reminiscent of high-fidelity replicative Pols o and
d (Jain et al., 2009; Klinge et al., 2009; Nunez-Ramirez et al.,
2011). One difference is that whereas the catalytic and regulatory
modules in Pola. and Pold are flexibly tethered (Jain et al., 2009;
Klinge et al., 2009), they seem to be more rigidly associated in
Pol¢-d. This may reflect the fact that two modules in Pol¢-d are
additionally tethered via Rev3-Rev7 interactions. In Pola, the
flexibility between the modules is thought to be important in
the transfer of the RNA primer from the active site of its primase
Pri1/Pri2 subunits on one module to the active site of the poly-
merase Pol1 subunit on the other module (Nufez-Ramirez
et al., 2011). In Pol, flexibility may be important when there is
a change in DNA direction as, for example, during a switch in
the DNA primer from the polymerase to the exonuclease active
site of Pol3 during DNA synthesis. In contrast, because there is
no equivalent change in DNA direction when Pol¢-d extends
from DNA lesions this may partially obviate the need for inter-
module flexibility of the type observed in Pola and Pol3.

Rev7 and Pol32N are in close spatial proximity in our Pol¢-d
model. We tested whether Rev7 and Pol32 physically interact
via a GST pull-down assay. Intriguingly, Rev7 binds to full-length
Pol32, but not to the C-terminally truncated Pol32 (Pol32N).
From secondary structure analysis, the C-terminal residues of
Pol32 (104-350) lack secondary structure but based on our
Pol¢-d model and pull-down assay appear capable of physically
interacting with Rev7. This Rev7 and Pol32 interaction may be
one reason why Pol32 is indispensable for Pol{-d complex for-
mation. Thus, whereas Pol3, the catalytic subunit of Pold, can
form a stable complex with Pol31 in the absence of Pol32,
Rev3/Rev7 is less stable without Pol32 (Johnson et al., 2012;
Makarova et al., 2012).

Pol31 and Pol32 are essential for Pol¢ function in vivo, and
in vitro they increase the catalytic activity of Pol{ between
3-fold and 10-fold (Johnson et al., 2012; Makarova et al,
2012). Since Pol31 contains an oligonucleotide/oligosaccharide
(OB) fold and an inactive phosphodiesterase domain it could, in
principle, help to increase the affinity of Pol¢ for DNA (Baranov-
skiy et al., 2008); however, we show here that Pol{ and Pol¢-d
bind DNA with similar Kgs. Pol31 and Pol32 greatly increase
the stability of Rev3/Rev7 complex as indicated from the high
resistance of Pol¢-d to salt concentrations up to 1 M NaCl (John-
son et al., 2012). The increase in stability is also reflected in
effects on catalysis, as kinetic analysis of Pol{ and Pol¢-d shows
that increase in the catalytic efficiency of Pol{-d compared to
Pol¢ is primarily due to an increase in kq4 value (Johnson et al.,
2012).

Intriguingly, a deficiency in Rev1 confers a similar phenotype
as a deficiency in Pol¢, suggesting an interaction between the
two proteins (Lawrence, 2004). Indeed, in vertebrates, Rev7
has been shown to physically associate the C-terminal region
of Rev1 (Murakumo et al., 2001), and a number of crystal struc-
tures have provided the molecular basis of this interaction (Kiku-
chi et al., 2012; Wojtaszek et al., 2012). Figure S4 shows the
C-terminal region of human Rev1, composed of four helices,
docked against Rev7 in our yeast Pol{-d model. Notably, the



Rev1 C-terminal region extends from the Pol¢-d core in an
accessible position to engage other TLS polymerases in
mammalian cells.

In conclusion, despite the critical role of PolZ (or Pol¢-d) in
eukaryotic DNA damage response, there has been little struc-
tural information on the architecture of the complex. Here, we
present 3D structural models of Pol¢ and Pol¢-d that demon-
strate how the catalytic and accessory subunits are organized
relative to each other for DNA damage bypass in eukaryotic
cells.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification

The Rev3/Rev7 complex in the absence of Pol31/Pol32 expresses poorly and
tends to aggregate. To overcome this hurdle, we engineered constructs of the
enzyme carrying several purification tags and specific protease sites, which
would allow us to purify both Pol¢-d and Pol¢ from the “same” preparation.
Briefly, plasmids expressing FLAG-tagged Rev3 (residues 1-1,504), Rev7 (res-
idues 1-245), GST-tagged Pol31 (1-487 residues), and Pol32N (residues
1-103) were cotransformed into yeast cells. The FLAG tag was engineered
to be cleaved with the PreScission protease; the GST tag was linked to
Pol31 via a 12-amino-acid-long linker containing a thrombin protease site;
Rev3 included an additional PreScission protease site in between the catalytic
core and the CTD domain; and Pol32N was designed to express only the
N-terminal domain of Pol32 (residues 1-103) that interacts with Pol31. The
Pol¢-d heterotetramer was first purified over a glutathione Sepharose column
and then over an anti-FLAG agarose column. The GST and FLAG tags were not
cleaved and the complex was concentrated and further purified over a Super-
dex-200 Gel Filtration column. The FLAG tag was not removed because pro-
teolysis with PreScission would have also removed the region corresponding
to Pol31/Pol32/CTD; the GST tag was not removed because thrombin is a pro-
miscuous protease and the presence of a cryptic thrombin cleavage site in
Rev3 (residues 393-398). SDS-PAGE analysis of peak b fraction indicated a
homogeneous complex of Rev3, Rev7, Pol31, and Pol32N (Figures 1B and
1C). To prepare the Pol¢ heterodimer (Rev3/Rev7) for EM analysis, we sepa-
rated it from Pol¢-d, which was first partially purified over the glutathione
Sepharose column (described above), and then incubated with PreScission
protease to remove the CTD domain of Rev3 together with Pol31/Pol32N.
Following the PreScission protease treatment, ion exchange chromatography
was used to separate the Rev3/Rev7 heterodimer from the CTD/Pol31/Pol32N
subcomplex. The Rev3/Rev7 heterodimer was then further purified over a
Superdex-200 gel filtration column (Figures 1D and 1E).

DNA Binding Experiments

DNA binding experiments were performed with a 6-FAM (6-carboxyfluores-
cein)-labeled 45-mer/40-mer template/primer (2 nM) on a Panvera Beacon
2000 fluorescence polarization system, with increasing concentrations of
Pol¢-d and Pol¢ complexes (10 pM to 625 nM).

Physical Interaction of Rev7 with Pol32 and Pol32N

GST beads-bound Pol32 or Pol32N were individually mixed with Rev7. The
beads were spun down and washed and the bound proteins eluted with an
SDS buffer.

Electron Microscopy and 3D Reconstruction

Negatively stained Pol¢-d and Pol¢ were imaged on a Jeol 2100F FEG trans-
mission electron microscope at 200 kV under low-dose conditions, using a
2,000 x 2,000 pixel CCD Tietz camera at the equivalent calibrated magnifica-
tion of 63,450, and —1.5 pm defocus. Particle images of Pol¢-d and Pol¢ were
automatically selected using EMAN2 (Tang et al., 2007) and then subjected to
iterative rounds of reference-free classification and heterogeneity analysis us-
ing MLF2D (Scheres et al., 2005). 3D reconstruction was carried out using the
software Xmipp (Scheres et al., 2008). Fitting, visualization, and 3D image gen-
eration were performed using UCSF Chimera (Goddard et al., 2007).

Modeling and Protein Interactions
The homology models for yeast Rev3, Rev7, Pol31, and Pol32 were built by
comparative protein structure modeling. The approximate location and orien-
tation of the DNA were inferred by comparison with the DNA-PolI3 complex of
the DNA polymerase Pold from yeast (Protein Data Bank [PDB] ID 3IAY).

For further details, please refer to the Extended Experimental Procedures.
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The EM map of Pol¢-d has been deposited in the Electron Microscopy Data
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