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Abstract

Rad54 is a dsDNA-dependent ATPase that translocates on duplex DNA. Its ATPase function is essential for homologous
recombination, a pathway critical for meiotic chromosome segregation, repair of complex DNA damage, and recovery of
stalled or broken replication forks. In recombination, Rad54 cooperates with Rad51 protein and is required to dissociate
Rad51 from heteroduplex DNA to allow access by DNA polymerases for recombination-associated DNA synthesis. Sequence
analysis revealed that Rad54 contains a perfect match to the consensus PIP box sequence, a widely spread PCNA interaction
motif. Indeed, Rad54 interacts directly with PCNA, but this interaction is not mediated by the Rad54 PIP box-like sequence.
This sequence is located as an extension of motif Ill of the Rad54 motor domain and is essential for full Rad54 ATPase
activity. Mutations in this motif render Rad54 non-functional in vivo and severely compromise its activities in vitro. Further
analysis demonstrated that such mutations affect dsDNA binding, consistent with the location of this sequence motif on the
surface of the cleft formed by two RecA-like domains, which likely forms the dsDNA binding site of Rad54. Our study
identified a novel sequence motif critical for Rad54 function and showed that even perfect matches to the PIP box
consensus may not necessarily identify PCNA interaction sites.

Citation: Zhang X-P, Janke R, Kingsley J, Luo J, Fasching C, et al. (2013) A Conserved Sequence Extending Motif Ill of the Motor Domain in the Snf2-Family DNA
Translocase Rad54 Is Critical for ATPase Activity. PLoS ONE 8(12): e82184. doi:10.1371/journal.pone.0082184

Editor: Sergey Korolev, Saint Louis University, United States of America
Received July 18, 2013; Accepted October 21, 2013; Published December 16, 2013

Copyright: © 2013 Zhang et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: Peter Burgers provided materials with support from NIH grant GM32432 to PB. This work was supported by grant GM58015 from the National Institutes
of Health to WDH. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: wdheyer@ucdavis.edu

Introduction less dependent on RAD54 in vertebrates [6]. Eukaryotes also
contain a close paralog of Rad54, Rdh54/Tidl in budding yeast
. ) ° K : and RAD54B in vertebrates [7]. The existence of these paralogs in
bolic process that is essential for meiotic chromosome segregation, part explains the comparatively mild meiotic defect of the budding
the repair of complex DNA damage such as DNA double-stranded yeast rad54 mutant relative to rad51 or rad52 [8,9] and the reduced
breaks (DSB) or interstrand crosslinks, and the recovery of stalled dependence of HR on RAD54 in vertebrates [10].

or broken repli(:ation forks [1,2]. HR is CatalyZCd by a suite of Rad54 is a member of the Snf?-family of dsDNA-dependent/

genes/proteins collectively called the RAD52 epistasis group, and stimulated ATPases in the SF2 family of DNA helicases/DNA
the process can be conceptually divided into three stages:

Homologous recombination (HR) is a ubiquitous DNA meta-

- - . - - translocases [11]. These motor proteins translocate on duplex
Presynapsis, Synapsis, and postsynapsis [3]. Du?mg presynapsis, DNA and remodel specific protein-dsDNA complexes. The ATP-
the DNA substrate. is processed to allow the forma_tmn of the dependent chromatin remodeling complex SWI/SNF contains the
Rad51 nuclcoprotcm ﬁlamcgt on ssDNA. The Rad51 filament founding member of this group of proteins, Swi2/Snf2, as the
catalyzes lhe. signature reactions of HR,.homol.ogy search ar'ld catalytic core of its chromatin remodeling activity [12]. Genetic
DNA strand Invasion, WhI,Ch define Synapsis. During postsynapsis, analysis has established that Rad54 functions after the assembly of
DNA .syr.lthesm fr(?m- the 3 'efld of the 1nV*ad1ng DNA end restores the Rad51-ssDNA filament in synapsis and/or postsynapsis
the missing genetic information and the resulting joint molecules [13,14]. Extensive biochemical analysis revealed that Rad54
are processed to either crossover or noncrossover products, where exerts many functions during the recombination process
the continuity of the chromosome has been restored. [7,15,16]. While Rad54 can stabilize the Rad51-ssDNA filament

RAD54 has been identified in the budding yeast Saccharomyces in an ATPasc-independent fashion [17-19], other functions of

cerevistae as a core member of the RAD52 epistasis group and Rad54 require its ATPase activity, including DNA strand
together with mutants in the RAD5! and RAD52 genes, rad54

invasion, branch migration, chromatin remodeling, and Rad51
mutants are the most ionizing radiation-sensitive single gene

‘ | " dissociation from heteroduplex DNA to allow access of DNA
mutants in budd}mg. yeast [4]. T}qe gene 13 well. conserved polymerases to the 3'-OH end of the invading strand [7,15,16,20].
throughout evolution in eukaryotes [5], although HR is somewhat Genetic analysis established that the ATPase activity is essential for
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Figure 1. Saccharomyces cerevisiae Rad54 and its homologs. A. Schematic representation of the budding yeast Rad54 protein sequence. The
color scheme relates to (B). The motifs of the motor domain are labeled 1-VI [11,47]. The PIP box motif (amino acids 488-495) is shown in alignment
with the PIP box consensus sequence [26,27]. B. S. cerevisiae Rad54 structural model. The model was generated based on the zebrafish Rad54 crystal
structure (1Z31.pdb) [47]. The putative PIP box is represented in ball-sticks mode (circled). Rad54 termini (N-terminal Ala257, C-terminal His898) and
the catalytic residue of the Walker A box (Lys341) are shown. C. Sequence comparison of Rad54 and its paralogs. Only sequence regions
encompassing motifs |, Ia, Il and Ill are shown. The PIP box-like sequence is marked by a red line and extends motif Ill. The Rad54 and Rad54-like
sequences were retrieved from Uniprot database (UniProt release 2011_12-Dec 14, 2011): YEAST, Saccharomyces cerevisiae, P32863; RDH54, S.
cerevisiae, P38086; POMBE, Schizosaccharomyces pombe, P41410; FRUIT FLY, Drosophila melanogaster, 076460; MOUSE, Mus musculus, P70270;
CHICKEN, Gallus gallus, 012944; HUMAN, Homo sapiens, Q92698; hRAD54B, H. sapiens, Q9Y620; DOG, Canis familiaris, F1PJC9; PIG, Sus scrofa,
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BOM1MS8; BOVINE, Bos taurus, A1L4Z4; ZEBRAFISH, Danio rerio, Q7ZV09; FROG, Xenopus tropicalis, Q6NVL9; MOSQUITO, Culex quinquefasciatus,
BOW5L6; CELEGANS, Caenorhabditis elegans, G5EEN6; TERREUS, Aspergillus terreus, QOCSL2; SNF2, S. cerevisiae, P22082; SsoRAD54, Sulfolobus
solfataricus, Q97XQ7. The alignment is colored by a ClustalX color scheme that integrates amino acid properties and evolutionary conservation.

doi:10.1371/journal.pone.0082184.g001

Rad54 function, and mutations in the Walker A box cause DNA
damage sensitivity as extreme as the gene deletion [21,22].

Gorbalenya and Koonin identified a large group of proteins that
shared 7 sequence motifs labeled I, Ia, II, III, IV, V, and VI,
which were originally proposed to specify helicase activity [23].
Motif I corresponds to the Walker A box motif (GxGK'T/S),
which is essential for ATP binding and hydrolysis, and motif II
corresponds to the Walker B box [24]. Later it became clear that
these motifs identify proteins that directionally translocate on
ssDNA or dsDNA powered by ATP hydrolysis, of which DNA
helicases capable of separating the two strands of a duplex DNA
are only a subgroup [25]. This class of proteins is divided into two
superfamilies, SF1 and SF2. Each superfamily can be subdivided
into many families, including the Snf2 family within the SF2
superfamily, which itself can be further divided into distinct Snf2
subfamilies on the basis of additional conserved sequence motifs.
The Rad54-like subfamily contains Rad54 and its paralogs
Rdh54/Tidl and RADS54B [11]. The functions of individual
subfamily-specific motifs are not understood [11].

Proliferating Nuclear Cell Antigen (PCNA) is the sliding clamp
in eukaryotes that imparts processivity to DNA polymerases [26].
PCNA also interacts with a host of other proteins that act on DNA
and chromatin [26]. The interaction with PCNA is often mediated
by a specific PCNA interaction motif called the PIP box [27] (see
Fig. 1A), which is often found on a flexible tether on the extreme
N- or C-terminus of the PCNA-interacting protein [26]. An
alternative PCNA interaction motif, APIM, has also been defined
in many proteins, sometimes in conjunction with a PIP box [28].
The trimeric nature of eukaryotic PCNA affords the sliding clamp
the potential to interact with up to three binding partners.

We identified a perfect match to the PIP box consensus
sequence in the Rad54 protein sequence and found that Rad54
physically interacts with PCNA. Given the role of Rad54 in an HR
step directly preceding PCNA loading by RFC [29,30], we
speculated whether the Rad54 PIP box has functional significance
in the transition from DNA strand invasion to D-loop extension by
DNA synthesis. However, we found that the Rad54-PCNA
interaction is independent of the putative PIP box of Rad54.
Instead this sequence motif is an extension of the ATPase motif
III, specific for the RAD54 subfamily of Snf2 family translocases.
Mutations in this extended motif affect the Rad54 ATPase activity
and dsDNA binding, compromising its role in Rad51-mediated D-
loop formation. Furthermore, mutations in this sequence motif
abolish Rad54 function i vivo and lead to DNA damage sensitivity
comparable to that of the gene deletion.

Materials and Methods

Media and strains

Complete YPD and SD-ura media (Synthetic minimal (SD),
0.67% vyeast nitrogen base without amino acids, 2% dextrose,
0.87 g/liter SD-Ura amino acid drop-out mixture) were used for
yeast growth. For Rad54 overexpression, basic yeast media (0.67%
yeast nitrogen base without amino acids, 2% (w/v) sodium lactate,
3% (v/v) glycerol and 0.87 g/liter SD-ura amino acid drop-out
mixture was used. Rad54 wild type protein was overexpressed in
WDHY668, the mutant protein in WDHY2655 (rad54-A). Native
RADS54 was replaced with a rad54-Y4944,F495A4 (abbreviated as
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rad54-2A) integration cassette generated by cloning-free adapta-
mer-mediated PCR as described [31]. Briefly, pWDH767 and
pWDH729 were used as PCR templates to generate integration
cassettes. A single candidate was confirmed by sequencing of the
entire RAD54 locus and archived as WDHY2625. The strains used
in this study are listed in Table S1 In File S1.

Proteins

Yeast PCNA, RFC and Pol § used for D-loop extension assay
were gifts from Peter Burgers. The yeast PCNA used for protein-
protein interaction assays was purified through G T-affinity
chromatography. The PCNA gene was subcloned from plasmid
pWDH?716 (from FE. coli RDK4511, a gift from Richard Kolodner)
into a modified pET14b vector that adds a GST-tag on the N-
terminus of PCNA. GST-PCNA was overexpressed in . col strain
BL21(DE3) and purified with glutathione sepharose 4B (Pharma-
cia). The GST-tag was cleaved on the column at 4°C using
PreScission protease overnight. After cleavage, four residues were
left on the PCNA N-terminus, GPRD. Yeast Rad51, Rad54 and
RPA were purified as previously described [32]. The “PCNA
bacterial extract” was from RDK4511, which expresses PCNA
without IPT'G induction, in which the PCNA accounts for ~40—
50% total protein from the extract (data not shown).

Oligonucleotides
The sequence for the oligonucleotides used for cloning, n vitro
mutagenesis, and genomic manipulations are listed in Table S2 in

File S1.

Sequence analysis

Rad54 and its homologs/paralogs were retrieved from UniProt
database release 2011_12-Dec 14, 2011. The sequences were
aligned with MUSCLE 3.0 [33] in Jalview 2.7 [34]. The alighment
was colored by a ClustalX [35] color scheme that integrated
properties of amino acids and their conservation. A partial
alignment including helicase domain I through the extended
domain III is presented in Figure 1C.

Rad54 structure modeling

The S. cerevisiae Rad54 sequence was submitted to BiolnfoBank
Meta Server (http://meta.bioinfo.pl/submit_wizard.pl). As ex-
pected, the zebrafish Rad54 X-ray crystal structure (pdb code:
17.31) was recognized as the best homology template. These two
proteins share 38.8% identity and 49.73% similarity. The
alignment generated by the Meta Server was confirmed by
ClustalW [35] and MUSCLE [33] in Jalview [34]. 1,000 Rad54
structural models were generated in Modeller 9v10 and the 100™
model was identified as the best candidate based on the PDF score.
Two loops, residues 397-406 and 800-812, form part of the
surface of the cleft formed by the N- and C-terminal RecA
domains, which were refined through the loop-modeling protocol
of Modeller 9v10 [36]. 10,000 models were generated during
refinement and the 3,405" model was selected as the final
candidate and was validated as described in [37]. The model was
visualized in PyMol v1.5 (http://pymol.org/) (Figure 1B) and used
for dsDNA fragment docking analysis (Fig. S2 in File S1).
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Figure 2. /n vitro interaction between Rad54 and PCNA. A. Bacterial cell extracts and purified PCNA used in the GST pulldown assay. Lane 1,
size markers; lane 2, 5 ug BL21(DE3) cell extract (Control CE); lane 3, 5 nug cell extract from BL21(DE3) overexpressing yeast PCNA (PCNA CE). PCNA
was expressed significantly without IPTG induction. Lane 4 contains 2 ug GST-affinity purified PCNA. Left panel, Coomassie stained SDS-PAGE gel;
right panel, immunoblots with anti-yeast PCNA anti-serum. B. Rad54 and PCNA (purified or in cell extract) interaction demonstrated by GST pulldown
assays. Lane 1, size markers; lane 2, PCNA loading control (2 ug); lane 3-6, GST pulldown control; lane 7-10, GST-Rad54 pulldown assay. C. The Rad54-
PCNA interaction does not depend on the canonical PIP box sequence. The interaction of GST-Rad54 and GST-Rad54-Y494A-F495A (GST-Rad54-2A)
with purified PCNA and PCNA from cell extract was detected with GST pulldown assay visualized by both Coomassie (upper panel) and
immunoblotting with yeast PCNA anti-serum (lower panel). Left panel, GST pulldown with cell extracts. Right panel, GST pulldown with PCNA cell
extract (PCNA CE, 10 ug) and purified PCNA (2 ug). Lane 1 & 11, size markers; lane 2-4 & 12-14 were from GST (2 ug) pulldown control; lanes 5-7 &
15-17 were from GST-Rad54 (2 ug) pulldown, lanes 8-10 & 18-20 were from GST-Rad54-2A (2 ug) pulldown. Molecular weight markers are given in
kDa.

doi:10.1371/journal.pone.0082184.g002

In vitro Rad54 and PCNA interaction the supernatant completely removed. The beads were washed with

The purified GST-Rad54 and PCNA or PCNA bacterial 250 pl ice cold wash buffer (interaction buffer with 100 mM NaCl)
extract were incubated in 100 ul (final volume) PCNA interaction three times, removing the buffer by centrifugation at 4°C. Finally,
buffer containing 25 mM Tris-HCL, pH 7.5, 50 mM NaCl, | mM 20 ul 1 x Laemmli buffer was added, and the sample was boiled at
DTT, 10% glycerol and 0.05% NP-40 at room temperature for 95°C for 3 minutes. The supernatant was electrophoresed on a
1 hr with agitation. Following pre-treatment with BSA, 20 ul of 12% SDS-PAGE gel, which was either stained with Coomassic
50% glutathione sepharose beads (Pharmacia) in interaction buffer blue directly or was transferred to a nitrocellulose membrane and
was added, and the reaction was incubated with agitation for one detected with yeast PCNA and Rad54 antibodies using the
hr. Then the mixture was centrifuged at 500 xg for five min and standard ECL method [38].

PLOS ONE | www.plosone.org 4 December 2013 | Volume 8 | Issue 12 | e82184
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Figure 3. Rad54-2A is not functional /n vivo and is expressed at
normal protein levels. A. rad54-2A cells are extremely MMS-sensitive.
Cell cultures of wild type (WDHY2217), rad54-Y494A, F495A (=rad54-2A,
WDHY2625), and rad54-4 (WDHY2571) were grown in YPD, diluted to
ODgoo of 1, followed by 6 five-fold serial dilutions. Cells were plated
onto YPD containing 0.0025% or 0.01% MMS and grown at 30°C for 2
days and images were acquired to document cell growth. B.
Comparison of endogenous wild type Rad54 and Rad54-2A protein
levels. Extracts (100 pug) from wild type (WDHY2217), rad54-2A
(WDHY2625) and rad54-4 (WDHY2571) cells were immunoblotted with
anti-S. cerevisiae Rad54 serum. The Rad54 protein levels were quantified
using a crossreacting band as loading control. The ratios of the intensity
of Rad54/control are indicated.
doi:10.1371/journal.pone.0082184.g003

Mutagenesis

Mutagenesis was performed according to the Stratagene
(Agilent Technologies) QuikChange site-directed mutagenesis
protocol using the wild-type yeast Rad54 plasmid pWDH597 as
a template. Primers were synthesized by Operon (http://www.
operon.com; primer sequences are listed in Table S2 in File S1).
The mutant plasmid was amplified in £. coli DH5alpha. The entire
rad54 sequence in the mutant plasmids was confirmed by DNA
sequencing.

Immunoblots

Whole cell extracts prepared from 10 OD units of cells from
wild type (WDHY2217), rad54-24 (WDHY2625) and rad54-A
(WDHY2571) strains (Table S1 in File SI) were separated on a 4—
12% gradient SDS-PAGE gel (Lonza) at 12 V/cm for 1 hr. The
proteins were transferred onto a nitrocellulose membrane at
300 mA for 1 hr, blocked with 5% Nonfat Dry Milk (Safeway) in
1 x Phosphate Buffered Saline (PBS) and incubated with affinity-
purified rabbit anti-S. cerevisiae Rad54 antibodies (1:200) for 1 hr at
room temperature [21]. The membrane was washed and
incubated with goat anti-rabbit-HRP (DAKO; 1:5,000) for
30 min at room temperature. The proteins were detected with
ECL Plus (Amersham) and visualized on HyperFilm ECL
(Amersham) for 20 min.

D-loop extension assays

The Rad51l- and Rad54-supported D-loop extension assays
were performed as described [20,30]. 20 nM **P-labeled 95-mer
oligonucleotide was incubated with 0.618 uM Rad51 at 30°C for
10 min in 30 mM tris-acetate buffer (pH 7.5) containing 1 mM
DTT, 5 mM ATP, 20 mM magnesium acetate, 20 mM phos-
phocreatine, 0.1 pug/ul creatine kinase, 50 pg/ml bovine serum
albumin and 75 uM dNTP. After adding 0.1 uM RPA, the
incubation was continued for another 10 min. Then 5 nM
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supercoiled pUC19 and 60 nM Rad54 was added into the system
and the mixture was incubated at 30°C for 5 minutes. At this
point, 20 nM PCNA and 20 nM RFC were added and the
reaction was incubated for another 5 minutes. The extension
reaction was started by adding 20 nM DNA polymerase 9.
Samples were withdrawn before and at 2, 5, 10 minutes after
addition of the DNA polymerase. For extension assays with
Klenow polymerase, the same conditions were used except that
PCNA, RFC, and Pol & were omitted and 40 nM Klenow was
added instead.

ATPase assay

The NADH-coupled ATPase assay was used as described [39]
with minor modifications. Rad54 (wild-type or Rad54-2A) was
diluted to a 150 nM stock in storage buffer (50 mM Tris-HCI,
pH 7.5, 500 mM NaCl, 50% glycerol, 0.2 mM PMSF, 0.1 mM
DTT) and the ATPase reaction was initiated by adding 1 ul
enzyme to a pre-aliquoted volume of 149 uL reaction buffer
(25 mM HEPES, pH 7.5, 2.5 mM Mg(OAc), (free concentration;
additional Mg(OAc), was added where appropriate at 1:1 relative
to ATP concentration), ] mM DTT, 100 pg/ml BSA, 2 mM PEP,
36 U/ml pyruvate kinase (type II from rabbit muscle; Sigma),
20 U/ml lactate dehydrogenase (Sigma), 1.5 uM pUC19 (NEB)
and ATP at 0, 0.1, 0.25, 0.5, 1, 2. 2.5 or 5 mM), with NADH
(Sigma; resuspended in water) added to 0.2-0.4 pg/ml immedi-
ately prior to Rad54. Reactions were mixed for 1 min on a shaker
at 23°C, bringing Rad54 to a final assay concentration of 5 nM
(monomer). Kinetics of NADH depletion were measured at
A =340 nm, 30°C in a Spectramax 250 microplate spectropho-
tometer (Molecular Devices), sampled at 60 second intervals up to
45 min. NADH depletion was plotted in GraphPad Prism (http://
www.graphpad.com/) and the slope of the initial rate (linear
between 10—45 min at all ATP concentrations) was determined for
three independent replicates, converted to velocity as described in
[39] and plotted as a function of ATP concentration. Data were
fitted to a Michaelis-Menten hyperbolic function in Prism, from
which K,; and V,,,, were determined. £, was calculated as V,,,/
[Rad54]. Single time point Rad54 and Rad54-2A ATPase activity
was analyzed using a charcoal assay [40].

DNA binding assay

Binding of Rad54 to dsDNA was analyzed by an electrophoretic
mobility shift gel assay similar to that in [36]. The reaction buffer
contains 25 mM triethanolamine acetate (TEA-Ac), pH 7.5,
13 mM magnesium acetate, 1.8 mM DTT, 100 ug/ml BSA,
11.25% glycerol and 113 mM NaCl. 30 uM bp pUC19 circular
dsDNA and the indicated amount of Rad54 were incubated at
30°C for 15 min in the absence of nucleotide or presence of 5 mM
ATP plus ATP-regenerating system (20 mM phosphocreatine and
0.1 pg/pl creatine kinase) or > mM ATP-y-S. Then the DNA-
protein complexes were fixed by adding 5% glutaraldehyde (in
100 mM TEA-Ac, pH 7.5) to a final concentration of 0.25% and
incubated for another 15 min. The reaction mixture was separated
on 1% agarose gels in TAE at 80 V for 120 min followed by
staining of 1 pg/ul ethidium bromide TAE and UV visualization
on Alpha Innotech FluorChem 8900 bioimaging system. The
DNA-protein complexes were quantified with ImageQuant 5.2.

Results

Rad54 contains a perfect match to the PIP box consensus

sequence
Rad54 dissociates Rad51 from the heteroduplex product of
DNA strand exchange, allowing DNA polymerases to access the

December 2013 | Volume 8 | Issue 12 | e82184
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Figure 4. Rad54-2A is deficient in D-loop formation in reconstituted D-loop reactions containing PCNA. A, Reaction scheme of in vitro
reconstitution system for Rad54-supported D-loop formation and D-loop extension by DNA polymerase 6. B. Analysis of D-loop formation and
extension products in reactions with Rad54 (lanes 1-8) and Rad54-2A (lanes 9-16) by 1% native agarose gel electrophoresis in the presence of PCNA
and RFC (lanes 1-4 and 9-12) or in the absence of PCNA (lanes 5-8 and 13-16). C. Quantification of reactions in B for total D-loops at 0 min DNA
polymerase extension time. D. Quantification of D-loop extension as a function of time.

doi:10.1371/journal.pone.0082184.9g004

3’-end of the invading strand [29,30]. In budding yeast, the
PCNA-dependent DNA polymerase 8 appears to be the primary
DNA polymerase to extend the invading strand in the D-loop
based on genetic and biochemical evidence [20,41-46]. Rad54
amino acid sequence inspection revealed an eight-amino acid
region (residues 488-495, Fig. 1A) that perfectly matches the
consensus PCNA interaction motif (PIP box) [26,27], immediately
C-terminal to motif III of the Rad54 ATPase domain. Using the
crystal structure of zebrafish RAD54 [47] as a template for S.
cerevisiae Rad54, we generated a structural model and located the
PIP box on the surface of the internal cleft (Fig. 1B) that likely
defines the dsDNA binding site of Rad54 (see Fig. S2 in File S1)
[47]. Sequence analysis of Rad54 homologs reveals that this
sequence is highly conserved across eukaryotes; in fact, the key
residues of the PIP box consensus motif (Qxx[LIMV]xx[YF][YF])
are perfectly conserved (Fig. 1C). Moreover, the Rad54 paralogs

PLOS ONE | www.plosone.org

(Rdh54/7Tid] in budding yeast and RAD54B in humans), which
have a similar, partially overlapping function to Rad54 [7], share
the identical sequence motif with Rad54 (Fig. 1C). Considering the
fact that Rad54 acts in recombination at the step immediately
preceding PCNA loading and the initiation of recombination-
associated DNA synthesis by a PCNA-dependent enzyme, we were
interested in exploring the functional significance of this potential
PCNA interaction site.

Rad54 interacts with PCNA independent of a functional
PIP box consensus sequence

To test whether Rad54 physically interacts with PCNA, we
performed two-hybrid analysis and found that Rad54 interacts
with PCNA in this assay (data not shown). To corroborate that this
interaction is direct, we performed pulldown experiments with
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Radb4 using bacterial extracts containing PCNA or purified
PCNA (Fig. 2). Rad54 co-precipitated PCNA from pure prepa-
rations and from PCNA-enriched bacterial extracts, but did not
co-precipitate a negative control, GST (Fig. 2A, B). These
experiments show that Rad54 directly interacts with PCNA.

PCNA interacts with the PIP box of an interacting protein via a
hydrophobic pocket that docks the two key hydrophobic residues
([YF][YF]) in the consensus sequence [26,48]. Mutating these key
residues to alanine abrogates the interaction between the PIP box
and PCNA and confirms PIP box-mediated interaction between
PCNA and the candidate partner protein. We generated the
corresponding mutant in Rad54 (Rad54-Y494A, F'495A; here
abbreviated as Rad54-2A) and purified the mutant protein from
cells that lacked wild type Rad54 protein to avoid possible cross
contamination. Surprisingly, there was no difference between
mutant Rad54-2A and wild type Rad54 in their interaction with
PCNA in the pull down assays with either bacterial extracts
containing PCNA or purified PCNA (Fig. 2C) even under
conditions of increased ionic strength to accentuate potential
differences (Fig. S1 in File S1).

These data show that despite the presence of a conserved,
canonical PIP box in Rad54, the Rad54-PCNA interaction
occurred in a PIP box-independent fashion. To elucidate the
function of the PIP box consensus sequence in Rad54 protein, we
performed additional # vivo and in witro experiments that are
described below. We also analyzed further the Rad54-PCNA
Interaction (see Discussion).

The PIP box consensus sequence is required for Rad54 in
vivo function

To query the functional significance of the PIP box consensus
motif @ vivo, we mutated the RAD54 gene to generate a strain
expressing the Rad54-2A protein from its native chromosomal
locus. Rad54-deficient cells are highly sensitive to the alkylating
agent methylmethane sulfonate (MMS) and cells expressing the
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Rad54-2A mutant protein (rad54-24) were nearly as MMS-
sensitive as the rad54-A null mutants (Fig. 3A). To exclude the
possibility that the 2A mutations affect Rad54 protein stability, we
established that the steady level of mutant Rad54-2A protein is
identical to that of wild type Rad54, using a fortuitously cross-
reacting band as a loading control in immunoblot analysis
(Fig. 3B). Hence, the PIP box consensus motif is required for
Rad54 function and defines a novel sequence element that is
specifically conserved in the Rad54 subfamily and Snf2-family of
SF2 helicases/translocases.

The PIP box consensus sequence is required for
Rad51-mediated D-loop formation

To understand the mechanistic basis of the rad54-2A in vivo
defect, we reconstituted m wvitro recombination reactions that
combine D-loop formation by Rad51, Rad54, and RPA with D-
loop extension by PCNA, RFC and DNA polymerase 6 (Fig. 4A),
as previously described [20]. In budding yeast, Rad54 is required
for D-loop formation by Rad51 protein [49] and for extension of
the invading strand in D-loop by DNA polymerases [30]. This
assay is capable of monitoring separately D-loop formation (%
total D-loops: extended+not extended D-loops) and D-loop
extension (% extended D-loop of total D-loops) [20,30]. These
studies also showed that both DNA polymerase & with PCNA/
RFC and the Klenow fragment of E. coli DNA polymerase I
extend the invading 3’-ends in D-loops even at very low D-loop
concentrations. Wild type Rad54 supports robust D-loop forma-
tion (Fig. 4B, lanes 1 and 5) and efficient D-loop extension that is
dependent on RFC-mediated loading of PCNA (Fig. 4B, compare
lanes 2—4 with lanes 6-8). Rad54-2A, in contrast, was strongly
impaired in D-loop formation (Fig. 4B lanes 9 and 13, Fig. 4C).
The low D-loop levels formed in the Rad54-2A reactions were also
less efficiently extended than in reactions containing wild type
Rad54 (compare Iig. 4B lanes 2—4 with lanes 1012, Fig. 4D). The
low-level D-loop extension observed in reactions with Rad54-2A
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depended on PCNA loading by RFC (Fig. 4B, compare lanes 10—
12 with lanes 14-16, Fig. 4D). These results demonstrate that the
Rad54-2A mutant protein is deficient in Rad51-mediated D-loop
formation. In addition, the data also suggest that Rad54-2A is
impaired in ATPase-dependent removal of Rad51 from hetero-
duplex DNA, leading to less efficient extension by DNA
polymerase, as inferred from our previous work that showed that
Rad51 removal from heteroduplex DNA is required for the
extension of the invading 3'-OH end by DNA polymerase [30].
To ascertain the above conclusion and to exclude any potential
PCNA effect, we reconstituted D-loop extension assays using a
PCNA-independent DNA polymerase in reactions lacking PCNA
and RFC (Fig. 5). The Klenow fragment of E. coi DNA
polymerase I efficiently extends Radbl-mediated D-loops in a
Rad54-dependent fashion in the absence of PCNA/RFC [30]. As
expected from our previous studies, wild type Rad54 protein
supports this reaction, whereas the Rad54-2A mutant protein is
highly deficient in D-loop formation. These results confirm the
previous experiments including DNA polymerase 6 with PCNA/
RFC that Rad54-2A protein is defective in D-loop formation.

The PIP box consensus sequence is required for Rad54
ATPase activity and dsDNA binding

The ATPase activity of Rad54 is critical for its i vivo and wn vitro
functions [21,22], and we tested using pUC19 supercoiled DNA
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whether the Rad54-2A deficiency in D-loop formation is caused
by a defect in Rad54 ATPase activity. ATPase experiments using a
protein titration revealed a strong defect in the Rad54-2A ATPase
activity compared to the wild type Radb4 protein (Fig. 6A).
Michaelis-Menten analysis (Fig. 6B) demonstrated that the
ATPase defect of the mutant protein 1s explained by both reduced
affinity for ATP and reduced ATP turnover, as Radb54-2A
displayed a five-fold higher A}, for ATP and a four-fold lower
k.o (Fig. 6C).

Because the ATPase activity of Rad54 is dependent on dsDNA,
we further tested whether the ATPase defect could be explained by
an effect of the PIP box consensus sequence on Rad54 DNA
binding [49,50]. Binding of Rad54 to dsDNA can be monitored
directly by a gel mobility shift and requires glutaraldehyde fixation
to stabilize the Rad54-DNA complex [51-53] (see also Fig. 7).
Wild type Rad54 binds to dsDNA independent of nucleotide
cofactor hydrolysis in the presence of ATP or its slowly
hydrolysable analog ATP-y-S [51-53] (see also Fig. 7). To
eliminate differences between the wild type Rad54 and the
Rad54-2A mutant protein related to their different ATPase
activities (Fig. 6) we conducted experiments with ATP in the
presence of an ATP regeneration system and experiments in the
absence of nucleotide co-factor. In the presence of ATP plus ATP
regeneration system or in the absence of nucleotide cofactor, all
available DNA is bound by wild type Rad54 at a stoichiometry of
36 bp per Rad54, whereas the Rad54-2A mutant protein requires
a higher protein:DNA ratio and results in complete binding only at
a ratio of 6-12 bp per Rad54 (Fig. 7A). The dsDNA binding
defect of the Rad54-2A protein is also visible in the presence of
ATP-y-S (Fig. 7B), but under these conditions the protein:DNA
ratios required for binding are different. These data suggest that
the ATPase defect of the Rad54-2A mutant protein is related to a
dsDNA binding defect. Since the stoichiometry for maximal
binding was elevated with the Rad54-2A mutant protein, we tested
whether overexpression of the Rad54-2A mutant could rescue
some function @ viwvo. However, under various overexpression
conditions and using several doses of MMS we did not observe any
improvement in the DNA damage resistance (Fig. S3 in File S1).

Further mutational analysis of the Rad54 PIP box

consensus sequence

We generated additional mutations in the Rad54 PIP box
consensus sequence (Table S3 in File S1) and analyzed the
resulting alleles in a drop dilution assay to gauge plasmid-
dependent complementation of rad54-A MMS sensitivity. For a
subset of these alleles, we purified the mutant proteins and
analyzed their ATPase activity (Table S3 in File S1). Our analysis
allowed the following conclusions: 1) Alanine substitutions that in
other studies disable PIP box function (L491A; Y494A,F495A;
L491AY494A,F495A; QLYF-4A) virtually eliminate Rad54
function @ wvivo likely by affecting the ATPase activity; 2)
Substitutions of the final two hydrophobic residues, Y494 and
1495, of the PIP box consensus sequence show a pattern of  vivo
function that does not suggest that these hydrophobic residues are
involved in protein interactions, as substitutions that should affect
protein interactions for their size (W, M) or charge (D, H, K) had
inconsistent effects. Overall these data support our conclusion that
the Rad54 PIP box consensus sequence is unlikely to represent a
PCNA interaction motif but is rather an extension of a conserved
ATPase motif that is critical for dsDNA binding and ATPase
activity.
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Discussion

In this study we identified a perfect match to the PIP box
consensus sequence in the Rad54 protein that is similarly present
in its close paralogs Rdh54/Tid]l and human RAD54B, which
also function in HR. In most PCNA-interacting proteins the PIP
box is located in an unstructured linker at the N- or C-termini
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[26,54]. Instead, the putative PIP box of Rad54 (and Rdh54 or
RADA54B) is located in the middle of the protein contiguous with a
critical motif of the ATPase catalytic core. However, exceptions
exist, and some PIP boxes have been identified in central regions
of a PCNA interaction partner such as the chromatin assembly
factor subunit CAF-1 and DNA epsilon, where mutagenesis
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confirmed PIP box-dependent PCNA interaction [55-57]. Hence,
it appeared possible that the internal PIP box consensus sequence
of Rad54, and by extension yeast Rdh54 and human RAD54B,
mediated PCNA interaction. Consistent with the presence of the
PIP box consensus sequence we found that Rad54 interacts with
PCNA. However, the PCNA interaction was independent of the
PIP box consensus sequence, demonstrating that this sequence
motif was not involved in PCNA interaction. Overexpression of a
partner protein often can overcome an interaction defect (high
copy suppression), but neither overexpression of PCNA (Fig. S4 in
File S1) nor overexpression of Rad54-2A mitigated the extreme
phenotype of the rad54-24 mutant (Fig. S3 in File S1). These
findings do not prove but are consistent with our overall
interpretation that this sequence motif in Rad54 is not involved
in PCNA interaction. This interpretation also rests on more
extensive mutational analysis of the two terminal hydrophobic
residues of the Rad54 PIP box consensus sequence (Table S3 in
File S1). These findings caution that the appearance of a perfect
match to the PIP box consensus motif, which consist of only four
conserved residues with defined spacing (Fig. 1A), is not sufficient
to infer that the motif is responsible for PCNA interaction [26].

To further understand the significance of the Rad54-PCNA
interaction, we purified various Rad54 truncation proteins and
tested their interaction with PCNA (Fig. S5 in File S1). From these
studies we could not identify a single linear region that was
required or sufficient for PCNA interaction, rather different
regions were involved depending on the construct. It is possible
that the PCNA interaction motif of Rad54 is non-linear. However,
this appears unlikely as both known PCNA interaction motifs, the
PIP box and APIM, are short, linear amino acid sequence
stretches [27,28]. We have shown that the PIP box consensus
sequence of Rad54 is not involved in PCNA interaction (Fig. 2).
The Rad54 region (amino acids 1-168, Fig. S5 i File SI)
interacting with PCNA does not contain a match to the alternative
APIM motif [28]. Presentation of unstructured hydrophobic
residues in the truncated Rad54 constructs we tested may result
in non-specific PCNA interaction, and similar observations have
been made independently (P. Burgers, pers. comm.). In sum, while
Rad54 interacts with PCNA @ vitro, we cannot yet define the
critical interaction surfaces, and the biological significance of the
Rad54-PCNA interaction remains to be determined.

Nevertheless, the putative PIP box consensus sequence appears
to contribute significantly to Rad54 function i vitro and in vivo.
This sequence directly follows motif IIT of the ATPase domain in
Rad54 (and Rdh54, RAD54B) (Iig. 1) representing a conserved
extension of motif III in the Rad54 sub-family of Snf2-like SF2
DNA motor proteins [11]. Little is known about the specific
function of motif III. Functional analysis in budding yeast Snf2
showed that residue W935 was essential for function and mutation
of this residue to alanine (Snf2-W935A) reduced activity by 88% as
measured by transcriptional induction activity [58]. W935 in Snf2
is in the analogous position of motif III as F495 in Rad54 (see
Fig. 1C). In fact, the Rad54-F495W substitution fully retains i vivo
function and ATPase activity (Table S3 in File S1), corroborating
that this residue is compatible with function in this position. Since
there is no suggestion that Snf2 interacts with PCNA, these results
are consistent with our interpretation that F495 and the PIP box
consensus sequence extend motif III of the Rad54 ATPase.

The importance of motif III for Rad54 function has been
demonstrated by the reconstruction of human cancer-associated
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