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Non-LTR retrotransposons encode noncanonical RRM
domains in their first open reading frame
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Non-LTR retrotransposons (NLRs) are a unique class of mobile genetic
elements that have significant impact on the evolution of eukaryotic
genomes. However, the molecular details and functions of their
encoded proteins, in particular of the accessory ORF1p proteins, are
poorly understood. Here, we identify noncanonical RNA-recognition-
motifs (RRMs) in several phylogenetically unrelated NLR ORF1p pro-
teins. This provides an explanation for their RNA-binding properties
and clearly shows that they are not related to the retroviral nucleo-
capsid protein Gag, despite the frequent presence of CCHC zinc
knuckles. In particular, we characterize the ORF1p protein of the
human long interspersed nuclear element 1 (LINE-1 or L1). We show
that L1ORF1p is a multidomain protein, consisting of a coiled coil (cc),
RRM, and C-terminal domain (CTD). Most importantly, we solved the
crystal structure of the RRM domain, which is characterized by
extended loops stabilized by unique salt bridges. Furthermore, we
demonstrate that L1ORF1p trimerizes via its N-terminal cc domain,
and we suggest that this property is functionally important for all
homologues. The formation of distinct complexes with single-
stranded nucleic acids requires the presence of the RRM and CTD
domains on the same polypeptide chain as well as their close coop-
eration. Finally, the phylogenetic analysis of mammalian L10RF1p
shows an ancient origin of the RRM domain and supports a modular
evolution of NLRs.
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he mammalian LINE-1 (L1) element is an active retrotrans-

poson and probably one of the most significant players in the
evolution of the mammalian genome (1-3). More than 17% of
the human genome consists of interspersed L1 sequences (4). In
nonmammalian vertebrates, L1 is present as well, but to a much
lesser extent (3, 5, 6). The effects of L1 on genome composition
and gene expression are numerous. Apart from an implication in
genetic disease and tumorigenesis, L1 retrotransposition also
generates allelic heterogeneity and new possibilities for genetic
recombination. Furthermore it is responsible for the mobiliza-
tion of nonautonomous retrotransposons (e.g., primate-specific
Alu elements) and for pseudogene formation (1, 2).

L1 is a non-LTR retrotransposon (NLR). As such, it lacks the
long terminal repeats (LTRs) that are present in retroviruses and
LTR retrotransposons. L1 integrates via target-primed reverse
transcription (TPRT), where the RNA intermediate is reverse
transcribed in the nucleus at the spot of genomic integration (7, 8).
This mechanism is fundamentally different from the retroviral
integration mechanism and much less understood in its molecular
details (9).

L1 RNA contains two open reading frames (ORF1 and ORF2).
The reverse transcriptase (RT) necessary for TPRT is part of the
150-kDa multidomain protein encoded by ORF2 [LIORF2p (3)].
L1ORF2p also contains two other domains: an N-terminal APE1-
like endonuclease (EN), which nicks the chromosomal target DNA
(10, 11), and a C-terminal CCHC zinc knuckle (3).

The exact function of L1ORFlp remains unclear. It binds
single-stranded RNA and DNA with high affinity (12, 13) and is
essential for retrotransposition of L1 (14). Like ORF2p, it shows a
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remarkable cis preference, that is, it associates preferentially with its
encoding transcript (15, 16). LIORFI1p can be localized in the
cytoplasm (in putative stress granules) as well as in the nucleus (17,
18) and can also be identified in large L1 ribonucleoprotein particles
(RNPs) fractionated from cytoplasmic extracts (16, 19, 20).

L10ORFl1p is a 40-kDa protein in humans. Its size varies across
species as the N-terminal region is not conserved regarding both
sequence and length (5, 21). Sedimentation studies and atomic
force microscopy indicate that purified murine LIORF1p forms
unusual, dumbbell-shaped trimers that are held together by a coiled
coil (cc) formed between sequences in the N-terminal halves of the
monomers (22, 23). The other, well-conserved half of murine
L1ORFl1p is highly basic and binds nucleic acids, but does not
display any classical sequence motifs that would be indicative of
RNA binding (21). Also, the recent NMR structure of the murine
L10ORF1p C-terminal domain (CTD) does not relate LIORF1p to
any other protein of known function and shows a rare a33Ba« fold
(24). Because, additionally, the isolated CTD binds RNA only
weakly (24), it remained unclear how LIORF1p achieves its high
RNA affinity.

The mammalian L1 element belongs to the L1 clade of NLRs,
which is just one of at least 14 defined phylogenetic clades (9). Many
of these clades contain ORFlp proteins that are unrelated to
mammalian LIORF1p but have similar functional properties (25—
29). These proteins frequently contain CCHC zinc knuckles that are
also found in the retroviral nucleocapsid protein Gag (30). This has
fueled speculations on a more general functional (25, 26, 31) and
structural (27, 28) similarity between NLR ORF1p and retroviral
nucleocapsid proteins. Clearly, structural information is required to
gain general insight into common ORFlp functions, into the
phylogenetic relations among NLRs and into their differences to
LTR retrotransposons and retroviruses.

Here, we identify noncanonical RRM domains, the most com-
mon eukaryotic RNA-binding domain (32, 33), in both mammali-
an-type LIORF1p proteins and Gag-like NLR ORFlp proteins.
We focus our analysis on human L1ORF1p, which emerges as a true
multidomain protein and we determine the crystal structure of its
middle domain, which adopts a distinct RRM fold. We also show
trimerization of the full-length protein, generalizing this function
for all homologues, and we demonstrate that the specific binding to
single-stranded nucleic acid requires the close cooperation of the
RRM and CTD domains. Stably base-paired nucleic acids are a
poor substrate and base pairing is not prevented by the presence of
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Fig. 1. Identification and organization of RRM domains in phylogenetically

unrelated NLR-ORF1p proteins. Type | ORF1p is widespread and contains
Gag-like CCHC zinc-knuckles. Type Il ORF1p is found in the human L1 element
and trimerizes via a coiled coil (cc). Other types are described in the main text
(see also Tables S1 and S2). CTD, C-terminal domain; PHD, plant homeodo-
main; ES, esterase domain. Some domains may not always be present (dotted
outlines).

the LIORF1p RNA-binding fragment. This is consistent with a
postulated nucleic acid chaperone activity.

Results

ORF1p Proteins from Many NLR Clades Contain RRM Domains. To
identify structured domains within NLR ORFlp proteins, we
subjected individual sequences to sensitive searches for remote
protein domain homologues [HHpred (34)]. This revealed potential
RRM domains in nearly all of the major NLR clades that contain
an ORFlp (Fig. 1 and Tables S1 and S2). Because no classic
RNA-binding domains could be identified in these proteins in the
past, the discovery of RRM domains was unexpected. It provides
an explanation for the RNA-binding properties of many NLR
ORF1p proteins and clearly establishes that they are not related to
the Gag proteins encoded by retroviruses and LTR-retrotrans-
posons (9). According to the arrangement of the predicted struc-
tural domains, we can roughly distinguish five types of NLR ORF1p
proteins.

Type I ORF1p (Fig. 1) is the most widespread type and contains
at least one RRM domain immediately upstream of a Gag-like
CCHC zinc knuckle. A second RRM domain and additional zinc
knuckles are frequent. The close association of the zinc-knuckle and
RRM modules suggests a functional cooperation as observed

frequently in other RRM proteins (32, 33). Type I ORF1p is found
from vertebrates to plants across at least five different clades (9, 35),
which indicates its ancient origin.

Type I ORF1p (Figs. 1 and 2) is found in the human L1 element.
It contains a single RRM domain that is preceded by additional
conserved amino acids leading to a trimerization of the molecule via
a coiled coil (Fig. S1, see below). The CTD domain (24) is
conserved in vertebrate type II ORF1p proteins and characterizes
the lineage of modern L1 elements (also referred to as mammalian-
type L1 elements). This lineage is distinct from ancient members of
the L1 clade that are found in amphibians (36), fish (37), insects
(38), and plants (39) and that contain an ORF1p of type L.

For type III ORF1p, we predict an occasional C-terminal RRM
module in addition to a previously described N-terminal plant
homeodomain (PHD) (40). Type III ORFlp is found in the
heterogeneous CR1 clade, which also harbors ORF1p proteins of
type I'V. These contain a functional esterase domain that enhances
retrotransposition (40, 41). Finally, there are numerous NLR
ORF1p proteins (type V) that cannot be classified so far (Fig. 1).

Human L10RF1p Consists of Three Distinct Domains and Forms Non-
spherical Trimers. Including the predicted RRM domain, human
L10ORF1p shows three distinct domains (Fig. 3). In addition to the
CTD (C) domain (24) and the predicted RRM (M) domain there
is a less well-conserved N-terminal cc domain (Fig. 34). For murine
L10ORF1p, the cc domain is required for the trimerization of the
protein (22, 23). However, because of the variability of the cc
domain, it was not clear whether this function could be generalized
for all type II ORFl1p proteins.

We therefore aligned the seven C-terminal heptad repeats of the
type II ORF1p cc domain (Fig. S1). This revealed conserved
RhxxxhE motifs (h, hydrophobic; x, any amino acid) that were
demonstrated in other proteins to induce a parallel trimeric coiled
coil (42). Consequently, trimerization of type II ORFIlp seems
conserved for functional reasons. Furthermore, we purified recom-
binant human L1ORFI1p (hL1ORFlp) and did size exclusion
chromatography followed online by multiangle static laser-light
scattering (MALLS). The protein elutes as a single peak forming
particles with a molecular weight (M,) of 120 kDa. This is consistent
with a trimeric state of the protein. The hydrodynamic radius (rg)
of approximately 75 A indicates a nonspherical shape, because a
globular trimer would have an ry of only approximately 45 A
(Fig. 3B).
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Fig. 2.

Phylogenetic conservation of mammalian-type L1 ORF1p. Structure-based sequence alignments of the RRM (L101-RRM, top) and CTD (L101-CTD,

bottom) domains show highly conserved residues boxed in red. Surface residues only conserved in placental mammals (group 1) or only outside of placental
mammals (group Il) are boxed separately. Residues forming the conserved salt bridges are shaded in blue. Residues providing aromatic, RNA-binding side-chains
in canonical RRMs are shaded in yellow. Triangles mark residues mutated in this study with a strong (red), moderate (orange) or negligible (green) effect on
RNA-binding. Additional motifs mutated in a previous study (14) are shaded in gray. The C-terminal sequences of Sp and Nv cannot be confidently aligned to
the mammalian-type CTD domain. Gene identifiers: Hs, Homo sapiens (gi:307098); Mm, Mus musculus (gi:198644); Cf, Canis familiaris (gi:116175029); Bt, Bos
taurus (gi:66734172); Ss, Sus scrofa (gi:148645275); Me, Macropus eugenii (gi:151302550); Xt, Xenopus tropicalis (gi:85740540); Ol, Oryzias latipes (gi:3746501),
Sp, Strongylocentrotus purpuratus (gi:111740418); Nv, Nematostella vectensis (gi:149338150).
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Fig. 3. Domain structure and trimerization of human L1 ORF1p. (A) Sche-
matic organization of the monomer into the coiled-coil (cc), RRM (M) and CTD
(C) domains. Heptad repeats in the cc-domain are indicated. The unconserved
part of the protein is in gray, the positions of the trimerization motifs are
indicated red. (B) Trimeric state of the full-length protein analyzed by size-
exclusion chromatography (rqy ~ 75 A) and MALLS (M, = 120 kDa). (Inset)
Schematic representation of the trimer adapted from (22).

The largest monomeric fragment (hLIORF1p-MC) that we
could identify by deletion analysis comprises both RRM- and
CTD-domains and is rather globular as indicated by an ry of
approximately 20 A (Fig. S2). This represents a significantly larger
portion of the protein as compared with previous studies with the
murine protein (23, 24, 43). Furthermore, we can show that the
predicted RRM- and CTD domains (hLIORF1p-M and
hL1ORF1p-C, respectively) are soluble independently from each
other and remain monomeric at concentrations up to 100 uM.
When mixed at these concentrations, they also do not detectably
interact with each other (see Fig. 44 and data not shown).

The Crystal Structure of the RRM Domain in Human L10RF1p Shows
Extended Loops and Noncanonical RNP Motifs. To reveal the molec-
ular details of the RRM domain we determined the crystal struc-
ture of hLIORF1p-M (Fig. 5 and Fig. S3). The structure was solved
by single-wavelength anomalous dispersion (SAD) from seleno-
methionine substituted protein and was refined at 1.4-A resolution
to an Ryree of 18.5% (Table S3).

The protein shows a classical RRM fold with the typical BaBBaf3
topology, where the two a-helices are packed against one surface
of the four-stranded, anti-parallel B-sheet (2.8 A r.m.s.d. over 76 C,
positions compared with the classical UIA-RRM; PDB-ID: 1oia).
In the present case, there is an additional small B-hairpin (83'/B4N)
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that is located between helix o2 and strand 4, and an extra a-helix
a1’ within the loop L(«1-B2). Whereas the B-hairpin is occasionally
observed in other RRM domains, the helix a1’ has not been seen
before. The two salt bridges (E165-R215 and E169-R202) that are
formed between loop L(B1-a1) and the extended loop L(82-83) are
another unique feature of the hLIORF1p RRM domain that is
well-conserved among type II NLR ORFlps. These salt bridges
stabilize the structures of the loops and fix their relative orientations
(Figs. 2, 54, and S3). They likely are of functional importance,
because a single point mutation (E165G) results in a strong
nucleolar localization of the protein (17). Interestingly, the unique
parts of the RRM-domain interact with each other in the crystal
[helix o1’ fits nicely into the cleft between the loops L(B1-a1) and
L(B2-B3)], but there is no evidence so far that this might be
physiologically relevant.

Canonical RRM domains are characterized by two conserved
sequence signatures, RNP1 ([RK]-[G]-[FY]-[GA]-[FY]-[ILV]-[X]-
[FY]) located on B-strand B3, and RNP2 ([ILV]-[FY]-[ILV]-X-N-
L) located on B-strand B1. These strands provide aromatic side
chains on the surface of the B-sheet (positions 3, 5 in RNP1, and
position 2 in RNP2) that are frequently involved in base-stacking or
in hydrophobic interactions with nucleic acid substrates (32). In the
human LIORF1p RRM domain the RNP1 (P-R-H-I-I-V-R-F) and
RNP2 (L-R-L-I-G-V) sequences deviate significantly from the
consensus signature (Figs. 2 and 5B). This may explain why this
RRM domain was not identified earlier and raises the question if
and how the B-sheet surface of this domain is involved in nucleic
acid binding.

Sequence Conservation and the Distribution of Surface Charge Indi-
cate the Interface Involved in Nucleic Acid Binding. The C-terminal
half of LIORF1 is highly positively charged but the isolated CTD
domain is not sufficient to mediate strong nucleic acid binding (24).
As a classical single-strand specific nucleic acid binding domain the
presently identified RRM domain may therefore play a major role.
The structure shows a highly asymmetric distribution of charges
with a strongly basic surface that includes the canonical B-sheet but
also the adjacent surface of the extended loop L(B2-83) that is
unique to the present RRM domain (Fig. 5C).

Furthermore, we analyzed the sequence conservation of the
RRM domain among five placental mammals and found that
the most highly conserved surface side chains cluster on and around
the basic B-sheet surface (Figs. 2 and 5D). These side-chains include
N157 and D252 that link the N-and C-termini of the RRM domain
(Fig. S3), R159 on strand B1, H216, 1218, and R220 on strand 33
and K227, E228, and R235 on helix 2. Many of those residues do
not fulfill any obvious structural roles and are likely conserved for
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Fig. 4. Nucleic acid-binding prop-
erties of human L1 ORF1p. Size ex-
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functional reasons. To test if they are important for nucleic acid
binding we constructed a series of point mutants (see below).

Efficient Nucleic Acid Binding Requires the Cooperation of the RRM
and CTD Domains. To test for stable nucleic acid binding under
constant buffer conditions we used analytical size exclusion chro-
matography, monitored by triple wavelength UV absorption spec-
troscopy. We estimated the concentrations of the individual protein
and RNA components as they eluted from the column, providing
insight into the stoichiometry of the complexes (Fig. 4).

No interaction was detected between the isolated RRM domain
(hL1ORF1p-M) and a 27-mer poly(U) RNA substrate (27U RNA),
at concentrations up to 75 uM. Similarly, we did not detect any
interaction with the isolated CTD domain (hL1ORF1p-C) or with
a protein sample where the individual RRM and CTD domains
were premixed at equimolar concentrations (Fig. 44 and data not
shown). With both RRM and CTD domains on a single polypeptide
chain (hLIORF1p-MCH®), however, the RNA substrate was bound
quantitatively. The majority of this RNA (27U RNA) was found in
an equimolar complex with the human L1ORF1p-MCHS fragment.
Even with an excess of protein only a small fraction of the RNA
bound additional protein molecules (probably up to three, see
below) (Fig. 4B). The enhanced RNA affinity of the RRM-CTD
fragment over the mixture of the individual domains can be
explained by their cooperation and by the extremely short linker
sequence that probably constrains the relative positions of the two
domains (44).

Point mutations of selected surface side-chains confirm that both
domains participate in RNA-binding (27U RNA). As a result, in
size exclusion chromatography, the RNA no longer co-elutes with
the mutated protein (strong effect) or elutes significantly later than
in the complex with the wild-type RRM-CTD fragment (interme-
diate effect). The most severe effects are shown by the R206A/
R210A/R211A triple mutant on the extended loop L(32-3) of the
RRM domain and by the R261A mutant on helix al of the CTD
domain. The single R220A, R159A, 1218Y, and R235A mutants on
the RRM domain have an intermediate effect, while the Y282A/
K285A mutant on the loop L(B81-B2) of the CTD domain behaves
quasi identically to the wild-type protein (Figs. 2, 5B, and S4).

Although none of the mutants abolished RNA binding com-
pletely, the results confirm the importance of the basic protein

734 | www.pnas.org/cgi/doi/10.1073/pnas.0809964106

Fig. 5. Crystal structure of the RRM
domain of human L1 ORF1p. (A) Rib-
bons representation with a-helices in
yellow and B-strands in green. The side
chains forming the conserved salt-
bridges are shown as sticks (blue). (B)
Localization of mutated side-chains.
The RRM (Left) and CTD (Right) domains
are shown as ribbons with selected side
chains assticks (for colorssee trianglesin
Fig. 2; asterisks: aromatic side chain in
canonical RRMs; murine CTD (PDB-ID
2jrb (24)) shown with human amino
acid numbers). (C) Electrostatic poten-
tial mapped on the molecular surface of
the RRM domain (pl = 10.6). Potentials
are contoured from —10 kT/e (red) to +
10 kT/e (blue). (Left) View asin A, onto
the surface of the g-sheet and the ad-
jacent loop L(B2-B3). (Right) Backside
view, 180° from (A). (D) Surface col-
ored by sequence conservation. Se-
quence similarity among placental
mammals (Fig. 2, group 1) is color-
ramped : white (50% or less) to orange
(100%). All three-dimensional repre-
sentations are done with PyMOL
(http://www.pymol.org).

surface of the RRM domain for RNA binding and show that
cooperation with the CTD domain is essential. Many of the
exchanged arginine residues may solely make contacts to the
phosphate-ribose backbone of the RNA, thereby fixing its confor-
mation. R159 and R261, however, appear particularly important, as
they are invariant in sequence alignments and are functionally
required at several steps in retrotransposition (14, 16, 17, 45). They
may be involved in multiple contacts, possibly stacking on bases or
locking the relative orientations of the RRM and CTD domains on
the RNA. Furthermore, the shallow surface cavity centered over
the hydrophobic 1218 seems essential, because the tyrosine substi-
tution frequently found in canonical RRM domains (position 3 in
the RNP1 motif) reduces RNA binding. The negligible effect of the
Y282A/K285A mutation on RNA binding indicates that the
Y282PAKLS motif in the CTD domain probably does not interact
directly with RNA. It rather plays a structural role and the original
alanine substitution of the entire motif is likely to affect the
structural integrity of the CTD (14, 24). A similar effect can be
expected for the original alanine substitution of the RZEKG motif
(14) on the RRM domain, although we see an RNA-binding defect
for the single R235A substitution alone.

The Monomeric RRM-CTD Fragment Binds Single-Stranded Nucleic
Acid and Competes with the Formation of Base-Paired Structures. To
exclude that complex formation simply results from electrostatic
attraction of the negatively charged RNA backbone by the posi-
tively charged protein surface, we tested highly structured AluRNA
(SA86) (46) as a substrate in size exclusion chromatography. Most
of the phosphate-ribose backbone of this 86-mer RNA is confor-
mationally fixed and most of its nucleotides are involved in base-pair
interactions. In the gel filtration assay it did not bind to the
RRM-CTD fragment (Fig. 4C).

To test whether weak secondary structures or the nucleotide
composition of the RNA substrate affect the interaction with the
RRM-CTD fragment, we selected an alternative 27-mer (5" UAA-
CAAUAUUAACUUUAAAUAUAAAUG 3') derived from the
human L1 RNA (27L1 RNA). It corresponds to the 3'-terminal
nucleotides of a longer 41-mer that specifically copurifies with
endogenous human L1ORF1p (12). In size exclusion chromatog-
raphy 27L1 RNA is delayed with respect to 27U RNA, indicating
that it folds into a more compact stem-loop structure. Nevertheless,
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2711 RNA also binds quantitatively to hLIORF1p-MCHS. In
contrast to 27U RNA, each 27L.1 RNA molecule recruits at least
two or even three protein monomers (Fig. 4D). This shows that the
RRM-CTD fragment can distinguish between RNA sequences and
will consequently have preferential binding sites on longer RNA
substrates.

To investigate whether binding to hL1ORF1p-MCH® is limited to
RNA we also tested a 29-mer DNA (29 DNA) (31) as well as its
reverse complement (29c DNA) (31). In the absence of protein,
each sample elutes as a single peak at the same position as the other,
indicating an extended conformation without secondary structure.
In the presence of a slight molar excess of hLIORF1p-MCH¢ 29
DNA is bound with equimolar stoichiometry (Fig. 4E). The same
is true for 29c DNA (data not shown). When both complexes are
mixed together, the DNA strands readily anneal to form a duplex,
quantitatively liberating the bound protein (Fig. 4F).

In conclusion, hLIORF1p-MCH¢ preferably binds flexible,
single-stranded nucleic acid, and the identical elution volumes of
the 27U and 27L1 RNA complexes indicate that weakly base-paired
structures like 27L1 RNA can be unwound by the protein. As a
consequence, the RRM-CTD fragment could help resolve kineti-
cally trapped nucleic acid structures, providing a path to the
thermodynamically most favorable conformation.

The Ancient Origin of the RRM Domain in Type Il ORF1p Supports a
Modular Evolution of NLRs. So far, type II ORF1p has only been
described in vertebrate members of the L1 clade. We were therefore
surprised to identify homologues of the RRM domain in NLRs of
the starlet see anemone Nematostella vectensis (a non-bilaterian
animal) and of the purple sea urchin Strongylocentrotus purpuratus
(a deuterostomian animal) (Fig. 2 and Tables S1 and S2). This
indicates a deeply rooted origin of this RRM-domain before the
emergence of bilaterians approximately 750 million years ago and,
possibly, a selective loss from the branch of protostomian animals.
The respective NLRs do not seem to contain an equivalent for the
CTD domain, and according to their reverse transcriptases they
belong to the Tx group of the L1 clade and to the CR1 clade (9, 35).
The existence of such chimerical elements strongly supports the
idea of a modular evolution of NLRs. Furthermore, the modular
nature of the ORF1p and ORF2p proteins and their respective
combinations can be exploited to clarify ambiguous relations
among NLRs and can ultimately help to regroup their phylogenetic
tree with higher resolution.

Discussion

Identification of RRM Domains in NLRs and Their Significance for
Retrotransposition. For the last twenty years, NLR ORF1p proteins
were studied in the absence of detailed structural information, and
it was rather obscure how ORF1p would bind RNA. The present
identification of RRM modules opens a new perspective and relates
the observed cytoplasmic RNPs (16, 19, 20, 25-27) to cellular
hnRNPs and mRNPs rather than to viral nucleocapsid-like RNPs.
Apart from their structural role in RNP formation the RRM
domains in NLR ORFl1p proteins likely have specialized functions
as well, assisted by accessory domains like the CTD or the CCHC
zinc knuckles. This is indicated by point mutations that have rather
moderate effects on RNP formation (16, 45) or on the localization
to cytoplasmic foci (17), but nevertheless affect retrotransposition
activity strongly.

One of these specialized functions may be the promotion of RNA
folding, helping it to overcome kinetic barriers on the way to the
thermodynamically most stable structure. Consistent with such
nucleic acid chaperone activity (25, 31, 43, 45), we observe that the
monomeric RRM-CTD fragment binds nucleic acids as single
strands, but does not prevent them from forming base-paired
structures that cannot be bound anymore. On the molecular level
this could be achieved by an interaction mainly with the flexible
phosphate-ribose backbone of a single-stranded nucleic acid, leav-
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ing the bases exposed for interactions. Furthermore, the local
crowding of nucleic acids bound in the context of the LIORF1p
trimer could facilitate their mutual annealing. Nucleic acid chap-
erone activity could assist in target-primed reverse transcription
(31), or in the folding of the RNA into structures that are competent
for transport (29) and inaccessible to nucleases and small RNAs
from the defense systems of the host (47).

Domain Structure and Nucleic Acid Binding of Human L10RF1p.
Similar to the NLR ORF2p proteins, ORF1p proteins are mul-
tidomain proteins that may have evolved in a modular fashion. The
present identification of the RRM domain in human L1ORFl1p
leads to a redefinition of LIORF1p structure and is in conflict with
previous reports, which assumed an unstructured linker in the
center of the protein. The significance of results obtained with
protein constructs that contain less than half of the RRM domain
therefore needs to be revisited, as we do not expect the RRM
domain to get folded in this context (23, 24, 43).

For RNA binding, the RRM domain is assisted by the CTD.
Furthermore, the protein forms unusual trimers. As a consequence,
RNA interactions of this RRM domain probably deviate from the
canonical mode. Experimentally, a whole series of mutations on
and around the B-sheet surface affect nucleic acid binding, but we
could not identify a single point mutation that abolishes binding
completely. Dependent on the RNA sequence, we find that 27-mer
RNA substrates can recruit up to probably three copies of the
RRM-CTD fragment. To fully understand the complex nucleic acid
binding properties of LIORF1p, we therefore seek to determine
high quality structures of the trimeric state of the protein in complex
with various nucleic acid substrates.

The presently identified domain architecture of NLR ORFl1p
proteins provides crucial insight on the way toward this goal and will
undoubtedly fuel the further characterization of non-LTR retro-
transposition and related processes.

Materials and Methods

Computational Identification of RRM Domains. Individual NLRs and their ORF1p
sequences (Tables S1 and S2) were identified by tBLASTn searches using queries
from the literature or from RepBase (35). ORF1p sequences were analyzed for
similarity to known domains using profile hidden Markov models as imple-
mented in HHpred (34).

Sample Preparation. DNA sequences corresponding to the respective human
L10ORF1p constructs were PCR amplified from a plasmid (pJM130) encoding a
functional human L1 element (48). They were inserted into the respective ex-
pression vectors, pETM11 [derived from pET24d (Novagen)] for hL1ORF1p
(GAM'-K337), pGEX6p1 (GE Healthcare) for hL1ORF1p-MC (GPLGSN'>7-Q330),
pET15b (Novagen) for hL1ORF1p-MCH¢ (MGN'57-Q33°HHHHHH), pETM60 [de-
rived from pET24d (Novagen)] for hL1ORF1p-M (GAMGN'57-D252) and for
hL10ORF1p-C (GAMVS2>4-R328), Proteins were expressed in the E. coli strain Rosetta
2(DE3) (Novagen) at 20°C overnight. They were purified from cleared cell lysates
by Ni2*- or glutathione affinity steps. After proteolytic removal of the affinity
tags (hL1ORF1p-MC, hL1ORF1p-M, hL1ORF1p-C), proteins were further purified
by heparin-affinity chromatography (hL10RF1p) and gel filtration.

Analytical Size-Exclusion Chromatography and Mass Determination. Analytical
size-exclusion chromatography was done on an AKTA™ Purifier-10 equipped
with a Superdex75 10/300 GL column (GE Healthcare), monitoring optical density
(OD) simultaneously at 230 nm, 260 nm, and 280 nm. Protein concentrations were
estimated from the theoretical molar extinction coefficients e;g0 at 280 nm.
Nucleic acid concentrations were estimated from e¢0 as provided by the manu-
facturers. The relative contributions of nucleic acid and protein to the total
absorption at each wavelength were calculated assuming constant ratios of
£230/e280 for each substance (49). Components were mixed in chromatography
buffer (20 mM Tris/HCl, pH 8.0, 200-300 mM Nacl, and 0-10 mM MgCly) using
starting concentrations between 20 uM and 100 uM. After 5 min at 18°C, 100 ul
were injected on the column (18°C) at a flow rate of 0.5 ml/min.

Multiangle static laser light-scattering experiments (MALLS) were done online
with analytical size-exclusion chromatography using miniDAWN TREOS and Op-
tilab rEX instruments (Wyatt Technologies) and the associated software (AstraV)
for molecular weight determination. Hyrodynamic radii ry were determined

PNAS | January 20,2009 | vol.106 | no.3 | 735

BIOCHEMISTRY


http://www.pnas.org/cgi/data/0809964106/DCSupplemental/Supplemental_PDF#nameddest=ST1
http://www.pnas.org/cgi/data/0809964106/DCSupplemental/Supplemental_PDF#nameddest=ST2
http://www.pnas.org/cgi/data/0809964106/DCSupplemental/Supplemental_PDF#nameddest=ST1
http://www.pnas.org/cgi/data/0809964106/DCSupplemental/Supplemental_PDF#nameddest=ST2

Lo L

P

1\

=y

from a calibration kit (GE Healthcare). hL1ORF1p was analyzed over a Super-
dex200 column (20 mM Tris/HCl, pH8.0, 20 mM MgCl,, 100 mM (NH4);SO4, 300
mM Nacl).

Crystallization, Data Collection, and Refinement. Crystalline clusters of
hL1ORF1p-M (9.7 mg/mlin 5 mM Tris/Cl, pH 8.0, and 300 mM NaCl) were obtained
by vapor diffusion (18°C) mixing 0.8 ul of protein solution with 0.8 ul of reservoir
(2.2 M Na- malonate, pH 7.0) over a 500-ul reservoir. Crystals were optimized by
hair-seeding (1.7-1.9 M Na-malonate) and flash frozen in liquid nitrogen without
additional cryoprotection.

Crystals containing seleno-methionine were single and diffracted better than
the initial crystals from the native protein. Diffraction data for the seleno-
methionine derivative were collected at a single wavelength (0.97154 A) on
beamline PXII of the Swiss Light Source. Images were processed by XDS (50). The
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structure was solved by single anomalous dispersion (SAD). We used autoSHARP
(51) to search for three selenium sites per molecule. Assignment of the correct
hand and solvent flattening (optimum contrast at 51.6%) was done automati-
cally. In the resulting map, ARP/WARP (52) was able to trace 92% of the final
model and built 43% of the side chains. The model was completed manually in
COOT (53), including alternative conformations. Refinement was done in REF-
MAC (54) and COOT iteratively, using anisotropic B-factors (see Table S3 for data
collection, phasing, and refinement statistics).
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