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Amino acid sequence analysis has established that the homologous pairing protein of Ustilago maydis, known
previously in the literature as recl, is encoded by REC2, a gene essential for recombinational repair and
meiosis with regional homology to Escherichia coli RecA. The 70-kDa recl protein is most likely a proteolytic
degradation product of REC2, which has a predicted mass of 84 kDa but which runs anomalously during
sodium dodecyl sulfate-gel electrophoresis with an apparent mass of 110 kDa. To facilitate purification of the
protein product, the REC2 gene was overexpressed from a vector that fused a hexahistidine leader sequence
onto the amino terminus, enabling isolation of the REC2 protein on an immobilized metal affinity column. The
purified protein exhibits ATP-dependent DNA renaturation and DNA-dependent ATPase activities, which were
reactions characteristic of the protein as purified from cell extracts of U. maydis. Homologous pairing activity
was established in an assay that measures recognition via non-Watson-Crick bonds between identical DNA
strands. A size threshold of about 50 bp was found to govern pairing between linear duplex molecules and
homologous single-stranded circles. Joint molecule formation with duplex DNA well under the size threshold
was efficiently catalyzed when one strand of the duplex was composed of RNA. Linear duplex molecules with

hairpin caps also formed joint molecules when as few as three RNA residues were present.

Genetic recombination can be envisioned as a pathway that
proceeds stepwise through a search for sequence homology,
DNA pairing, heteroduplex formation, and exchange of
strands. Elucidation of the process has come in part from
detailed analysis of Escherichia coli RecA protein. Studies on
the biochemical mechanism have revealed the protein to
catalyze homologous pairing of DNA molecules in a reaction
that transduces the energy of nucleotide cofactor binding to
changing conformational states of the protein and to promote
strand exchange by coupling nucleotide hydrolysis to unidirec-
tional processing of the crossed-strand recombination interme-
diate (22, 24, 25, 28, 38). The RecA protein has become the
paradigm for thinking about the mechanism of DNA pairing in
general homologous recombination. The ubiquity of RecA in
bacteria has reinforced the hope that lessons learned from
studies of this prototype system may be extended beyond the
realm of prokaryotes.

Evidence supporting the notion that eukaryotes might con-
duct recombination through a RecA-like DNA pairing mech-
anism has come from two approaches. Genetic studies led to
the discovery, first made in Saccharomyces cerevisiae (1, 2, 5,
14, 30) and later in other eukaryotes, of proteins homologous
to RecA (for a review, see reference 11). On the other hand,
biochemical studies with Ustilago maydis revealed the presence
of an activity that could promote a number of DNA pairing
reactions, some of which resembled reactions catalyzed by
RecA protein (15). These included ATP-stimulated reassocia-
tion of complementary single strands, uptake by a superhelical
DNA molecule of a third homologous single-stranded frag-
ment, and transfer of a single-stranded circular DNA molecule
onto a homologous linear duplex molecule. The homologous
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pairing activity was subsequently discovered associated with a
DNA-dependent ATPase activity. Homologous pairing was
not blocked by topological barriers that would preclude true
heteroduplex formation and strand intertwining. Pairing pro-
ceeded between a single-stranded circle and homologous su-
perhelical DNA (21) or with single-stranded circular molecules
and linear duplexes containing homologous sequences flanked
by long stretches of heterology (17). Pairing activity was also
observed between two duplex circles under conditions in which
there was either active transcription, a previously formed D
loop, or else the presence of DNA sequences with the potential
to flip to the Z-DNA form (18, 21). Studies reporting purifi-
cation of strand exchange activities from a variety of other
eukaryotic sources have also been made, but with the excep-
tion of the activity from U. maydis, there has been no docu-
mented example of an ATP-dependent activity (for a review,
see reference 23).

The U. maydis homologous pairing activity was attributed to
a 70-kDa polypeptide that was enriched during purification
using ATP-stimulated reannealing of complementary single
strands as an assay. The 70-kDa protein was named rec1 since
it was the first protein purified from U. maydis with at least
some of the hallmarks of RecA-like pairing activities. This
naming was also prompted by the finding of an absence of
detectable reannealing activity in the expected chromato-
graphic cut after fractionating extracts from the recl mutant,
which raised the possibility of a direct connection between the
gene altered in the rec! mutant and the recl protein (16).
However, without a molecular cloning and gene transfer
system in U. maydis, it was not possible at that time to draw a
definitive conclusion regarding the identity of the structural
gene of the recl protein.

Over the past several years, efforts have been devoted to
developing a method for isolating the structural gene from in
U. maydis. In this paper, we report the identification of the
gene encoding the recl protein. It is REC2, a gene previously
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isolated in a study on the DNA repair and recombination
deficiency of the rec2 mutant (3). REC2 is responsible for
recombinational repair following DNA damage, gene targeting
between plasmid DNA and homologous sequences in the
genome during transformation, and successful meiosis (9, 12,
29). Here we report some properties of the homologous
pairing protein after overexpression of the cloned gene.

To avoid confusion, we propose the following nomenclature.
The RECI and REC2 genes should be indicated with capital-
ized italics, and the corresponding mutants should be indicated
with lowercase italics. The product of the REC2 gene should be
referred to in roman type with capitalization as REC2 or Rec2
protein. Similarly, the product of the RECI gene should be
referred to as REC1 or Recl protein. The 70-kDa homologous
pairing protein, which is a truncated form of the REC2 protein
but has been known previously in the literature as recl, should
be referred to as REC2P™ or Rec2P™.

MATERIALS AND METHODS

Plasmids and strains. A 2.8-kbp U. maydis DNA fragment
modified by site-directed mutagenesis to contain an Ndel site
at the putative translational initiation codon was inserted into
pET3b (Novagen, Inc., Madison, Wis.) to yield pCM361. This
construction places the REC2 open reading frame under
control of the bacteriophage T7 $10 gene promoter. Similarly,
a 2.5-kbp DNA fragment containing the REC2 open reading
frame engineered with the Ndel site at the initiation methio-
nine codon was inserted at the Ndel site of pET14b to yield
pCM349. pCM525 is pET3b containing a fragment encoding
the last 96 amino acid residues of REC2 inserted into the
BamHI site of pET3b. Expression of this construct results in
generation of a fusion protein of 12 kDa (¢10::AREC2)
composed of 12 amino acid residues of the T7 $10 protein and
the 96 amino acid residues of REC2. E. coli BCM464 is E. coli
BL21(DE3) (F~ hsdS gal/\int::lacUV5-T7 gene 1 imm?! nin5
Sam7) (32) transformed with pCM361. E. coli JCC100 is
HMS174(DE3) (F~ hsdR recAl Rif'gal/\int::lacUV5-T7 gene
1 imm?' nin5 Sam7) (6) harboring plasmid pLysS (31) and
transformed with pCM349. E. coli BCM700 is BL21(DE3)/
pLysS transformed with pCMS525.

Amino acid sequences of peptides. Peptide sequences were
obtained from two different preparations of protein. In the
first, approximately 50 pmol of recl protein in solution,
purified by the method of Kmiec and Holloman (19), was
digested with trypsin. Peptides generated were separated by
narrow-bore reverse-phase high-pressure liquid chromatogra-
phy (HPLC). Peptides were sequenced on an Applied Biosys-
tems 477A sequencer with an on-line detector for phenylthio-
hydantoin-derived amino acids. The following sequences were
obtained in order of elution from HPLC: trp 1, DAVAAAD;
trp 2, FVFD(S/A)A(H/G)R; trp 3, SI(V/M)N/DRA; trp 4,
(V/G)(F/Y)LSKTR(A/T)RIC(M/G)R; and trp 5, S(?/T)(V/
M)MH(A/D)MHA. The virgule indicates ambiguity in identi-
fication. From a second preparation of protein, a comparable
fraction was electrophoresed under denaturing conditions in a
10% polyacrylamide gel containing sodium dodecyl sulfate
(SDS) and then electrophoretically transferred onto a nitro-
cellulose membrane. A 70-kDa protein band which appeared
after staining with Ponceau S to be composed of a tight-
running doublet was located and excised from the nitrocellu-
lose membrane with a razor. The strip was cut in two to
separate the doublet members, and sequence determination
was carried out individually. These determinations yielded the
following sequences: N-term 1, FASSCIVP; and N-term 2,
YDSDAGSDSD. Trypsin digestion, peptide fractionation, and
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sequencing were carried out at the Harvard microchemistry
facility by William S. Lane and Violaine Bailey. Sequencing of
the polypeptides blotted on nitrocellulose was carried out at
the Jefferson Cancer Center microchemistry facility by Garrett
Dubois.

Immunoblot analysis. The 12-kDa ¢10::AREC?2 fusion pro-
tein was prepared from a 100-ml culture of E. coli BCM700
grown to an Asgq of 0.7 in M9ZB medium (32) plus chloram-
phenicol (35 pg/ml) and ampicillin (100 wg/ml) and induced
with 4 mM isopropyl-B-p-thiogalactopyranoside (IPTG). After
2 h, cells were harvested and lysed by heating at 100°C in 3 ml
of 50 mM Tris-HCI (pH 8.3)-2% SDS-5% 2-mercaptoethanol.
The total lysate was loaded and electrophoresed in a prepar-
ative 15% polyacrylamide gel. The 12-kDa protein was located
after staining of a parallel lane of the gel with Coomassie
brilliant blue. It was obtained after excising the acrylamide
band containing the protein and eluting the minced gel slice by
soaking in 50 mM Tris-HCI (pH 7.5)-150 mM NaCl-0.1%
SDS. Approximately 2 mg of protein was obtained by this
procedure and used for immunization. Serum from rabbit
immunized with the fusion protein (Pocono Rabbit Farm,
Canadensis, Pa.) was used at 1:5,000 dilution for Western blot
(immunoblot) analysis. Goat anti-rabbit alkaline phosphatase-
immunoglobulin G conjugate was used for detection as de-
scribed by the manufacturer (Promega Corp., Madison, Wis.).

Overexpression of REC2 and protein purification. A culture
(500 ml) of E. coli JCC100 was grown in 2X YT medium (8 g
of tryptone, 5 g of yeast extract, and 5 g of NaCl per liter)
containing chloramphenicol (35 pg/ml) and ampicillin (100
ng/ml) at 37°C. At an A 54 of 0.6, IPTG (Sigma Chemical Co.)
was added to 1 mM. After 2 h, the cells were harvested by
centrifugation, washed once in BB buffer (20 mM Tris-HCI
[pH 7.9], 0.5 M NaCl, 5 mM imidazole), and then resuspended
in 30 ml of BB buffer containing 0.5 mM phenylmethylsulfonyl
fluoride. Cells were ruptured by sonication (Branson Sonifier
350) with three bursts of power for 30 s each, with intermittent
cooling in ice water. The broken cell suspension was cleared by
centrifugation (15,000 rpm for 20 min, Sorvall SS34), and the
supernatant was discarded. The pellet was resuspended in 10
ml of BB buffer containing 6 M guanidine-HCI and allowed to
stand overnight on ice. Insoluble debris was removed by
centrifugation, and the supernatant (fraction I) was then
loaded onto nitrilotriacetic acid-agarose (Qiagen, Inc., Chats-
worth, Calif.), an immobilized metal affinity column, charged
with Ni?* and equilibrated with BB buffer. The column (1.5
ml) was washed with BB buffer and then eluted stepwise with
increasing concentrations of imidazole (60 mM and then 100
mM). REC2 protein eluted with 100 mM imidazole. Fractions
(1 ml) were collected, and those containing REC2 protein (5
ml) were pooled and dialyzed against TNE buffer (50 mM
Tris-HCI [pH 8.5], 100 mM NaCl, 1 mM EDTA) containing 6
M urea. After 3 h, the dialysis bag was placed in a small beaker
and covered with 10 ml of the same buffer. TNE buffer without
urea (10 ml) was then added every 15 min until the volume was
200 ml. Failure to remove denaturant by this slow-dialysis
regimen resulted in precipitation of the REC2 protein. This
sample (fraction II) was then loaded onto a heparin-agarose
column (1 ml) and subsequently washed with 5 ml of TNE
buffer. REC2 protein was eluted with TNE buffer plus 0.25 M
NaCl, and fractions of 0.5 ml were collected. REC2 eluted at
tubes 7 to 9. The pooled peak was dialyzed against TNE buffer
containing 10% glycerol, aliquoted, and stored frozen at
—70°C. The molar extinction coefficient calculated for REC2
protein at 280 nm was 3.16 X 10* M~ ' cm™%.

Nucleic acid substrates. Oligonucleotides (Table 1) were
synthesized on an Applied Biosystems 394 nucleic acid synthe-
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TABLE 1. Oligonucleotides used

Oligonucleotide Sequence”
Hairpins
DNA 5'TAGAGGATCCCCGGGTTTTCCCGGGGATCCTCTAGAGTTTTCTC3'
DNA-RNA chimera.................. 5'TAGAGGATCCCCGGGTTTTCCCGGGGAUCCUCUAGAGTTTTCTC3’
Duplexes
72-mer 5'TTACGAATTCGAGCTCGGTACCCGGGGATCCTCTAGAGTCGACCTGCAGGCATGCAAGC TTGG
CACTGGCCG3'
3’AATGCTTAAGCTCGAGCCATGGGCCCCTAGGAGATCTCAGCTGGACGTCCGTACGTTCGAACC
GTGACCGGCS’
50-mer 5S'TTACGAATTCGAGCTCGGTACCCGGGGATCCTCTAGAGTCGACCTGCAGG3’
3’AATGCTTAAGCTCGAGCCATGGGCCCCTAGGAGATCTCAGCTGGACGTCCS’
30-mer 5'TTACGAATTCGGCTCGGTACCCGGGGATC3’
3’AATGCTTAAGCTCGAGCCATGGGCCCCTAGS’
RNA 30-MeT...ccoueerrenrrareerenens 3'AAUGCUUAAGCUCGAGCCAUGGGCCCCUAGS'

“ RNA sequences are underlined.

sizer and purified by capillary electrophoresis. Concentrations
were determined spectrog)hotometrically as total nucleotide,
using an g,4, of 8.3 X 10° M~! em™. Oligonucleotides were
labeled with 3?P by using polynucleotide kinase and
[y-*P]JATP as described by van de Sande et al. (35). Specific
activities of oligonucleotides were 1.5 X 10° to 2.5 X 103
cpm/fmol (as molecules). Hybrid duplexes were prepared by
annealing the appropriate complementary oligonucleotides in
stoichiometric amounts at 65°C in 0.4 M NaCl for 15 min and
then purified and freed of any excess single-stranded oligonu-
cleotide by electrophoresis in a D600 gel (AT Biochem,
Malvern, Pa.). The duplex oligonucleotide was excised in a
band from the gel, electroeluted, and concentrated after
precipitation with ethanol.

Reactions. Joint molecule formation was measured by a
filter retention assay in which complexes composed of single-
stranded and duplex DNA molecules were trapped on nitro-
cellulose filters. The assay was developed by Bianchi et al. (4)
to measure metastable intermediates that may not survive
removal of protein. Samples (20 pl) were withdrawn into 1 ml
of 10X SSC (SSC is 0.15 M NaCl plus 0.015 M sodium citrate
[pH 7.8]) without deproteinization, and the mixture was passed
onto a nitrocellulose filter (BAS85; 0.45-pwm pore size; Schlei-
cher & Schuell, Keene, N.H.) that had been soaked extensively
in water and then rinsed in 10X SSC. Filters were washed twice
with 1 ml of 10X SSC and then dried under a heat lamp, and
the bound radioactive DNA was quantitated by scintillation
counting in Econofluor (Dupont NEN).

Identical strand pairing reactions were carried out essen-
tially as described by Rao and Radding (26) except that the
carrier DNA used was poly(dA-dT) rather than heterologous
single-stranded oligonucleotide. Reaction mixtures contained
M13 single-stranded circular DNA and 32P-labeled oligonucle-
otide. The identical strand oligonucleotide was a 33-mer (5’'A
CAGCACCAGATTCAGCAATTAAGCTCTAAGCC3')
which corresponds to residues 207 to 239 of M13 DNA (36).
Control reactions measuring hybrid DNA formation between
complementary antiparallel sequences were performed with
M13mp18 DNA and a *?P-labeled 44-mer (5'GAATTCGAGC
TCGGTACCCGGGGATCCTCTAGAGTCGACCTGCA3')
which corresponds to residues 412 to 455 of M13mp18 DNA.

Renaturation reactions were carried out by monitoring the
increase in resistance of denatured P22 [°’H]DNA to digestion
by S1 nuclease as described before (19). ATPase activity was
measured in reaction mixtures (50 pl) containing 25 mM
Tris-HCI (pH 7.5), 10 mM M%C12, 1 mM dithiothreitol, 20 uM
M13 DNA, and 0.5 mM [y-**P]ATP at 10° cpm/nmol. Reac-

tions were started by addition of REC2 protein, conducted at
37°C, and quenched by addition of 100 pl of 10 mM potassium
phosphate, 100 pl of acetone, 50 pl of ammonium molybdate
in 4 N H,SO,, and 700 pl of isobutanol-benzene (1:1). After
the mixture was vortexed and the phases were separated, half
(350 pl) of the organic phase (top) was removed and the
radioactivity was determined by Cerenkov counting.
Nucleotide sequence accession number. The GenBank ac-
cession number for the sequence presented is L.18882.

RESULTS

Identification of REC2 as the gene encoding the recl pro-
tein. An improvement in the purification procedure (19)
enabled isolation of enough of the 70-kDa homologous pairing
protein, known previously as recl, for partial amino acid
sequence determination. Two independently prepared protein
samples were analyzed. In the first, a pool containing the
purest fraction obtained after the final chromatography step in
the purification, which appeared to be composed of >80% of
the 70-kDa polypeptide as judged by SDS-polyacrylamide gel
analysis (19), was digested with trypsin, and the resulting
proteolytic products were fractionated by reverse-phase
HPLC. Five distinct and well-resolved peptides were chosen
for further analysis, and partial amino acid sequence was
obtained from each through automated sequencing. In the
second preparation, the 70-kDa protein appeared as a tight-
running doublet after SDS-gel analysis. Protein was transferred
to nitrocellulose membrane, and the two members of the
doublet were isolated by excising them in separate nitrocellu-
lose strips. N-terminal sequence was obtained from both of
these samples. These two sequences plus the other five se-
quences obtained from the tryptic peptides were found to
correspond precisely to the translated sequence of the REC2
gene, a gene previously isolated (3) and determined to encode
a predicted 84-kDa protein (29) with regional homology to E.
coli RecA protein (Fig. 1). Since the N-terminal sequences
obtained from the 70-kDa doublet members reside within the
open reading frame downstream from the presumed initiation
codon of the REC2 gene, it is apparent that the 70-kDa
homologous pairing protein is a fragment of the full-length
REC2 polypeptide and will be referred to as REC2P7°, The
fragment is missing 130 to 150 N-terminal residues, but the
region of homology to RecA remains intact. A likely explana-
tion for the origin of the REC2P7° protein is that it arises as a
proteolytic product of the larger REC2 protein during the
course of purification. Proteolytic degradation resulting in
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MTGIAIADVGCISKRIKACCRRAKLFSTDEILLSPP
QQLAHVLRISQADADLLLLQVATASAPPPISVLDAL
NGKLPATNLDQNFFDAVAAADDDDDDNDDDDDEKADS
GSADASDTSDADDQHL;’:;IARFASSCIVPPTQGYDGN
N-term 1
FPGAQCFVYDSDAGSDSDARSSIDAVMHEDIELPST
N-term 2
FCRPQTPQTHDVARDEHHDGYLCDPKVDHASVARDYV
LSLGRQRHVESSGSRELDDLLGGGVRSAVLTELVGE
SGSGKTOMAIOVCTYAALGLVPLSQADDHDKGNNTF
QSRTFVRDPIHASTKDDTLSDILQSYGMEPSIGSHR
GMGACYITSGGERAAHSIVNRALELASFAINERFDR
VYPVCDPTQSSQDADGRR?:zLAKAQQLGRRQALAN
LHIACVADVEALEHALKYSLPGLIRRLWSSKRQSGYV
SREIGVVVVDNLPALFQQDQAAASDIDSLFQRSKML
VEIADALKRISAVQWRGASDCGSSAGRAVLVLNHVS
DAFGIDKQIARRFVFDSAHRIRTRRSHFARNDPGTS
sQApTSAFSGGTGSA?gngLAMDVASQTAFTscLL
ASIAPTLAEAVGARELDSACASNDVPLRTLEARTAQ
LGQTWSNLINVRVFLSKTRARICMRDDQAPACEPVR
QNTNQRGTASKSLMNT;?;AAVVINPFGATMLDVGV
DKSALRQLRFVITPRKAVHVLNAYPSTVMHAMHATA
DSTPAPESQQQQRAAERHPAEQEDADQD:?:EALQE

HHWLAIDELQSHTTARPTSRAAQAG
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FIG. 1. Amino acid sequence alignments of peptides from the homologous pairing protein and the REC2 gene product. Trypsin digestion,
peptide separation, and amino acid sequence determination were performed as described in Materials and Methods. The corresponding sequences
in the REC2 gene are indicated in boldface. Sequences designated trp were from tryptic peptides. Those designated N-term were from N-terminal
sequencing of the doublet members migrating at an M, of 70,000 after SDS-gel electrophoresis. Also presented for orientation (underlined) is the
sequence with strong homology to a sequence in RecA protein which spans the ATP binding loop motif (residues 251 to 258).

heterogeneity in the protein preparations is probably also
responsible for (i) the appearance of tryptic peptide trp 1,
which is positioned upstream of the N-terminal sequences
determined for the gel-isolated 70-kDa protein, (ii) the infre-
quent appearance of arginine and lysine residues immediately
preceding the tryptic peptide sequences, and (iii) the two
N-terminal sequences that were determined.

Overexpression and purification of REC2 protein. A 2.8-kbp
genomic DNA fragment with the REC2 open reading frame
engineered to contain an Ndel site at the initiation methionine
codon was inserted behind the ¢10 bacteriophage T7 promoter
in the pET vector system, which is designed for overexpression
of genes in E. coli (32). After induction with IPTG, a protein
with a mass of =110 kDa accumulated in the cells as deter-
mined by SDS-gel electrophoresis (Fig. 2B). In a control in
which cells contained the vector without the REC2 gene, no
accumulation of the 110-kDa protein was noted. With the use
of antiserum obtained from rabbit immunized with a 12-kDa
fusion protein containing 96 amino acid residues from the
carboxy terminus of the REC2 protein (Fig. 2A), it was
determined that the 110-kDa protein cross-reacted (Fig. 2B).

While the bulk of the overexpressed protein was insoluble, a
small fraction (=5%) remained soluble even in low-ionic-
strength buffer. This soluble 110-kDa protein was purified with
the aid of the antiserum as a REC2-specific reagent following
chromatography on heparin-agarose and fast protein liquid
chromatography separation on a Pharmacia MonoS column.
N-terminal amino acid sequence determination of 15 residues
confirmed the identity of the 110-kDa protein as REC2. Since
the predicted mass of REC2 is only 84 kDa, it is concluded that
the protein runs anomalously under conditions of SDS-gel
electrophoresis.

To enable purification of the protein, a 2.5-kbp DNA
fragment containing the REC2 gene was inserted into pET14b,
which was designed for expression of fusion proteins preceded
by a hexahistidine leader sequence. Because of the utility of the
histidine leader sequence in affinity chromatography, the hexa-
histidine-REC2 fusion was considered more amenable for
biochemical studies. After induction of cells with IPTG, the
insoluble fraction containing the bulk of the REC2 protein was
collected and dissolved in guanidine-HCI (fraction I). REC2
protein was then isolated by immobilized metal affinity chro-
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FIG. 2. Overexpression of REC2. (A) SDS-gel analysis of the
$10::REC?2 fusion protein. E. coli BCM700 carrying plasmid pCM525
was processed as described in Materials and Methods. After harvest-
ing, the cells were lysed by boiling in SDS, and aliquots (5 to 10 pg of
protein) were electrophoresed on a 15% polyacrylamide gel which was
subsequently stained with Coomassie blue. Lanes: a, molecular weight
standards (bovine serum albumin [BSA]), ovalbumin [Ov], carbonic
anhydrase [CA], trypsin inhibitor [TI], lysozyme [Ly], and aprotinin
[Ap]); b, lysate, uninduced cells; c, induced cells; d, purified
$10::AREC?2 fusion protein. (B) Anomalous mobility of REC2 during
SDS-gel electrophoresis. Cultures (10 ml) of E. coli 464 in M9ZB were
grown to an Ase of 0.9 and induced by addition of 4 mM IPTG. After
induction, cultures were maintained at 15°C and then harvested after
12 h. The cell pellets were frozen in ethanol-dry ice, thawed, and
resuspended in 0.9 ml of 50 mM Tris-HCI (pH 7.5)-0.15 M NaCl-10
mM EDTA-1 mM dithiothreitol-10% glycerol. Lysozyme was added
to 0.2 mg/ml, and the suspension was held on ice for 30 min. Triton
X-100 was then added to 0.1%. After an additional 30 min on ice, the
samples were centrifuged at 18,000 X g for 30 min. The pellets were
solubilized in SDS buffer, and samples were then analyzed by electro-
phoresis in 10% polyacrylamide gels (lanes a to d). Protein samples
processed in a parallel gel were electrophoretically transferred to
nitrocellulose and analyzed by immunoblotting with $10:AREC2
fusion protein antiserum (lanes e to h) as described in Materials and
Methods. Lanes a and e, uninduced cells, total lysate; lanes b and f,
induced cells, total lysate; lanes c and g, soluble fraction from induced
cell lysate; lanes d and h, insoluble fraction from induced cell lysate.

matography (Fig. 3). The denatured protein bound stably to an
Ni?* -nitrilotriacetic acid column, while contaminating proteins
which lacked the histidine leader were removed by extensive
washing. Inclusion of 0.5 M salt in the buffer reduced nonspe-
cific ionic interaction of contaminating proteins. REC2 protein
was eluted with an increasing gradient of imidazole and then
renatured after exchange of the guanidine-HCI for urea,
followed by gradual stepwise removal of urea. The resulting
fraction containing highly purified REC2 protein was com-
pletely soluble (fraction II) and was further purified by chro-
matography on heparin-agarose (fraction III). Protein in the
final fraction was composed largely of the 110-kDa REC2
protein (Fig. 3, lane f), although a few other lower-molecular-
weight proteins were evident upon close inspection. It was
considered that these were likely to be proteolytic degradation
products, since (i) no such protein bands were evident in
similarly processed preparations of extracts made from cells

HOMOLOGOUS PAIRING OF THE REC2 GENE PRODUCT 7167

FIG. 3. Purification of REC2 protein. Overexpression and purifi-
cation of REC2 with a fused hexahistidine leader sequence on the
amino terminus was performed as described in Materials and Methods.
Samples of protein (1 to 10 ug) were analyzed by SDS-gel electro-
phoresis in a 7.5% polyacrylamide gel. The gel was stained with
Coomassie blue. Lanes: a, molecular weight markers; b, uninduced cell
lysate; c, induced cell lysate; d, fraction I; e, fraction IL; £, fraction IIL.

not overexpressing REC2 and (ii) the level of these protein
bands increased with a concomitant decrease in the 110-kDa
band as a result of prolonged handling of cell extracts in the
initial processing (not shown).

The purified REC2 protein promoted ATP-dependent re-
annealing of complementary single strands of DNA and cata-
lyzed DNA-dependent ATP hydrolysis (Fig. 4), which are
reactions that were fundamental in the initial characterization
of recl protein as purified from cell extracts of U. maydis (15,
19). The turnover number for the ATP hydrolytic reaction was
calculated as 5.3 min~?, which is well below that estimated
(225 min~") in kinetic studies on the 70-kDa protein purified
from U. maydis cell extracts. One interpretation of these
findings is that there is microheterogeneity of the protein
preparation due to improper refolding during the renaturation
regimen and that only a fraction of the REC2 protein mole-
cules are active. Another interpretation is that the histidine
leader sequence added to the N terminus of the recombinant
protein disturbs the hydrolytic activity. Alternatively, the ear-
lier measurement could have been an overestimation due to
uncertainty in protein determinations given the dilute solution
of protein available, or else the 70-kDa protein is inherently
more active in hydrolyzing ATP than the full-length protein.

Homologous pairing activity. Homologous pairing activity of
the REC2 protein was demonstrated by using an assay that is
free from interference by reaction leading to heteroduplex
formation that can occur through simple second-order rena-
turation of complementary single strands of DNA (for a
review, see reference 20). This assay measures identical se-
quence recognition and was first reported for RecA protein by
Rao and Radding (26). An oligonucleotide (33-mer) identical
in sequence and polarity to residues 207 to 251 of bacterio-
phage M13 was synthesized and labeled with 2P at the 5’ end.
When this identical-sequence oligonucleotide was present in a
reaction at a twofold molar excess over M13 single-stranded
circles, REC2 protein promoted formation of a specific com-
plex between the oligonucleotide and M13 DNA that could be
trapped on a membrane filter. The complex that formed was
completely dependent on ATP (Fig. 5A) and was composed of
almost exactly 1 mol of oligonucleotide per mol of M13 DNA
as molecules. No stable complex formed when M13 DNA was
replaced by ¢$X174 single-stranded circles or when ADP was
included in the reaction mixture. The complex was completely
dissociated by addition of proteinase K.

In a control reaction using an oligonucleotide complemen-
tary and antiparallel to M13 sequence, stable complexes were
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FIG. 4. DNA renaturation and ATPase activities of REC2 protein.
(A) Renaturation reactions (40 pl) were performed with 20 uM
denatured P22 [PH]DNA (as nucleotide) either in the presence of 1
mM ATP (circles) or with no ATP (triangles). Reactions were carried
out at 37°C for 30 min. DNA renatured indicates the level of input
DNA that became resistant to digestion by S1 nuclease. In general,
only 80 to 85% of the DNA could be converted to a form resistant to
S1 hydrolysis. The data presented are uncorrected for this value.
Protein independent renaturation was <5%. (B) ATPase reactions
were performed as described in Materials and Methods in the presence
(dots) or absence (triangles) of 20 uM M13 DNA (as nucleotide) at
37°C for 15 min.

also formed (Fig. 5B). Interestingly, the stoichiometry of
DNA:s in the complex was approximately 2 mol of oligonucle-
otide per mol of M13 single-stranded circles. After treatment
with proteinase K, the ratio dropped to approximately 1:1, as
would be expected for formation of a heteroduplex joint
stabilized through Watson-Crick base pairing.

Activity of RNA-DNA hybrids in joint molecule formation. A
series of duplex DNA oligonucleotides of defined lengths was
tested for activity in joint molecule formation in a study aimed
at exploring the minimum length requirement for homologous
pairing by REC2 protein. Joint molecule formation was mon-
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FIG. 5. Identical strand pairing. (A) Reaction mixtures (200 wl)
contained 25 mM Tris acetate (pH 7.5), 10 mM Mg?™* acetate, 1 mM
dithiothreitol, 1 mM ATP, 100 pg of bovine serum albumin per ml, 10
M poly(dA-dT) (as nucleotide), 0.41 nM M13 single-stranded circu-
lar DNA (as molecules), and 0.85 nM 3?P-labeled identical-strand
33-mer oligonucleotide (as molecules). Reactions were initiated by
addition of REC2 protein to 0.5 pM and incubated at 37°C, and
samples (20 wpl) were removed. Reactions were then stopped by
addition of 200 .l of reaction buffer minus DNA, and the mixture was
immediately centrifuged through Ultrafree-MC cellulose filters (Mil-
lipore) at 2,000 X g for 6 min in a tabletop centrifuge. Filters were
washed with an additional 100 pl of buffer and centrifuged for 3 min,
and the radioactivity bound was then determined. In the absence of
M13 single-stranded DNA, the background of 3?P label retained was
usually 5% of the input labeled oligonucleotide. Results are corrected
for this background. Closed circles, complete reaction mixture; closed
triangles, $X174 DNA in place of M13 DNA; closed squares, complete
reaction mixture plus 5 mM ADP; open triangles, complete reaction
mixture minus ATP; open circles, complete reaction mixture treated
with proteinase K (100 pg/ml) for 10 min. (B) Control reactions using
M13mp18 DNA and complementary antiparallel sequence oligonucle-
otide 44-mer (200 pl) were performed with 0.47 nM M13mp18 DNA
and 1.14 nM 3?P-labeled 44-mer and were processed as described
above. Closed circles, complete reaction mixture; closed triangles,
complete reaction mixture treated with proteinase K for 10 min.
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itored in reaction mixtures containing radiolabeled duplex
DNA and homologous single-stranded circular M13 DNA.
Joint molecules were assayed by measuring retention of la-
beled DNA on nitrocellulose filters. In reaction mixtures
containing a duplex 70-mer, there was efficient joint molecule
formation, but when a 50-mer was used, the level dropped
markedly (Fig. 6A). No joint molecules could be detected
when the duplex was 30 bp in length. Thus, in the case of
REC2, there is a minimum length requirement for joint
molecule formation that is between five and seven turns of
duplex, well above that necessary for stabilizing DNA in the
double-stranded conformation (34).

When the 30-mer was composed of an RNA-DNA hybrid,
there was considerable joint molecule formation (Fig. 6B). The
polarity of the RNA directed the reaction. Complexes were
formed when the RNA sequence was complementary to the
M13 DNA sequence but not when it was identical.

Activity of hairpin duplexes in joint molecule formation.
When the substrates in pairing reactions include linear duplex
molecules and single-stranded circular DNA, interpretation of
homologous pairing data can be complicated if the duplex
DNA ends are resected by exonuclease digestion. The comple-
mentary sequence revealed by this procedure has the potential
to hybridize with the circular DNA, leading to formation of
joint molecules by a mechanism that circumvents a homolo-
gous pairing phase (20). To study the influence of RNA on the
homologous pairing aspect of the reaction without the possi-
bility of such complication, a linear duplex substrate with
protected ends was devised. This was a linear heteroduplex of
RNA and DNA with hairpin caps on both ends (Fig. 7A). It
was prepared by synthesis of a single 44-mer oligonucleotide
which contained an inverted repeat of complementary se-
quences. The sequence was designed so that intramolecular
association of complementary sequences would result in for-
mation of a linear duplex with hairpin ends. There was a total
of 18 bp in the duplex region. Along one strand was a stretch
of 18 residues composed entirely of DNA nucleotides. Along
the other strand were the 18 complementary residues, 15 of
which in contiguous array were RNA nucleotides. At the ends
were caps of four residues each of oligo(dT) connecting the
complementary strands. The hairgin molecule was labeled at
the single open 5’ end with [y->’P]ATP and polynucleotide
kinase and then sealed with DNA ligase, yielding a covalently
closed linear duplex.

Homologous pairing with single-stranded circular DNA as
catalyzed by REC2 protein was highly efficient, reaching
almost one molecule of hairpin duplex (Fig. 7B) per molecule
of single-stranded circular DNA. When the length of the RNA
stretch was reduced by systematic replacement of the ribonu-
cleotide residues with deoxyribonucleotide counterparts, the
pairing efficiency decreased but did not drop to zero even when
only three RNA residues remained (Fig. 8). When all of the
nucleotides residues present were deoxyribonucleotides, there
was no reaction. Thus, addition of RNA to a duplex can
activate it for pairing under conditions in which a completely
DNA duplex is inactive. Furthermore, addition of RNA to a
duplex brings the minimum homology threshold required for
REC2-catalyzed pairing in line with the minimum threshold of
length necessary for duplex stability.

DISCUSSION

The major finding reported in this paper is that the struc-
tural gene encoding the homologous pairing protein from U.
maydis has been identified as REC2, a gene dedicated to DNA
repair and recombination (9, 12). This result establishes that it
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FIG. 6. Threshold length dependence for pairing with DNA-DNA
and DNA-RNA hybrids. (A) DNA-DNA hybrids. Duplex fragments
were prepared by annealing two complementary 3?P-labeled oligonu-
cleotides of the indicated lengths and purified by gel electrophoresis as
described in the text. The sequences used spanned the multiple cloning
site of M13mp19 DNA. Pairing reaction mixtures contained 25 mM
Tris-HCI (pH 7.5), 10 mM MgCl,, 1 mM ATP, 1 mM dithiothreitol, 0.3
nM M13mp19 single-stranded circular DNA (as molecules), 0.23 nM
duplex [*’P]DNA fragment (as molecules), and 0.25 pM REC2
protein. At the appropriate time, aliquots were removed and joint
molecules were determined. Circles, 72-mer; triangles, 50-mer;
squares, 30-mer. (B) RNA-DNA hybrids. 30-mer duplexes that were
prepared by hybridizing either complementary sequence DNA oligo-
nucleotides or else complementary RNA and DNA oligonucleotides
were tested for pairing. In the latter case, the RNA strand was
complementary to the M13mp19 multiple cloning region. In both
cases, only the plus DNA strand oligonucleotides were radiolabeled.
Reactions were carried out as described above with M13mp19 single-
stranded DNA except where indicated. Circles, DNA-RNA hybrid;
squares, DNA-DNA hybird; triangles, RNA-DNA hybrid in reaction
with M13mp18 single-stranded DNA.

is indeed possible to isolate authentic recombination functions
from cell extracts by using a simple biochemical assay and
validates the assumption underlying previous work carried out
in this laboratory that pairing activity as measured in vitro was



7170 KMIEC ET AL.

A RNA |
TCCCGGGGAUCCUCUAGAGT
T TGGGCCCCTAGGAGAg%'II'CT T
3. GGGCCCCTAGGAGATCTC 5
M13 mp19
1.0
B
0.8

0.4

0.2

‘—*_
0 10 20 30

0.0

fmol hairpin bound per fmol M13 DNA

Time (min)

FIG. 7. Joint molecule formation with chimeric hairpin duplex
oligonucleotides. (A) Self-complementary DNA or mixed DNA-RNA
chimeric oligonucleotide 44-mer sequences were synthesized on an
Applied Biosystems 394 DNA-RNA synthesizer. After labeling at the
open 5'-OH with [y-*?P]JATP and polynucleotide kinase, the hairpin
was sealed with DNA ligase to generate the form shown schematically.
(B) Homologous pairing with an RNA-DNA oligonucleotide hairpin.
Joint molecule formation was performed as described in Materials and
Methods in reaction mixtures containing 25 mM Tris-HCI (pH 7.5), 10
mM MgCl,, 1 mM ATP, 1 mM dithiothreitol, 0.45 nM M13mp18 or
M13mp19 DNA (as molecules), 1.1 nM 32P-labeled oligonucleotide,
and 0.5 pM REC?2 protein. Aliquots (20 pl) were removed to 1 ml of
10X SSC, and joint molecule formation was measured after washing
onto nitrocellulose filters. Circles, RNA-DNA chimeric hairpin with
M13mp19 DNA; triangles, RNA-DNA chimeric hairpin with
M13mp18 DNA; squares, DNA hairpin with M13mp19 DNA.

likely to reflect a biologically significant reaction. The 70-kDa
truncated form of REC2, which was referred to previously in
the literature as recl protein, was the first example of an
activity purified from a eukaryote that could promote homol-
ogous pairing of DNA molecules. Biochemical analysis of the
protein as purified from cell extracts of U. maydis revealed
functional similarities to E. coli RecA protein. Notable among
these properties were the ATP cofactor requirement for
pairing reactions, activity in pairing DNA molecules through
regions of homology without regard for DNA ends, and the
associated DNA-dependent ATPase. Analysis of the deduced
REC?2 protein sequence has revealed the presence of a region
with strong sequence homology to RecA protein that spans the
nucleoside triphosphate binding loop. This region was shown
through site-directed mutagenesis to contain residues essential
for REC2 function (29). Thus, there are structural as well as
functional similarities between REC2 and RecA protein.
REC2 encodes a protein of 781 amino acids with a calcu-

MoL. CELL. BioL.

< 0.8
=

[

[x]

=

= 06

[<]

£

-

L

8 04l

b -]

o

3

=]

F-]

(=4 L

£ 0.2

£

[

L

°

£ 0.0 . . L
- 0 5 10 15

* Length of RNA stretch (residues)

FIG. 8. Contribution of RNA to homologous pairing of chimeric
hairpin duplexes. Hairpin-forming chimeric RNA-DNA oligonucleo-
tide 44-mers were synthesized such that the RNA length was progres-
sively reduced by replacement with DNA residues. Replacement
proceeded in steps of two starting with the RNA residues proximal to
the 3’ terminus. The total base-pair-forming length along both strands
was kept at 18 residues. Reactions were carried out as described in the
legend to Fig. 6, and chimeric RNA-DNA hairpins bound were assayed
after 20 min.

lated mass of 83,935 Da. This stands in contrast to RecA
protein and the numerous RecA homologs identified in S.
cerevisiae and other organisms, which are about half the size
(for a review, see reference 11). REC2 is also quite different
from the known RecA homologs in the extent of homology
with RecA. The region of shared sequence homology is over
only an internal amino acid stretch of 47 residues. Outside of
this region, sequence similarity falls off rapidly. Given this
limited sequence, it is arguable whether REC2 might be
legitimately categorized as a member of the RecA family. It is
not yet known if genes homologous to RecA over their entire
lengths are present in U. maydis, but it is clear from the
phenotype of the rec2 mutant that REC2 serves an important
role in recombination and repair. This is exemplified in the
mutant by the extreme sensitivity to UV light as well as ionizing
radiation and alkylating chemicals, the defect in radiation-
induced allelic recombination, the decrease in mitotic crossing
over, and the failure to complete meiosis (12). The deficiency
in targeted recombination observed during DNA-mediated
transformation marks the first example in eukaryotes of dem-
onstration of a gene with RecA-like pairing function governing
homologous recombination of plasmid and chromosomal se-
quences (29). It would be interesting to learn whether ho-
mologs of REC2 exist in other eukaryotes and if these proteins
control recombination during transformation.

Activity of REC2 in pairing single strands of DNA of
identical polarity and sequence underscores a fundamental
aspect in reaction mechanism shared in common with RecA
protein which was first reported as capable of recognizing
multiple forms of the same sequence (26). This reaction was of
particular interest since it is a true measure of homologous
pairing and is not subject to interference or complication from
simple hybridization of complementary sequences. The forma-
tion of complexes between DNA strands of identical sequence
suggests that recognition of homology precedes establishment
of Watson-Crick base pairs in heteroduplex DNA. Dissociation
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of the complexes following deproteinization indicates that the
bonds mediating identical strand recognition are weak. Never-
theless, these weak interactions are likely to be important in
the search for homology.

The minimum length of homologous duplex that meets the
size threshold for pairing is around 50 bp, or five turns of the
helix. This is well above the minimum length necessary for
maintenance of duplex conformation under the reaction con-
ditions of temperature and ionic strength and is similar to the
size threshold determined for pairing linear duplex and single-
stranded circular molecules by RecA protein (10). In the case
of RecA protein, the size threshold was found to be lower
when pairing of single-stranded oligonucleotides and super-
helical DNA was measured (13), but these conditions were not
tested with REC2 protein. The mechanism necessitating the
size threshold is not understood, but it seems likely to reflect
the cumulative total of weak interactions that enables forma-
tion of a nascent paranemic joint. Reduction of the threshold
length by including RNA residues in one strand of the duplex
could indicate that the conformation of the hybrid duplex
contributes favorably to the strength of these interactions and
lowers the activation energy required for procession to the
paranemic joint. The overall conformation of RNA-DNA
hybrids is different from B-form DNA (27, 37). Solution
studies of such hybrids have revealed that the DNA strand has
neither B-form nor A-form structure and that the pucker of
DNA sugar residues is no longer C2’-endo (8). Analysis of
crystal structures of RNA-DNA chimeric duplexes has indi-
cated that three RNA residues and perhaps even a single
residue in a decamer sequence can drive the conformational
equilibrium away from B-form structure (7). RNA-DNA base
pairs in the central part of chimeric duplexes contribute to
unwinding and partial destacking. Such perturbation of the
geometry might facilitate initiation and/or stabilization of
pairing with a homologous third strand.

The apparently paradoxical observations reported earlier
indicating the presence of homologous pairing activity in
extracts from the rec2 mutant but the absence in extracts from
the recl mutant remain unexplained (15). Given the identity of
REC?2 as the structural gene encoding the homologous pairing
activity and the identity of the RECI gene as encoding an
exonuclease (33), the earlier published results appear virtually
opposite to expectations. We have not yet resolved these
puzzling results but do have some further clues to understand-
ing the contradictory meaning of the original findings. The
lesion responsible for the rec2-1 mutation is a deletion that
removes several hundred base pairs spanning the 5’ end of the
REC2 open reading frame and promoter elements in the 5’
untranslated region (29). By Northern (RNA) analysis, an
mRNA is still detected in the rec2-1 mutant, although it is 2.1
kb in length, compared with the 2.7-kb REC2 mRNA. Presum-
ably a cryptic promoter or else a promoter from an adjacent
transcription unit is utilized to drive expression of the trun-
cated open reading frame. The deletion removes the N-
terminal portion of REC2 including the putative nuclear
localization signal and chromatin binding domain, but if an
alternative translational start site were utilized, a truncated
REC?2 polypeptide with certain biochemical activities might be
produced. Thus, the rec2-1 mutant might be defective for in
vivo functions but not in vitro functions, accounting for the
residual renaturation activity reported to be present in the
rec2-1 mutant. Immunoblot analysis should help in investigat-
ing this possibility.

The 3'-5' exonuclease encoded by the RECI gene has an
unusual activity, namely, the ability to hydrolyze phosphoro-
thioate ester linkages in addition to the usual phosphodiester
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linkage (33). Using 3'-**S-labeled DNA as a substrate, we have
been able to monitor specifically the REC1 encoded exonucle-
ase activity during column chromatography of U. maydis
extracts (unpublished observations). The activity partially co-
purifies with the homologous pairing activity through a phos-
phocellulose column, raising the possibility that the RECI and
REC2 gene products associate physically to some extent. It
might be imagined that this putative association is disrupted if
the RECI gene product is altered by mutation. Consequently,
this might result in altered chromatographic behavior of the
REC2 gene product and thus its apparent absence from the
expected column fractions. An alternative explanation that the
RECI gene might positively regulate expression of REC2 was
ruled out by the finding of normal levels of the REC2 mRNA
in the recI mutant.

In summary, there are three important findings in this
report. First, the gene encoding the U. maydis homologous
pairing protein known previously as recl has been identified as
REC?2. Second, the REC2 proteiit purified after overexpression
of the gene in E. coli is active in promoting pairing of
homologous DNA molecules in an ATP-dependent manner.
Third, RNA-DNA hybrids are active in pairing under condi-
tions in which DNA duplexes are not active.
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