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The challenge of ORF1p phosphorylation: Effects on L1 activity and its host
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ABSTRACT
L1 non-LTR retrotransposons are autonomously replicating genetic elements that profoundly
affected their mammalian hosts having generated upwards of 40% or more of their genomes.
Although deleterious, they remain active in most mammalian species, and thus the nature and
consequences of the interaction between L1 and its host remain major issues for mammalian
biology. We recently showed that L1 activity requires phosphorylation of one of its 2 encoded
proteins, ORF1p, a nucleic acid chaperone and the major component of the L1RNP
retrotransposition intermediate. Reversible protein phosphorylation, which is effected by
interacting cascades of protein kinases, phosphatases, and ancillary proteins, is a mainstay in the
regulation and coordination of many basic biological processes. Therefore, demonstrating
phosphorylation-dependence of L1 activity substantially enlarged our knowledge of the scope of L1
/ host interaction. However, developing a mechanistic understanding of what this means for L1 or
its host is a formidable challenge, which we discuss here.
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The autonomous L1 non-LTR retrotransposon enco-
des 2 proteins, ORF1p and ORF2p, essential for retro-
transposition.1 These proteins preferentially, though
not exclusively, bind their encoding transcript (cis
preference) to form the L1RNP retrotransposition
intermediate2–7 and [reviewed in 8, 9]. ORF2p con-
tains highly conserved endonuclease and reverse tran-
scriptase domains and is the L1 replicase.1,10,11 The 3’
OH of endonuclease-nicked genomic DNA primes
synthesis of a DNA copy of the L1 transcript, referred
to as target site-primed reverse transcription
(TPRT).12 ORF1p (Fig. 1A), the major component of
the L1 RNP, is a trimer13 that is mediated by a highly
conserved coiled coil motif.3,14–18 Its C-terminal half
contains highly conserved domains that endow the
protein with nucleic acid binding and chaperone activ-
ities, which are essential for retrotransposition.9,19–26

L1 has been active in the mammalian lineage since
before its radiation 80–120 MYA27 and has had a
defining effect on the genomes of most mammals,
having generated upwards of 40% of their genomic
mass, including humans.28,29 Although deleteri-
ous,16,30–32 they remain active in most species and are

often the dominant, if not only, active autonomous
transposable element, as is the case in humans where
they can cause genetic diversity, rearrangements and
defects, and can be activated in various somatic cells,
including tumors.8,33–42

L1 elements can be subject to various host
repressive mechanisms.31,43–47 However, the extent
to which L1 appropriates or interacts with host fac-
tors and regulatory pathways is not clear. In this
regard, we recently reported that ORF1p expressed
in HeLa and insect cells is phosphorylated on mul-
tiple serines and threonines.48 Some of these sites
correspond to target and docking motifs for pro-
line-directed protein kinases (PDPKs). This kinase
family includes mitogen-activated protein kinases
(MAPKs), cyclin-dependent kinases (CDKs), and
glycogen synthase 3 (GSK3).49

PDPKs phosphorylate serines or threonines with
proline in the C1 position, known as S/T-P motifs,
and ORF1p contains 4: S18P19, S27P28, T203P204,
and T213P214 (Fig. 1B). These sites are highly con-
served as are 2 protein kinase A (PKA) threonine sites,
T241 and T250, that are imbedded in 2 highly
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conserved PDPK docking sites (Fig. 1B). Mass spec-
troscopy (MS) showed that S18, S27 and T203 were
phosphorylated in HeLa cells, but we could not deter-
mine the state of T213 as the peptide containing this
site was not recovered from ORF1p expressed in HeLa
cells.48

Mutational analysis showed that substitution at any
one of the PDPK or PKA target sites by a non-

phosphorylatable residue reduced retrotransposition
to 0–40% of wild type. The double S18,27A mutant
lacked all activity and was restored to 50% wild type
activity by double substitution with the phosphomi-
metic aspartic acid (S18,27D). However, phosphomi-
metic substitution not only failed to restore activity at
each threonine site but eliminated any residual activity
exhibited by some of the threonine mutants including

Figure 1. Structural Features of ORF1p (A). The top panel illustrates the trimeric structure of the protein revealed by atomic force
microscopy13 and the domains present in the monomer: N-terminal domain (NTD), coiled coil domain, RNA recognition domain (RRM),
the C-terminal domain (CTD). The ovals that correspond to the NTD and the C-terminal half of the trimer cartoon are scaled to the their
relative masses. The large red arrowheads indicate the amino-terminus of the protein that was expressed in E. coli for crystallization.25

(B) The arrows indicate the locations of phosphokinase target sites and the amino acids corresponding to the PDPK sites are highlighted
in red, those comprising the RNP1 motif in purple, those making up the PDPK docking sites in gray, and those corresponding to the PKA
target sites are underlined in black. C. The results generated by the DISOPRED, PSIPRED and DISPHOS predictions programs (see text).
The green rectangles correspond to the DISPHOS predictions for phosphorylated serines, the red rectangles correspond to those found
by mass spectroscopy on ORF1p expressed in HeLa cells.
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those at the PKA sites,48 and Cook, P.R., unpublished
observations]. These results suggest that a perma-
nently acidic residue at any one of the threonine sites
was not compatible with retrotransposition.

Equally important was our demonstration that pep-
tidyL-prolyl cis / trans isomerase 1 (Pin1) can bind
FLAG-tagged ORF1p present in HeLa cell extracts.
This highly conserved 16-kDa protein is a crucial
component of numerous PDPK-dependent path-
ways.50,51 When bound to a phosphorylated PDPK
site, it catalyzes conformational changes that enhance
the efficacy of phosphorylation by generating distinct
protein-specific effects. These include changes in the
activity and stability of the target protein as well as
promoting protein-protein interactions,52,53 some of
which can result in additional post translational modi-
fications such as acetylation, ubiquitination and
sumoylation.50,51 Also, while Pin1 binding can protect
a protein from de-phosphorylation, in other instances
it enhances dephosphorylation. And finally, Pin1 is
also subject to phosphorylation at several sites by vari-
ous kinases. Notably serine 16, which resides in the
amino-terminal WW domain, can be phosphorylated
by 3 different kinases including PKA.52,54 The WW
domain mediates binding of Pin1 to the phospho-site
of its target,55 and binding is reduced when S16 is
phosphorylated, an event that also alters the subcellu-
lar distribution of Pin1.54 Thus, protein kinases could
also affect ORF1p activity through their effect on Pin1.

Essentially all of the Pin1 binding apparently
occurred at S18P19 and S27P28 under the conditions
of our assay, as the doubly mutated S18,27A bound
none and the doubly phosphomimetic S18,27D bound
just trace amounts.48 That S18,27D exhibited 50% of
the wild type retrotransposition activity indicates that
carboxylate moieties at these sites can partially substi-
tute for phosphoryl groups. One interpretation of
these results is that Pin1 functions, in part, to protect
ORF1p from dephosphorylation. However, it seems
that phosphorylation provides more than just an
acidic group for if this were the case these sites would
not have been conserved over the past »20 Myr of
evolution48 as selection would likely have favored
mutation to the far less energetically expensive option
of amino acids with an acidic side chain.

Such considerations lead directly to the issue of the
role of PDPK-mediated ORF1p phosphorylation in
retrotransposition. In general, the physico-chemical
effects of phosphorylation include altering protein

activity as well as fostering protein-protein interac-
tions including those between different regions of the
same protein, either through direct structural change53

or mediated by factors such as Pin1 as mentioned
above. Additionally, the effects of phosphorylation are
often transient being reversible by protein phospha-
tases, which allows temporal (and spatial) coordina-
tion of multi-component and multi-step cellular
processes. PDPKs are involved in pathways that regu-
late major biological processes such as development,
differentiation, growth and cell division as well as cel-
lular responses to stress, pathogens, inflammation and
cancer49,56,57 Therefore, ORF1p expressed during L1
replication in its normal and evolutionary relevant
reproductive niche in the germline or during early
embryonic development,31,32,58,59 as well as ectopically
when L1 is active in cancer and other somatic
cells8,33–42 could usurp or compete for PDPKs, or their
ancillary factors such as Pin1. Consequently, a com-
prehensive understanding of the consequences of
ORF1p phosphorylation for both the activity of L1
and its interaction with its host presents a major
challenge.

In the rest of this commentary we will focus on the
first issue; i.e., the possible direct effects of phosphory-
lation on the structure and function of the protein. To
do so we determined the relationship of the 6 con-
served phosphorylation sites shown in Figure 1B to
structural features of ORF1p. In particular, we sought
to determine the location of these sites relative to
intrinsically disordered regions of the protein. This
aspect of protein structure has generated increasing
interest over the last 15 or so years as such regions
characterize many proteins involved in regulatory pro-
cesses including cell signaling, membrane trafficking,
cell cycle control, and transcriptional and translational
control.53,60–66 Underlying their role in these processes
is the fact that intrinsically disordered regions often
mediate protein-protein interactions. Furthermore,
because such regions are also preferred sites for post
translational modification including phosphorylation,
the nature and extent of these interactions can be sub-
ject to regulation.63,64

The crystal structure of ORF1p does not include the
NTD (or the first 8 heptads of the coiled coil), as it was
determined on a protein that had been deleted of its
amino-terminal third (red arrowheads, Fig. 1A).25

Therefore, we used the DISOPRED3 and PSIPRED
v3.3 programs from the PSIPRED protein sequence
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analysis workbench to assess the extent of intrinsically
disordered sequence in the NTD.67 Because we know
the phosphorylation status of the NTD, we could cor-
roborate the PSIPRED prediction by whether the
NTD was highly ranked as a possible phosphorylation
site by DISPHOS (DISorder-enhanced PHOSphoryla-
tion). This is because this program scores the likeli-
hood of phosphorylation by including estimates of
intrinsic disorder in its prediction algorithm.63

The upper part of Figure 1C shows that DISOPRED
predicts with high confidence that the structure of
most of the NTD, particularly the region that contains
the PDPK SP sites, is intrinsically disordered. Further-
more, the secondary structure predictor, PSIPRED,
estimates that most of the sequence lacks defined sec-
ondary structure. In agreement, DISPHOS predicts 5
sites with �0 .8 confidence (green rectangles) to be
candidate for phosphorylation. Three of these sites
(red rectangles) correspond to those that MS showed
were phosphorylated in HeLa and insect cells.48

The two PDPK T/P sites at positions 203 and 213
also reside in an intrinsically disordered region of the
protein. NMR analysis showed that amino acids P204
through T213 comprise the disordered loop L(b2-
b3).25 And Figure 2 shows that amino acids that com-
prise this region are missing from the crystal structure

of all 3 monomers (upper left insert Figs. 2, 3). This
region is exposed to the solvent in the 3 monomers
(Fig. 3) and is thus likely accessible to PDPK kinases.
Furthermore, requisite PDPK docking sites with their
imbedded highly conserved PKA target sites at T241
and T250 are near the T203 and T213 PDPK targets.
These threonines also flank 3 highly conserved argi-
nines (R 206, 210 and 211, upper left insert Fig, 2),
each critical for RNA binding.24,25 Therefore, a phos-
phate introduced at either T203 or T213 could interact
with the guanidino group of one or more of these argi-
nines, via hydrogen bonded “salt bridges”,68 and
potentially affect their roles in RNA binding. The pos-
sibility of such an interaction is supported by the
strong inhibitory effect of the phosphomimetic
aspartic acid at either site.

Although the strength of the hydrogen bonded
“salt bridge” between a carboxylate and arginine is
somewhat less than with a -2 phosphate it is about
the same as with a protonated -1 phosphate, and
both ionic species co-exist at physiological pH
given the pKa of »6.0 for the phosphate.68 Thus,
while formation and strength of such bonds will
ultimately be a function of the protein micro-envi-
ronment and include factors such as steric hin-
drance, solvation, etc., differences between the

Figure 2. Structure of the ORF1p RRM The structure the C monomer RRM was displayed using MacPymol 1.7.6.3 based on the PDB file,
2yko.25 The upper left insert shows the amino acids missing from the structures of the A, B, and C monomers (black dashed line, red
box c, Fig. 4) in the vicinity of T203 – T213. The lower right insert show the amino acid sequence encompassing the highly conserved
PKA sites in the PDPK docking sites shown in Figure 1B.
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relative strengths of carboxylate vs. phosphate
mediated salt bridges per se would not seem to be
determinative of the effect of a phosphomimetic
substitution at a phosphorylatable site.

Rather, it seems that it is the permanently acidic
nature of the phosphomimetic carboxylate at T203 or
T213 that is strongly inhibitory.48 If so, and if phos-
phorylation does accompany retrotransposition, then
L1 survival would require phosphate turnover. This
would rationalize the presence of the predicted, highly
conserved protein phosphatase 1 docking site at posi-
tions 282–290.48 Demonstrating that cyclic phosphor-
ylation plays a role in retrotransposition would
represent a major advance in a mechanistic under-
standing of the role of ORF1p.

Intrinsically disordered N- and C-termini and
inter-domain regions are often preferred sites of pro-
tein-protein interaction, particularly for a subset of
proteins that includes kinases, regulatory proteins and
DNA/RNA binding proteins.53,66 To reiterate here,

such interactions can occur even without the interces-
sion of post-translational modification, although the
latter, particularly phosphorylation / dephosphoryla-
tion, is an important means of regulating and coordi-
nating multistep and multicomponent reactions. With
respect to L1 activity, this could be the case for the
assembly of the L1RNP, its interaction with host chro-
matin wherein retrotransposition is initiated, its ulti-
mate disassembly during the reverse transcription of
the L1 transcript, and the ORF1p mediated chaperone
reactions during the various steps of generating a new
L1 insert.

Figure 4 shows that similar to the NTD the C-ter-
minal region (C-ter) is also disordered and that the
intrinsically disordered regions predicted by DIS-
OPRED correspond reasonably well with those
regions missing from one or more monomers of the
X-ray structure indicated by mauve and red boxes (see
legend to Fig. 4 and cf. Fig. 2). As intrinsically disor-
dered regions are correlated with protein surfaces that

Figure 3. Top view of the C-terminal half of the ORF1p trimer. This structure (also based on the PDP file 2yko) shows a top view of the 3
trimers starting with the last heptad (LQWIEDY) of the coiled coil - as if the trimer was resected at the heavy line in the insert and then
rotated toward the viewer. The hinge between the carboxy terminus of the coiled coil and the N-terminus of the RRM is in tan (see
Fig. 2) and the RNP2 and RNP1 motifs are respectively in teal and deep purple for each monomer as also indicated on Figures 1 and 2.
The PKA sites and surrounding amino acids are also colored the same for each monomer as indicated in the lower right insert of Figure 2.
The black dashed lines show the location of the missing amino acids (starting at P204) in each monomer (also see upper left insert,
Fig. 2) and red box c in Figure 4. Other than these features the major secondary structures of monomers A, B and C are colored differ-
ently. For each of the respective monomers these are: a helices, green, teal, and red; b sheets, magenta, red, and yellow; loops, tan,
magenta and green. The amino acid positions indicated in magenta in the monomer B structure flank the amino acids (167–172, corre-
sponding to mauve box a, Figure 4) that are missing from the X-ray structure of the RRM just 3’ of RNP2.
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can mediate protein-protein interactions, DISOPRED
also evaluates this possibility, and indicated that
regions in both the N- and C- terminal regions of
ORF1p score highly as candidates for such interaction
(Fig. 4). Mutational and functional analysis coupled
with protein pull-downs could reveal whether the N-
or C-terminal regions of ORF1p do in fact mediate
interaction with other cellular proteins that participate
in retrotransposition. Therefore, it would be informa-
tive to determine whether these regions were involved
in the recently described co-precipitation of ORF1p
and various cellular proteins.69–71

In summary, the presence highly conserved phos-
phorylatable residues in intrinsically disordered
regions of ORF1p means that a battery of well-devel-
oped paradigms and mechanisms53 may be relevant to
advancing and refining our understanding of how this
protein functions in retrotransposition and how L1
activity affects and responds to the host. Although the
vast landscape of phosphorylation mediated effects
would not seem to provide an easily negotiated path
to understanding these processes, one would hope
that the extensive knowledge base on the physico-
chemical effects of protein phosphorylation could pro-
vide a template for devising useful approaches for
determining a mechanistic understanding of how
ORF1p functions in retrotransposition.
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