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Abstract

Accounting for continual evolution of deleterious L1 retrotransposon families, which can con-

tain hundreds to thousands of members remains a major issue in mammalian biology. L1

activity generated upwards of 40% of some mammalian genomes, including humans where

they remain active, causing genetic defects and rearrangements. L1 encodes a coiled coil-

containing protein that is essential for retrotransposition, and the emergence of novel primate

L1 families has been correlated with episodes of extensive amino acid substitutions in the

coiled coil. These results were interpreted as an adaptive response to maintain L1 activity,

however its mechanism remained unknown. Although an adventitious mutation can inactivate

coiled coil function, its effect could be buffered by epistatic interactions within the coiled coil,

made more likely if the family contains a diverse set of coiled coil sequences—collectively

referred to as the coiled coil sequence space. Amino acid substitutions that do not affect coiled

coil function (i.e., its phenotype) could be “hidden” from (not subject to) purifying selection. The

accumulation of such substitutions, often referred to as cryptic genetic variation, has been doc-

umented in various proteins. Here we report that this phenomenon was in effect during the lat-

est episode of primate coiled coil evolution, which occurred 30–10 MYA during the emergence

of primate L1Pa7–L1Pa3 families. First, we experimentally demonstrated that while coiled coil

function (measured by retrotransposition) can be eliminated by single epistatic mutations, it

nonetheless can also withstand extensive amino acid substitutions. Second, principal compo-

nent and cluster analysis showed that the coiled coil sequence space of each of the L1Pa7-3

families was notably increased by the presence of distinct, coexisting coiled coil sequences.

Thus, sampling related networks of functional sequences rather than traversing discrete adap-

tive states characterized the persistence L1 activity during this evolutionary event.
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Author summary

Mammalian L1 retrotransposons replicate by copying their RNA into genomic DNA.

Despite being deleterious, a single lineage of successive L1 families emerged in most

mammalian genomes, each amplifying before undergoing extinction and replacement by

another active family. During ~80 million years of primate evolution this process gener-

ated ~40% of the human genome where L1 remains active. Thus, accounting for the per-

sistence of L1 is a major issue. Emergent L1 families are often associated with episodes of

extensive amino substitutions in the L1 encoded ORF1p protein, which is required for L1

replication. These bore the signature of positive selection (more amino acid substitutions

than expected by chance), which often indicates an adaptive change, implying an “arms

race” between L1 and its host. Determing the contestants in this arms race would reveal a

major aspect of L1/host interaction. But our findings now suggest an alternative evolu-

tionary model. Most of the substitutions did not affect ORF1p function, and being “hid-

den” from selection their accumulation could increase sequence diversity (sequence

space) of functional ORF1p, which we demonstrated by principal component analysis.

The availability of multiple functional ORF1p sequences could buffer ORF1p activity

from random inactivating mutations, an evolutionary strategy that could ensure L1

survival.

Introduction

L1 (LINE-1) retrotransposons are genomic parasites of ancient lineage [1] and have remained

active in most mammals over the last 80–120 Myr. L1 replicates by copying its RNA transcripts

and those of other genes into genomic DNA and by now L1 activity has generated *40% of

the human genome [2–10]. Individual L1 families can contain thousands of copies, although

most are 5’-truncated and otherwise defective on insertion. Despite their potential for seriously

deleterious effects [11–13], being subject to strong negative selection [14–16] and susceptible

to host repressive mechanisms [reviewed in 17], L1 is now the dominant active retrotranspo-

son in many mammals, including humans, represented by the active L1Pa1 (L1Hs) family. The

human genome retains a trove of L1 fossils, the relics of a series of extinct L1 families that were

at one time ascendant in the primate lineage, which provide a historical record of the evolu-

tionary antecedents of L1Pa1.

Accounting for the persistence of L1 remains a major issue for mammalian biology. Foun-

dational, pre-whole genome studies in rodents and primates showed that evolutionary change

of the 5’ UTR regulatory region or the amino (N)-terminal half of ORF1p [18–20] and

[reviewed in 21] was often associated with the emergence of novel L1 families. These studies

and subsequent bioinformatic analyses showed that competition for limiting host factors or

bypassing host repression likely drives the recruitment of novel 5’ UTRs [7, 22–24], also see

[17]

In contrast, the basis of variability of the N-terminal half of ORF1p is unknown. This region

is dominated by an evolutionary labile coiled coil domain, a predicted motif in all vertebrate

L1 families [1], which contrasts with a highly conserved carboxy (C)-terminal half that medi-

ates properties associated with retrotransposition: high affinity nucleic acid binding, nucleic

acid chaperone activity, and rapid formation of stable nucleoprotein complexes(Fig 1A, [25,

26, and references therein]). Coiled coil variation can occur by different means: In mice and

rats by addition or deletion of heptad repeats [18–20, 23]; in primates, by episodes of extensive

amino acid substitutions with a signature of positive selection (more amino acid substitutions
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than expected by chance) [7, 27]. This last occurred 30–10 MYA during evolution of the pri-

mate L1Pa7-L1Pa3 families [7, 27]. In both mice and human, instances of coiled coil variation

have been interpreted as an adaptive response to genetic changes extrinsic to ORF1p [23, 27].

However, here we present results that indicate an alternative model of coiled coil evolution

at least in primates. We found that retrotransposition activity can tolerate extensive coiled coil

amino acid changes. Such phenotypic indifference (termed genetic robustness) could be per-

missive to the accumulation of cryptic genetic changes, so called because they would be not

Fig 1. Retrotransposition of ORF1p variants. A—Generic L1 retrotransposon [1, 43]: 5’ UTR (untranslated regulatory region); ORF1 (open reading

frame1) with coiled coil domain (CC), which mediates trimerization of ORF1p necessary for high affinity nucleic acid binding and chaperone activity

[40, 44–46]; ORF2, encodes the L1 replicase with endonuclease (EN) and reverse transcriptase (RT) domains; 3’ UTR with a conserved G-tetraplex

forming domain (G) [47, 48] and an A-rich tail (A). P, location of conserved phosphorylation sites in mammalian ORF1p required for

retrotransposition [1, 49]. NTD, RRM, CTD, N-terminal domain, RNA recognition motif, C-terminal domain, respectively. Also depicted are

schematics of 8 ORF1p sequences 7 of which are mosaic structures consisting of the indicated regions of a modern active L1Pa1 (L1Hs) ORF1p (white,

111) and a resuscitated ancestral L1Pa5 ORF1p (black, 555) [26]. The names of the variants are given on the right and the white numbers indicate their

amino acid differences. B—Alignment of the N-terminal 23 amino acids and the entire 14 heptad coiled domain (alternating green and yellow boxes).

Note, the heptads are numbered from 1–14 (only 8 & 9 are indicated) so as to be congruent with amino-carboxy orientation of the protein. L1Pa1

ORF1p is the reference sequence and dots and letters indicate respectively identities and differences between it and the other variants. Four columns are

listed on the left: Numbers, corresponding to the subset of the variants shown in S3 Fig that were mapped on the coiled coil sequence space shown in

Fig 2; pro exp—green dots, variants tested for protein expression in HeLa cells. Both active and inactive protein were expressed (S1 Fig); % ret—%

retrotransposition activity in HeLa cells; clone–variant names. The a-g heptad amino acid positions are shown for heptads 8 and 9, stm indicates the

stammer in heptad 6. C–Box plots of retrotransposition assays of selected variants (bracketed in panel B) and representative stained G418 resistant foci

and the numbers (n) of independent transfections (biological replicates) are indicated. Retrotransposition results of the other variants are shown in

S2 Fig.

https://doi.org/10.1371/journal.pgen.1008991.g001
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subject to (“hidden” from) selection [28–34]. This condition could have increased coiled coil

diversity (i.e., expand the coiled coil sequence space). Principal component analysis (PCA)

along with cluster and phylogenetic analyses showed that this did occur and revealed that the

coiled coil domains of each of the L1Pa7 through L1Pa3 families consist of three or more

related, co-existing but distinct coiled coil sequences, some of which persisted in descendant

L1 families. One of the three L1Pa3 coiled coil sequences survived in the active L1Pa1 family of

modern humans and its immediate precursor L1Pa2 family, which remains active in chimpan-

zee and bonobo [35, 36].

Thus, evolution of the L1Pa7 –L1Pa3 coiled coils did not occur solely by stepwise progres-

sion through family-specific adaptive states as we and others originally proposed [1, 7, 27], but

by exploration of a variety of functional coiled coil sequences. This model of coiled coil evolu-

tion has dramatically different implications for host / L1 interaction than an adaptive model.

Furthermore, an expanded functional sequence space of the coiled coil would favor L1 sur-

vival, by buffering coiled coil function [37, 38] from adventitious, retrotransposition-destroy-

ing coiled coil substitutions [this study, and 39, 40]. Such profound epistasis is not unique to

L1 ORF1p but is a feature of coiled coil genetics [41, 42]. What remains unanswered is what

initiates an intense episode of coiled coil change during L1 evolution.

Results

ORF1p activity can tolerate extensive coiled coil amino acid substitutions

but is sensitive to single epistatic substitutions

In order to address the functional consequences of the last episode of intensive coiled coil

amino acid change that occurred 30–10 MYA we had resuscitated the ORF1 sequence of the

now extinct L1Pa5 family (Materials and methods) and [26], which had attained peak retro-

transposition activity ~25 MYA. We refer to its encoded ORF1 protein as 555p, and as Fig 1A

shows, 30 of the 42 amino acids that distinguish 555p and its L1Pa1 encoded modern counter-

part, 111p, are located in the coiled coil. Fig 1B and 1C show that substituting 555p for modern

111p only modestly affected retrotransposition of the modern L1Pa1 element. Furthermore,

mosaic ORF1 proteins consisting of an ancestral amino terminal half, 551p, or a coiled coil,

which contains 21 of the 30 ancestral residues (511p) were similarly as active as the modern

protein in supporting retrotransposition. And finally, an ORF1p in which all of the modern

coiled coil amino acids were replaced by their ancestral counterparts (30 residues, variant

41b), retained about half of its retrotransposition activity.

Although 151p is inactive for retrotransposition, it is expressed in HeLa cells at levels com-

parable to 111p (S1 Fig) and [26]. Furthermore, 151p is essentially indistinguishable from

111p and 555p in trimer formation and several oligonucleotide-based assays: affinity for

nucleic acids, nucleic acid chaperone activity, and stabilization of mismatched oligonucleotide

duplexes [26]. However, single molecule binding to long nucleic acids revealed the defect in

151p –while 111p and 555p trimers rapidly convert to stably bound oligomers after binding

single stranded DNA, 151p trimers are unable to do so. We had suggested that the 151p coiled

coil prevents its trimer from assuming a conformation that mediates its oligomerization on

nucleic acids [26].

Thus, one or more of the 9 ancestral coiled coil amino acids in 151p is negatively epistatic

in the presence of modern residues in this protein. Stepwise replacement by their modern

counterparts revealed that any one of the 4 ancestral residues in heptads 8 or 9 (positions 105,

107, 108, or 111) either in the presence of the 5 downstream ancestral residues in heptads 10,

12 and 13 (variants m15, m17, m18a, m9) or on their own (variants R105T, L107F, R108S,

or C111F) inactivates ORF1p. In every case the single substitution essentially abolishes
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retrotransposition, recapitulating the phenotype of the 151p protein. The 5 ancestral residues

in heptads 11, 12, and 13 do not affect ORF1p activity (variant m14, Fig 1). Representative ret-

rotransposition assays supporting these conclusions are shown in Fig 1B and S2 Fig. The green

dots (column 2, pro exp, Fig 1B) indicate the ORF1p variants that we tested for expression in

HeLa cells. S1 Fig shows that a lack of expression does not account for the retrotransposition

null phenotype.

We then proceeded to restore retrotransposition competence to 151p by stepwise replace-

ment of its modern residues to their ancestral counterparts. Fig 1B shows that restitution of

the partially ancestral 151p coiled coil to an active phenotype, variant (m39b), required 18 of

21 ancestral residues in heptads 1–8, and full activity was attained only upon insertion of the

18th ancestral amino acid (I77L, red rectangle, Fig 1B). Until then, the protein was essentially

inactive for retrotransposition. Furthermore, L77 on its own (variant 151y) did not affect the

activity of 151p; or a version of 151p that contained the 4 ancestral residues in the amino ter-

minal domain (NTD, variant m28c); or the fully modern protein, variant 111a. Thus, the res-

cue of ORF1p activity by I77L depends on the coiled coil context afforded by most of the other

ancestral residues, an instance of epistasis just as profound as the inactivating single substitu-

tions in heptads 8 and 9. S3 Fig shows the effect on retrotransposition of all of the coiled coil

substitutions that we examined.

Fig 1 shows that while some of the 30 substitutions that differentiate modern and ancestral

coiled coils could be considered biochemically “conservative” (i.e., amino acids of similar

charge, polarity, hydrophobicity, etc.) others are not. Thus, in terms of the coiled coil-endowed

property that renders ORF1p active in retrotransposition, the coiled coil is “genetically robust”

i.e., it can be phenotypically indifferent to a considerable degree of genetic change. Genetic

robustness would be permissive to the accumulation of cryptic genetic changes—termed “evol-

vability” [29], which are only manifested by the effect of epistatic substitutions as illustrated by

the above examples. Theoretical and experimental studies indicate that sampling functional

sequences that had been generated by a combination of randomly acquired cryptic and epi-

static mutations provide an alternative model of evolutionary change to the stepwise traverse

of different adaptive genetic states [28–33]. Therefore, we determined the coiled coil sequence

space encompassed by all the members of the L1Pa7—L1Pa1 families as outlined in the next

section and described in the Materials and Methods.

The coiled coil sequence space of the L1Pa7—L1Pa1 families

We determined coiled coil sequence space by subjecting coiled coils alignments to two analyti-

cal techniques that provide graphical views of their sequence relatedness (see Materials and

methods). The first, which generated a three-dimensional view of the coiled coil sequence

space, was principal component analysis (PCA) of a single global alignment of the coiled coils.

A unique 20-bit binary vector (one-hot encoding) was assigned to each amino acid, and each

family was assigned a different color. Fig 2A shows that the entire ensemble of coiled coils tra-

verses a contiguous sequence space, each of which, with the exception of L1Pa2 and L1Pa1, is

somewhat diffuse and elongated. Mapping the coiled coil variants on this space (numbered as

in Fig 1B and S3 Fig, large circles indicating active variants) graphically illustrates the conclu-

sions that we made from Fig 1: Genetic robustness—variant 3 maps well out of the sequence

space but is fully active. Strong epistasis—the paired active and inactive variants (1 & 7; 16 &

17) share the same sequence space.

We also used metric multidimensional scaling (MMDS), as implemented in the Bios2mds

R package [50], which we applied to the difference matrices of aligned coiled coils of each fam-

ily (see Materials and methods). This method provides a two-dimensional graphical view of
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sequence diversity within each family. Fig 3 (cluster analysis, left side) shows that except for

L1Pa2 and L1Pa1, K-means based clustering resolved the sequence space of the coiled coils of

each L1 family into three or more clusters of varying compactness. The clusters are designated

cLn.n, indicating the cluster and family numbers respectively; e.g., cL1.7 is cluster 1 of L1Pa7.

In contrast to the coiled coils, there was little substructure in the sequence space of the L1Pa7 –

L1Pa3 carboxy terminal half of ORF1p (S4 Fig). We retrieved the sequences comprising the

individual coiled coil clusters and found that the 50% consensus sequences of clusters cL3.5

and cL1.1 correspond respectively to the coiled coils of the 555p and 111p ORF1p sequences

(Fig 1).

Fig 2. Principal component analysis of the ORF1p coiled coil. A—The color code used for each family corresponds

to one of the major clusters shown in Fig 3. B—Large and small circles correspond respectively to active and inactive

ORF1p variants mapped on the sequence space of the coiled coil of L1pa7-L1Pa1 and are numbered per Fig 1 and S3

Fig. Active variants (large circles) exhibited ~80–100% of L1Pa1 activity and inactive ones (small circles)<5% of L1Pa1

activity.

https://doi.org/10.1371/journal.pgen.1008991.g002
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We used two methods to examine the relationship between coiled coils of different L1 fami-

lies: (1) the mmds.project function of Bios2mds; (2) phylogenetic analysis using maximum

likelihood. The first method projects the coiled coil sequences of a given cluster onto the

sequence space of another cluster or family. Fig 3G–3L show examples of this analysis wherein

we projected the 2 largest L1Pa6 clusters or all of the L1Pa4 clusters onto the L1pa5 family (Fig

3I). The L1Pa6 clusters showed varying degrees of overlap with sequence space of the ancestral

(anc) cL2.5 cluster, and the L1Pa4 clusters exhibited different degrees of overlap with the

sequence space of the modern (mod) L1Pa5 clusters., cL1.5 and cL3.5. The mod version of

L1Pa5 ORF1p (Fig 3I) and its descendant L1pa4–L1Pa1 ORF1p sequences lack a tripeptide

located 2 residues upstream of the coiled coil that is present in anc L1Pa5, L1Pa6 and L1Pa7

(see S1 Data/orf1_FL/l1pa5). However, the anc and mod L1Pa5 C-terminal half of ORF1p map

to the same sequence space, S4 Fig. Whereas multiple coiled coil clusters populate the L1Pa7 –

L1Pa3 families, only one cluster populates the L1Pa2 and L1Pa1 families. The coiled coils of

these families and cL1.3 map to the same sequence space (Fig 3F).

Fig 3. Cluster analysis of coiled coil sequence space. Panels A-F. Coiled coil clusters identified in L1Pa7 –L1Pa1 by the bios2mds R package [50] as

described in the Materials and Methods. Clusters are designated as follows: cLn.n, the cluster number followed by the family number—cL3.7 is cluster 3

of the L1Pa7 family. Panel F shows the projection of L1Pa1 (cL1.1) on the sequence space of L1Pa2 (cL1.2) and cL1.3, using the mmds.project function

of the Bios2mds package as described in the Materials & Methods. Panels G-L show projection of L1Pa6 or L1Pa4 clusters on the coiled coil sequence

space of L1Pa5. Panel I shows 3 coiled coil clusters for L1Pa5: cL1.5mod, cL3.5mod, and cL2.5anc, which belong to the modern and ancestral versions of

L1Pa5 (see text). The 50% consensus sequence of the cL3.5 cluster corresponds to the 555 ORF1p sequence, marked with an asterisk, �, on Figs 4 and 5.

https://doi.org/10.1371/journal.pgen.1008991.g003
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Fig 4 shows that phylogenetic analysis of the 50% consensus sequences of the clusters

(see Materials & methods) corroborated and extended the foregoing results. As expected,

the coiled coil consensus sequences of cL1.3, L1Pa2 and L1Pa1 map to the same node. But

unexpectedly, some ancestral coiled coil sequences persisted over several generations of L1

families–i.e., some coiled coil clusters recovered from the L1Pa7 –L1Pa3 families shared sev-

eral (highly supported) nodes on the maximum likelihood tree. These are bracketed on Fig

5, which shows an alignment of the consensus sequence of each cluster in reference to the

most ancestral cluster, cL1.7. Therefore, coiled coil clusters present in the L1Pa7 and L1Pa6

families, were still being propagated in the ORF1p sequences of the L1Pa5 and L1Pa4 fami-

lies (large grey triangle in Fig 4). Thus, the coiled coil phylogeny differs markedly from that

of ORF2p, which shows the typical single lineage of successive mammalian L1 families that

emerged, amplified and went extinct[1]. Also, note the 10-fold lower scale for the branch

lengths of the ORF1p C-terminus tree. Taken together these results indicate that the ORF1p

coiled coil, its C terminal half, and ORF2p are evolving under markedly different constraints

(Fig 4).

Fig 4. Coiled coil phylogeny. Maximum likelihood trees of the coiled coil clusters and C-termini were built on their 50% consensus sequences with the

amino acids encoded by CG-affected codons treated as missing data. Note the 10-fold lower scale of the branch lengths for the C-terminus tree. The

colored circles at the tips of the coiled coil cluster tree correspond to the cluster colors in Fig 3, panel A-F. The numbers at each node give its frequency

as % of 1000 bootstrap replicates. The ORF2 tree was generated from amino acid consensus sequences of the human version of our previously described

collection of L1Pa2 –L1Pa7 human/chimpanzee orthologues [51] and the currently active human L1Pa1 family (in particular, Ta1-d 5), represented

here by the L1.3 element [52]. This tree is consistent with a previously described tree built from the 3’ 2 kb of nucleic acid sequence which includes the

3’UTR but mostly ORF2 sequence (Figure 4A in [7]).

https://doi.org/10.1371/journal.pgen.1008991.g004
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Relationship between the effects of experimentally introduced coiled coil

substitutions and the record of evolutionary change in the coiled coil

clusters

Fig 1 and S3 Fig show that each of four ancestral amino acids (T105, F107, S108, and F111)

were negatively epistatic in an otherwise modern coiled coil. Furthermore, as mentioned ear-

lier, step wise restitution of ancestral residues in the presence of this ancestral quartet (151p)

had no effect until the 18th (I77L) of the 21 ancestral coiled coil amino acids (that separate

inactive 151p and fully active 511p) was introduced, and it completely restored activity. The

alignment of the coiled coil cluster consensus sequences in Fig 5 shows that the ancestral quar-

tet was present in L1Pa6 and older families (purple vertical bars). They were replaced by their

modern counterparts (blue vertical bars) at about the same time and roughly coincident with

the emergence of cL1a.4. By this time most of the modern residues were either already present

(underlined) or coincident with their appearance in cL1a.4 (heavy underline). Furthermore,

the replacement of L77 by I, which is strongly negatively epistatic in an ancestral context (Fig

1, m39 vs m39b), was also approximately coincident with the above substitutions (cf. red and

Fig 5. Coiled coil amino acid changes. The 50% consensus sequence of cL1.7, is at the top of the alignment and those of the other clusters given below,

arranged according to their position on the phylogenetic tree (Fig 4), with the ones sharing the same node bracketed. The number of sequences in each

cluster is given in the right-hand column. Dots indicate amino acid identity, and letters indicate differences, capitalized upon their first appearance. The

thin and heavy underlined positions of the cL1a.4 consensus indicate respectively the modern (111) residues that had already arisen in the coiled coil or

first appeared here. The pink and blue columns highlight the emergence and replacement of the residues in heptads 8 and 9 that are negatively epistatic

in the modern coiled coil (Fig 1). The red box shows the emergence of I77, which is negatively epistatic in the ancestral context. The sequences of 111

with its differences from the active 555 and m39b variants and the inactive m39 variant are at the bottom of the alignment. S5 Fig shows the CG-less

(_o) and CG-restored (rt) translation products of the coiled coil clusters consensus sequences. S6 Fig shows a LOGO plot of the CG-restored translation

products, and S7–S11 Figs show various alignments of the coiled coil sequences that populate the cL1.3 (L1Pa3), L1Pa2 (cL1.2) and L1Pa1 (cL1.1)

clusters (see Discussion).

https://doi.org/10.1371/journal.pgen.1008991.g005
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blue columns in Fig 5). These sequence changes approximately correspond to the sharp inflec-

tion in the direction of the sequence space (arrow, Fig 2) that occurred in the evolutionary

path to L1Pa2 and L1Pa1. Thus, the experimentally introduced substitutions, which were car-

ried out before, and thus without regard to the evolutionary analysis, in effect recapitulates its

end result if not its chronology.

Discussion

We demonstrated the relative indifference of L1 retrotransposition activity to extensive amino

acid substitutions in the ORF1p coiled coil (Fig 1, S3 Fig). Earlier studies showed that such

lack of phenotypic effect (genetic robustness) could increase genetic diversity, which could be

both revealed by, and buffer the effect of, epistatic mutations [28–34]. We found that such phe-

nomena were associated with the episode of intense coiled coil change during the evolution of

the L1Pa7-L1Pa3 families. In particular, the results in Figs 2–5 show that the expanded coiled

coil sequence space could benefit L1 survival [37, 38] by buffering ORF1 function from adven-

titious, retrotransposition-destroying coiled coil substitutions [this study, and 39, 40]. Such

events are not just theoretical possibilities based on instances of epistasis exhibited by other

coiled coils. Fig 1B shows strong epistatic effects of single amino acid substitutions that either

completely inactivated or fully revived retrotransposition. Taken together our results provide a

mechanistic explanation for the instance of rampant coiled coil amino acid substitutions that

occurred during the evolution of the L1Pa7 –L1Pa3 families.

The coiled coil mediates trimerization of ORF1p monomers, and the trimer is the active

form of the protein in retrotransposition. Only trimers exhibit high affinity nucleic acid bind-

ing and nucleic acid chaperone activity, and ORF1p that lacks either property cannot support

retrotransposition[40, 44–46]. However, trimer formation per se is not sufficient. The 151p tri-

mer is essentially indistinguishable from the 111p trimer by both biophysical parameters [53]

and nucleic acid binding and chaperone activity using oligonucleotide-based assays [26], but it

is inactive for retrotransposition. Therefore, a “generic” trimer is not sufficient; it also has to

license the inter-trimer contacts between the C-terminal half of the protein that supports their

rapid polymerization on single-stranded nucleic acid [26].

Figs 2 and 3 indicate that each of the five families that emerged and went extinct during

evolution of L1Pa7-L1Pa3 propagated related but distinct coiled coils. So, had the different

coiled coil sequences amplified concurrently or sequentially during the life of the family? The

persistence of coiled coil clusters 2.7, 2.6, 1.5 and 3.4 through 4 generations of L1 families (Figs

4 and 5) suggest they amplified concurrently and that coiled coils maintained their identity in

the presence of co-existing coiled coils.

This finding poses several issues: If hybrid trimers (i.e., those composed of monomers from

different L1 clusters) can form, they would have to produce replication competent ORF1p in

order to be propagated. The possibility of forming hybrid trimers could be addressed by co-

expressing differentially tagged coiled coil sequences. On the other hand, hybrid trimer forma-

tion would not be an issue if L1 protein synthesis is functionally compartmentalized, which is

implied by the concept of cis preference, whereby retrotransposition-competent L1 proteins

bind to their encoding transcript. This phenomenon has been fairly well established both theo-

retically and experimentally for transposable elements (and some viruses) including L1 [see

54, and references 13–16 therein]. How cis preference is mediated is unknown, but there is evi-

dence that translation can be sequestered in subcellular compartments or translation factories

[e.g., 55].

A second, and puzzling issue is the apparent episodic nature of coiled coil variation (see

Introduction). Presumably, when a more fit coiled coil emerges, L1 elements harboring it can
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out compete coexisting L1 elements, which at times can mark a change in the path of the coiled

coil sequence space (e.g., arrow in Fig 2). Thus, the current lull in coiled coil variation may

merely reflect the fact that insufficient time has elapsed for novel coiled coils to be visible

above the background of existing coiled coils. The emergence of a novel coiled cluster is exem-

plified by cluster 1 of L1Pa3 (cLs1.3). This coiled coil and those of the L1Pa2, and L1Pa1 fami-

lies have identical consensus sequences (Fig 5 and S5 Fig). To determine whether the coiled

coils of cLs1.3, L1Pa2 and L1Pa1 are undergoing differentiation we used two methods that are

more sensitive than PCA determined by one-hot encoding or MMDS. These are phylogenetic

analysis [maximum likelihood 56] and the cluster_fast command of the usearch V11 suite

[57]. Setting the id (identity) parameter of the cluster_fast command to 1.00 would recover

coiled coil clusters that are minimally divergent from their consensus. Neither method

revealed distinct clades within these coiled coils. However, sequence alignments showed that

the non-CG encoded F (phenylalanine) at position 134 is hypervariable in about 10% of L1Pa2

family, generating mostly substitutions to valine (V) or serine (S) due to single nucleotide tran-

sitions or transversions in the F codons (TTT or TTC). Such variants were relatively rare in

the descendant L1Pa1 family, indicating that they were not propagated or retained. These

alignments are shown in S7–S11 Figs.

In conclusion, evolution of primate ORF1 coiled coils was subject to countervailing but ulti-

mately complementary genetic events that could result from its genetic robustness; permissive-

ness to enlarging the coiled coil sequence space, which in turn could preserve coiled coil

function by buffering the effects adventitious inactivating epistatic mutations. Although a

comprehensive mechanistic explanation for the role of the coiled coil in L1 activity has yet to

be achieved [28–34], its evolutionary persistence throughout vertebrates [1] attests to its vital

role for L1 activity. The fact that the coiled coil is uniquely hypervariable compared to the

remainder of ORF1, and that episodes of intense coiled coil amino acid substitutions in pri-

mates have been associated with the emergence of novel L1 families imply that such variability

is essential to its survival. Murine rodent coiled coils can also be highly variable, but in this

case due to changes in length or number of the repeat units (or both) rather than amino acid

substitutions [18–20, 23]. Also, whether different versions of the coil can coexist in the same

mouse L1 family or mitigate the effect of negative epistatic substitutions [39] has not been

addressed. As coiled coils have been identified in at least 10% of all proteins [41], our findings

would be relevant to fields beyond L1 retrotransposons. However, two aspects of L1 biology

contributed to our detecting intra-family coiled coil variants: Most L1 families generate hun-

dreds or more copies before being superseded by a successor family, and most of these copies

are retained in the genome.

Materials and methods

Plasmid DNA

pRTC2—This vector is based on the original retrotransposition reporter [58] but it contains

the highly active L1.3 [52] sequence kindly provided by Dr. John Moran on the JCC8 vector

[58]. We also made other modifications: The pRTC2 backbone was derived from pCEP4 (Invi-

trogen Life Technologies). We replaced the NruI—SalI-1989 bp fragment by TCGCGAGA

AGTAGGTACCTAATAAGCTTTCATGCGGCCGCAGACCGATCGAGTCAAGTCGAC,

which contains sites for NruI, KpnI, HindIII, NotI, BsiWI and SalI, underlined, left to right.

pRTC2 also differs from the original reporter by the following modifications: the CMV pro-

moter that drove sense transcription of the L1 element was replaced with the SV40 early pro-

moter (flanked by KpnI and HindIII) and the anti-sense G418 gene was relocated from its

original position within the L1 3’ UTR to down-stream of it, and its SV40 early promoter was
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replaced with the Rouse sarcoma virus LTR. The annotated sequence of pRTC2 containing the

L1.3 L1 sequence (flanked by BsiWI and SalI) is included in S1 Data.

ORF1 mutations were generated by site-directed mutagenesis using QuickChange II (Agi-

lent Technologies) using forward and reverse primer pairs designed with the Agilent Primer

Design Program (www.genomics.agilent.com/primerDesignProgram.jsp0) on a vector,

MB18-111, described in [26]. This vector contained just the 5‘UTR and ORF1 and the mutated

ORF1 sequences were isolated as a BsiWI/AgeI fragment, which contained the 5’UTR and

encoded all but the C-terminal 10 residues of the 338 amino acid ORF1 sequence. The AgeI

site is conserved in 555p and 111p. This fragment was inserted into the corresponding sites of

pRTC2_Δ_BsiWI-AgeI.

ORF1-constructs

The modern version of human ORF 1, ORF1-111, and the ancestral version, ORF1-555, as

well as the mosaic modern-ancestral ORF1 constructs 151, 551, and 511 are shown in Fig 1

and described in [26]. This paper describes in detail the resuscitation of the ancestral L1Pa5

ORF1 sequence. Basically, we derived a 60% consensus sequence from an alignment of L1Pa5

ORF1 sequences that we had retrieved from the human genome database. We converted to

CG those positions in the consensus that corresponded to the positions in the alignment that

contained CG and either TG or CA (usually both). We resolved rare ambiguities by comparing

the encoded protein to those encoded by L1Pa6 and L1Pa4 consensus sequences. We restored

activity of ORF1-151 by sequential steps of PCR site-directed mutagenesis. Generation of the

equivalent of ORF1-551 (i.e., m41 on Fig 1 and S3 Fig) from ORF1-151 required 25 amino

acid changes, 21 of which are located within the coiled-coil domain. The remaining four resi-

dues are located in what we designated as the N-terminal domain (NTD), Fig 1A. The proce-

dures for constructing the pRTC2 retrotransposition vectors from the intermediate holding

vectors described above are given in refs [26, 49].

pORF1-FLAG

As described in the Supporting Information of [49], the mammalian expression vectors were

constructed with pcDNA3.1(+)-puro (from the Don Ganem laboratory, University of Califor-

nia San Francisco). ORF1-Flag amplicons, containing a 50 BamH1-Kozak sequence and 30

EcoRI-FLAG sequence, were generated by PCR with a high-fidelity polymerase from WT or

mutant ORF1 pRTC2 templates with the forward primer CGCGGATCCGCAATGGGGAAA

AAACAGAAC and reverse primer GCCGGAATTCCTACTTGTCGTCGTCGTCCTTATAA

TCCATTTTGGCATG. The PCR fragment was inserted into pcDNA3.1(+)-puro. Some

mutants were made using WT pORF1-FLAG as a template for site-directed mutagenesis. All

mutations were verified by DNA sequencing, and plasmid DNA was purified using the endo-

toxin-free plasmid DNA purification kit, NucleoBond Xtra Midi EF (Macherey-Nagel). These

plasmids were used to compare expression of the various ORF1p constructs.

Retrotransposition assays

The pRTC2 plasmid DNA was amplified in NEB 10-β competent cells (New England Biolabs),

and extracted using a midi-prep DNA kit (NucleoBond Xtra Midi EF (MACHERY-NAGEL).

HeLa cells (HeLa-JM, kindly provided by John Moran, University of Michigan, Ann Arbor)

were plated in 6-well dishes (1x 105 cells in 2 ml) or in 12 well dishes (0.35 X 105 cells in 1 ml)

and incubated for 20–24 hours until 60% to 80% confluent. The cells were transfected with

1 μg plasmid DNA and 3 μl Fugene6 Transfection Reagent (Roche) in serum free media for

6-well plates, or 0.5 μg DNA and 1.5 μl Fugene 6 in serum free media for 12-well plates. After

PLOS GENETICS Coiled coil evolution and the persistence of primate L1 retrotransposons

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008991 August 14, 2020 12 / 19

http://www.genomics.agilent.com/primerDesignProgram.jsp0
https://doi.org/10.1371/journal.pgen.1008991


72 hours media was replaced with fresh media containing 400 μg/ml G418 antibiotic (Gibco)

and incubations were continued for 8–10 days, replenished as needed with fresh G418-con-

taining media. The cells were washed twice with 1X PBS, fixed with 2% formaldehyde (Mal-

linkrodt)/0.2% glutaraldehyde (Sigma-Aldrich), washed twice with 1X PBS, and stained with

Karyo Max Giemsa Stain (Gibco). The stained cells were sequentially washed with 50% etha-

nol, 15% ethanol, and then water. The plates were photographed with a Canon EOS Rebel T3i

camera body and a Canon Macro LENS EF-S 60 mm 1:2.8 USM lens. The camera was oper-

ated with Adobe Photoshop Lightroom 4 software; digital images were quantitated for percent

plate coverage by adherent cells, with ImageJ, using the “ColonyArea” plugin [59]. Box plots

were generated by KaleidaGraph (v.4.5.2, Synergy Software). At least 4 independent transfec-

tions were performed for each assay.

Western Blot analysis

Expression assays were carried out essentially as described in the Supporting Information for

Cook et al [49]. HeLa cells, in six-well plates, were transfected with 1μg of pORF1-Flag con-

structs using 3μL of FuGENE6 (Promega). After 48 h, the cells were washed with PBS, lysed

with 50 mM Tris�Cl pH 7.4, 650 mM NaCl, 1 mM EDTA, 1% Triton X-100, cOmplete EDTA-

free protease inhibitor mixture (Roche), 100 μM leupeptin, and sonicated in a Bioruptor

(Diagneode) and centrifuged at 17,000 × g for 15 min at 4˚. Fifty μg samples of supernatant

protein were subjected to denaturing gel electrophoresis, transferred to PVDF membranes

using iBlot (Invitrogen), blocked with Superblock T20 buffer (Pierce) and incubated overnight

at 4˚ with mouse anti-FLAG M2 monoclonal antibody (Sigma-Aldrich) and rabbit anti-tubu-

lin (Sigma-Aldrich) that had been diluted in Superblock T20 buffer. After rinsing with 1XTBS/

0.05% Tween20, the membranes were subjected to three 10 min washes with the same buffer

and incubated for 1.5 h at room temperature with mouse and rabbit anti-horse radish peroxi-

dase antibodies in blocking buffer. After four 10 min washes in 1x TBS/0.05% Tween20, fol-

lowed by three rinses with 1x TBS the membranes were developed with Pierce Pico-west

substrate and exposed to film.

Bioinformatics and sequence analysis

ORF1 and coiled coil sequences. L1 sequences corresponding to L1Hs (L1Pa1)–L1Pa7 of

sufficient length to include full length ORF1 were identified in repeat masker output files

(http://repeatmasker.org/species/hg.html) for hg19 (build 37) and hg18 (build 36.1). The cor-

responding L1Hs and L1Pa2 sequences were retrieved from hg19 using the bedtools getfasta

script (2.26.0, http://quinlanlab.org), and L1Pa3 –L1Pa7 sequences from hg18 (indexed by for-

matdb with the–o option) using the blastall program, fastacmd. The sequences were aligned

using Muscle [60] as implemented either in SeaView [61] or Biowulf, the NIH HPC system.

ORF1 sequences were isolated from these alignments and those with large inserts or deletions

were discarded. Sequences corresponding to the coiled coil and carboxy terminal half were

located by reference to these regions of L1Pa1 (L1Hs) and our resuscitated ancestral L1Pa5

[26]. The 14-heptad coiled coil was determined by Scorer 2, http://coiledcoils.chm.bris.ac.uk/

Scorer/ [62] numbering the heptads 1–14 starting from the amino terminus and using the

amino acid after the end of heptad 14 as the beginning of the carboxy-terminal half of ORF1p.

(Note that heptads were numbered in the opposite order in references [40, 45]). The coiled

coil alignments were refined by reference to the encoded peptide sequences, and CG dinucleo-

tides were restored in the 50% consensus sequences at positions of the alignments that were

populated by CG, and TG or CA (usually both). As the L1 families are of different ages, they

will have undergone time-dependent decay of their CG dinucleotides [63]. To minimize the

PLOS GENETICS Coiled coil evolution and the persistence of primate L1 retrotransposons

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008991 August 14, 2020 13 / 19

http://repeatmasker.org/species/hg.html
http://quinlanlab.org
http://coiledcoils.chm.bris.ac.uk/Scorer/
http://coiledcoils.chm.bris.ac.uk/Scorer/
https://doi.org/10.1371/journal.pgen.1008991


confounding effect of this decay on coiled coil amino acid variation, we translated the amino

acid positions encoded by CG-affected codons (i.e., CGN, NCG, NNC•GNN) to the null

amino acid character, “O”. We then converted amino acids at the corresponding positions of

the aligned coiled coil peptides to “O”, (subsequently converted to a “-“, i.e., missing data, by

downstream processing) prior to principal component and cluster analysis. We refer to such

sequences as CG-null and add “_o_” to the name of 50% consensus sequences derived from

these peptides. S5 Fig shows the 50% consensus peptides for each retrieved cluster (e.g., 1.7_o,

cluster 1 of L1Pa7, see Fig 3) which were used for phylogenetic analysis (see next section).

These consensus peptides (where X indicates positions which did not reach the 50% threshold)

are ordered according to their position on the phylogenetic tree (Fig 4). The corresponding

consensus peptides with the null amino acid restored to its original value are referred to as

CG-restored and have an “_rt” added to their name (e.g., 1.7rt). These sequences are also

shown in S5 Fig and were used to construct a sequence LOGO of the clusters [64] (http://

weblogo.berkeley.edu). The LOGO plot in S6 Fig shows that more than one position in

every heptad except number 14, was subject to variation. Alignments of ORF1p and ORF2p

sequences and those of the coiled coil domains, and clusters thereof (see next section), CG-less

translations of the aligned clusters and the C-terminal half of ORF1p are supplied in S1 Data.

The Perl script for “CG-less” translation, cg_less_trans.4f.1.pl, its rationale, and a test input file

have been deposited to GitHub (https://github.com/anthony-f/avf_perl). Routine sequence

editing and display were also carried out using EMBOSS as implemented at<http://bioinfo.

nhri.org.tw/gui/>.

Determination of coiled coil sequence space

To determine the coiled coil sequence space of the L1Pa7 –L1Pa1 families we subjected align-

ments of their coiled coils to two analytical techniques that provide three- or two-dimensional

graphical views of sequence relatedness. The first was principal component analysis (PCA)

on binary vectors (one-hot) encoding the appearance of amino acids at each position in the

sequence in a global alignment of all the coiled coils of all the families in an unbiased manner

with no family differences taken into account. One hot encoding assigns to each amino acid

a unique 20-bit vector. No specific properties of amino acids were taken into account, but

implicit in the one-hot encoding is a set of constraints that enforce the fact that there is only

one specific amino acid at every position in any sequence. In particular, PCA does not require

a choice of distance or similarity measure between sequences beyond the vector space struc-

ture implicit in the one-hot encoding. The python script (furano_v5.py) for PCA using one

hot coding and the input alignments have been deposited to GitHub (https://github.com/

nihcompmed/furano).

We also carried out K-means based cluster analysis on the coiled coil and C-terminal half of

each family using the Bios2mds R package [50]. This package uses metric multidimensional

scaling (MMDS) to visualize in two dimensions the sequence differences between the aligned

coiled coils for each family. Closely related sequences appear as clusters and this package pro-

vides various functions for additional analysis such as sequence retrieval from each cluster. We

used RaXml [56] running on the NIH High Performance Cluster (HPC) system to carry out

phylogenetic analyses on the 50% consensus sequences of these clusters and visualized the

trees with Dendroscope 3 [65]. We also used the usearch V11 suite to probe the ORF1 coiled

coils of L1Pa1, L1pa2, and their immediate ancestor, cluster 1 of L1pa3 (cL1.3) for emerging

sub-clusters by using its cluster_fast command with an -id (identity) parameter set to 1.00[57].

This would recover coiled coil clusters that are minimally divergent from their consensus

coiled coils.
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Supporting information

S1 Fig. ORF1p variant expression in HeLa cells. Fifty μg samples of extracts from HeLa

cells expressing C-terminally FLAG-tagged ORF1p of the indicated constructs were subject to

denaturing gel electrophoresis and Western blotting with anti-Flag and anti-tubulin antibodies

as described in the Materials and Methods / Western Blot Analysis. The � indicates ORF1p

constructs that were active for retrotransposition.

(PDF)

S2 Fig. Retrotransposition assays of ORF1p variants. These assays are in addition to those

shown in Fig 1C carried out as described in Materials and Methods / Retrotransposition

assays. To reduce the size of the file, stained cell foci are only shown for the retrotranspositions

in panel A.

(PDF)

S3 Fig. ORF1p variants. The full version of Fig 1B.

(PDF)

S4 Fig. C-term clusters. Alignments of the C-terminal half (see Fig 1A) of L1Pa7 –L1Pa3 were

analyzed using the Bios2mds R package [50] as described in the Materials and Methods.

(PDF)

S5 Fig. Alignment cluster consensus sequences. The peptides of the indicated cluster consen-

sus without the CG-affected amino acids (CG-null), indicated by _o, vs. the consensus sequence

with the amino acids encoded by CG-affected sites restored, rt.

(PDF)

S6 Fig. LOGO plot. LOGO plot of 50% consensus coiled coil peptide sequences, with CG posi-

tions restored, labeled rt in S5 Fig. Arrow heads indicate position of the ancestral amino acids

that are negatively epistatic in the modern context.

(PDF)

S7 Fig. L1Pa1_cc_align. Alignment of L1Pa1 coiled coil peptide sequences vs the 50% consen-

sus sequence of the CG-null L1Pa1 coiled coil.

(PDF)

S8 Fig. L1Pa2_cc_align. Alignment of L1Pa2 coiled coil peptide sequences vs the 50% consen-

sus sequence of the CG-null L1Pa2 coiled coil.

(PDF)

S9 Fig. L1Pa2_ccF134_align. Alignment of L1Pa2 CG-null coiled coil peptide sequences that

have an F at position 134 vs the 50% consensus sequence of L1Pa2.

(PDF)

S10 Fig. L1Pa2_cc_nonF134_align. Alignment of L1Pa2 CG-null coiled coil peptide

sequences that lack F at position 134 vs the 50% consensus sequence of L1Pa2.

(PDF)

S11 Fig. cL1.3_cc_align. Alignment of the L1Pa3 cluster1 coiled coil peptide sequences vs the

50% consensus sequence of the CG-null cL1.3 coiled coil and the 50% consensus sequences of

the L1Pa1 and L1pa2 coiled coils.

(PDF)

S1 Data. Compendium of all of the ORF1 and ORF2 sequences and their provenance

used in this paper, an explanatory README file, and the annotated sequence of the
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retrotransposition vector, pRTC2L1.3.txt (zipped file).

(ZIP)

Acknowledgments

This work utilized the computational resources of the NIH HPC Biowulf cluster. (http://hpc.

nih.gov).

Author Contributions

Conceptualization: Anthony V. Furano, Charlie E. Jones, Pamela R. Cook.

Formal analysis: Anthony V. Furano, Vipul Periwal, Jean-Claude Walser.

Funding acquisition: Anthony V. Furano.

Investigation: Anthony V. Furano, Charlie E. Jones, Kathryn E. Callahan, Jean-Claude Wal-

ser, Pamela R. Cook.

Methodology: Anthony V. Furano, Charlie E. Jones, Pamela R. Cook.

Project administration: Anthony V. Furano, Pamela R. Cook.

Resources: Anthony V. Furano, Kathryn E. Callahan, Jean-Claude Walser.

Software: Anthony V. Furano, Vipul Periwal, Jean-Claude Walser.

Supervision: Anthony V. Furano, Charlie E. Jones.

Validation: Anthony V. Furano, Charlie E. Jones.

Visualization: Anthony V. Furano, Vipul Periwal.

Writing – original draft: Anthony V. Furano, Charlie E. Jones.

Writing – review & editing: Anthony V. Furano, Charlie E. Jones, Jean-Claude Walser, Pam-

ela R. Cook.

References
1. Boissinot S, Sookdeo A. The Evolution of Line-1 in Vertebrates. Genome biology and evolution.

2016:3485–507. https://doi.org/10.1093/gbe/evw247 PMID: 28175298

2. IHGS-Consortium. Initial sequencing and analysis of the human genome. Nature. 2001; 409

(6822):860–921.

3. Skowronski J, Fanning TG, Singer MF. Unit-length line-1 transcripts in human teratocarcinoma cells.

Mol Cell Biol. 1988; 8(4):1385–97. https://doi.org/10.1128/mcb.8.4.1385 PMID: 2454389

4. Skowronski J, Singer MF. Expression of a cytoplasmic LINE-1 transcript is regulated in a human terato-

carcinoma cell line. Proc Natl Acad Sci U S A. 1985; 82(18):6050–4. https://doi.org/10.1073/pnas.82.

18.6050 PMID: 2412228

5. Boissinot S, Chevret P, Furano AV. L1 (LINE-1) retrotransposon evolution and amplification in recent

human history. Mol Biol Evol. 2000; 17(6):915–28. https://doi.org/10.1093/oxfordjournals.molbev.

a026372 PMID: 10833198

6. Boissinot S, Entezam A, Young L, Munson PJ, Furano AV. The Insertional History of an Active Family

of L1 Retrotransposons in Humans. Genome Res. 2004; 14:1221–31. https://doi.org/10.1101/gr.

2326704 PMID: 15197167

7. Khan H, Smit A, Boissinot S. Molecular evolution and tempo of amplification of human LINE-1 retrotran-

sposons since the origin of primates. Genome Res. 2006; 16(1):78–87. https://doi.org/10.1101/gr.

4001406 PMID: 16344559

8. Huang CRL, Schneider AM, Lu Y, Niranjan T, Shen P, Robinson MA, et al. Mobile Interspersed Repeats

Are Major Structural Variants in the Human Genome. Cell. 2010; 141(7):1171–82. https://doi.org/10.

1016/j.cell.2010.05.026 PMID: 20602999

PLOS GENETICS Coiled coil evolution and the persistence of primate L1 retrotransposons

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008991 August 14, 2020 16 / 19

http://hpc.nih.gov
http://hpc.nih.gov
https://doi.org/10.1093/gbe/evw247
http://www.ncbi.nlm.nih.gov/pubmed/28175298
https://doi.org/10.1128/mcb.8.4.1385
http://www.ncbi.nlm.nih.gov/pubmed/2454389
https://doi.org/10.1073/pnas.82.18.6050
https://doi.org/10.1073/pnas.82.18.6050
http://www.ncbi.nlm.nih.gov/pubmed/2412228
https://doi.org/10.1093/oxfordjournals.molbev.a026372
https://doi.org/10.1093/oxfordjournals.molbev.a026372
http://www.ncbi.nlm.nih.gov/pubmed/10833198
https://doi.org/10.1101/gr.2326704
https://doi.org/10.1101/gr.2326704
http://www.ncbi.nlm.nih.gov/pubmed/15197167
https://doi.org/10.1101/gr.4001406
https://doi.org/10.1101/gr.4001406
http://www.ncbi.nlm.nih.gov/pubmed/16344559
https://doi.org/10.1016/j.cell.2010.05.026
https://doi.org/10.1016/j.cell.2010.05.026
http://www.ncbi.nlm.nih.gov/pubmed/20602999
https://doi.org/10.1371/journal.pgen.1008991


9. Beck CR, Collier P, Macfarlane C, Malig M, Kidd JM, Eichler EE, et al. LINE-1 Retrotransposition Activ-

ity in Human Genomes. Cell. 2010; 141(7):1159–70. https://doi.org/10.1016/j.cell.2010.05.021 PMID:

20602998

10. Iskow RC, McCabe MT, Mills RE, Torene S, Pittard WS, Neuwald AF, et al. Natural mutagenesis of

human genomes by endogenous retrotransposons. Cell. 2010; 141(7):1253–61. https://doi.org/10.

1016/j.cell.2010.05.020 PMID: 20603005

11. Bourc’his D, Bestor TH. Meiotic catastrophe and retrotransposon reactivation in male germ cells lacking

Dnmt3L. Nature. 2004; 431(7004):96–9. https://doi.org/10.1038/nature02886 PMID: 15318244

12. Soper SFC, van der Heijden GW, Hardiman TC, Goodheart M, Martin SL, de Boer P, et al. Mouse Mael-

strom, a Component of Nuage, Is Essential for Spermatogenesis and Transposon Repression in Meio-

sis. Dev Cell. 2008; 15(2):285–97. https://doi.org/10.1016/j.devcel.2008.05.015 PMID: 18694567

13. Yang F, Wang PJ. Multiple LINEs of retrotransposon silencing mechanisms in the mammalian germline.

Semin Cell Dev Biol. 2016; 59:118–25. https://doi.org/10.1016/j.semcdb.2016.03.001 PMID: 26957474

14. Boissinot S, Entezam A, Furano AV. Selection against deleterious LINE-1-containing loci in the human

lineage. Mol Biol Evol. 2001; 18(6):926–35. https://doi.org/10.1093/oxfordjournals.molbev.a003893

PMID: 11371580

15. Boissinot S, Davis J, Entezam A, Petrov D, Furano AV. Fitness cost of LINE-1 (L1) activity in humans.

Proc Natl Acad Sci USA. 2006; 103(25):9590–4. https://doi.org/10.1073/pnas.0603334103 PMID:

16766655

16. Myers S, Bottolo L, Freeman C, McVean G, Donnelly P. A fine-scale map of recombination rates and

hotspots across the human genome. Science. 2005; 310(5746):321–4. https://doi.org/10.1126/science.

1117196 PMID: 16224025

17. Goodier JL. Restricting retrotransposons: a review. Mob DNA. 2016; 7:16. https://doi.org/10.1186/

s13100-016-0070-z PMID: 27525044

18. Schichman SA, Severynse DM, Edgell MH, Hutchison CAI. Strand-specific LINE-1 transcription in

mouse F9 cells originates from the youngest phylogenetic subgroup of LINE-1 elements. J Mol Biol.

1992; 224(3):559–74. https://doi.org/10.1016/0022-2836(92)90544-t PMID: 1314898

19. Adey NB, Schichman SA, Graham DK, Peterson SN, Edgell MH, Hutchison CAI. Rodent L1 evolution

has been driven by a single dominant lineage that has repeatedly acquired new transcriptional regula-

tory sequences. Mol Biol Evol. 1994; 11(5):778–89. https://doi.org/10.1093/oxfordjournals.molbev.

a040158 PMID: 7968491

20. Cabot EL, Angeletti B, Usdin K, Furano AV. Rapid evolution of a young L1 (LINE-1) clade in recently

speciated Rattus taxa. J Mol Evol. 1997; 45(4):412–23. https://doi.org/10.1007/pl00006246 PMID:

9321420

21. Furano AV. The biological properties and evolutionary dynamics of mammalian LINE-1 retrotranspo-

sons. Progress in Nucleic Acids Research & Molecular Biology. 2000; 64:255–94.

22. Saxton JA, Martin SL. Recombination between subtypes creates a mosaic lineage of LINE-1 that is

expressed and actively retrotransposing in the mouse genome. J Mol Biol. 1998; 280(4):611–22.

https://doi.org/10.1006/jmbi.1998.1899 PMID: 9677292

23. Sookdeo A, Hepp C, McClure M, Boissinot S. Revisiting the evolution of mouse LINE-1 in the genomic

era. Mob DNA. 2013; 4(1):3. https://doi.org/10.1186/1759-8753-4-3 PMID: 23286374

24. Jacobs FM, Greenberg D, Nguyen N, Haeussler M, Ewing AD, Katzman S, et al. An evolutionary arms

race between KRAB zinc-finger genes ZNF91/93 and SVA/L1 retrotransposons. Nature. 2014.

25. Naufer MN, Furano AV, Williams MC. Protein-nucleic acid interactions of LINE-1 ORF1p. Seminars in

Cell & Developmental Biology. 2019; 86:140–9.

26. Naufer MN, Callahan KE, Cook PR, Perez-Gonzalez CE, Williams MC, Furano AV. L1 retrotransposi-

tion requires rapid ORF1p oligomerization, a novel coiled coil-dependent property conserved despite

extensive remodeling. Nucleic Acids Res. 2016; 44(1):281–93. https://doi.org/10.1093/nar/gkv1342

PMID: 26673717

27. Boissinot S, Furano AV. Adaptive evolution in LINE-1 retrotransposons. Mol Biol Evol. 2001; 18

(12):2186–94. https://doi.org/10.1093/oxfordjournals.molbev.a003765 PMID: 11719568

28. Hayden EJ, Ferrada E, Wagner A. Cryptic genetic variation promotes rapid evolutionary adaptation in

an RNA enzyme. Nature. 2011; 474:92. https://doi.org/10.1038/nature10083 PMID: 21637259

29. Wagner A. Robustness and evolvability: a paradox resolved. Proceedings of the Royal Society B: Bio-

logical Sciences. 2008;275(1630):91–100.

30. Hou J, van Leeuwen J, Andrews BJ, Boone C. Genetic Network Complexity Shapes Background-

Dependent Phenotypic Expression. Trends in Genetics. 2018; 34(8):578–86. https://doi.org/10.1016/j.

tig.2018.05.006 PMID: 29903533

PLOS GENETICS Coiled coil evolution and the persistence of primate L1 retrotransposons

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008991 August 14, 2020 17 / 19

https://doi.org/10.1016/j.cell.2010.05.021
http://www.ncbi.nlm.nih.gov/pubmed/20602998
https://doi.org/10.1016/j.cell.2010.05.020
https://doi.org/10.1016/j.cell.2010.05.020
http://www.ncbi.nlm.nih.gov/pubmed/20603005
https://doi.org/10.1038/nature02886
http://www.ncbi.nlm.nih.gov/pubmed/15318244
https://doi.org/10.1016/j.devcel.2008.05.015
http://www.ncbi.nlm.nih.gov/pubmed/18694567
https://doi.org/10.1016/j.semcdb.2016.03.001
http://www.ncbi.nlm.nih.gov/pubmed/26957474
https://doi.org/10.1093/oxfordjournals.molbev.a003893
http://www.ncbi.nlm.nih.gov/pubmed/11371580
https://doi.org/10.1073/pnas.0603334103
http://www.ncbi.nlm.nih.gov/pubmed/16766655
https://doi.org/10.1126/science.1117196
https://doi.org/10.1126/science.1117196
http://www.ncbi.nlm.nih.gov/pubmed/16224025
https://doi.org/10.1186/s13100-016-0070-z
https://doi.org/10.1186/s13100-016-0070-z
http://www.ncbi.nlm.nih.gov/pubmed/27525044
https://doi.org/10.1016/0022-2836(92)90544-t
http://www.ncbi.nlm.nih.gov/pubmed/1314898
https://doi.org/10.1093/oxfordjournals.molbev.a040158
https://doi.org/10.1093/oxfordjournals.molbev.a040158
http://www.ncbi.nlm.nih.gov/pubmed/7968491
https://doi.org/10.1007/pl00006246
http://www.ncbi.nlm.nih.gov/pubmed/9321420
https://doi.org/10.1006/jmbi.1998.1899
http://www.ncbi.nlm.nih.gov/pubmed/9677292
https://doi.org/10.1186/1759-8753-4-3
http://www.ncbi.nlm.nih.gov/pubmed/23286374
https://doi.org/10.1093/nar/gkv1342
http://www.ncbi.nlm.nih.gov/pubmed/26673717
https://doi.org/10.1093/oxfordjournals.molbev.a003765
http://www.ncbi.nlm.nih.gov/pubmed/11719568
https://doi.org/10.1038/nature10083
http://www.ncbi.nlm.nih.gov/pubmed/21637259
https://doi.org/10.1016/j.tig.2018.05.006
https://doi.org/10.1016/j.tig.2018.05.006
http://www.ncbi.nlm.nih.gov/pubmed/29903533
https://doi.org/10.1371/journal.pgen.1008991


31. Montville R, Froissart R, Remold SK, Tenaillon O, Turner PE. Evolution of Mutational Robustness in an

RNA Virus. PLoS Biol. 2005; 3(11):e381. https://doi.org/10.1371/journal.pbio.0030381 PMID:

16248678

32. Burch CL, Chao L. Epistasis and its relationship to canalization in the RNA virus phi 6. Genetics. 2004;

167(2):559–67. https://doi.org/10.1534/genetics.103.021196 PMID: 15238511

33. Desai MM, Weissman D, Feldman MW. Evolution Can Favor Antagonistic Epistasis. Genetics. 2007;

177(2):1001–10. https://doi.org/10.1534/genetics.107.075812 PMID: 17720923

34. Baier F, Hong N, Yang G, Pabis A, Miton CM, Barrozo A, et al. Cryptic genetic variation shapes the

adaptive evolutionary potential of enzymes. Elife. 2019; 8:e40789. https://doi.org/10.7554/eLife.40789

PMID: 30719972

35. Lee J, Cordaux R, Han K, Wang J, Hedges DJ, Liang P, et al. Different evolutionary fates of recently

integrated human and chimpanzee LINE-1 retrotransposons. Gene. 2007; 390(1–2):18–27. https://doi.

org/10.1016/j.gene.2006.08.029 PMID: 17055192

36. Hormozdiari F, Konkel MK, Prado-Martinez J, Chiatante G, Herraez IH, Walker JA, et al. Rates and pat-

terns of great ape retrotransposition. Proc Nat Acad Sci. 2013; 110(33):13457–62. https://doi.org/10.

1073/pnas.1310914110 PMID: 23884656

37. Bershtein S, Serohijos AW, Shakhnovich EI. Bridging the physical scales in evolutionary biology: from

protein sequence space to fitness of organisms and populations. Curr Opin Struct Biol. 2017; 42:31–40.

https://doi.org/10.1016/j.sbi.2016.10.013 PMID: 27810574

38. de Visser JA, Krug J. Empirical fitness landscapes and the predictability of evolution. Nat Rev Genet.

2014; 15(7):480–90. https://doi.org/10.1038/nrg3744 PMID: 24913663

39. Martin SL, Bushman D, Wang F, Li PWL, Walker A, Cummiskey J, et al. A single amino acid substitution

in ORF1 dramatically decreases L1 retrotransposition and provides insight into nucleic acid chaperone

activity. Nucleic Acids Research. 2008; 36(18):5845–54. https://doi.org/10.1093/nar/gkn554 PMID:

18790804

40. Khazina E, Weichenrieder O. Human LINE-1 retrotransposition requires a metastable coiled coil and a

positively charged N-terminus in L1ORF1p. Elife. 2018; 7.

41. Grigoryan G, Keating AE. Structural specificity in coiled-coil interactions. Current Opinion in Structural

Biology. 2008; 18(4):477–83. https://doi.org/10.1016/j.sbi.2008.04.008 PMID: 18555680

42. Hartmann MD, Mendler CT, Bassler J, Karamichali I, Ridderbusch O, Lupas AN, et al. α/β coiled coils.

Elife. 2016; 5:e11861. https://doi.org/10.7554/eLife.11861 PMID: 26771248

43. Hancks DC, Kazazian HH. Roles for retrotransposon insertions in human disease. Mob DNA. 2016; 7

(1):1–28.

44. Martin SL, Branciforte D, Keller D, Bain DL. Trimeric structure for an essential protein in L1 retrotranspo-

sition. Proc Natl Acad Sci U S A. 2003; 100(24):13815–20. https://doi.org/10.1073/pnas.2336221100

PMID: 14615577

45. Khazina E, Truffault V, Buttner R, Schmidt S, Coles M, Weichenrieder O. Trimeric structure and flexibil-

ity of the L1ORF1 protein in human L1 retrotransposition. Nature structural & molecular biology. 2011;

18(9):1006–U64.

46. Callahan KE, Hickman AB, Jones CE, Ghirlando R, Furano AV. Polymerization and nucleic acid-binding

properties of human L1 ORF1 protein. Nucleic Acids Res. 2012; 40(2):813–27. https://doi.org/10.1093/

nar/gkr728 PMID: 21937507

47. Sahakyan AB, Murat P, Mayer C, Balasubramanian S. G-quadruplex structures within the 3’ UTR of

LINE-1 elements stimulate retrotransposition. Nat Struct Mol Biol. 2017; 24(3):243–7. https://doi.org/10.

1038/nsmb.3367 PMID: 28134931

48. Howell R, Usdin K. The ability to form intrastrand tetraplexes is an evolutionarily conserved feature of

the 3’ end of L1 retrotransposons. Mol Biol Evol. 1997; 14(2):144–55. https://doi.org/10.1093/

oxfordjournals.molbev.a025747 PMID: 9029792

49. Cook PR, Jones CE, Furano AV. Phosphorylation of ORF1p is required for L1 retrotransposition. Proc

Natl Acad Sci U S A. 2015; 112(14):4298–303. https://doi.org/10.1073/pnas.1416869112 PMID:

25831499

50. Pele J, Becu JM, Abdi H, Chabbert M. Bios2mds: an R package for comparing orthologous protein fami-

lies by metric multidimensional scaling. BMC Bioinformatics. 2012; 13:133. https://doi.org/10.1186/

1471-2105-13-133 PMID: 22702410

51. Walser JC, Furano AV. The mutational spectrum of non-CpG DNA varies with CpG content. Genome

Res. 2010; 20(7):875–82. https://doi.org/10.1101/gr.103283.109 PMID: 20498119

52. Sassaman DM, Dombroski BA, Moran JV, Kimberland ML, Naas TP, DeBerardinis RJ, et al. Many

human L1 elements are capable of retrotransposition. Nat Genet. 1997; 16(1):37–43. https://doi.org/10.

1038/ng0597-37 PMID: 9140393

PLOS GENETICS Coiled coil evolution and the persistence of primate L1 retrotransposons

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008991 August 14, 2020 18 / 19

https://doi.org/10.1371/journal.pbio.0030381
http://www.ncbi.nlm.nih.gov/pubmed/16248678
https://doi.org/10.1534/genetics.103.021196
http://www.ncbi.nlm.nih.gov/pubmed/15238511
https://doi.org/10.1534/genetics.107.075812
http://www.ncbi.nlm.nih.gov/pubmed/17720923
https://doi.org/10.7554/eLife.40789
http://www.ncbi.nlm.nih.gov/pubmed/30719972
https://doi.org/10.1016/j.gene.2006.08.029
https://doi.org/10.1016/j.gene.2006.08.029
http://www.ncbi.nlm.nih.gov/pubmed/17055192
https://doi.org/10.1073/pnas.1310914110
https://doi.org/10.1073/pnas.1310914110
http://www.ncbi.nlm.nih.gov/pubmed/23884656
https://doi.org/10.1016/j.sbi.2016.10.013
http://www.ncbi.nlm.nih.gov/pubmed/27810574
https://doi.org/10.1038/nrg3744
http://www.ncbi.nlm.nih.gov/pubmed/24913663
https://doi.org/10.1093/nar/gkn554
http://www.ncbi.nlm.nih.gov/pubmed/18790804
https://doi.org/10.1016/j.sbi.2008.04.008
http://www.ncbi.nlm.nih.gov/pubmed/18555680
https://doi.org/10.7554/eLife.11861
http://www.ncbi.nlm.nih.gov/pubmed/26771248
https://doi.org/10.1073/pnas.2336221100
http://www.ncbi.nlm.nih.gov/pubmed/14615577
https://doi.org/10.1093/nar/gkr728
https://doi.org/10.1093/nar/gkr728
http://www.ncbi.nlm.nih.gov/pubmed/21937507
https://doi.org/10.1038/nsmb.3367
https://doi.org/10.1038/nsmb.3367
http://www.ncbi.nlm.nih.gov/pubmed/28134931
https://doi.org/10.1093/oxfordjournals.molbev.a025747
https://doi.org/10.1093/oxfordjournals.molbev.a025747
http://www.ncbi.nlm.nih.gov/pubmed/9029792
https://doi.org/10.1073/pnas.1416869112
http://www.ncbi.nlm.nih.gov/pubmed/25831499
https://doi.org/10.1186/1471-2105-13-133
https://doi.org/10.1186/1471-2105-13-133
http://www.ncbi.nlm.nih.gov/pubmed/22702410
https://doi.org/10.1101/gr.103283.109
http://www.ncbi.nlm.nih.gov/pubmed/20498119
https://doi.org/10.1038/ng0597-37
https://doi.org/10.1038/ng0597-37
http://www.ncbi.nlm.nih.gov/pubmed/9140393
https://doi.org/10.1371/journal.pgen.1008991


53. Callahan KE. Structure and Function of the First Open Reading Frame (ORF1) Protein Encoded by the

Human LINE-1 Retrotransposon. Washington DC: Georgetown 2012.

54. Kulpa DA, Moran JV. Cis-preferential LINE-1 reverse transcriptase activity in ribonucleoprotein parti-

cles. Nat Struct Mol Biol. 2006; 13(7):655–60. https://doi.org/10.1038/nsmb1107 PMID: 16783376

55. Pichon X, Bastide A, Safieddine A, Chouaib R, Samacoits A, Basyuk E, et al. Visualization of single

endogenous polysomes reveals the dynamics of translation in live human cells. The Journal of Cell Biol-

ogy. 2016; 214(6):769–81. https://doi.org/10.1083/jcb.201605024 PMID: 27597760

56. Stamatakis A. RAxML version 8: a tool for phylogenetic analysis and post-analysis of large phylogenies.

Bioinformatics. 2014; 30(9):1312–3. https://doi.org/10.1093/bioinformatics/btu033 PMID: 24451623

57. Edgar RC. Search and clustering orders of magnitude faster than BLAST. Bioinformatics. 2010; 26

(19):2460–1. https://doi.org/10.1093/bioinformatics/btq461 PMID: 20709691

58. Moran JV, Holmes SE, Naas TP, DeBerardinis RJ, Boeke JD, Kazazian HH Jr. High frequency retro-

transposition in cultured mammalian cells. Cell. 1996; 87(5):917–27. https://doi.org/10.1016/s0092-

8674(00)81998-4 PMID: 8945518

59. Guzman C, Bagga M, Kaur A, Westermarck J, Abankwa D. ColonyArea: an ImageJ plugin to automati-

cally quantify colony formation in clonogenic assays. PLoS ONE. 2014; 9(3):e92444. https://doi.org/10.

1371/journal.pone.0092444 PMID: 24647355

60. Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic

Acids Res. 2004; 32(5):1792–7. https://doi.org/10.1093/nar/gkh340 PMID: 15034147

61. Gouy M, Guindon S, Gascuel O. SeaView version 4: A multiplatform graphical user interface for

sequence alignment and phylogenetic tree building. Mol Biol Evol. 2010; 27(2):221–4. https://doi.org/

10.1093/molbev/msp259 PMID: 19854763

62. Armstrong CT, Vincent TL, Green PJ, Woolfson DN. SCORER 2.0: an algorithm for distinguishing par-

allel dimeric and trimeric coiled-coil sequences. Bioinformatics. 2011; 27(14):1908–14. https://doi.org/

10.1093/bioinformatics/btr299 PMID: 21576179

63. Walser JC, Ponger L, Furano AV. CpG dinucleotides and the mutation rate of non-CpG DNA. Genome

Res. 2008; 18(9):1403–14. https://doi.org/10.1101/gr.076455.108 PMID: 18550801

64. Crooks GE, Hon G, Chandonia JM, Brenner SE. WebLogo: a sequence logo generator. Genome Res.

2004; 14(6):1188–90. https://doi.org/10.1101/gr.849004 PMID: 15173120

65. Huson DH, Scornavacca C. Dendroscope 3: An Interactive Tool for Rooted Phylogenetic Trees and

Networks. Syst Biol. 2012; 61(6):1061–7. https://doi.org/10.1093/sysbio/sys062 PMID: 22780991

PLOS GENETICS Coiled coil evolution and the persistence of primate L1 retrotransposons

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008991 August 14, 2020 19 / 19

https://doi.org/10.1038/nsmb1107
http://www.ncbi.nlm.nih.gov/pubmed/16783376
https://doi.org/10.1083/jcb.201605024
http://www.ncbi.nlm.nih.gov/pubmed/27597760
https://doi.org/10.1093/bioinformatics/btu033
http://www.ncbi.nlm.nih.gov/pubmed/24451623
https://doi.org/10.1093/bioinformatics/btq461
http://www.ncbi.nlm.nih.gov/pubmed/20709691
https://doi.org/10.1016/s0092-8674(00)81998-4
https://doi.org/10.1016/s0092-8674(00)81998-4
http://www.ncbi.nlm.nih.gov/pubmed/8945518
https://doi.org/10.1371/journal.pone.0092444
https://doi.org/10.1371/journal.pone.0092444
http://www.ncbi.nlm.nih.gov/pubmed/24647355
https://doi.org/10.1093/nar/gkh340
http://www.ncbi.nlm.nih.gov/pubmed/15034147
https://doi.org/10.1093/molbev/msp259
https://doi.org/10.1093/molbev/msp259
http://www.ncbi.nlm.nih.gov/pubmed/19854763
https://doi.org/10.1093/bioinformatics/btr299
https://doi.org/10.1093/bioinformatics/btr299
http://www.ncbi.nlm.nih.gov/pubmed/21576179
https://doi.org/10.1101/gr.076455.108
http://www.ncbi.nlm.nih.gov/pubmed/18550801
https://doi.org/10.1101/gr.849004
http://www.ncbi.nlm.nih.gov/pubmed/15173120
https://doi.org/10.1093/sysbio/sys062
http://www.ncbi.nlm.nih.gov/pubmed/22780991
https://doi.org/10.1371/journal.pgen.1008991

