MOLECULAR AND CELLULAR BIOLOGY, Jan. 2001, p. 467–475
0270-7306/01/$04.00⫹0 DOI: 10.1128/MCB.21.2.467–475.2001
Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Vol. 21, No. 2

Nucleic Acid Chaperone Activity of the ORF1 Protein from
the Mouse LINE-1 Retrotransposon
SANDRA L. MARTIN1,2*

AND

FREDERIC D. BUSHMAN2

Department of Cellular and Structural Biology, University of Colorado School of Medicine,
Denver, Colorado 80262,1 and Infectious Disease Laboratory,
The Salk Institute, La Jolla, California 920372
Received 26 July 2000/Returned for modification 11 September 2000/Accepted 22 October 2000

Non-LTR retrotransposons such as L1 elements are major components of the mammalian genome, but their
mechanism of replication is incompletely understood. Like retroviruses and LTR-containing retrotransposons,
non-LTR retrotransposons replicate by reverse transcription of an RNA intermediate. The details of cDNA
priming and integration, however, differ between these two classes. In retroviruses, the nucleocapsid (NC) protein has been shown to assist reverse transcription by acting as a “nucleic acid chaperone,” promoting the
formation of the most stable duplexes between nucleic acid molecules. A protein-coding region with an NC-like
sequence is present in most non-LTR retrotransposons, but no such sequence is evident in mammalian L1 elements or other members of its class. Here we investigated the ORF1 protein from mouse L1 and found that it
does in fact display nucleic acid chaperone activities in vitro. L1 ORF1p (i) promoted annealing of complementary DNA strands, (ii) facilitated strand exchange to form the most stable hybrids in competitive displacement assays, and (iii) facilitated melting of an imperfect duplex but stabilized perfect duplexes. These findings
suggest a role for L1 ORF1p in mediating nucleic acid strand transfer steps during L1 reverse transcription.
Minus strand cDNA synthesis uses a cellular tRNA as the
primer, while plus strand synthesis uses a fragment of element
RNA. Reverse transcription further involves two template
switches, ultimately yielding a linear, double-stranded cDNA
molecule with blunt ends. The virus-encoded integrase protein
then connects this viral cDNA to host DNA, forming the integrated provirus (for a review, see reference 4).
Transposition-competent versions of L1 recently have been
isolated and studied. L1 elements are 6 to 7 kb long and
encode two proteins that are necessary for retrotransposition,
ORF1p and ORF2p (30). The endonuclease and the reverse
transcriptase activities that are presumably required for TPRT
reside within ORF2p (10, 29). The other protein, ORF1p, is
essential for retrotransposition but its role is not well understood.
ORF1p copurifies with L1 RNA as a ribonucleoprotein complex (RNP) when extracts from mouse F9 embryonal carcinoma cells are fractionated through sucrose gradients (26). In
addition, mouse ORF1p purified from Escherichia coli binds
nonspecifically to RNA and single-stranded DNA, with apparent positive cooperativity (19). There is also evidence for a
higher affinity binding to specific sequences within L1 RNA
(15). Taken together, these properties are consistent with a
role for ORF1p in the packaging of L1 RNA during retrotransposition.
These functions of ORF1p potentially parallel those of the
retroviral gag proteins (reviewed in reference 4). Unlike L1
ORF1p, retroviral gag proteins are initially synthesized as a
polyprotein. Following assembly of the gag precursor into particles, cleavage by the viral protease yields separate matrix,
capsid, and nucleocapsid (NC) proteins. The NC protein in
particular displays activities potentially related to those of
ORF1p in L1 elements. The NC protein binds nucleic acids
and contributes to multiple steps in viral nucleic acid metab-

LINE-1, or L1, is an abundant long interspersed nuclear
element that has amplified to a high copy number in mammalian genomes by retrotransposition. In humans and mice for
example, there are upwards of 100,000 copies of L1. In addition, it is likely that the even more abundant short interspersed
nuclear elements and processed pseudogenes were created by
the action of L1 machinery. Together these sequences account
for approximately 30% of the mammalian genome. Transposition of these elements continues, occasionally leading to
disease by insertional mutagenesis. Thus, L1 has been, and
continues to be, a major dynamic force in modeling the mammalian genome (references 9 and 16 and references therein;
18).
L1 belongs to a larger group of mobile elements known as
the non-long terminal repeat (LTR) retrotransposons (25).
Members of this class are thought to use a unique mechanism
for transposition called target site-primed reverse transcription
(TPRT) (24). In TPRT, an element-encoded endonuclease
cleaves the target site in genomic DNA to generate a 3⬘ OH.
This hydroxyl acts as the primer for reverse transcription using
element RNA as a template. The result is simultaneous reverse
transcription and joining of the first-strand cDNA with the
genome. The mechanism used to complete cDNA synthesis
and integrate both ends into the chromosome has not been
elucidated but may require additional proteins that are not
encoded by the element.
TPRT-based replication differs from that of the other major
class of retroelements, the retroviruses and related LTR retrotransposons. The latter elements use RNA primers to initiate reverse transcription instead of a genomic DNA 3⬘ end.
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olism, including (i) facilitating RNA dimerization, (ii) packaging of viral RNA during assembly, (iii) binding of the tRNA
primer to the viral genomic RNA, (iv) facilitating two strand
transfers during reverse transcription, and (v) potentially promoting cDNA integration (2, 3, 13, 21, 22, 34, 36, 38).
In vitro studies have begun to reveal how the NC protein
facilitates these diverse reactions. Purified NC protein can
greatly accelerate the annealing of complementary DNA sequences in dilute solution. The NC protein can also promote
the formation of the most stable base-paired structure in a
competitive annealing reaction, so-called nucleic acid chaperone activity (12, 22, 34, 38). These activities probably account
for much of the function of NC during viral replication.
Since the initial recognition that L1 encoded a second protein in addition to reverse transcriptase, it has been tempting to
speculate that ORF1p could be the functional homologue of
retroviral gag (23). At odds with this view are the lack of
sequence homology between L1 ORF1p and retroviral NC
(14) and the striking differences between retroviral replication
and TPRT. The nonhomologous ORF1 protein from the Drosophila non-LTR retrotransposon I was proposed to have an
NC-like role after the protein was found to form large complexes with nucleic acids and to accelerate the annealing of
complementary DNA fragments (8). ORF1p from the I element contains the CCHC motifs that are typical of retroviral
NC proteins. In fact, of the 11 major clades of non-LTR retrotransposons, these motifs are found in six of the seven with
an ORF1, with mammalian L1 being the sole exception (25).
Since the CCHC domains are essential for proper function of
the I element ORF1p as well as retroviral NC, their absence in
mammalian L1 ORF1p is surprising. This raises the questions
of whether NC-like function is required for L1 transposition
and whether the divergent L1 ORF1p provides nucleic acid
chaperone activities.
To examine the nucleic acid chaperone activities of mouse
ORF1p, we studied the effects of purified recombinant protein
on a series of DNA oligonucleotide substrates. L1 ORF1p was
found to accelerate the annealing of complementary DNA
oligonucleotides, as well as to increase the rate of formation of
the most stable duplex when tested under strand-exchange
conditions. These activities imply a much greater functional
similarity between L1 ORF1p and retroviral NC proteins than
has heretofore been recognized, in spite of their different sequences and the differences between retroviral reverse transcription-integration and TPRT. Finally, we propose a role for
these chaperone activities of L1 ORF1p in TPRT.
MATERIALS AND METHODS
Oligonucleotides. Oligonucleotides were purchased from Genset (La Jolla,
Calif.) or Integrated DNA Technologies (Coralville, Iowa). The sequences are
given in Table 1. Oligonucleotides used in annealing, strand-exchange, and
melting assays were purified by electrophoresis through denaturing polyacrylamide gels before use. The oligonucleotides tested included one pair with a
region of the human immunodeficiency virus type 1 LTR and several others with
sequences that were more biologically relevant to L1 retrotransposition (Table
1). One of the two complementary oligonucleotides was 5⬘ end labeled using
[gamma-32P]ATP (Amersham) and T4 polynucleotide kinase (New England
Biolabs). Unincorporated isotope was removed by gel filtration (QuickSpin TE;
Boehringer Mannheim).
Purification of ORF1p from E. coli. The ORF1 region from pJS16 35) was
amplified by PCR using the primers ORF1 start (5⬘-GGGGAATTCATGGCG
AAAGGCAAACG) and ORF1 end (5⬘-GGGGAATTCGCTGTCTTCTTTTT
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TABLE 1. Oligonucleotides used for chaperone assays
a

Name

Sequence (5⬘ to 3⬘)

29 ..............AAAAAGTACACAGTCTAACATCAACTCGC
c29 ............GCGAGTTGATGTTAGACTGTGTACTTTTT
38 ..............CAACAATTACTTTTCCTTAATATCTCTTAACATCAATG
c38 ............CATTGATGTTAAGAGATATTAAGGAAAAGTAATTGTTG
25 ..............AGTACACAGTCTAACATCAACTCGC
c25 ............GCGAGTTGATGTTAGACTGTGTACT
mm29c......GCGAGTTGACGTCAGACCGTGCACTTTTTb
48 ..............GCCGTCCAGTCTTCAGTTTAAAAAGTACACAGTCTAAC
ATCAACTCGC
c48 ............GCGAGTTGATGTTAGACTGTGTACTTTTTAAACTGAAG
ACTGGACGGC
32 ..............ACTGCTAGAGATTTTCCACACGGATCCTAGGC
c32 ............GCCTAGGATCCGTGTGGAAAATCTCTAGCAGT
a
Oligonucleotides are named for their length, with “c” indicating the inverse
complement. c25 has the same sequence as c29, except that it is 4 nt shorter on
the 3⬘ end. The 38-nt region lies just downstream of the presumed translation
initiation codon in ORF2. The homologous region in human LINE-1 was described as a sequence-specific RNA binding site for L1Hs ORF1p, although
DNA interactions were not observed (15). All other oligonucleotides, except 32
and c32, were designed to mimic a DNA target site for a new L1 insertion (17).
b
The nucleotides in mm29c that form mismatches when hybridized to 29 are
underlined.

GGTTTGTTGA). The product was digested with EcoRI and then cloned into
pGEX-6P-1 (Amersham Pharmacia Biotech). Protein was produced in BL21
grown at 21°C for 16 h after induction with IPTG (isopropyl-␤-D-thiogalactopyranoside). All subsequent steps were performed at 4°C. The cells were recovered,
and a crude lysate was prepared as previously described (7). Nucleic acid was
removed by precipitation with 0.5% polyethyleneimine (39). The protein-containing supernatant was adjusted to final concentrations of 5 mM dithiothreitol
(DTT) and 8% glycerol and then bound to glutathione-Sepharose (Amersham
Pharmacia Biotech). The column was washed three times with 10 ml of 50 mM
Tris-HCl (pH 8.0)–150 mM NaCl–5 mM DTT–50 mM EDTA–8% glycerol and
then two times with 5 ml of cleavage buffer (50 mM Tris-HCl [pH 7.0], 150 mM
NaCl, 1 mM EDTA, 1 mM DTT). The glutathione-Sepharose was resuspended
in 1 ml of cleavage buffer containing 80 U of PreScission protease (Amersham
Pharmacia Biotech) and incubated overnight at 4°C. The column was drained
and then rinsed 10 times with 1 ml of cleavage buffer. Fractions containing
ORF1p (based upon sodium dodecyl sulfate-polyacrylamide gel electrophoresis
[SDS-PAGE] analysis) were pooled, dialyzed against buffer A (20 mM HEPES
[pH 7.6], 150 mM NaCl, 2 mM DTT, and 0.1 mM EDTA), and then applied to
a CM Sepharose (Amersham Pharmacia Biotech) column. After washing with
five column volumes of buffer A, proteins were eluted with a 150 mM to 1 M
NaCl gradient. Fractions containing ORF1p were identified by SDS-PAGE,
pooled, and then dialyzed into 20 mM HEPES (pH 7.6)–100 mM NaCl–2 mM
DTT–0.1 mM EDTA–5% glycerol.
Purification of L1 ORF1p from SF9 cells. Both A-type and TF-type ORF1p
(p41 and p43, respectively, in a report by Kolosha and Martin [20]) were expressed as His-tagged fusion proteins. The fusion adds an N-terminal tag of 36
amino acid residues, which contains a hexahistidine block for purification by
metal-chelating affinity chromatography. A cytoplasmic extract from SF9 cells
infected with recombinant baculovirus was incubated in lysis buffer containing 50
mM sodium phosphate (pH 7.5), 4 mM 2-mercaptoethanol, 0.1% NP-40, and 1
mM phenylmethylsulfonyl fluoride (PMSF) for 30 min on ice followed by centrifugation at 20,000 ⫻ g for 30 min at 4°C. ORF1p in the supernatant was
incubated with Ni-agarose (Qiagen) in binding buffer (50 mM sodium phosphate
[pH 8.0], 500 mM NaCl, 25 mM imidazole, 0.2% Tween 20, 0.1% NP-40, 10 mM
2-mercaptoethanol, 1 mM PMSF) and 10 g each of chymstatin, leupeptin,
antipain, and pepstatin for 2 days at 4°C with gentle mixing. The Ni-agarose
slurry with the bound protein was transferred to a column and then washed twice
with 50 mM sodium phosphate (pH 8.0)–500 mM NaCl–0.2% Tween 20–0.1%
NP-40–40 mM imidazole–10 mM 2-mercaptoethanol. The proteins were eluted
in 50 mM sodium phosphate (pH 8.0)–300 mM NaCl–250 mM imidazole–1 mM
PMSF. Fractions containing ORF1p were identified by Western blotting, pooled,
and then dialyzed against ORF1 storage buffer (20 mM HEPES [pH 7.6], 100
mM NaCl, 2 mM DTT, 0.1 mM EDTA, and 5% glycerol).
The concentration of each protein was determined by Bradford assay (BioRad). All proteins were stored in small aliquots at ⫺80°C until use.
Other proteins. Lambda repressor was a gift from S. Munroe and M. Ptashne.
The protein was purified as described previously (32). E. coli single-strand bind-

VOL. 21, 2001

LINE-1 ORF1p IS A NUCLEIC ACID CHAPERONE

469

FIG. 1. Map of L1 and reagents used in this study. (A) A full-length, active L1 element from the mouse genome is made up of approximately
6.7 kb. It contains a repeating promoter motif (tandem boxes, each about 200 nt long), a short 5⬘ noncoding region (line), the ORF1 and ORF2
coding sequences (rectangles), and a 3⬘ noncoding region (line) ending with a poly(A) tail (An). Each element is bounded by short target site
duplications (triangles). A length polymorphism in ORF1 shows the addition of 14 amino acids to the TF-type compared to the A-type ORF1
protein. (B) TF-type ORF1p (1.0 g) isolated from E. coli was fractionated by SDS-PAGE and stained with Coomassie blue. m, molecular size
marker.
ing (SSB) protein was purchased from New England Biolabs, and bovine serum
albumin (BSA) was purchased from Pierce.
Annealing assay. Ten-microliter annealing reaction mixtures contained 1⫻
annealing buffer (20 mM HEPES [pH 7.6], 1 mM EDTA, 1 mM MgCl2, 1 mM
DTT, 0.1% Triton X-100) and the indicated amount of each oligonucleotide and
protein. Unless otherwise indicated, timing was initiated by addition of the
radiolabeled oligonucleotide to a tube containing all of the other reaction components. Reactions were incubated for two minutes at 37°C and then stopped by
the addition of 5 l of stop mix (0.4 mg of tRNA per ml, 0.2% SDS, 15% Ficoll
[type 400], 0.2% bromophenol blue, and 0.2% xylene cyanol blue). Double- and
single-stranded oligonucleotides were resolved by electrophoresis through 15%
native polyacrylamide gels in 1⫻ TBE (100 mM Tris-HCl [pH 8.3], 100 mM boric
acid, 2 mM EDTA) at 4°C. Gels were dried and then examined by phosphorimage analysis (Imagequant; Molecular Dynamics).
Strand-exchange assay. A preannealed duplex was made by mixing 200 mM
32
P-labeled oligonucleotide with its complement in water. The mixture was
heated for 5 min at 95°C, NaCl was added to a concentration of 50 mM and the
mixture was cooled slowly (⬃ 2 h) to room temperature and then stored frozen
until use. Preannealed duplex oligonucleotide was diluted in water and then
mixed with a 50⫻ molar excess of complementary single-stranded oligonucleotide in 1⫻ annealing buffer containing 50 mM NaCl on ice. Timing was initiated
upon the addition of protein. After incubation at 37°C, the reaction was stopped
by the addition of 0.6 to 1 volume of ice-cold stop mix. Gels and analysis were
performed as described for the annealing reactions.
Melting assay. Preannealed duplex was mixed with protein in 45 l of 1⫻
annealing buffer containing 50 mM NaCl on ice. A 5-l aliquot was removed and
mixed with 5 l of ice-cold stop mix after a 5-min incubation. The tube was
transferred to an Eppendorf Thermomixer R and incubated for 5 min at the
indicated temperature, and then another aliquot was removed. The temperature
was increased by 5°C, and the sampling process was repeated at 5°C intervals
through the temperatures indicated. Gels and analysis were performed as described for the annealing reactions.

RESULTS
Experimental plan. We have investigated whether L1
ORF1, has an intrinsic nucleic acid chaperone activity. Because the CCHC motif is seen in ORF1 sequences from other
non-LTR retrotransposons and because one of these, the I
factor, has an ORF1p that accelerates annealing, we asked
whether the L1 ORF1 protein displays nucleic acid chaperone
activities in vitro.
L1 ORF1 proteins were purified after overexpression in
either E. coli or baculovirus. A map of L1 is shown in Fig. 1,
illustrating the ORF1 protein used. This TF-type mouse L1
ORF1 protein was purified from the soluble fraction after
overexpression of a glutathione S-transferase fusion protein in
E. coli. Some of the assays were also performed with a Histagged A- or TF-type ORF1p protein that was purified following expression in baculovirus-infected insect cells. To assess
nucleic acid chaperone activities, purified ORF1 protein was
assayed for the ability to (i) accelerate annealing of comple-

mentary DNA strands in dilute solution, (ii) promote formation of the most stable DNA duplex in annealing exchange
reactions, and (iii) melt DNA duplexes.
Accelerated annealing by ORF1p. To assay the acceleration
of annealing, pairs of complementary oligonucleotides were
mixed in dilute solution, and duplex formation was monitored
(Fig. 2A). One oligonucleotide of each pair was labeled on the
5⬘ end with 32P. Four pairs of oligonucleotides were studied,
each containing a different DNA sequence and ranging in
length from 29 to 48 base pairs (Table 1). These included a
region from L1 that lies within ORF2 sequences (Fig. 2B, D,
and E), an L1 insertion target half-site (Fig. 2C and F to H), an
L1 insertion target full-site (data not shown), and an irrelevant
sequence (data not shown). Products of annealing reactions
were separated on native polyacrylamide gels and visualized by
phosphorimage analysis. The mobilities of the single-stranded
and duplex forms were determined by coelectrophoresis of
end-labeled oligonucleotide alone or of end-labeled oligonucleotide that had been annealed to its complement by boiling
followed by slow cooling, respectively.
Little annealing is seen in the absence of protein, but significant annealing is observed when ORF1p purified from E. coli
(Fig. 2B and C) or baculovirus (Fig. 2D to F) is added to the
reaction. The ORFp proteins from both the TF-type and Atype mouse L1 subfamilies share this activity (Fig. 2D and E).
The activity is not specific for any particular oligonucleotide, as
the proteins act on all of the oligonucleotide pairs tested (Fig.
2B to F; Table 1). The annealing activity was present in four
independent preparations of ORF1p; two of these preparations were TF-type ORF1p produced in E. coli, and the other
two were an A- and a TF-type ORF1p produced in baculovirus.
Because of the different source and purification methods used
to make the baculovirus- versus E. coli-expressed proteins, the
observed annealing activity is highly likely to be intrinsic to L1
ORF1p and not a property of any minor contaminants in the
protein preparations. Not all proteins facilitate annealing under these conditions. We also tested two other nucleic acid
binding proteins, lambda repressor and E. coli SSB. Lambda
repressor, which binds a specific sequence in DNA with high
affinity, fails to accelerate annealing until very high protein
concentrations are reached (Fig. 2G); 50% annealing is observed at a 2.5 M repressor concentration. No doublestranded form of the labeled oligonucleotide is detected using
E. coli SSB in this assay at concentrations ranging between 0.18
nM and 10.8 M. However, at a 44 nM SSB concentration,
50% of the labeled oligonucleotide shifts to the well, where all
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FIG. 2. ORF1p accelerates annealing of complementary DNA oligonucleotides. (A) Schematic of the annealing assay. The asterisk indicates
the 32P end label, here and throughout the figures. (B to H) Phosphorimages of oligonucleotides separated by electrophoresis. Increasing amounts
of protein are indicated by triangles in panels B to H, and a dash above a lane indicates that no protein was added. The double-stranded
oligonucleotide is indicated by the arrow; the other band is the single-stranded, end-labeled oligonucleotide, based upon the migration of known
standards through the same or similar gels. For panels B and C, a 1.8 nM concentration of labeled oligonucleotide and a 2 nM concentration of
its reverse complement were incubated with threefold serial dilutions (0.34 to 250 nM) of E. coli TF-type ORF1p. For panels D to H, 150 pg of
each oligonucleotide was incubated with threefold serial dilutions of baculovirus-produced TF-type ORF1p (0.3 to 639 nM) (D), A-type ORF1p
(0.5 to 1,100 nM) (E and F), lambda repressor (0.13 to 820 nM) (G), or BSA (0.45 to 3,000 nM) (H).

of it is found at all higher concentrations (data not shown).
BSA has no effect on the oligonucleotides in these reaction
conditions at any concentration tested (Fig. 2H). We conclude
that accelerating annealing is not a property of DNA binding
proteins generally.
As the concentration of ORF1p is increased, the reaction
shows a sudden transition, with annealing becoming apparent
only after the protein concentration is approximately equimolar to the oligonucleotide concentration. At higher protein
concentrations, a greater fraction of the labeled DNA remains
single stranded. This is more pronounced with the 38-nucleotide (nt) pair than it is with the 29-nt pair of complementary
oligonucleotides (Fig. 3). The differences in behavior between
these two oligonucleotide pairs is not due simply to their different lengths, because in annealing assays performed with a
48-mer duplex, 45% of the product was double stranded at the
highest protein concentration, compared to 25% with the 38mer duplex and 89% with the 29-mer duplex (data not shown).
Thus, the difference in annealing efficiency at high ORF1p
concentrations appears to be due to the nucleotide sequence of
the different oligonucleotide pairs.
The time and temperature dependence of the annealing
reaction were also tested. ORF1p facilitates annealing on ice
and at 22°C, as well as at 37°C (Fig. 4, compare panels B and

C to panel A), although the reaction proceeds more slowly at
the lower temperatures. With low concentrations of protein,
complete conversion to the double-stranded form occurs at
22°C in 60 min but not at 4°C (Fig. 4B, lanes 4 and 8) or with
shorter incubation times (Fig. 4B, lanes 1 to 3 and 5 to 7; also

FIG. 3. Comparison of ORF1p annealing activity on two oligonucleotide pairs. Baculovirus-produced ORF1p (0.28 to 1,100 nM) was
incubated with 150 pg of each oligonucleotide, either [32P]29-c29 or
[32P]38-c38.
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FIG. 4. Time and temperature dependence of the annealing activity of ORF1p. Aliquots from each reaction were removed at the indicated times after the addition of the radiolabeled oligonucleotide.
Incubations were carried out at either 4 or 22°C. Reactions contained
1.8 nM [32P]29, 2 nM c29, and either no protein (A) or 3 or 13 nM
ORF1p made from E. coli (B and C, respectively).

compare the same incubation times in the absence of protein
in panel A, lanes 1 to 3 and 4 to 6). With a higher concentration of ORF1p, annealing is complete in 18 min at 4°C and 6
min at 22°C (Fig. 4C, lanes 3 and 6).
Nucleic acid chaperone activity. The demonstration of the
ability of L1 ORF1p to accelerate annealing of complementary
oligonucleotides raises the question of whether the protein has
additional activities that are characteristic of nucleic acid chaperone proteins. To test whether ORF1p facilitates the rate at
which nucleic acids anneal to form the thermodynamically
most stable form, performed duplexes were challenged with a
50-fold molar excess of a complementary single-stranded oligonucleotide. Two conditions were tested: (i) the 29-c29 perfect duplex, challenged with the shorter c25, and (ii) the 29-c25
duplex, challenged with c29. In both cases, the starting 29-mer
strand was labeled on the 5⬘ end with 32P. Reaction products
were separated on native acrylamide gels, and DNAs were
visualized by phosphorimage analysis. In this experiment, the
29-nt perfect duplex migrated more slowly than the 29-c25
duplex. No single-stranded oligonucleotide was detected.
In the absence of ORF1p, the [32P]29-c29 duplex remained
stable when incubated for 15 min at 37°C without protein (Fig.
5, lane 2), even in the presence of a 50-fold excess of the
25-mer strand. However, exchange to form the favored 29-c25
duplex was observed when the mixture was heated to 95°C for
5 min and then incubated at 45°C for 15 min (Fig. 5, lane 1).
Addition of ORF1 protein to preannealed [32P]29-c29 in the
presence of excess single-stranded c25 resulted in little exchange of the label to form the 29-c25 duplex (Fig. 5, lanes 3
to 6). This result was expected, because the labeled oligonu-
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cleotide was already in its thermodynamically most favored
form in the starting duplex.
In contrast, if a preformed [32P]29-c25 duplex is challenged
by the addition of excess c29, strand exchange to form the more
stable [32P]29-c29 duplex occurs in the presence of ORF1p. Increased amounts of the [32P]29-c29 duplex were formed as the
concentration of ORF1p in the reaction increased (Fig. 5, lanes 7
to 10), whereas no exchange of the [32P]29-c25 duplex was observed in the absence of protein (Fig. 5, lane 11). Thus, ORF1p
promotes the exchange of strands to form the most stable hybrid.
As was observed for the annealing reactions, the extent of
the exchange reaction increased with increasing time and temperature. Longer incubations are required at lower temperatures to achieve the same degree of exchange. Longer incubation times also increased the extent of exchange. For example,
essentially all of a 1 nM [32P]29-c25 duplex was exchanged to
form the [32P]29-c29 duplex when 50 nM c29 was incubated
with a 50 nM protein concentrations for 1 h at 37°C (data not
shown).
Comparison of mismatched and partially single-stranded
substrates. The mechanism of the nucleic acid chaperone activity was next probed. Because the [32P]29-c25 duplex leaves
4 nt of single-stranded DNA on one end that can base pair
with c29, it is possible that the exchange reaction requires
this single-strand overhang to nucleate base pairing. Once
the three oligonucleotides form a joint structure, branch migration of the 29-mer strand may displace the 25-mer strand
while simultaneously forming the fully complementary 29-mer
strand.
To investigate this model, we assayed whether the free single-stranded region in the 29-25 hybrid is essential for strand
exchange by observing the chaperone activity on a 29-mer–29mer duplex containing four internal mismatches (29-[32P]
mm29c). Assays of stable hybrid formation were carried out as
described above by adding the perfectly matched complemen-

FIG. 5. Strand-exchange activity of ORF1p. Preannealed duplex
DNA ([32P]29-c29 or [32P]29-c25) was challenged with a 50⫻ molar
excess of the complementary single strand as indicated. Controls contained all components except protein. Lanes 2 and 11, untreated duplex oligonucleotides; lanes 1 and 12, three oligonucleotides in the
same proportion as the lanes with protein but heated for 5 min at 95°C
and then for 15 min at 45°C. All other samples were incubated for 15
min at 37°C. Recombinant ORF1p from E. coli was added to a final
concentration of 17 nM (lanes 3 and 7), 52 nM (lanes 4 and 8), 155 nM
(lanes 5 and 9), or 466 nM (lanes 6 and 10). The concentrations of
duplex oligonucleotides were 1.6 nM and of single-stranded oligonucleotides were 80 nM.
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FIG. 6. Strand-exchange activity of ORF1p. (A) Preannealed duplex DNA (29-[32P]-mm29c [1 nM]) was challenged with 50 nM c29 in the
presence or absence of ORF1p made in E. coli. (B) The times of incubation and concentrations of protein are indicated. For this reaction, the two
duplexes, 29-c29 and 29-mm29c, are not resolved by size, and only mm29c is labeled with 32P. Thus, the exchange reaction leads to the disappearance of the 29-[32P]mm29c duplex and the appearance of single-stranded [32P]mm29c. The two major bands resolved in this gel are the
29-[32P]mm29c duplex and the denatured form of [32P]mm29c. The minor band, migrating slower than the duplex, is a structured form of the
single-stranded [32P]mm29c (see Results).

tary 29-mer strand. In the presence of ORF1p the perfect
complement, c29, readily displaced the 32P-labeled mm29c
from this duplex (Fig. 6). As was observed above for the annealing reactions, the appearance of single-stranded [32P]
mm29c increased with increasing times of incubation (e.g.,
compare lanes 1 to 3 with lanes 7 to 9 in Fig. 6) and increasing
concentrations of ORF1p (e.g., compare lanes 2, 5, 8, 11, and
14, the 18-min incubation times with increasing amounts of
protein, in Fig. 6). In rare instances an additional band was
observed (note the minor band in Fig. 6, lane 11, which migrated more slowly than the duplex). This band is an alternative structure of the 32P-labeled mm29c. After the kinase reaction, approximately 60% of this oligonucleotide was in the
slow-migrating form. A 5-min incubation at 95°C converted it
completely to the fast-migrating form. The slow-migrating
structure of mm29c appeared after its displacement from the
duplex only when the concentration of ORF1p in the reaction
was roughly equimolar to that of the oligonucleotides. The
displacement of [32P]mm29c from its duplex form with 29 by
29c indicates that the exchange reaction does not require nucleation of base pairing at a single-stranded complementary
overhang.
DNA melting by ORF1p. To further probe the mechanism of
the nucleic acid chaperone activity, ORF1p was tested for its
effects on DNA melting. The mismatched duplex, 29-[32P]
mm29c, shows the typical transition from a duplex to the single-stranded form over a narrow temperature range in the
absence of protein (Fig. 7). The addition of ORF1p lowers the
temperature at which half of the radiolabeled oligonucleotide
(mm29c) is found in duplex form (Tm) from 41°C to 23 to 28°C
(Fig. 7A, compare lanes 4 and 11). ORF1p greatly extends the
range of temperatures in which both single- and doublestranded forms are present (Fig. 7A, compare lanes 2 to 6 to
lanes 9 to 13). ORF1p also stabilizes the double-stranded form
at higher temperatures (Fig. 7A, compare lanes 7 and 8 to
lanes 14 and 15). These effects on the Tm of the 29-mm29c

duplex are seen at protein concentrations ranging between 10
and 250 nM, although only the 90-nM results are shown.
In contrast, when ORF1p is added to perfect duplexes, they
are stabilized by the presence of protein. This was observed for
the 25-c25, 29-c29, and 38-c38 duplexes; results obtained using
[32P]38-c38 are shown in Fig. 7B. Even at a low concentration
of protein, 2.3 nM, the Tm of this duplex shifts from 46 to 55°C
(Fig. 7B, compare lanes 3 to 6 with lanes 10 to 13). At higher
ORF1p concentrations, the duplex did not melt over the temperatures tested (Fig. 7B, lanes 16 to 22). Thus, the three perfect duplexes are stabilized by the protein, whereas the mismatched duplexes are destabilized. It appears that small regions
of internal mismatches are sensed and melted by ORF1p.
DISCUSSION
These studies indicate that the ORF1p protein from mouse
L1 is able to facilitate rearrangements of nucleic acids into
more stable conformations. Previous studies have named this
nucleic acid chaperone activity (34), though we note that the
analogy between nucleic acid and protein chaperones is only
partial. Unlike protein chaperones, nucleic acid chaperones
are not ATPases and do not turn over catalytically; rather, they
remain associated with the annealed nucleic acid products.
Nucleic acid chaperone activity has been reported in retrovirus
(38) and retroelement (6) NC proteins and in the I element
non-LTR retrotransposon ORF1p protein (8). The NC and I
element ORF1p proteins contain the CCHC zinc knuckle sequence, raising the question of whether other retroelements,
such as mammalian L1, that lack the CCHC sequence also
require nucleic acid chaperone activity. We report here that L1
ORF1p does indeed show such activity. These findings strongly
support the idea that nucleic acid chaperone activity is a general requirement for retroelement replication (6). Based on
these findings, we speculate that other retroelements lacking
CCHC-containing proteins, such as the foamy retroviruses and
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FIG. 7. Effect of ORF1p on melting temperature of DNA duplexes. (A) Tm of an imperfect duplex. Lanes contain aliquots removed after a
5-min incubation at the indicated temperatures from a mixture with 1 nM 29-[32P]mm29c and either no protein (lanes 1 to 8) or 90 nM ORF1p
purified from E. coli (lanes 9 to 16). (B) Tm of a perfect duplex. Lanes contain aliquots removed after a 5-min incubation at the indicated
temperatures from a mixture with 1.3 nM [32P]38-c38 and either no protein (lanes 2 to 8) or 2.3 nM (lanes 9 to 15) or 230 nM (lanes 16 to 22)
ORF1p purified from E. coli. Lane 1 contains the single-stranded [32P]38 oligonucleotide as a mobility standard.

hepatitis B viruses, also encode or recruit nucleic acid chaperone proteins to promote reverse transcription.
How does ORF1p accelerate the annealing of complementary DNA molecules? ORF1p is known to bind to single-stranded DNA molecules and form multimers (19), so it may bring
complementary strands together via protein-protein interactions. Binding of the basic ORF1 protein will also neutralize
the negative charges of the acidic DNA phosphate backbone,
facilitating strand association by charge shielding. However,
the DNA in the complex must be able to sample different
potential pairing partners, so the DNAs must be able to change
positions relative to one another. Thus, the addition of ORF1p
allows the system to achieve its equilibrium position more
rapidly. Many basic proteins are known to accelerate annealing, including histone H1 (5), yeast Rad52 (31), hnRNPA1
protein (33), I element ORF1 (8), and retroviral NC (22, 38).
Not all proteins, however, accelerate annealing, including other DNA binding proteins. For example, we tested lambda repressor and found that annealing was not facilitated until the
protein was in large (⬃100-fold) excess over nucleic acid and
that neither E. coli SSB nor BSA accelerated annealing. In a
separate series of experiments, we found that the nucleic acid
interaction domain of ORF1p lies in its carboxy-terminal third.
This domain also accelerates annealing, indicating that the
chaperone activity is contained within the nucleic acid binding
domain (28). Similar properties were reported recently for the
C-terminal portion of the TYA1 protein (6).
The oligonucleotides remain in the single-stranded form at
high concentrations of ORF1p. This was also observed for
other proteins that accelerate annealing, such as NC. One explanation is that the protein aggregates, effectively lowering

the concentration of free ORF1p. This seems unlikely, since
aggregation was not evident experimentally and would affect
all oligonucleotide pairs equally. A more likely alternative explanation is that ORF1p coats the single-stranded DNA at higher concentrations, thereby retaining it in its single-stranded
form. According to this idea, stabilization of single-stranded
DNA will only take place in the presence of enough ORF1p to
coat a substantial fraction of the DNA strand. The differences
observed among oligonucleotide pairs in our annealing assays
may be explained by different affinities of ORF1p for the various oligonucleotides. If this is the case, stabilization of singlestranded DNA at high concentrations would represent a
change in the position of the equilibrium of the system due to
the tight binding of ORF1p to single strands.
How does ORF1p lower the melting temperature of the
mismatched duplex but raise the melting temperature of a
perfect duplex? It seems likely that the internal mismatches
of the mismatched substrate are recognized as local singlestranded regions. This would make them a substrate for relatively high-affinity binding of ORF1p, which has been reported
previously to bind at least 100-fold more tightly to singlestranded than to double-stranded DNA (19). Since the mismatches were spaced 3 to 5 base pairs apart in the substrate
tested, this may have created a favorable setting for cooperative binding along the length of the mismatch-containing region, thereby facilitating melting. The stabilization of doublestranded DNA, in contrast, may be due to charge shielding by
the ORF1 protein. ORF1p may prevent DNA denaturation by
reducing electrostatic repulsion between the two DNA strands,
as is seen with increasing salt concentrations. Why ORF1p
stabilizes the mismatch-containing duplex at high tempera-
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tures is unclear. Possibly the protein denatures at high temperature, yielding a form capable of charge shielding but not
selective binding to single DNA strands.
Results of the DNA annealing and melting studies suggest
models for the DNA chaperone activity of ORF1p. In the case
of the mismatched duplex, exchange may be mediated by active
unpairing, thereby permitting association of the perfect complement. It is unclear whether complete melting is required
before the mm29c oligonucleotide can be replaced by the perfect complement. If the mismatched duplex is completely
melted, charge shielding and ORF1p protein-protein interactions could simply promote annealing. Alternatively, if the
duplex is only partially melted, strand exchange would have to
proceed through partial base pairing followed by displacement.
This may also be the mechanism used to replace the 29-c25
duplex with the complementary 29-mer strand following association with the free single-stranded region of the duplex. In
the case of the 29-c25 duplex, there are no mismatches to
nucleate active unpairing, yet the 25-mer strand in this duplex
is readily replaced by the 29-mer perfect complement.
The finding that the mouse L1 ORF1 protein contains nucleic acid chaperone activity strongly emphasizes the importance of this function for the replication of retroelements. The
primary sequence of L1 ORF1p is unique in that it lacks the
multiple NC-type CCHC zinc fingers typical of the other nonLTR retrotransposon ORF1s (25). The replacement of 5⬘ end
sequences is a probable consequence of the non-LTR replication mechanism. Non-LTR retrotransposons often lose their 5⬘
sequences during transposition, leading to the formation of an
inactive, truncated element (16). It may be that the non-LTR
retrotransposons have acquired their variable ORF1 sequences by truncation followed by capture of a cellular protein-coding sequence that substituted for the lost activity. That
is, the phylogenetic comparison provides a natural domain
swap experiment documenting the need for an NC-like activity.
What is the role of the nucleic acid chaperone activity in
non-LTR retrotransposon replication? None of the steps of
retroviral replication that require NC chaperone activity are
shared with TPRT. In TPRT, there is no need to dimerize the
RNA, anneal a tRNA primer, facilitate strong-stop strand
transfers during reverse transcription, or promote cDNA integration. However, a strand transfer reaction is required for
TPRT once the target site DNA is cleaved. T-rich sequences at
the cleaved target site anneal with the poly(A) tail of the L1
transcript. The 3⬘ end of the cleaved target DNA then acts as
a primer for first-strand cDNA synthesis. We propose that the
ORF1p strand transfer activity may be important for this
primer transfer reaction. This pathway involves the exchange
of a DNA-DNA duplex in the target site for an RNA-DNA
duplex, resulting in the formation of a more stable hybrid.
The nucleic acid chaperone activity may also be useful later
in the reverse transcription pathway. The available in vitro
TPRT systems do not carry out the late stages of the reaction,
leaving the steps involved uncertain (24). However, a similar
strand transfer reaction may allow the other strand of the
cleaved target DNA to base pair with first-strand L1 cDNA,
thereby acting as the primer for second-strand cDNA synthesis
(Fig. 8). The nucleic acid chaperone activity may be important
in this second annealing event as well.
By analogy with retrovirus NC, we speculate that the ORF1p

FIG. 8. Possible role for the strand-exchange activity of ORF1p
during L1 retrotransposition. This model is adapted based on sequences of the L1 target site duplication deduced by Jurka (17) and
from the model proposed for the TPRT reaction of the R1Bm element
(11), which encodes an endonuclease related to the L1 endonuclease
(10). Two strand-exchange reactions are required for the completion
of cDNA synthesis and integration of a newly retrotransposed copy of
L1. Both involve melting the duplex DNA of the genomic target site:
the first exchanges the bottom strand of the DNA-DNA duplex to
anneal with the L1 RNA in order to prime first-strand cDNA synthesis.
The second exchanges the top strand of the target site duplex onto the
first-strand cDNA, where it anneals to prime second-strand cDNA
synthesis. Fill-in of the staggered, cleaved ends of chromosomal DNA
yields a direct repeat of the original sequence (target site direct repeat
[TDR]). Newly synthesized DNA is represented by lowercase letters,
and the original nucleotides are capitalized. LINE, long interspersed
nuclear element.

protein of L1 may be involved in several additional steps in L1
retrotransposition. The RNA binding activity of ORF1p likely
allows it to coat and protect the RNA intermediate (26) as it
waits in the cytoplasm for access to the DNA target for TPRT.
Although ORF1p has only been detected in the cytoplasm to
date (1, 27, 37), it could still be involved in later steps of
retrotransposition, including TPRT. It may be that access to
the DNA for insertion occurs in mitosis during nuclear envelope breakdown or that only a tiny fraction of the total L1 RNP
(and ORF1p) ever enters the nucleus. During the later stages
of L1 retrotransposition, the ORF1p nucleic acid chaperone
activity is predicted to facilitate the strand transfer required to
anneal the DNA primer from the target site to the L1 RNA to
prime reverse transcription. ORF1p may help during reverse
transcription as well, perhaps by permitting polymerization
through secondary structures in the RNA. The unpairing of
mismatches may also be biologically relevant, since it may
promote repair of mismatched sites during cDNA synthesis.
Finally, ORF1p may repeat these functions during priming and
reverse transcription of the second strand. Understanding
these nucleic acid chaperone activities of ORF1p and its inclusion in in vitro assays will contribute to our ability to detail
the steps involved in the TPRT of L1 and other non-LTR
retrotransposons.
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