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the ORF2 protein from LINE-1; RNP, ribonucleoprotein particle; RRM, RNA recognition motif; SINE, short interspersed
element; ssDNA, single-strand DNA; SVA, a composite interspersed repeat (comprised of SINE-R, VNTR and Alu); TPRT, target-
site primed reverse transcription

Long interspersed element-1 (LINE-1 or L1) is a non-long
terminal repeat (LTR) retrotransposon that has amplified to
hundreds of thousands of copies in mammalian evolution.
A small number of the individual copies of L1 are active
retrotransposons which are presently replicating in most
species, including humans and mice. L1 retrotransposition
begins with transcription of an active element and ends with
a newly inserted cDNA copy, a process which requires the two
element-encoded proteins to actin cis on the L1 RNA. The ORF1
protein (ORF1p) is a high-affinity, non-sequence-specific RNA
binding protein with nucleic acid chaperone activity, whereas
the ORF2 protein (ORF2p) supplies the enzymatic activities for
cDNA synthesis. This article reviews the nucleic acid chaperone
properties of ORF1p in the context of L1 retrotransposition.

L1 has been and continues to be the dominant dynamic force
operating in the genomes of many, if not most, mammals, includ-
ing humans and mice. It is an autonomous retrotransposon that
has amplified to more than 500,000 copies, now comprising 17%
of the human genome' and 19% of the mouse genome.? In addi-
tion to mobilizing and amplifying itself, L1 provides the enzy-
matic machinery necessary for amplification of short interspersed
elements (SINEs,>* including primate Alu and rodent Bl and
B2), other non-autonomous interspersed repeats such as the pri-
mate composite repeat SVA’ (an acronym of SINE-R, VNTR and
Alu, where SINE-R is a specific sub-class of SINE, VNTR is an
acronym for variable-number-of-tandem-repeats and Alu is the
interspersed repeat family released by digestion with the restric-
tion endonuclease Alul, another subclass of SINE) and processed
pseudogenes, and is thereby responsible for upwards of 35% of
the present day human and mouse genomes.® Ongoing germline
insertions lead to a variety of genetic diseases and somatic activity
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links to cancer and brain variation.”® Recent advances in methods
to analyze the genomic locations of L1 and Alu provide robust
evidence for substantial variation in the location of individual ele-
ments among normal and diseased humans (reviewed in ref. 9).

L1, like all retrotransposons, replicates via reverse transcription
of an RNA intermediate, albeit with a mechanism distinct from
the better-studied retroviruses and LTR-containing retrotrans-
posons. Each replication cycle begins with transcription of one of
the full-length, active copies of L1 (Fig. 1A). After moving to the
cytoplasm, the L1 dicistronic transcript initially serves as a tem-
plate for translation of the two L1-encoded essential retrotranspo-
sition proteins, ORF1p and ORF2p, which associate in cis with
L1 RNA" to form an L1 ribonucleoprotein particle (LIRNDP).
From this point on, however, the details of the L1 replication
cycle differ dramatically from those of the LTR-containing retro-
viral-like elements (Fig. 1B). Specifically, the LIRNP juxtaposes
the L1 RNA with genomic DNA for target-site primed reverse
transcription (TPRT)," Figure 1C, which converts the RNA to
c¢DNA coincident with genomic insertion. TPRT is best studied
for the element R2,"*" but is likely the universal mechanism for
non-LTR retrotransposons, with the main variation being the site
of endonuclease cleavage.” In the specific example of mammalian
L1, a primer is formed when the endonuclease domain of ORF2p
recognizes and nicks a genomic target site, typically TTTT/AA,'
or similiar.”” The newly released 3'OH at the end of the polyT is
annealed to the polyA tail of L1 RNA and then extended by the
ORF2p reverse transcriptase, using L1 RNA as the template.'®"
Second strand cDNA is likely made by an analogous TPRT reac-
tion using the newly-synthesized, L1 first-strand ¢cDNA as the
template.?*?!

The precise requirements for ORFlp in the life-cycle of L1
have been challenging to elucidate, but recent structural and
functional information is providing insight into the role of
ORFlp in L1 retrotransposition. Unlike ORF2 with its recog-
nizable sequence similarity to other endonucleases'® and reverse
transcriptases,” ORF1p is not apparently homologous to any pro-
teins with known function.?” Three distinct structural domains
have nevertheless been characterized in the protein, from N- to
C-terminus they are: a coiled-coil domain (C-C) which mediates
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Figure 1. LINE-1 structure and life-cycle. (A) Schematic of L1, depicting from 5' to 3" internal promoter (gray box), 5' untranslated region (UTR, line),
ORF1 and ORF2 with endonuclease (En) and reverse transcriptase (RT) domains, 3'UTR (line), polyA (pA) signal which is followed by an A-rich tail. This
entire element is typically embedded in a recognizable target site duplication in genomic DNA. The enlargement of ORF1 depicts its three domains:
C-C, coiled-coil; RRM, RNA recognition motif; and CTD, C-terminal domain. (B) Assay for retrotransposition of L1. The transfected plasmid contains a
selectable gene (puro), origin of replication (not shown) and an intact L1 with an anti-sense intron marked reporter gene embedded in the 3'UTR, in
this case eGFP (S.D. and S.A. indicate the splice donor and acceptor sites, respectively). After insertion of the spliced cDNA product of retrotransposi-
tion, cells can express eGFP, but not before. The two L1-proteins are required in cis, thus associate with the L1 RNA that encoded them, converting it
into the LTRNP that interacts with genomic DNA to insert a new copy of L1 by TPRT. ORF1p is likely present in the RNP at much higher stoichiometry
than ORF2p, based upon efforts to detect both proteins in cells.?®*%%2 [f ORF1p coats the RNA as a trimer binding 50 nt, 140 trimers would be needed
for the 7 kb RNA whereas likely just one dimer of ORF2 is needed, predicting a 200-fold excess of ORF1p compared to ORF2p.* (C) Details of L1 reverse
transcription with insertion at the target site by TPRT. The depicted reaction is a sequential TPRT, initially using L1 RNA as the template, followed by L1
first-strand cDNA; but both reactions are primed by the L1 endonuclease and extended by L1 RT. ORF1p may help with the strand transfer required to
anneal the genomic primer to the L1 RNA (1) or cDNA (2) templates or facilitate primer extension during reverse transcription or both.?° TSD, target-site
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homotrimerization;*** an non-canonical RNA recognition

motif (RRM) domain;?® and a C-terminal domain, CTD.?” The
latter two domains together are necessary for strong binding of
single-strand nucleic acids.”? ORFlp forms RNDPs in vivo??
30 and purified ORF1p has potent nucleic acid chap-

20,31,32

and in vitro,
erone activity.

The binding and chaperone properties of ORFlp are remi-
niscent of retroviral nucleocapsid proteins;® i.e., the protein is
an ATP-independent, stoichiometrically-binding nucleic acid
chaperone. L1 ORFlp, however, is not related to the better-stud-
ied nucleocapsid proteins®** by sequence or by structure. The 43
kDa mouse ORF1p forms a stable trimer of 129 kDa in solution.
Consistent with its elution behavior in size-exclusion chromatog-
raphy, the trimer has an asymmetric dumbbell-shaped structure
when imaged by atomic force microscopy.* Purified ORFlp is
a high-affinity, non-sequence-specific RNA binding protein.®
Each trimer interacts with RNA via the large end of the asym-
metric dumbbell and occupies 50 nt of RNA.*® Thus, the mass
of the protein itself and its apparent footprint on RNA are enor-
mous for ORF1p compared, for example, to the 7 kDa HIV-1
nucleocapsid protein with its binding site for 5-8 nt.%

Purified ORFlp from mouse L1 also functions as a nucleic
acid chaperone protein in vitro—it facilitates nucleic acid rear-
rangements by accelerating both melting and annealing of base-
pairs and does so in the absence of ATP and without requiring
continuous association between the protein and nucleic acid.
Because the life-cycle of L1 is RNA based, ORFlp is very likely
an RNA chaperone, although the assays that define its chaper-
one activity have used DNA substrates.?**"3? Evidence that the
nucleic acid chaperone activity is important for L1 retrotransposi-
tion comes mainly from several mutations in ORFlp that abol-
ish L1 retrotransposition without significantly affecting RNA
binding;31’32'3(’

chaperone activity in these mutants correlates with loss of L1 ret-

where tested, alteration of in vitro nucleic acid

rotransposition.’"?* Specifically, the mutant proteins alter a deli-
cate balance between the interaction of ORF1p with single- and
double-stranded nucleic acids,?*? and in one case, the mutation
clearly slows the kinetics of interaction with mispaired dsDNA
oligonucleotides.®" Similar effects have been demonstrated for
mutation or truncation variants in other viral nucleic acid chap-
erone proteins.”

The first report of nucleic acid chaperone activity associated
with L1 ORFlp examined the effect of mouse protein purified
from baculovirus-infected insect cells on short DNA oligonucle-
otides.?

strand exchange and duplex melting in a time, temperature and

The protein was found to greatly enhance annealing,

concentration-dependent manner. These nucleic acid chaperone
activities are sequence-independent and occur at equimolar con-
centrations of ORF1p and nucleic acid. A model for the role of
nucleic acid chaperone activity during TPRT was proposed, but
evidence that the chaperone activity is actually required for L1
retrotransposition was lacking.?

A subsequent study examined these biochemical proper-
ties in a series of mutants of ORFlp from mouse L1 that either
modestly reduce or completely inactivate L1 retrotransposition.
Replacement of two highly conserved arginine residues in the
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CTD (Fig. 1A) of ORF1p with alanine had been shown to abolish
retrotransposition of human L1, providing the first evidence that
this rapidly evolving protein?® was required for L1 retrotranspo-
sition.”! The analogous mouse ORF1p mutant, RR297:298AA,
was likewise inactive.’* Substitution of both arginines with
lysine, i.e., RR297:298KK and one of the two single-site muta-
tions, R297K, also effectively abolish retrotransposition (298
fold reduced), but the other single substitution in this region of
ORFlp, R298K, retains 40% of wt activity. The in vitro proper-
ties of RNA binding and nucleic acid chaperone activity were
tested for the wt and variant ORFI1 proteins after purification
to apparent homogeneity from baculovirus-infected insect cells.
High-affinity RNA binding is indistinguishable among wt,
R297K, R298K and RR297:298KK, but significantly (-25-fold)
lower in RR297:298AA. This greatly reduced RNA affinity
likely explains the loss of biological function in RR297:298AA,
but some other activity of ORF1p must be damaged by R297K
and RR297:298KK. Furthermore, that activity remains intact,
albeit apparently slightly compromised, in R298K. A similar
conclusion was reached based upon co-enrichment of the homol-
ogous human ORF1 mutant proteins with RNA in a RNP frac-
tion derived from cell extracts.’

The annealing and melting components of nucleic acid chap-
erone activity were examined for each of the ORFlp mutations
at R297 and R298 using the purified proteins. Annealing assays
with complementary short DNA oligonucleotides failed to dis-
tinguish among these ORF1p variants, but several other assays
of nucleic acid chaperone activity revealed significant differences
that mirrored retrotransposition activity. Specifically, wt and
R298K lower the melting temperature of a mispaired 29-mer
DNA oligonucleotide by 20°C, but the same DNA duplex is
actually stabilized in the presence of all of the inactive ORFI
proteins. Wild-type and R298K proteins also increase strand
exchange compared to reactions without protein, but at a sub-
stantially slower rate than inactive variants. Finally, in single-
molecule stretching experiments (for a detailed description of
single-molecule DNA stretching results with ORFlp, please
see review by Wu, Rouzina and Williams in this issue), all of
the variants except for RR297:298AA increase the slope of the
helix-coil transition which is a hallmark of nucleic acid chaperone
activity.** However, the inactive mutants, RR297:298KK and
R297K, aggregate dsDNA too strongly, which undermines their
effectiveness as chaperones. Taken together, these data indicate
that inactivating mouse L1 by mutation of R297 in ORF1p dis-
rupts the required nucleic acid chaperone activity of this protein
during retrotransposition by overly stabilizing DNA duplexes.
The results of the single-molecule stretching experiments also
provide a direct means to compare the chaperone activity of L1
ORFlp to HIV nucleocapsid, a protein that has been studied
extensively by this technique.”*%*% The comparison reveals
ORFlp is the more effective nucleic acid chaperone at low pro-
tein concentrations.”

Initial studies of mouse ORF1p employed a specific genomic
element known as L1 ,* which is a full-length copy that recently
retrotransposed into the glycine B-receptor gene to cause a phe-
notypic mutation known as spastic.** Given this unmistakable
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evidence of recent activity, L1_ is surprisingly inefficient, yield-
ing 15-fold fewer events than an element from the X chromo-

some, T, in the autonomous retrotransposition assay.”> The

retrotranFsposition deficit maps to a single nucleotide in the aspar-
tic acid codon at residue 159 of ORF1p, leading to its replacement
with histidine.®! Detailed analysis of this isolated mutation, using
transfected tissue culture cells and purified ORFlp in vitro, failed
to uncover any significant differences between H159 and D159
in the steady-state levels of L1 RNA or ORF1p in cell extracts, or
in RNA binding affinity. However, the two proteins differ sub-
stantially in several measures of nucleic acid chaperone activity.
The less active variant, H159, is able to fully melt a mispaired
DNA duplex, whereas the more active variant, D159, can only
partially melt the duplex in the absence of strand exchange. In
single molecule studies of force induced melting, H159 inter-
acts more strongly with ssDNA than D159. This strong interac-
tion reduces the width of the helix-coil transition, indicative of
reduced nucleic acid chaperone activity. Finally, the D159 and
H159 ORFlp variants interact differently with mispaired DNA
duplex in surface plasmon resonance experiments. Significantly,
the rates of association and dissociation of the two proteins
with ssDNA and perfect duplex DNA are effectively identical,
but H159 dissociates from the mispaired duplex 10-times more
slowly than D159. Thus, the reduced retrotransposition capabil-
ity of L1 appears to result from decreased efficacy of the nucleic
acid chaperone function of H159 ORFlp caused by the slowed
kinetics of interaction with a breathing DNA duplex and ssDNA;
this reduced mobility of the protein-nucleic acid complex leads
to reduced annealing activity.®! Reduced kinetics of nucleic acid
binding and dissociation is also correlated with reduced strand
annealing and nucleic acid chaperone activity in variants of HIV
nucleocapsid protein.?”’

Effective nucleic acid chaperones must balance opposing
activities of strand annealing and duplex destabilization, i.e.,
annealing and melting of nucleic acid basepairs. Single resi-
due substitutions in ORF1p, distantly located in the primary
sequence of the protein, can significantly alter its nucleic acid
chaperone activity and diminish or abolish L1 retrotransposition.
Recently, Evans et al.”® devised a method to quantify this balance
between annealing and destabilization and tested the approach
on new mutations of other highly-conserved residues in ORF1p
that, when replaced with alanine, abolish retrotransposition.
Specifically, R284A and Y318A inactivate L1 retrotransposition
in the cultured cell assay. The retrotransposition defect of these
two alanine substitutions can be partially or fully restored by
further substitution to biochemically more conservative residues,
R284K or Y318F, respectively, providing matched pairs of active
and inactive variants in ORF1p. Changes in the steady-state lev-
els of L1 RNA or ORFlp in transfected cells at any time during
the timecourse of the retrotransposition assay were eliminated as
the cause of retrotransposition defects in these mutants, as were
changes in the quaternary structure (e.g., trimer formation) or
RNA affinity of the purified proteins. Single-molecule stretch-
ing results confirm that the active variants of each mutant pair
have the greatest effect on the width of the helix-coil transition,
consistent with their being functional nucleic acid chaperones.
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However, the change in transition width fails to distinguish
the inactive Y318A from the active R284K because of exces-
sive aggregation of ssDNA by R284K. To define a quantitative
measure that distinguishes between all of the active and inactive
ORFlp nucleic acid chaperone variants, kinetics measurements
of both annealing and strand exchange were obtained for each
protein. These data were used to derive the energetic barriers to
annealing and melting using transition state theory. When the
reduction of the energetic barrier to annealing (compared to reac-
tions without added protein) is plotted against the reduction of
the energetic barrier to melting, the active variants, wt, R284K
and Y318F, cluster together and define a line. The inactive vari-
ants, R284A and Y318A, fall far off of this line.® This analysis
provides a quantitative assessment of the balance between the
competing activities of strand annealing and melting that char-
acterizes functional nucleic acid chaperones. Application of this
approach in future studies should prove useful for analysis of
additional mutations in ORFlp to aid functional assignment of
the two chaperone activities to specific regions of the proteins. In
addition, the method should be generally applicable to studies of
nucleic acid chaperone structure and function.

Like many other retroelements,?->¢

L1 encodes a protein
with nucleic acid chaperone activity and all available data
indicates that the nucleic acid chaperone function of ORF1p
is essential for L1 retrotransposition.’*>%° The data are not
extensive, however, and the precise role of the chaperone activ-
ity in the life-cycle of L1 is presently speculative. ORF1p likely
serves two functions during retrotransposition: first, its high
affinity RNA binding activity facilitates formation of a stable
RNP intermediate containing L1 RNA and both Ll-encoded
proteins,”” and second, as a nucleic acid chaperone.’* When
RNA binding capability is lost, RNP complex formation is
compromised and retrotransposition does not occur.’* L1 RNP
complexes are associated with stress granules in cultured cells;
mutations in ORFlp can alter the subcellular distribution of
L1 RNA,*® but the relationship between the association of L1
RNPs with stress granules and active retrotransposition is not
understood.

There are several known mutations in ORFl1p that do not pre-
vent RNP formation but nevertheless abolish retrotransposition,
indicating that a later step in the L1 life-cycle is affected, most
likely TPRT.3"32365% Reverse transcription by ORF2p in vitro
does not depend upon ORF1p.””*>%° However, the absence of
ORFlp in L1 RNA-ORF2p complexes enriched from cells trans-
fected with L1 containing mutant (non-RNA binding) ORF1p
reduces the quantity and length of reverse transcripts in an in
vitro L1 amplification protocol (LEAP) and alters their start sites,
which is consistent with a role for ORF1p in TPRT.”” Given that
L1 amplifies SINEs, ORFlp is paradoxically not required for
transmobilization of the primate SINE, Alu, in cultured cells,
even though the Alu element clearly uses L1 ORF2 for insertion
by TPRT.? It is possible that a nucleic acid chaperone require-
ment during TPRT of Alu is fulfilled instead by a cellular pro-
tein. Interestingly, when Alu is transcribed by RNA polymerase
IT rather than polymerase III in this retrotransposition assay,
ORFlp is required.®

709



is required for L1 retrotransposition. ORF1p is sensitive to
mutation that disturbs a finely tuned balance between the
two competing components of nucleic acid chaperone activ-
ity, DNA melting and annealing. Additional studies of wt

In summary, the nucleic acid chaperone activity of ORFl1p

ments catalyzed.

and mutant proteins, including a structure of the protein at

atomic level resolution with and without nucleic acids, will be

required to elucidate the binding interactions between DNA,
RNA and ORFlp and the precise mechanism of chaperone
activity during L1 replication. It is likely that a precise balance
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