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�-Accessory factor (AAF) stimulates the activity of DNA po-
lymerase-��primase, the only enzyme known to initiate DNA
replication in eukaryotic cells (Goulian, M., Heard, C. J., and
Grimm, S. L. (1990) J. Biol. Chem. 265, 13221–13230).We puri-
fied the AAF heterodimer composed of 44- and 132-kDa sub-
units from cultured cells and identified full-length cDNA clones
using amino acid sequences from internal peptides. AAF-132
demonstrated no homologies to known proteins; AAF-44, how-
ever, is evolutionarily related to the 32-kDa subunit of replica-
tion protein A (RPA-32) and contains an oligonucleotide/oligo-
saccharide-binding (OB) fold domain similar to the OB fold
domains of RPA involved in single-stranded DNA binding.
Epitope-tagged versions of AAF-44 and -132 formed a complex
in intact cells, and purified recombinant AAF-44 bound to sin-
gle-stranded DNA and stimulated DNA primase activity only in
the presence of AAF-132. Mutations in conserved residues
within the OB fold of AAF-44 reduced DNA binding activity of
the AAF-44�AAF-132 complex. Immunofluorescence staining
of AAF-44 andAAF-132 in S phase-enrichedHeLa cells demon-
strated punctate nuclear staining, and AAF co-localized with
proliferating cell nuclear antigen, a marker for replication foci
containing DNA polymerase-��primase and RPA. Small inter-
fering RNA-mediated depletion of AAF-44 in tumor cell lines
inhibited [methyl-3H]thymidine uptake into DNA but did not
affect cell viability.We conclude that AAF shares structural and
functional similarities with RPA-32 and regulates DNA replica-
tion, consistent with its ability to increase polymerase-��pri-
mase template affinity and stimulate both DNA primase and
polymerase-� activities in vitro.

In eukaryotic cells, DNA replication is initiated at multiple
origins internal to each chromosome; the origin recognition
complex recruits cell division cycle and minichromosome
maintenance proteins to form a preinitiation complex (1). At
the G1-S phase transition, the latter complex is activated by

cyclin-dependent protein kinases leading to formation of an
initiation complex that alters local DNA structure through
DNAhelicase activity (1, 2). The replication proteinA (RPA)2 is
recruited to bind and stabilize single-stranded DNA (ssDNA)
produced by the initiation complex (3, 4). RPA serves as an
auxiliary factor for DNA polymerase-� (pol-�)�primase: it sta-
bilizes the protein complex by direct interaction with both
pol-� and primase subunits, and it reduces the misincorpora-
tion rate of pol-�, acting as a “fidelity clamp” (5, 6). The pol-
��primase complex consists of four subunits, including the cat-
alytic pol-� subunit (p185), a regulatory B subunit (p70), and
two primase subunits (p49 and p58). On an ssDNA template,
the primase synthesizes short RNA primers from ribonucleo-
side triphosphates (rNTPs), which are elongated by pol-� in the
presence of deoxyribonucleoside triphosphates (dNTPs) to
form short DNA fragments. Through mechanisms requiring
other replication factors, pol-��primase is replaced by themore
processive DNA polymerases pol-� and pol-� (7). Pol-� synthe-
sizes the leading strand, whereas pol-� completes eachOkazaki
fragment initiated by pol-��primase on the lagging strand and
proofreads errors made by pol-� (7). The initiator RNA and
DNA fragments are later removed by nucleases, and the Oka-
zaki fragments are sealed by DNA ligase (7).
The pol-��primase complex is the only eukaryotic DNA po-

lymerase able to initiate DNA synthesis de novo. In addition to
initiating DNA replication and synthesizing Okazaki frag-
ments, it appears to be one of the final targets of cell cycle
checkpoint pathways that couple DNA replication to DNA
damage response (2, 8). The role of RPA in initiation, elonga-
tion, and completion of lagging strand DNA synthesis has been
thoroughly investigated (3, 9), but in vitro studies suggest that
some additional factors that promote the rapidity of DNA rep-
lication in vivo are still lacking (2).
In the course of purifying pol-��primase from extracts of cul-

turedmouse L1210 cells, we identified a factor we named �-ac-
cessory factor (AAF) that stimulates pol-��primase activity in
vitro (10, 11). The protein has a native molecular mass of �150
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kDa as determined from its sedimentation coefficient and
Stokes radius and is composed of two subunits of �132 and
�44 kDa. AAF stimulates pol-��primase activity with several
different templates and types of reactions: (i) It stimulates self-
primed reactionswith poly(dT), poly(dI�dT), or single-stranded
circular DNA; (ii) it stimulates primed reactions with
poly(dA)�oligo(dT) andmultiply primedDNA in the absence of
rNTPs, indicating that it affects pol-� activity when no primers
are being made; and (iii) it stimulates primase activity on
ssDNA in the absence of dNTPs, showing that it can enhance
RNA primer synthesis in the absence of DNA synthesis (11).
AAF increases the template affinity and processivity of pol-
��primase (12). AAF is highly specific for pol-��primase and has
no effect on the other mammalian DNA polymerases �, �, or �
or on the DNA polymerase�primase complexes from Drosoph-
ila and Saccharomyces cerevisiae (11).
The cloning of both AAF subunits based on peptide

sequences obtained from the purified protein allowed us now to
further characterize the AAF-44�AAF-132 complex structur-
ally and functionally. Based on siRNA experiments in cancer
cell lines, AAF appears to regulate DNA replication in vivo.

EXPERIMENTAL PROCEDURES

Purification of AAF and Sequencing of Tryptic Peptides—
AAF was purified from 80 g of cultured mouse L1210 lympho-
blastic cells as described previously, and its activity was meas-
ured following stimulation of pol-��primase on unprimed
poly(dT) using 0.1 unit of purified pol-��primase (11). Fractions
from the S-300 column (step V) containing AAF activity were
pooled, concentrated, and analyzed by SDS-PAGE, and the
132- and 44-kDa subunit bands were excised and sent to the
W.M. Keck Foundation Biotechnology Resource Laboratory at
Yale University. Individual tryptic peptides were separated by
reverse phase high pressure liquid chromatography and
sequenced by mass spectrometry using an electrospray/qua-
drupole/time-of-flight spectrometer. The N terminus of the
44-kDa bandwas sequenced by the University of California San
Diego Biology Department Protein Sequencing Facility, but the
N terminus of AAF-132 was found to be blocked.
cDNA Cloning of AAF-132 and AAF-44—Peptide sequences

were used to search available data bases with the BLAST pro-
gram (13), and initially two expressed sequence tag (EST)
clones were found, GenBankTM accession numbersAA655197
and AA039012, containing sequences corresponding to several
peptides from the 132- and 44-kDa subunits, respectively. Both
clones were obtained from the ATCC and were sequenced. A
probe forAAF-132was producedwith the primers 5�-CCAAA-
CAGAGTCTGCAAGCAAAAC-3� and 5�-CCTTAGGCAGT-
GTCAAGACG-3�; it was labeled with [�-32PO4]dCTP by ran-
dom hexamer priming (14) and used to screen an oligo(dT)-
primedmouse testis cDNA library in �GT10 (Stratagene). Two
overlapping AAF-132 clones were isolated that encoded an
uninterrupted open reading frame of 1199 amino acids includ-
ing the 3�-end but were missing a proper start codon. To clone
the 5�-end of both AAF-132 and AAF-44, we used rapid ampli-
fication of cDNA 5�-ends (15) with L1210 RNA serving as a
template. The gene-specific primers for AAF-132 were
5�-CTTTGGGTCAAAAGTAGCCCAAGCC-3� and 5�-TCG-

GAGGTAGGTGGTTCGCCC-3�. The primers for AAF-44
were 5�-TCGGATGATATCTCCAATCCC-3� and 5�-TCT-
GCTCGATGGTCTCCTGC-3�. For each subunit, two inde-
pendent PCR products were sequenced.
NorthernBlot Analyses—Mouse tissueNorthern blots (Clon-

tech) were hybridized with cDNA probes encoding murine
AAF-44 (nucleotides 164–544), AAF-132 (nucleotides 3401–
3692), or human �-actin (Clontech) as described previously
(14). Probes were generated by PCR and labeled by random
hexamer priming using either [�-32PO4]dCTP (AAF-132 and
�-actin) or both [�-32PO4]dCTP and [�-32PO4]dATP
(AAF-44).
In Vitro Transcription/Translation of Epitope-tagged AAF-

44 and AAF-132—5� fusion sites were created using PCR and
the following sets of primers: 5�-GGATCCATGGCTGCTT-
GCCGAGCACAAC-3� and 5�-CTTTGGGTCAAAAGTAGC-
CCAAGCC-3�for AAF-132 and 5�-CTCGAGGAGATGCCA-
CAGCCCTGCCTCTTG-3� and 5�-TCTGCTCGATGGTCT-
CCTGC-3� forAAF-44. ThePCRproductswere sequenced and
spliced into the full-length coding sequences in pcDNA3-Myc,
pcDNA3-HA, or pXJ40-FLAG, creating an in-frame fusion
with anN-terminalMyc, hemagglutinin (HA), or FLAGepitope
tag (16, 17). AAF-44 and/or AAF-132 in pcDNA3-Myc was
used as a template for a coupled transcription/translation reac-
tion using T7 RNA polymerase, [35S]methionine, and the
TNTTM reticulocyte lysate system according to the manufac-
turer’s instructions (Promega).
Site-directed Mutagenesis—Site-directed mutagenesis of

AAF-44 was performed using the QuikChangeTM mutagenesis
II XL kit fromStratagenewith the following primers (sense strand
with mutant nucleotides is underlined): 5�-GTTATAAACTGC-
GTCTGCGCAAAGAAGCTGAGCAAC-3� (W96A) and 5�-
GTCCGAGGCTCTGTGCGTATGGCCCGAGAAGAGCG-
AGA-G-3� (F151A). The mutagenesis product was sequenced.
Cell Culture—Cells were grown in the following media:

human embryonal kidney 293T cells in Iscove’s modified Dul-
becco’s medium, MDA-MB-231 and MCF7 breast cancer cells
in Dulbecco’s modified Eagle’s medium/F-12 medium, PC3
prostate cancer cells in RPMI 1640 medium, and HeLa cervical
cancer cells in Dulbecco’s modified Eagle’s medium. All media
were supplemented with 10% fetal bovine serum (FBS) unless
otherwise specified.
DNA Transfections and Co-immunoprecipitation Experi-

ments—239T cells were transfected in full growthmediumwith
2 �g of DNA and 5 �l of Lipofectamine 2000TM/6-well cluster
dish. Cells were lysed 24 h later in 50 mM Tris-HCl, pH 7.5, 150
mM NaCl, 1% Triton X-100, and protease inhibitor mixture
(Calbiochem) for 10 min at 4 °C. The lysates were cleared by
centrifugation at 14,000 � g for 10 min, and a monoclonal
mouse anti-HA epitope antibody (Santa Cruz Biotechnology,
SC7392) or a polyclonal rabbit anti-Myc antibody (SC789)were
added (16). Immunoprecipitates were collected on protein
G-agarose, washed six times in lysis buffer, and analyzed by
SDS-PAGE/Western blotting (16).
Immunoaffinity Purification of AAF-44—239T cells were

transfected with an expression vector encoding FLAG epitope-
tagged AAF-44 and either Myc-tagged AAF-132 or empty vec-
tor as described above. Cells were lysed in buffer containing 50
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mM Tris-HCl, pH 7.5, 50 mM NaCl, 0.3% Nonidet P-40, and
protease inhibitor mixture; cleared lysates were incubated with
anti-FLAG M2-agarose beads (Sigma) for 1 h. The beads were
washed six times in lysis buffer, and AAF-44 was eluted in
buffer containing 0.03% Nonidet P-40 and 0.1 mg/ml FLAG
peptide (Sigma).
DNA Binding Assay—For DNA binding assays, cells were

transfected as described above, and 20–200 �g of cell lysate
protein were incubated for 20 min at 4 °C in binding buffer (10
mM K-HEPES, pH 7.9, 25 mM KCl, 0.25 mM dithiothreitol, 0.1
mMEDTA, and 5% glycerol) with 0.1mg/ml bovine serumalbu-
min and the indicated amount of biotinylated (dC)30 oligode-
oxyribonucleotide (oligo(dC); Invitrogen) in a total volume of
70�l. In some experiments, cell lysates were preincubated with
non-biotinylated oligo(dC)30 for 15 min prior to addition of
biotinylated probe. Streptavidin-agarose beads (Thermo Scien-
tific) were added for an additional 20 min, the beads were
washed three times in binding buffer with 0.1% Triton X-100,
and bound proteins were analyzed by SDS-PAGE/Western
blotting using the appropriate anti-epitope antibody.
Primer-dependent DNA Synthesis Assay—Oligoribonucle-

otides synthesized by purified pol-��primase were assayed by
measuring their ability to serve as primers for the Escherichia
coli pol I Klenow fragment. The four-subunit DNA pol-��pri-
mase complex was immunoaffinity-purified from human leu-
kemic myeloblasts or calf thymus using SJK132-20 antibody as
described previously (18, 19); both preparations were devoid of
detectable exo- or endonuclease activity. Reactions were car-
ried out in a 20-�l mixture containing 50mMK-HEPES, pH 7.6,
50 mM KCl, 8 mM MgCl2, 2 mM dithiothreitol, 0.1 mM EDTA,
0.1mg/ml bovine serumalbumin, 0.01%Nonidet P-40, 5% glyc-
erol, 2 mM rATP, 20 �M [�-32PO4]dATP (6 �Ci/nmol), 500 ng
of poly(dT) template (Sigma), 1 unit of Klenow fragment (New
England Biolabs), and 0.1 unit of purified pol-��primase (11,
18). To this assay were added variable amounts of immunoaf-
finity-purified AAF-44�AAF-132 complex or AAF-44 purified
in the absence of AAF-132; FLAG elution buffer served as a
control. After a 15-min incubation at 37 °C, acid-insoluble
radioactivity was collected on glass fiber filters and quantified
by scintillation counting.
Immunofluorescence Studies—HeLa cells were plated on

glass coverslips and 16–20 h later were transfectedwith vectors
encoding epitope-tagged AAF-44 or AAF-132 using Lipo-
fectamine 2000. Cells were transferred to serum-free medium
for 48 h and then treated with 10 �g/ml aphidicolin (Sigma) in
10% serum-containing medium for an additional 24 h to stim-
ulate them to reach the G1/S border. To release the aphidicolin
block, cells were washed three times and incubated in complete
growth medium to allow semisynchronous progression
through S phase (20). At the indicated times, cells were fixed in
methanol at �20 °C, permeabilized in 0.1% Triton X-100, and
stained with antibodies specific for proliferating cell nuclear
antigen (PCNA; Santa Cruz Biotechnology) and Myc or HA
epitopes as described previously (16, 21).
siRNATransfections and [3H]ThymidineUptake—Cells were

plated at 2� 105 cells/well in 6-well cluster dishes and 18 h later
were transfected with 100 pmol of siRNA and 4 �l of Lipo-
fectamine 2000. After 20 h, they were plated at 7 � 104 cells/

well in 24-well dishes and transferred to media containing
either 10%dialyzed FBS or 0.5%FBS for 24 h prior to incubation
with 5 �Ci/ml [methyl-3H]thymidine (PerkinElmer Life Sci-
ences; 20 Ci/mmol) for 4 h. Cells were lysed in 0.1% SDS and 0.1
N NaOH, nucleic acids were precipitated in 10% trichloroacetic
acid, and precipitates were collected on glass fiber filters; radio-
activity was quantified by liquid scintillation counting. The
assay was linear with time and cell number. The target
sequences for AAF-44 siRNAs were 1) 5�-UGGAUCCUGU-
GUUUCUAGCCU-3� and 2) 5�-CAGCUUAACCUCA-
CAACUUAA-3�; siRNA oligoribonucleotides were synthe-
sized byQiagen, including theAllStarsNegativeControl siRNA
(1027281). A second control siRNA was from Dharmacon and
was targeted at green fluorescent protein (GFP; D-001300-01).
Quantitative Reverse Transcription-PCR—One microgram

of total cytoplasmic RNAwas subjected to reverse transcription
with random hexamer primers, and quantitative PCR was per-
formed using an Mx3000 real time PCR detection system
(Stratagene) with IQTM SYBR Green Supermix (Bio-Rad) (22).
The following primers were used: 5�-GACCAGCCTTTTCA-
CAGCTC-3� (AAF-44, sense) and 5�-GCAAGGGACAG-
CAAAGACTC-3� (AAF-44, antisense) and 5�-AACGGAT-
TTGGTCGTATTGGG-3� (glyceraldehyde-3-phosphate de-
hydrogenase, sense) and 5�-TGGAGGATGGTGATGGGAT-
TTC-3� (glyceraldehyde-3-phosphate dehydrogenase, anti-
sense). Relative changes in mRNA expression were calculated
with glyceraldehyde-3-phosphate dehydrogenase serving as an
internal reference (22).
Data Presentation—Results presented in bar graphs repre-

sent themeans� S.E. of at least three independent experiments
performed in duplicate. Student’s t test was used for pairwise
comparisons; a p value of �0.05 was considered to indicate
statistical significance.

RESULTS

Purification and Peptide Sequencing of AAF-132 and AAF-44
Subunits—AAF was purified from L1210 murine lymphoblasts
through phosphocellulose, hydroxylapatite, DNA cellulose,
and gel filtration chromatography (11). Amino acid sequences
from several internal peptides of the 132- and 44-kDa subunits
were obtained by tandem mass spectrometry; in addition,
Edman degradation resulted in an N-terminal sequence of the
small subunit (Table 1).
cDNACloning andGenomicOrganization ofAAF-132—Data

base searches with the BLAST program (13) yielded a single
EST-based nucleotide sequence comprising peptides 7 and 8 of
AAF-132 (Table 1) (GenBank accession number AA655197).
We used this sequence to isolate two overlapping clones from a
mouse cDNA library, and we used rapid amplification of cDNA
5�-ends (15) to extend the open reading frame to a total of 1211
amino acids. The first methionine is in the context of a good
Kozak sequence and is preceded by 41 presumably untranslated
nucleotides. The open reading frame contains the exact amino
acid sequences of all nine tryptic peptides derived frompurified
AAF-132 (Table 1), and the calculatedmolecular weight for the
encoded protein is 133,917, which is in good agreement with
the apparent molecular weight observed on SDS-PAGE (11).

Accessory Factor for DNA Polymerase-��Primase

FEBRUARY 27, 2009 • VOLUME 284 • NUMBER 9 JOURNAL OF BIOLOGICAL CHEMISTRY 5809



After completion of the above described work, full-length
cDNA clones of unidentified proteins became available
through the NCBI data bases; clones NM_026889 and
NM_025099 encodemurine andhumanAAF-132, respectively,
which share 69% amino acid sequence identity (GenBank
accession numbers of AAF sequences are summarized in sup-
plemental Table I). Several minor sequence differences
between the two murine cDNAs are listed in supplemental
Table II; most differences did not result in amino acid changes,
but in three of four cases where it did, our sequence corre-
sponds to amino acids found in the human protein. Two
genomic clones frommouse chromosome 11 demonstrate that
the AAF-132 gene contains 23 exons spanning 15 kb. Several
mouse EST clones were found that encode exons I and II and
extend the 5�-untranslated region to a total of 208–222 nucle-
otides (supplemental Table I provides a list of the EST and
genomic clones).
cDNA Cloning and Genomic Organization of AAF-44—

BLAST searches with the peptide sequences obtained for
AAF-44 yielded an EST clone containing perfect matches for
peptides 2–6 of AAF-44 (GenBank accession number
AA039012) (Table 1). Rapid amplification of cDNA 5�-ends
extended the open reading frame to a total of 378 amino acids
(calculated molecular weight, 43,482), including peptide 1
obtained from the N-terminal sequencing of AAF-44 (Table 1);
the latter included 197 nucleotides of the 5�-untranslated
region with a termination codon upstream and in-frame with
the ATG. Two genomic clones from mouse chromosome 19
(supplemental Table I) show that the AAF-44 gene contains 10
exons over a distance of 36 kb. Recently BLAST searches also
identified a full-length cDNA clone encoding murine AAF-44
(GenBank accession number NM_175360); compared with our
sequence, this clone contains one nucleotide change but iden-
tical amino acid sequence and 229 nucleotides of 5�-untrans-
lated region. Three EST clones were found that extend further
5� (corresponding to the genomic sequence); these clones sug-
gest that the 5�-untranslated region may be unusually long,

consisting of 327–349 nucleotides (supplemental Table I pro-
vides accession numbers). Based on a human cDNA sequence,
human and murine AAF-44 share 71% amino acid sequence
identity.
AAFmRNA Analysis—Using probes encoding parts of AAF-

132 or AAF-44 coding sequences, we performed Northern blot
analysis of poly(A)� RNA from adult mouse tissues and found
single messenger RNA species of �4 and 2 kb for AAF-132 and
AAF-44, respectively (Fig. 1A). The sizes of the mRNAs corre-
spond approximately to the length of their cDNAs (4 and 1.9 kb
for AAF-132 and -44, respectively). The amount of AAF-44
message was low but correlated with the amount of AAF-132
mRNA with highest levels (compared with �-actin) found in
testis and undetectable levels in skeletal muscle.
Expression of Epitope-tagged AAF-44 and AAF-132 Proteins—

In vitro transcription and translation of cDNAs encoding Myc
epitope-tagged versions of AAF-44 and/or AAF-132 yielded
products with apparent molecular masses corresponding to
those of the native AAF subunits, and [35S]methionine-labeled
proteins reacted with antibodies directed against the Myc
epitope (Fig. 1B; theMyc epitope increases the apparentmolec-
ular weight).We observed high levels of the 44-kDa subunit but
lower levels of the 132-kDa subunit in 293T cells transfected
with expression vectors encoding Myc-tagged AAF-44 and/or
AAF-132 (Fig. 1C). Co-expression of AAF-44 always improved
recovery of the large subunit, whereas storing samples at 4,
�20, or �80 °C caused dramatic losses of the 132-kDa protein.
The 132-kDa subunit generally migrated as a blurry band, sug-
gesting the presence of post-translational modification(s). In
addition, variable amounts of high molecular weight protein
aggregates were observed at the top of the gel (marked with an
asterisk in Fig. 1C). This was also observed during AAF purifi-
cation where a portion of AAF-132 appeared to form large
aggregates that migrated only a short distance on SDS-PAGE
(11).
Co-immunoprecipitation of AAF-132 and AAF-44 from

Intact Cells—To determine whether the two AAF proteins
associate in intact cells, 293T cells were transfected with vec-
tors encodingMyc epitope-tagged AAF-132 and/or HA-tagged
AAF-44.WhenAAF-132was immunoprecipitated from lysates
of cells co-expressing both proteins, AAF-44 was found in the
immunoprecipitates, but no AAF-44 was observed in anti-Myc
immunoprecipitates obtained from cells expressing either
AAF-44 or AAF-132 alone (Fig. 2A, top panel, lanes 1–3; lanes
4–6 show 10% of input lysate, and lanes 1–3 of the bottom
panel show the amount of AAF-132 present in anti-Myc immu-
noprecipitates). Similar results were obtained in reciprocal
experiments when AAF-44 was immunoprecipitated and the
anti-HA immunoprecipitates were examined for the presence
of AAF-132 (Fig. 2B). We conclude that AAF-44 and -132 form
a complex in intact cells.
AAF-44 Is aMember of the OB Fold Protein Superfamily with

Homology to RPA-32—When the predicted amino acid
sequence derived from the large open reading frame of AAF-
132 was used to search available data bases with the BLAST
program (13), no significant homology to known proteins was
found, and no specific conserved domains were identified. In
contrast, BLAST analysis of theAAF-44 sequence predicted the

TABLE 1
Tryptic peptides of AAF-132 and AAF-44 and an N-terminal peptide
of AAF-44
AAF was purified from L1210 cells as described previously (11). After SDS-PAGE,
the bands corresponding to AAF-132 and AAF-44 were excised, and tryptic frag-
ments were analyzed by tandemmass spectrometry or N-terminal Edman degrada-
tion (AAF-44 peptide 1) as described under “Experimental Procedures.”

Identified as amino
acid residues

AAF-132 peptide fragments
1 GGRPGDGVLPR 98–108
2 QLILLGTLVDLLGDSEQE 110–127
3 AWATFDPK 561–568
4 LVAPGPSTPVFETEGSSGT 814–832
5 XHFSQLEK 962–968
6 ALGLSPSEWSSILEHAR 1090–1106
7 VALQFTGLGGQTXSASK 1111–1127
8 THEPLTLLLR 1128–1137
9 PTDISPR 1159–1165

AAF-44 peptide fragments
1 PQPXLXME 2–9
2 IGIGDIIR 136–143
3 XIXANIYYK 157–164
4 XDDPVWNMQIAR 166–176
5 LQEEEALNNKDNLDLAGLTSLLSEK 197–221
6 VLELLEDQSDIVSTADHYY 357–375
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presence of an oligonucleotide/oligosaccharide-binding (OB)
fold domain and demonstrated homology to RPA-32, the
32-kDa subunit of the replication protein A complex. RPA is
the most abundant ssDNA-binding protein in mammalian
cells. It is a heterotrimer composed of a 70-, 32-, and 14-kDa
subunit (RPA-70, -32, and -14) and plays a central role in DNA
replication, DNA damage recognition, and DNA repair (9, 23,
24). The RPAheterotrimer binds ssDNA via fourDNA-binding
OB fold domains located on the RPA-70 and -32 subunits; in
addition, RPA directly interacts with pol-��primase and diverse
DNA processing proteins (3, 23). Therefore, AAF and RPA-32
may share not only structural but also functional homology
(discussed below).

To determine the evolutionary
relationship between AAF-44 and
RPA-32, we used ClustalW (25)
for progressive alignment of the
predicted amino acid sequences of
AAF-44 and RPA-32 from different
species, including human, rat,
mouse, chicken, zebrafish, Schizos-
accharomyces pombe, and other
fungi. From the sequence align-
ment, an unrooted phylogenetic
tree was constructed (Fig. 3A). The
data suggest that AAF-44 and
RPA-32 are evolutionarily related
and may have arisen from gene
duplication before the divergence of
fungi and animals. No AAF-44
orthologs could be identified in
Drosophila melanogaster, Caenorh-
abditis elegans, or S. cerevisiae.
Murine AAF-44 and RPA-32 share
21% sequence identity compared
with 28% sequence identity between
murine and S. pombe RPA-32. The
relationship between AAF and
RPA-32 was confirmed using the
progressive alignment procedure of
Feng and Doolittle (26). The posi-
tions of sequence identity are dis-
tributed over the length of the
AAF-44 protein with some highly
conserved clusters of several resi-
dues. The highest density of con-
served residues is found in the cen-
trally located, single OB fold
domain of RPA-32 involved in
ssDNA binding (Fig. 3B).
Crystal structures of the three

main RPA ssDNA binding domains
have been solved with two of the
domains residing on RPA-70 and
one residing on RPA-32 (27, 28). All
three domains contain a central OB
fold, which is a five-stranded closed
�-barrel capped by an �-helix and

forms the binding surface for ssDNA (23, 29). DNA binding is
sequence-independent and occurs primarily via non-polar
interactions between amino acid side chains and the nucleic
acid bases or ribosemoieties (29, 30). Fig. 3B shows a structure-
based sequence alignment of the RPA-70 and RPA-32 OB fold
domains with the putative OB fold domain of AAF-44 (27, 28,
30). The nucleic acid-binding OB family has low sequence sim-
ilarity among itsmembers; however, structure-based alignment
has demonstrated a pattern of conserved amino acid residues
within �-sheets (30). AAF-44 contains several conserved fea-
tures consistent with an OB fold topology (Fig. 3B): (i) hydro-
phobic residues in alternating amino acid positions, especially
in �1, �2, and �4; (ii) a conserved glycine/alanine in �1; (iii) a

FIGURE 1. AAF-44 and AAF-132 mRNA expression in murine tissues and expression of Myc epitope-
tagged AAF-44 and AAF-132 proteins. A, a Northern blot prepared with 2 �g of poly(A)� RNA/lane was
hybridized to radioactively labeled cDNA probes encoding murine AAF-132 (top panel), AAF-44 (middle panel),
or human �-actin (lower panel). RNA molecular weight markers (in kb) are shown on the left. Lanes 1– 8 show
RNA isolated from adult murine heart (H), brain (B), spleen (Sp), lung (Lu), liver (Li), skeletal muscle (Sk), kidney
(K), and testis (T). B, cDNA sequences encoding AAF-44 (lanes 2 and 4) and/or AAF-132 (lanes 3 and 4) with an
N-terminal Myc epitope tag were subjected to in vitro transcription and translation in a coupled T7 RNA
polymerase/reticulocyte lysate system using [35S]methionine. Lane 1 shows a control reaction with “empty
vector” template. Aliquots of the reaction product were analyzed by SDS-PAGE/autoradiography (upper panel) and
Western blotting using a Myc epitope-specific antibody (lower panel). C, 293T cells were transfected with equal
amounts of expression vectors encoding Myc-tagged AAF-44 (lanes 1 and 3), AAF-132 (lanes 2 and 3), or empty
vector (lane 4), and cell lysates were analyzed by SDS-PAGE/Western blotting using an anti-Myc antibody. AAF-132
appears to form high molecular weight aggregates that do not enter the gel properly (marked with an asterisk).
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conserved aspartate at the end of �2; and (iv) two aromatic
amino acids at the end of �3 and �4, which in RPA-70 stack
with theDNAbases (27, 29). These results suggest that AAF-44
contains anOB fold domain that is highly related to theOB fold
domains of RPA-32 and RPA-70.
AAF Binds to Single-stranded DNA—To determine whether

AAF binds to single-stranded DNA, we transfected 293T cells
with expression vectors encoding Myc epitope-tagged AAF-44
and/or AAF-132 and incubated increasing amounts of cell
lysate protein with biotinylated oligo(dC)30. The oligo(dC) was
captured on streptavidin-coated beads, and after extensive
washing, bound proteins were analyzed by SDS-PAGE and
Western blotting with anti-Myc antibody. Fig. 4A shows that
AAF-44 and AAF-132, when expressed separately, bound
weakly to the single-stranded oligo(dC), but when both sub-
units were expressed together, strong DNA binding was
observed. The differences in the amount of DNA-bound
AAF-44 were not explained by differences in the amount of
AAF-44 expressed in the presence or absence of AAF-132,
although AAF-132 was less abundant when expressed by
itself as mentioned before (supplemental Fig. 1A). No bind-
ing of AAF to streptavidin beads was detectable in the
absence of biotinylated probe (data not shown).
To examine binding specificity, we performed competition

experiments in which increasing amounts of non-biotiny-
lated oligo(dC)30 were added to cell lysates prior to adding
biotinylated probe. As shown in Fig. 4B, left panel, binding of
the AAF-44�AAF-132 complex to biotinylated probe was
almost completely prevented in the presence of a 100-fold
excess of non-biotinylated oligo(dC). Similar competition
experiments were performed with AAF-44 and AAF-132
expressed separately (Fig. 4B, right panels); although DNA
binding was much weaker, it was competed to a similar extent
by the non-biotinylated oligo(dC), suggesting similar binding

affinities. It is possible that recombinant AAF-44 and AAF-132
expressed separately bind DNA by forming complexes with
endogenous AAF subunits present in limiting amounts (this
question is addressed below). Myc-tagged AAF-44 also bound
to single-stranded DNA-cellulose but not to control cellulose
beads (supplemental Fig. 1B).
Effect of Mutations in the Putative OB Fold Domain of

AAF-44—To test the hypothesis that AAF-44 contains a func-
tional OB fold involved in ssDNA binding, we performed site-
directed mutagenesis and replaced two conserved aromatic
amino acids with alanine residues (Trp-96 and Phe-151 in the
murine sequence; the corresponding residues in the human
sequence are marked with arrowheads in Fig. 3B). When 293T
cells were transfected with vectors encoding FLAG epitope-
tagged wild type or double mutant AAF-44 together with Myc
epitope-tagged AAF-132, similar amounts of wild type and
mutant proteins were expressed (Fig. 4C; the lower panel shows
an anti-FLAGWestern blot of cell lysates; the anti-Myc blot is
not shown but demonstrated equal amounts of AAF-132 in
both types of lysate). When increasing amounts of cell lysates
were incubated with biotinylated oligo(dC)30, significantly less
mutant AAF-44W96A/F151A�AAF-132 complex bound to the
probe compared with wild type AAF (Fig. 4C; the top panel
shows a typical DNA pulldown assay with DNA-bound pro-
teins detected using anti-Myc plus anti-FLAG antibodies). The
W96A/F151A mutation in AAF-44 reduced DNA binding to
44 � 7% of wild type AAF (Fig. 4D summarizes results of three
independent experiments). The difference was also apparent
whenwild type ormutantAAF-44was expressed in the absence
of recombinant AAF-132 and cell lysates were incubated with
increasing amounts of biotinylated oligo(dC)30 probe (supple-
mental Fig. 1C). These results suggest that mutation of the two
conserved aromatic amino acids within the putative OB fold
domain of AAF-44 interferes with DNA binding of the protein.
Although the effect of the mutations was moderate, a similar
reduction in RPA DNA binding is observed when the corre-
sponding two aromatic amino acids in the OB fold domain of
RPA-32 are mutated to alanine (31).
AAF DNA Binding Requires Both Subunits—To determine

whether AAF-44 can bind ssDNA by itself or whether binding
requires associationwith the large subunit, we immunoaffinity-
purified FLAG epitope-tagged AAF-44 from 293T cells. The
protein was isolated from cells expressing FLAG-tagged
AAF-44 in the presence or absence of Myc-tagged AAF-132.
AAF-44 was eluted from the immunoaffinity matrix using
FLAG peptide, and eluted proteins were analyzed by SDS-
PAGE/silver staining. AAF-44 appeared as a major band
together with two contaminating bands that were also present
in eluates derived from empty vector-transfected cells, and
Myc-tagged AAF-132 co-purified with AAF-44 from cells co-
transfected with both subunits (supplemental Fig. 2A). When
increasing amounts of these eluates were incubated with bio-
tinylated oligo(dC)30, strongDNAbinding of both subunits was
detected in samples containing AAF-44 with co-purified AAF-
132, but no binding was apparent in samples containing puri-
fied AAF-44 alone although similar amounts of AAF-44 were
presentwhether or notAAF-132was co-purified (Fig. 5A shows
DNA-bound proteins detected by probingwith anti-FLAGplus

FIGURE 2. Association of AAF-44 with AAF-132 in intact cells. A, 293T cells
were transfected with expression vectors encoding HA epitope-tagged
AAF-44 and/or Myc epitope-tagged AAF-132 as indicated, and cell lysates
were subjected to immunoprecipitation (IP) with anti-Myc antibody (lanes
1–3). Proteins present in the immunoprecipitates were analyzed by SDS-
PAGE/Western blotting using an anti-HA epitope antibody (upper panel) or an
anti-Myc epitope antibody (lower panel). Ten percent of total cell lysate input
was analyzed in parallel (lanes 4 – 6). B, the experiment was similar to that
described in A, but cell lysates were subjected to immunoprecipitation with
anti-HA antibody (lanes 1–3).
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anti-Myc antibodies, and supplemental Fig. 2B shows a West-
ern blot of AAF-44 present in the eluates). Nonspecific binding
of the AAF-44�AAF-132 complex to streptavidin beads in the
absence of biotinylated probewas excluded (Fig. 5A, lane 5). To
determine whether addition of AAF-132 could rescue DNA
binding of purified AAF-44, we incubated purified FLAG-
tagged AAF-44 with biotinylated oligo(dC)30 and added cell
lysates from 293T cells transfected with either empty vector or
Myc-tagged AAF-132. Although no binding of AAF-44 was
apparent in the presence of control lysate, AAF-44 binding was
detectable in the presence of lysate containing AAF-132 (Fig.

5B, compare lane 1 (AAF-44 plus control lysate) with lane 3
(AAF-44 plus AAF-132-containing lysate)). These results sug-
gest that AAF-44 requires the presence of AAF-132 for DNA
binding.
Todetermine theDNAbinding affinity ofAAF,we incubated

a constant amount of purified AAF-44�AAF-132 complex with
increasing amounts of biotinylated oligo(dC)30 probe, isolated
the protein�DNA complex on streptavidin-coated beads, and
quantified the amount of DNA-bound AAF-44 by Western
blotting (Fig. 5C). DNAbindingwas saturated at probe concen-
trations �0.14 �M (10 pmol of probe). Fig. 5D shows a double

FIGURE 3. Phylogenetic relationship of AAF-44 and RPA-32 and alignment of AAF and RPA OB fold domains. A, AAF-44 sequences were aligned with
RPA-32 sequences of human, rat, mouse, chicken, zebrafish, and fungal origin using the ClustalW program (25). An unrooted phylogenetic tree was drawn by
the neighbor-joining method using the program Phylodendron. GenBank accession numbers for AAF-44 are as follows: Homo sapiens, NP_079204; Rattus
norvegicus, NP_001011943; Mus musculus, NP_780569; Gallus gallus, XP_421742; Danio rerio, NP_956683; Neurospora crassa, XP_960343; Aspergillus clavatus,
XP_001275592; and S. pombe, CAL44730. GenBank accession numbers for RPA-32 are as follows: H. sapiens, NP_002937; R. norvegicus, NP_067593; M. musculus,
NP_035414; G. gallus, NP_001026063; D. rerio, NP_571786; N. crassa, XP_961967; A. clavatus, XP_001268210; and S. pombe, NP_588227. B, human AAF-44 was
aligned with the sequences of the OB fold domains of human RPA-70 and RPA-32 using ClustalW with slight manual modifications; RPA-70 and RPA-32 were
aligned according to published crystal structures, and regions of �-strands conserved among the OB folds are shown above as black arrows (28, 30). Numbers
in parentheses refer to amino acid positions in the human sequences, and residues that are identical or conserved between AAF-44 and RPA are shaded in gray.
Conserved hydrophobic residues in alternating amino acid positions within the �-sheets are indicated by black dots, and conserved glycine and aspartate
residues are marked by their bold letter symbols. Two arrowheads indicate aromatic amino acid residues that are thought to be important for ssDNA binding of
RPA-32 and are conserved in members of the S1 family of OB fold proteins (30).
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reciprocal plot of 1/[relative DNA-bound AAF-44] versus
1/[probe]; from these data we estimated the apparent associa-
tion constant to be Ka. 2.8 � 106 M�1. For comparison, the
apparent association constant of the RPA heterotrimer varies
depending on the length of the oligodeoxynucleotide probe
from �7 � 107 M�1 for oligo(dT)10 to �1.5 � 109 M�1 for
oligo(dT)50 (as determined by electrophoretic mobility shift

assay (32)). Thus, AAF appears to bind ssDNAwith lower affin-
ity than RPA.
Recombinant AAF Stimulates DNA Primase Activity—We

examined the effect of purified recombinant AAF on DNA pri-
mase activity using purified pol-��primase from calf thymus
with poly(dT) template. Oligoribonucleotides synthesized by
purified pol-��primase in the absence and presence of AAF-44

FIGURE 4. ssDNA binding of AAF and effects of mutations in the putative OB fold domain of AAF-44. A, 293T cells were transfected with equal amounts
of expression vectors encoding Myc epitope-tagged AAF-44 (lanes 1–3), Myc-tagged AAF-132 (lanes 7–9), or both (lanes 4 – 6), and 20, 60, or 200 �g of cell lysate
protein (designated by the triangle above) were incubated with 10 pmol of biotinylated oligo(dC)30 as described under “Experimental Procedures.” Biotinylated
oligo(dC)30 was isolated using streptavidin-agarose beads, and proteins bound to the washed beads were analyzed by SDS-PAGE/Western blotting with
anti-Myc antibody. The arrows indicate migration of full-length AAF-132 and -44. B, cells were transfected with equal amounts of Myc-tagged AAF-44 and -132
(left panel) or with each subunit separately (right panels), and cell lysates (20 and 100 �g of protein in the left or right panels, respectively) were incubated with
30 pmol of biotinylated oligo(dC)30 in the absence (lane 1) and presence (lanes 2–5) of increasing amounts of non-biotinylated competitor (Comp.) oligo(dC)
(90, 300, 900, and 3000 pmol) as indicated. Protein�DNA complexes were isolated on streptavidin-agarose beads and analyzed as described in A. C, cells were
co-transfected with vectors expressing Myc-tagged AAF-132 and FLAG-tagged wild type AAF-44 (wt; lanes 1–3) or mutant AAF-44 containing alanine substi-
tutions for Trp-96 and Phe-151 (mut; lanes 4 – 6). Binding to oligo(dC)30 was assessed as described in A except that bound proteins were detected by immu-
noblotting with anti-Myc plus anti-FLAG antibodies (upper panel). The lower panel shows a Western blot of cell lysates demonstrating similar amounts of wild
type and mutant AAF-44 present in the lysates used for the DNA pulldown assay. D, three independent experiments were performed as described in C, and
relative amounts of wild type versus mutant AAF-44 bound to oligo(dC)30 were quantified by densitometry scanning. Shown are the mean � S.D.; asterisk, p �
0.05 for the comparison between wild type and mutant AAF-44.
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or AAF-44�AAF-132 complexes were assayed by measuring
their ability to serve as primers for E. coli pol I Klenow frag-
ment. Adding concentrated immunoaffinity-purified AAF-
44�AAF-132 to pol-��primase stimulated primase activity about
7-fold compared with the activity measured in the presence of
FLAG peptide elution buffer (Fig. 6; the gray bars show results
for concentrated and 1:3 diluted AAF-44�AAF-132; because of
variable degrees of AAF-132 proteolysis, the amount of intact
AAF-44�AAF-132 complex in each preparation could not be
accurately determined). In contrast, adding purified AAF-44 by
itself had no significant effect on primase activity (Fig. 6, black
bars). Similar resultswere obtainedwith pol-��primase purified
fromhumanmyeloid leukemic blasts (data not shown). Neither
AAF-44 by itself nor the AAF-44�AAF-132 complex affected
Klenow activity (data not shown). Thus, consistent with the
finding that the intact AAF-44�AAF-132 complex is required

for DNA binding (Fig. 5C), both subunits are required for stim-
ulation of DNA primase activity.
Nuclear Localization of AAF Subunits, andCo-localization of

AAF with PCNA—To examine the subcellular localization of
AAF in intact cells, we used rabbit anti-HA and murine anti-
Myc epitope-specific antibodies to perform double immuno-
fluorescence staining in HeLa cells transfected with HA
epitope-tagged AAF-44 and Myc-tagged AAF-135. AAF-44
appeared to be largely nuclear with sparing of nucleoli; some
cytoplasmic immunofluorescence was apparent perhaps due to
high expression levels (Fig. 7A, left panel). AAF-132 staining
was exclusively nuclear also with exclusion of nucleoli (Fig. 7A,
right panel).
During S phase, chromosomal replication occurs at distinct

sites in the nucleus termed replication foci, which containmul-
tiple proteins required for DNA replication (20). Pol-�, RPA,

FIGURE 5. DNA binding of AAF requires both subunits. A, 293T cells were co-transfected with FLAG-tagged AAF-44 and Myc-tagged AAF-132 (lanes 1–5) or
received vector encoding AAF-44 plus empty vector (lanes 6 –9). Cell lysate proteins were passed over an anti-FLAG antibody affinity matrix, and AAF-44 was
eluted with FLAG peptide as described under “Experimental Procedures.” Analysis of eluates by SDS-PAGE/silver staining and Western blotting is shown in
supplemental Fig. 2. Increasing amounts of the eluates containing purified FLAG-AAF-44 with (lanes 1–5) or without (lanes 6 –9) co-purified Myc-AAF-132 were
incubated with 30 pmol of biotinylated oligo(dC)30 probe as indicated by �. Protein�DNA complexes were isolated on streptavidin-agarose, and bound
proteins were detected by Western blotting with anti-FLAG plus anti-Myc antibodies as described under “Experimental Procedures.” In lane 5, the eluate was
incubated with streptavidin-agarose in the absence of biotinylated probe. The arrows indicate migration of full-length AAF-132 and -44. B, purified FLAG-
tagged AAF-44 was incubated with cell lysates from 293T cells transfected with either empty vector (lane 1) or Myc-tagged AAF-132 (lane 3). Lane 2 shows the
cell lysate containing AAF-132 in the absence of purified AAF-44. Proteins bound to biotinylated oligo(dC)30 were analyzed as described in A. C, FLAG-tagged
AAF-44 and Myc-tagged AAF-132 were co-purified as described in A and incubated with increasing amounts of biotinylated oligo(dC)30 probe as indicated.
Protein�DNA complexes were analyzed as described in A. D, the relative amounts of DNA-bound AAF-44 were determined by densitometry scanning of two
independent experiments performed as described in C. A double reciprocal plot of 1/[bound AAF-44] versus 1/[probe] is shown (with the probe concentration
in �M).
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and PCNA co-localize with bromodeoxyuridine-labeled nas-
cent DNAwithin replication foci (20, 21, 33, 34). To determine
whether AAF localized in replication foci, we transfected HeLa
cells withMyc epitope-tagged AAF-44 and AAF-132, enriched
cells for S-phase by releasing them from aphidicolin block-
ade, and subjected them to double immunofluorescence
staining using rabbit anti-PCNA and murine anti-Myc anti-
bodies (20). Deconvolution microscopy demonstrated co-
localization of AAF with PCNA in discrete, punctate regions

of the nucleus with PCNA also present on the nuclear mem-
brane (Fig. 7B). The punctate and nuclear membrane stain-
ing of PCNA in S phase nuclei has been observed previously
(20, 21, 35).
siRNA-mediated Knockdown of AAF-44 Inhibits DNA

Replication—Because AAF appears to work as a template affin-
ity protein that assists pol-��primase in synthesis of the lagging
strand of DNA replication forks (12), we asked whether AAF is
required for DNA replication in intact cells. We used siRNA
oligoribonucleotides targeting two different sequences in
humanAAF-44, which reducedAAF-44mRNA levels inMDA-
MB-231 breast cancer cells by �80 and �90% compared with
mRNA levels in cells transfected with two control siRNAs (Fig.
8A). In MDA-MB-231 cells grown in the presence of 10% dia-
lyzed FBS, the AAF-44 siRNAs reduced [methyl-3H]thymidine
uptake into DNA by 32 � 7 and 65 � 5% compared with thy-
midine uptake measured in control siRNA-transfected cells
(Fig. 8B, black bars; p � 0.05 for the comparison between cells
transfected with AAF siRNA versusGFP siRNA). These results
indicate that reducing the intracellular AAF concentration
affects the rate of DNA replication. Similar results were
obtained when cells were grown in low serum-containing
medium, indicating that AAF levels were limiting for DNA
synthesis even in serum-deprived cells with low DNA syn-
thesis rates (Fig. 8B, gray bars). We also examined MCF-7
breast cancer and PC-3 prostate cancer cells and found that
the AAF-44 siRNA inhibited DNA synthesis significantly
(p � 0.05) albeit less than observed in MDA-MB-231 cells
(Fig. 8,C for AAF-44mRNA levels andD for [methyl-3H]thy-
midine uptake). The AAF-44 siRNA did not affect cell via-
bility as measured by trypan blue staining or by flow cytom-
etry examination of propidium iodine-stained cells for
sub-G1 DNA content even when cells were treated repeat-
edly for up to 96 h (data not shown).

DISCUSSION

DNA replication starts at many origins on each chromo-
some, and DNA primase in the pol-��primase complex is the
only enzyme known to prime DNA replication in eukaryotic
cells (2). In addition to starting the leading strand of the nascent
fork at each replication origin, pol-��primase also initiates each
of the vast number of Okazaki fragments on the lagging strand.
More than 20 million Okazaki fragments have to be initiated
during a single S phase in mammalian cells (2). The rates of
primer synthesis and pol-� extension rates measured in vitro
fall significantly short of the assumed rapidity of the in vivo
process, indicating a key role of factors that enhance pol-��pri-
mase activity in vivo (2). The RPA complex, which enhances
processivity and fidelity of primer extension by pol-�, is one of
those factors (3). AAF appears to be a second such factor
because AAF improves the efficiency of pol-��primase in initi-
ating and extendingDNA fragments by threemechanisms: (i) it
keeps the enzyme associatedwith a ssDNA template; (ii) it facil-
itates the movement of pol-��primase over double-stranded
regions; and (iii) it increases the processivity of pol-� (12). All
threeAAF functions serve to enhance the activities of pol-��pri-
mase on the lagging strand of the replication fork. Because the
effects of AAF are seen at a stoichiometry of �1 molecule of

FIGURE 6. Recombinant AAF stimulates DNA primase activity. Immunoaf-
finity-purified FLAG-AAF-44 with (gray bars) or without (black bars) co-puri-
fied Myc-AAF-132 was incubated with 0.1 unit of purified pol-��primase com-
plex, and primase activity was determined as described under “Experimental
Procedures.” Primase activity measured in the presence of an equal volume of
FLAG peptide-containing elution buffer was assigned a relative value of 1.
Asterisk, p � 0.05 for the comparison between AAF-44 and the AAF-44�AAF-
132 complex. conc., concentrated; dil, diluted. Shown are the means � S.D. of
three experiments.

FIGURE 7. Subcellular localization of AAF subunits and co-localization
with PCNA. A, HeLa cells were co-transfected with expression vectors
encoding HA epitope-tagged AAF-44 and Myc epitope-tagged AAF-132
and analyzed by double immunofluorescence staining as described under
“Experimental Procedures.” B, HeLa cells were co-transfected with Myc
epitope-tagged AAF-44 and AAF-132, serum-starved, exposed to aphidi-
colin in full growth media, and released from aphidicolin blockade to
allow semisynchronous progression through S phase. Two and 6 h later,
cells were fixed and stained with antibodies specific for PCNA (green) and
the Myc-epitope (red) as indicated; yellow fluorescence indicates co-local-
ization in the merged images. Cells were sectioned at 2-�m intervals and
midnuclear sections are shown; images were obtained using a Delta
Vision deconvolution microscope.
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AAF/molecule of DNA template, it is unlikely that AAF func-
tions simply by “coating” single-stranded DNA (12). However,
AAF and RPA may have coordinated functions in initiating
DNA synthesis.
The function of RPA has been studied extensively in the

simian virus 40 (SV40) DNA replication system where all
three RPA subunits are essential for replication (36, 37). In
this system, the SV40 large T antigen directs assembly of a
replisome through physical interaction with RPA, pol-��pri-
mase, and topoisomerase I (36, 37). AAF cannot replace RPA
in this in vitro system (11). Others in previous work raised
the possibility that AAF may share some functional charac-
teristics and antigenic determinants with the SV40 large T
antigen (38). However, we compared AAF-132 and AAF-44
sequences directly with those of SV40 large T antigen using
the BLAST 2 program (39) and detected no significant
similarities.
AAF-44 is homologous to the 32-kDa subunit of RPA; mul-

tiple key residues important for theOB fold structure andDNA
binding of RPA are conserved in AAF-44. DNA binding of RPA
occurs in several stages that involve sequential participation of
four different OB fold domains, three in the RPA-70 subunit

and one in the RPA-32 subunit (3, 23, 40). Although the intact
RPAheterotrimer binds ssDNAwith high affinity, the threeOB
fold domains in RPA-70 are thought to account for most if not
all of this binding affinity, and the interaction of the RPA-
32�RPA-14 subcomplex with ssDNA is only detectable when
the N and C termini of RPA-32 are truncated to produce a
“core” domain bound to RPA-14 (4, 31). AAF contains a single
OB fold domain on the 44-kDa subunit. We found that recom-
binant AAF-44 bound ssDNA only in the presence of AAF-132
and that the DNA binding affinity of AAF was lower than that
reported for the intact RPA complex (31, 32). However, a
mutant RPA complex containing alanine substitutions in four
conserved aromatic residues in the first and second OB fold
domains of RPA-70 has an apparent association constant sim-
ilar to that of AAF; this mutant RPA complex still contains one
intact “low affinity” OB fold domain each in the 70- and 32-kDa
subunits (31). During purification ofAAF fromL1210 cells (11),
pol-��primase co-purified through the first three steps, but by
the fourth step over ssDNA-cellulose, AAF fractions were free
ofDNApolymerase activity; this suggests that intact AAF binds
to ssDNA-cellulose in the absence of pol-��primase, andwe did
not detect any DNA polymerase�primase activity in immunoaf-

FIGURE 8. Effect of AAF-44 siRNAs on DNA replication. A, MDA-MB-231 cells were transfected with siRNAs targeting two different sequences in AAF-44 or
with control siRNAs (one control siRNA targeting GFP and the other not targeting any known mRNA). Forty-eight hours later, AAF-44 mRNA levels were
quantified by real time reverse transcription-PCR. Expression levels were normalized to glyceraldehyde-3-phosphate dehydrogenase mRNA levels, and the
relative AAF-44 mRNA level in cells transfected with GFP siRNA was assigned a value of 100%. B, MDA-MB-231 cells were transfected as described in A and
grown in medium containing either 0.1% (gray bars) or 10% (black bars) dialyzed FBS. Forty-eight hours after transfection, cells were incubated with [methyl-
3H]thymidine for 4 h, and thymidine uptake into DNA was measured as described under “Experimental Procedures”; the uptake observed in GFP siRNA-
transfected cells was assigned a value of 100%. For GFP siRNA-transfected cells grown in 0.1 or 10% FBS, [methyl-3H]thymidine uptake into DNA was 42,040 �
14,545 and 149,175 � 48,030 cpm/105 cells/h, respectively. C, MCF-7 and PC-3 cells were transfected with siRNAs targeting GFP or AAF-44, and AAF-44 mRNA
levels were quantified as described in A. D, MCF-7 and PC-3 cells were transfected as in C and transferred to medium containing 0.1% FBS, and [methyl-
3H]thymidine uptake into DNA was determined as in B. Asterisk, p � 0.05 for the comparison between cells transfected with AAF siRNA versus GFP siRNA. Shown
are the means � S.D. of at least three independent experiments.
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finity-purified recombinant AAF-44�AAF-132 preparations.3
Moreover elution of AAF from ssDNA-cellulose columns
required much higher salt concentrations than elution of pol-
��primase, suggesting that the affinity of AAF for ssDNA is
greater than that of pol-��primase (11, 12).
AAF-44 and AAF-132 mRNAs are relatively widely

expressed in different tissues with the exception of skeletal
muscle. AAF activity was originally identified in L1210 cells,
which have a population doubling time of �20 h; however, it
remains to be determinedwhether AAF levels vary with the cell
cycle and whether levels are higher in cells with a short dou-
bling time compared with slow growing cells.
We found that AAF co-localized with PCNA in the nuclei of

replicating cells, suggesting that AAF localizes to replication
centers, i.e. areas of active DNA replication. This observation,
together with the stimulatory effect of AAF on pol-��primase
activity in vitro, suggests that AAF might regulate DNA repli-
cation in intact cells. Indeed, siRNA-mediated suppression of
AAF-44 expression decreased DNA synthesis in several cell
types. InMDA-MB-231 breast cancer cells, two different AAF-
44-specific siRNAs were tested, and they inhibited [methyl-
3H]thymidine uptake into DNA. However, AAF-44 depletion
had no significant effect on cell viability. These findings are
similar to the phenotype observed in cells treated with siRNA
targeting the catalytic subunit of pol-� that show a delay in S
phase entry and decreased DNA synthesis with little change in
cell viability (41). This is in contrast to siRNA-mediated sup-
pression of RPA-70 or RPA-32 expression that causes little
decrease in DNA synthesis but significant cell death due to a
high level of spontaneous DNA damage (42, 43).
In conclusion, AAF-44 demonstrates structural and func-

tional homologywith RPA-32, but its function is not redundant
with RPA because it cannot replace RPA in an SV40 DNA rep-
lication system in vitro, and its depletion in intact cells causes a
phenotype different from that seen in RPA-depleted cells (11,
42, 43). Future work is needed to determine precisely how AAF
participates in the complex processes of DNA replication fork
assembly and propagation.
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