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Abstract

Papillomaviruses (PVs) have evolved through a complex evolutionary scenario where virus–host co-evolution alone is not

enough to explain the phenotypic and genotypic PV diversity observed today. Other evolutionary processes, such as host

switch and recombination, also appear to play an important role in PV evolution. In this study, we have examined the geno-

mic impact of a recombination event between distantly related PVs infecting Cetartiodactyla (even-toed ungulates and ceta-

ceans). Our phylogenetic analyses suggest that one single recombination was responsible for the generation of extant ‘chi-

meric’ PV genomes infecting cetaceans. By correlating the phylogenetic relationships to the genomic content, we observed

important differences between the recombinant and non-recombinant cetartiodactyle PV genomes. Notably, recombinant

PVs contain a unique set of conserved motifs in the upstream regulatory region (URR). We interpret these regulatory

changes as an adaptive response to drastic changes in the PV genome. In terms of codon usage preferences (CUPrefs), we

did not detect any particular differences between orthologous open reading frames in recombinant and non-recombinant

PVs. Instead, our results are in line with previous observations suggesting that CUPrefs in PVs are rather linked to gene ex-

pression patterns as well as to gene function. We show that the non-coding URR of PVs infecting cetaceans, the central reg-

ulatory element in these viruses, exhibits signs of adaptation following a recombination event. Our results suggest that also

in PVs, the evolution of gene regulation can play an important role in speciation and adaptation to novel environments.

Key words: virus evolution; recombination; gene regulation; papillomavirus.

1. Introduction

Papillomaviruses (PVs) are small, non-enveloped viruses with

double-stranded DNA genomes varying between 5.7 and 8.6 kb

in size. The minimal PV genome consists of an upstream regula-

tory region (URR), an early gene region encoding the E1 and E2

genes, and a late gene region encoding the L2 and L1 genes.

Other genes that are not strictly conserved in all PV genomes
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are E4 (nested within E2), E5, E6, E7, and E10. As the names sug-

gest, the early genes are expressed during the early stages of PV

infection, while the capsid proteins L2 and L1 are expressed dur-

ing later stages.

According to the International Committee on Taxonomy of

Viruses (https://talk.ictvonline.org/taxonomy/), the

Papillomaviridae family currently consists of >50 genera and

>130 species (Van Doorslaer et al. 2018). Based on the phyloge-

netic relationships of the concatenated early and late core genes

(E1-E2-L2-L1) PVs have been classified into a limited number of

crown groups: Alpha-Omikron, Beta-Xi, Lambda-Mu, and Delta-

Zeta (Gottschling et al. 2011b; Bravo and Felez-Sanchez 2015).

PVs have a wide host range, infecting bony fishes, birds, rep-

tiles, and virtually all mammals (Antonsson and Hansson 2002;

Rector and Van Ranst 2013; López-Bueno et al. 2016). However,

the best-known members of the Papillomaviridae are PVs infect-

ing humans, because of the clinical importance of some of these

infections.

Although PVs have evolved in close relationship with their

hosts, virus–host co-evolution alone is not enough to explain

the phenotypic and genotypic viral diversity observed today

(Bravo and Félez-Sánchez 2015; Gottschling et al. 2011b). Other

processes such as host switch and recombination also play an

important role in PV evolution (Rector et al. 2008; Gottschling

et al. 2011b). Recombination remains a rare event for PVs, be-

cause even if individual mammals are very often infected by

several different PVs at any given time, recombination requires

the simultaneous presence of two different PV genomes within

the same infected cell. Nevertheless, the result of a recombina-

tion event is most often conspicuous, rendering a chimeric

daughter genome easily identifiable because of their differential

similarities with the parental ones along the sequence.

Evidence of recombination has been described within the group

of PVs infecting Primates that includes the most oncogenic PVs

to humans (Bravo and Alonso 2004; Narechania et al. 2005;

Angulo and Carvajal-Rodrı́guez 2007). Another compelling ex-

ample of recombination between distant viral sequences are

two viruses isolated from bandicoots, where the early gene re-

gion resembles those of Polyomaviruses and the late gene re-

gion resembles those of PVs (Woolford et al. 2007; Bennett et al.

2008). However, the most noticeable lineage of recombinant PVs

is a group of viral genomes isolated from different cetacean spe-

cies (whales, dolphins, and porpoises), with the early gene re-

gion resembling that of PVs in the Alpha-Omikron crown group

and the late gene region resembling that of PVs in the Beta-Xi

crown group (Rector et al. 2008; Gottschling et al. 2011a; Robles-

Sikisaka et al. 2012).

Recombination events between distantly related viruses can

lead to drastic genomic changes. For example, a recombination

event may change the repertoire of genes present in the ge-

nome, or modify the match between the codon usage preferen-

ces (CUPrefs) of virus and host. As a consequence, upon

recombination adaptive changes may occur in both coding and

non-coding regions of the viral genome. For the non-coding

regions, sequence changes may occur in regulatory sites. For

PVs, regulatory elements are mainly found in the URR, which

contains transcription-factor binding sites (TFBSs) and other

regulatory motifs that are necessary to regulate replication and

transcription of the virus, with viral E1 and E2 as the central in-

teraction partners (Bernard 2013). As an ATP-dependent DNA

helicase, the PV E1 protein is essential for replication and ampli-

fication of the viral episome. Viral DNA replication is initiated

by E1 binding to specific sequence motifs, such as the palin-

dromic AT-rich E1-binding site (E1BS) and other versions of

E1BSs, located within the URR (Bergvall, Melendy, and

Archambault 2013). These E1BSs are often regarded as the ‘ori-

gin of DNA replication’. The E2 viral protein is an essential tran-

scription regulator that binds specifically to 12 bp motifs—E2-

binding sites (E2BSs)—located mostly within the URR (McBride

2013). In addition, E2 modulates the shift from early to late tran-

script production, acting independently on E2BS outside the

URR (Johansson et al. 2012).

In the coding regions, the CUPrefs of a virus may shift after

drastic genomic changes. Since PVs depend on the host transla-

tion machinery and on the available host tRNAs, one can expect

that viruses would evolve to match their CUPrefs to those of the

host. Therefore, proteins required in large amounts are usually

encoded by genes optimized to the host’s CUPrefs while a poor

match of CUPrefs generally results in lower protein production

(Bahir et al. 2009). Despite this observation, it has been shown

that CUPrefs of human PVs do not match those of their host, but

can instead be associated to different clinical presentations of

the infections; viruses causing productive lesions display

CUPrefs closer to those of the host than viruses causing more

oncogenic lesions (Félez-Sánchez et al. 2015). In addition, the

timing of expression—early gene expression in basal epithelium

versus late gene expression in differentiating epithelium—

largely determines the differential CUPrefs (Zhou et al. 1999;

Félez-Sánchez et al. 2015).

In this study, we have examined the recombinant cetacean

PVs as well as closely related PVs infecting Cetartiodactyla

(even-toed ungulates and cetaceans). To better understand

what drives the evolution of these viruses, we have correlated

their genomic content to their phylogenetic relationships. In

particular, we have investigated whether recombinant PVs con-

tain unique regulatory motifs and whether the recombinant

and non-recombinant PVs are different in their CUPrefs. In addi-

tion, we have analysed whether viral CUPrefs are similar to

those of the hosts they infect and whether macroscopic traits of

the corresponding infection (e.g. clinical presentation or ana-

tomical site of the infection) correlate with CUPrefs, motif distri-

bution, and phylogenetic clustering. These tests allowed us to

investigate the impact of recombination on the genomes of PVs

infecting Cetartiodactyla.

2. Materials and methods

2.1 PV genome sequences and their characteristics

We collected the complete genomes of PVs infecting

Cetartiodactyla from the Papillomavirus Episteme database

(PaVE: https://pave.niaid.nih.gov/) and GenBank (https://www.

ncbi.nlm.nih.gov/genbank/) between March and May 2018. The

ORFs (E10, E6, E7, E1, E2, E4, E5, L2, and L1) and the URR of 58 ref-

erence PV genomes were extracted for subsequent analyses. For

each PV genome, we collected information on the correspond-

ing host species, the clinical presentation of the infection, the

anatomical location, and viral taxonomy, as reported by the

authors in the corresponding PaVE and GenBank entries or pub-

lications (Supplementary Table S1). The PVs in this study were

sampled from twenty different host species that belong to

seven distinct host families (Bovidae, n¼ 30; Camelidae, n¼ 2;

Cervidae, n¼ 11; Delphinidae, n¼ 8; Giraffidae, n¼ 1;

Phocoenidae, n¼ 4; Suidae, n¼ 2). They represent three viral

crown groups: Alpha-Omikron (n¼ 13), Beta-Xi (n¼ 18), and

Delta-Zeta (n¼ 20), along with several unclassified viral

genomes (n¼ 7). Most of the viral genomes have been retrieved

from benign epithelial lesions (n¼ 47), albeit a number of
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samples correspond to malignant lesions (n¼ 3), asymptomatic

infections (n¼ 7), and one eye fluid sample. The data set con-

tains eleven recombinant PV genotypes infecting members of

the Delphinidae and Phocoenidae host families. These genomes

have already been identified as being recombinant by previous

studies (Rector et al. 2008; Gottschling et al. 2011a; Robles-

Sikisaka et al. 2012).

2.2 Phylogenetic inference

For the construction of phylogenetic trees, we first used the

concatenated E1-E2 genes and the concatenated L2-L1 genes.

Two different data sets were used, one including all PVs col-

lected for this study, and a second one removing the recombi-

nant PVs. The individual gene sequences were aligned at the

amino acid level using MUSCLE in Geneious v8.0.5 (https://

www.geneious.com/), and subsequently back-translated to

nucleotides. The nucleotide alignments were filtered with

Gblocks v.0.91b (Castresana 2000) to exclude the non-

informative positions. The Gblocks parameters used were as fol-

lows: type of sequence: codons; minimum number of sequences

for a conserved position: thirty; minimum number of sequences

for a flank position: thirty; maximum number of contiguous

non-conserved positions: twelve; minimum length of a block:

six; allowed gap positions: all; use similarity matrices: yes. The

phylogenies of the concatenated E1-E2 and L2-L1 alignments

were used to construct maximum likelihood (ML) trees. ML phy-

logenetic inference was done at the nucleotide and amino acid

level with RAxML 8.2.9 (Stamatakis 2014), under the GTRþC4

model, using 5,000 bootstrap cycles and three partitions (one for

each codon position). Additional ML trees were constructed

(GTRþC4 model, 10,000 bootstrap cycles, one partition per co-

don position) for each of the individual E1, E2, L1, and L2 genes

that were used for comparing the phylogenetic signal with the

CUPrefs.

2.3 Comparison of early gene and late gene
phylogenetic trees

To measure topological distances between the early (E1-E2) and

late (L2-L1) gene trees, we compared pairwise distances, the

Robinson–Foulds (RF) (Robinson and Foulds, 1981) distance, and

the K-tree score, using Ktreedist v.1.0 (Soria-Carrasco et al.

2007). The calculated pairwise distances in the two correspond-

ing trees were compared by a Mantel test, to evaluate whether

correlation between the two matrices was higher than expected

by chance. The RF distance evaluates the differences between

two trees by counting the number of partitions that are not pre-

sent in both trees. The maximum RF distance is thus the total

number of nodes in both trees and would correspond to two

trees that do not share any partition. The K-tree score is the

minimum branch length distance one can get from one tree to

another after scaling one of them. The higher the RF distance

and K-tree score, the bigger the topological dissimilarity be-

tween the two trees. The tree distance measures were calcu-

lated between nucleotide-based trees, amino acid-based trees,

and between trees with and without recombinant taxa.

2.4 Distribution of conserved motifs in the upstream
regulatory region

We used the MEME Suite v.4.11.0 (Bailey et al., 2009) to identify

conserved motifs in the URR. Some of the PV genomes studied

here contain a very short URR that is followed by the E10 ORF.

For these PVs, we concatenated the URR and E10 for the

analysis, as we suspect that E10 may be functionally linked to

the short URRs. We scanned for motifs on both strands of the

URR, with a length between six and fifty nucleotides, and with a

minimum of four occurrences in total per motif. To determine

the E-value cut-off (E¼ 3.63� 106) for the discovered motifs, we

shuffled each of the sequences from the same data set (conserv-

ing the sequence length and nucleotide composition), and re-

peated the analyses. We constructed a matrix containing the

absolute counts of the detected motifs and analysed this matrix

by a centred principal component analysis (PCA), and a corre-

spondence analysis (COA). The detected motifs were also com-

pared with the known regulatory motifs in PVs (Bergvall,

Melendy, and Archambault 2013; Bernard 2013; McBride 2013),

as well as with those in the online databases TOMTOM (Gupta

et al. 2007) and TRANSFAC (Wingender 2000). For certain PV

genomes for which important motifs were not detected in the

URR, we used FIMO implemented in the MEME Suite to scan for

the presence of these motifs elsewhere in the genome.

2.5 Codon usage preferences

We calculated the CUPrefs for all ORFs of the fifty-eight PV

genomes included in this study. The relative frequencies for

each of the eighteen families of synonymous codons were cal-

culated using COUSIN v.1.0 (Bourret et al. 2019). We only consid-

ered the frequencies of the fifty-nine codons with redundancy

(i.e. excluding Met, Trp, and stop codons). A matrix was created

in which the rows correspond to the ORFs and the columns to

the fifty-nine relative frequency values, such that each row con-

tains the codon usage information for a specific ORF. We per-

formed a PCA to display the variance distribution and

dispersion of CUPrefs for orthologous ORFs as well as for all

ORFs present within the same genome.

In addition, we used COUSIN to compare the viral CUPrefs to

those of the corresponding host species. The algorithm in this

program allows us to compare the CUPrefs of a query (ORFs of

PV genomes) to those of a reference data set (ORFs of host

genomes) and outputs a normalized value. The COUSIN score

can be interpreted as follows: COUSIN ¼ 1, the CUPrefs of the PV

ORFs are similar to those of the corresponding host; COUSIN ¼

0, the CUPrefs of the PV ORFs are similar to a random usage of

synonymous codons; COUSIN < 0, the CUPrefs of the PV ORFs

are opposite to those of the corresponding host (i.e. the less

used codons in the host reference are used more often in the

query than in the null hypothesis of equal frequency), and

COUSIN > 1, the CUPrefs of the PV ORFs are superior to those in

the reference (i.e. the more frequent codons in the host refer-

ence are even more frequently used in the query) (Bourret et al.

2019). To calculate the CUPrefs of the hosts, a representative ge-

nome for each host family was chosen and the respective codon

usage tables were calculated. The representatives used are:

Bovidae—Bos Taurus (accession: AC_000158), Camelidae—

Camelus dromedarius (accession: NW_011590949), Cervidae—

Odocoileus virginianus (accession: NW_018326927), and Suidae—

Sus scrofa (accession: NC_010443). For PVs infecting Delphinidae

and Phocoenidae, we chose a common representative, Tursiops

truncatus (accession: NW_017842062), as both host families are

closely related. We did not calculate the CUPrefs for the

Giraffidae family as the available giraffe genomes (GenBank

accessions: LVKQ00000000.1 and SJXV00000000.1) are not anno-

tated, hence GcPV1 was removed from the COUSIN analysis.
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2.6 Statistical analyses

Statistical analyses and graphics were done using R v.3.4.3 (R

Core Team 2018), with the aid of the packages ‘ape’ and ‘vegan’.

To compare the phylogenetic trees, we calculated pairwise dis-

tances between the concatenated E1-E2 and L2-L1 trees and be-

tween all single gene trees (E1, E2, L2, and L1). Jaccard distances

were calculated for the distribution of motifs, and Euclidian dis-

tances for the CUPrefs of the different genes. Correlation be-

tween distance matrices were then evaluated with a Mantel

test. To investigate whether the viral taxonomy, host taxonomy,

sampling location, and clinical presentation correlate with the

CUPrefs of all PV ORFs, the phylogenetic signal of the early gene

and late gene trees, and the distribution of motifs, we used a

permutational multivariate analysis of variance (PERMANOVA).

3. Results

3.1 Phylogenetic reconstruction of PVs infecting
Cetartiodactyla

We collected 58 PVs infecting Cetartiodactyla from the PaVE

and GenBank databases (Supplementary Table S1). ML phyloge-

netic trees of the concatenated early genes (E1-E2) and the

concatenated late genes (L2-L1) were constructed at the nucleo-

tide (Fig. 1) and amino acid (Supplementary Fig. S1) levels. The

constructed trees are well supported with high bootstrap val-

ues, although few inner branches have low (>30 and <50) boot-

strap values.

In both E1-E2 and L2-L1 phylogenetic trees at nucleotide and

amino acid levels, the Delta-Zeta crown group (blue in Fig. 1 and

Supplementary Fig. S1) forms a monophyletic clade. The other

crown groups, Alpha-Omikron (coloured orange/red) and Beta-

Xi (coloured green), and unclassified PVs (coloured purple), form

monophyletic clades in the early gene trees. However, these do

not appear to be monophyletic in the late gene trees (Fig. 1 and

Supplementary Fig. S1). This incongruence is due to the ‘chime-

ric’ genomic composition of the recombinant cetacean PVs, and

thereby, a position in the phylogenetic trees that varies depend-

ing on the genome region considered. In the early gene tree,

these recombinant PVs (in red) cluster with non-recombinant

Alpha-OmikronPVs (PphPV4, SsPV1, in orange), while in the late

gene tree, the recombinant PVs cluster with Beta-XiPVs (in

green) infecting Bovidae and Cervidae. Despite this displace-

ment and several internal changes (as shown with the tangle-

gram in Fig. 1 and Supplementary Fig. S1), recombinant PVs

remain monophyletic in both trees, suggesting that only one

main recombination event occurred in the ancestral genome of

these PVs.

To measure topological distances between the constructed

phylogenetic trees, we calculated the pairwise distances, the K-

tree scores, and the RF distances (Table 1 and Supplementary

Table S2). The pairwise distances were compared with a Mantel

test, a statistical test indicating correlation between the two

matrices. We first compared the distances between all amino

acid and nucleotide-based E1-E2 trees and did the same for the

L2-L1 trees. None of the three distance measures indicate a sig-

nificant difference between the amino acid and their corre-

sponding nucleotide-based phylogenetic trees (early vs. early

and late vs. late in Supplementary Table S2). Upon comparing

the early and late gene trees without the recombinant strains,

we also observe a high correlation (>0.95) between trees

(Table 1 and Supplementary Table S2). However, upon

Figure 1. ML nucleotide-based phylogenetic trees of the concatenated E1-E2 (early) and L2-L1 (late) gene alignments. Both trees comprise fifty-eight PVs infecting

Cetartiodactyla. The colour code highlights the different PV clades based on the PV crown groups: orange, Alpha-OmikronPVs; red, recombinant PVs clustering with

the Alpha-OmikronPVs in the E1-E2 tree; green, Beta-XiPVs; blue, Delta-ZetaPVs; and purple, yet unclassified PVs. Values at the branches correspond to bootstrap sup-

port values. A tanglegram connects the recombinant cetacean PVs between the early and late gene trees, emphasizing the differences in positioning of these PVs.
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introducing the recombinant taxa, this correlation is lower

(�0.88). In concordance with the Mantel test, the K-tree scores

and RF distances are higher for comparisons of trees that in-

clude the recombinant PVs, indicating that the number of topo-

logical incongruences is higher.

3.2 The distribution of conserved motifs in the URR

reflects the phylogenetic relationships

The URR in PV genomes harbours TFBSs and other conserved

motifs that regulate viral replication and transcription. The

number and occurrence of these conserved motifs are more im-

portant than their order of appearance. To investigate whether

the recombination event led to changes in the presence/absence

of regulatory motifs and therewith possible changes in PV repli-

cation, we scanned for conserved motifs in the URR of the PV

genomes. The MEME algorithm detected twenty-two conserved

motifs throughout the URR of the fifty-eight query sequences

(Fig. 2 and Supplementary Fig. S2). The most recurrent ones

were identified as E2BSs (M1 in Fig. 2 and Supplementary Fig.

S2) and the preferred E1BS (M2 in Fig. 2 and Supplementary Fig.

S2). The E2BS was detected 298 times in 56 out of 58 sequences,

as we could not detect this motif in the URR of BPV19 and

BPV21. The E1BS was detected sixty times in all fifty-eight

sequences. Since the E1- and E2BSs are pivotal for the PV life cy-

cle, we suspect that the E2BS is located elsewhere in the ge-

nome of PVs lacking these in the URR. Indeed, for both BPV19

and BPV21, we detected an E2BS within the L2 gene. Moreover, it

is likely that additional E1- and/or E2BSs were not detected due

to sequence divergence from the consensus motif sequence of

PVs included in this study. Apart from the E2BS and E1BS, we

detected twenty other motifs. However, we were not able to

match these motifs with other known PV regulatory motifs or

with those known in the online databases (TOMTOM and

TRANSFAC). Certain of the URR motifs seemed to be exclusive

to specific PVs; motifs M8, M9, M10, and M15 are present only in

recombinant PVs, while motif M6 is solely found in a smaller

group of Beta-XiPVs (Fig. 2 and Supplementary Fig. S2). The con-

servation of these motifs in these phylogenetic clades indicates

a genuine role for the life cycle of these PVs.

To evaluate the match between the phylogenetic signal and

the distribution of detected motifs, we calculated Jaccard dis-

tances on the presence/absence matrix of motifs, and compared

these to the pairwise distances calculated on the early and the

late gene trees. The results show that there is a correlation of

47.8 per cent (P< 0.001) between the distribution of motifs and

the early gene phylogeny, and a 35.6 per cent (P< 0.001) correla-

tion between motifs and the late gene phylogeny.

To analyse the motif distribution in the URR of the different

PV genomes, we performed a centred PCA (Fig. 3a). The first axis

explains 26 per cent of the observed variance and clearly sepa-

rates the recombinant, Alpha-Omikron, Beta-Xi, and unclassi-

fied PVs from most PVs in the Delta-Zeta crown group. The

second axis, explaining 17 per cent of the variance, separates

the recombinant PVs (except one) and certain Delta-ZetaPVs

from the Beta-Xi and unclassified PVs. More importantly, ten

out of the eleven recombinant PVs (in red) are clearly separated

from the non-recombinant Alpha-OmikronPVs (in orange). The

one exception is a recombinant PV isolated from a bottlenose

dolphin (TtPV2), that surprisingly does not cluster with the

other recombinant PVs, including six other TtPVs. We relate

this observation to the lack of sequence motifs M8, M9, M10,

and M15 in the URR of TtPV2 (Fig. 2), which are conserved in and

exclusive to all other recombinant PV genomes. In addition to a

centred PCA, we also performed a COA to analyse the propor-

tions between the motifs detected (Fig. 3b). The results are

highly similar as those obtained for the PCA, where the recom-

binant PVs are separated from the non-recombinant PVs. The

non-recombinant Alpha-OmikronPV (PphPV4) that is positioned

closest to the recombinant PVs is also the PV with the closest

phylogenetic relationship in the early gene tree (Fig. 1). The

main difference between the PCA and the COA results is that

certain Beta-Xi PVs, that contain motif M6, are separated from

all other PVs (including other Beta-Xi PVs), that do not contain

motif M6.

3.3 Orthologous Cetartiodactyla PV genes have similar
codon usage preferences

To test whether the CUPrefs of the genes in the recombinant PV

genomes are similar to those in the other Cetartiodactyla PV

genomes, we calculated the relative frequencies of the fifty-

nine codons in synonymous families and displayed this multi-

dimensional information using a PCA. When including all ORFs

in the analysis (E1, E2, E4, E5, E6, E7, E10, L2, and L1), we observe

that the first axis (explaining 14% of the variance) separates the

E4 ORFs from the rest (Supplementary Fig. S3). This PCA also

separates E10 of BPV4, BPV9, BPV12, BPV15, and BPV23 from the

rest. The centre of the PCA contains the E1, E2, L2 and L1 ‘core’

genes, indicating that these display similar CUPrefs. Although

the CUPrefs of E6 and E7 do not display a clear pattern, these

ORFs cluster closer to the core genes than E4, E5, or E10 do.

Subsequently, we performed a PCA on the CUPrefs of only the

core genes (E1, E2, L2, and L1; Fig. 4). The first axis captured 16

per cent of the variance and separates the E1 ORFS from the E2

ORFs. The second axis contained 8 per cent of the overall vari-

ance and roughly separates the early genes (E1 and E2) from the

late genes (L2 and L1). Although the CUPrefs of the late genes

partially overlap, the recombinant PVs separate clearly from the

other PVs and the first axis splits recombinant L1 from recombi-

nant L2. The relatively low median absolute deviation for each

of the studied groups indicates that PVs belonging to the same

clade tend to have similar CUPrefs. Unexpectedly, we observed

that the CUPrefs of SsPV1 (a non-recombinant Alpha-

OmikronPV, recovered from pigs) are very different from those

of other PVs and SsPV2 (a non-recombinant unclassified PV,

also recovered from pigs) (Fig. 4 and Supplementary Fig. S3).

Subsequently, we investigated whether the differential gene

CUPrefs are related to phylogenetic clustering and/or to the

Table 1. Distances between phylogenetic trees based on the early

and late gene regions.

Trees compared Mantel test

correlation

P-value K-tree

score

RF

distance

E1-E2 nt–L2-L1 nt 0.9577 <0.001 0.9330 12

E1-E2a nt–L2-L1a nt 0.8824 <0.001 1.4766 32

E1-E2 aa–L2-L1 aa 0.9506 <0.001 1.1680 10

E1-E2a aa–L2-L1a aa 0.8745 <0.001 1.9529 28

The nucleotide and amino acid-based E1-E2 and L2-L1 trees are compared by us-

ing pairwise distances and a subsequent Mantel test with the corresponding P

values, by the K-tree score, and by the RF distances. The introduction of the re-

combinant taxa in the phylogenetic inference is accompanied by a loss in con-

cordance between the phylogenetic reconstructions for early and late genes.

nt, nucleotide-based tree; aa, amino acid-based tree.

aTree includes recombinant taxa.
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Figure 2. Presence–absence matrix of conserved motifs detected in the URR of fifty-eight PVs infecting Cetartiodactyla. In total, twenty-two motifs were identified by

the MEME algorithm, as indicated with M1 to M22 on top of the columns of the matrix. Left to the rows of the matrix, the names of the studied PVs are given and a sche-

matic representation of their phylogenetic relationships is shown. The dashed lines with arrows indicate the different phylogenetic positions of the recombinant PV

clade (in red) in the early (placed with PVs in orange) and late gene trees (placed with PVs in green). Colour code corresponds to the different PV clades based on the PV

crown groups: orange, Alpha-OmikronPVs; red, recombinant PVs clustering with the Alpha-OmikronPVs in the E1-E2 tree; green, Beta-XiPVs; blue, Delta-ZetaPVs; and

purple, yet unclassified PVs. A filled rectangle means that the given motif was detected in the URR of the given PV. Motifs are numbered and ordered by their abun-

dance. M1 and M2 correspond respectively to the canonical E2BS and E1BS.
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presence/absence of motifs in the URR. Therefore, we compared

the CUPrefs of the E1, E2, L1, and L2 genes to the respective gene

phylogenetic trees and the URR motif distribution. We observe a

higher correlation between CUPrefs and phylogenetic signal

than between CUPrefs and motif distribution (Table 2). This is

not surprising, as the regulatory motifs analysed in this study

are located in a non-coding region, and codon usage is thus not

expected to be an important factor in the evolution of this re-

gion. Even so, the CUPrefs of the early genes are better corre-

lated to both phylogenetic signal and motif distribution than

the CUPrefs of the late genes that show no correlation at all

with motif distribution.

(a) (b)

Figure 3. Centred PCA (a) and COA (b) on the distribution of motifs detected in the URR of fifty-eight PVs infecting Cetartiodactyla. As indicated in the legend on the

right, colour code corresponds to the different PV clades based on the PV crown groups: orange, Alpha-OmikronPVs; red, recombinant PVs clustering with the Alpha-

OmikronPVs in the E1-E2 tree; green, Beta-XiPVs; blue, Delta-ZetaPVs; and purple, yet unclassified PVs. Values next to the axes represent the percentage of total vari-

ance explained by the corresponding axis. For the PCA, the first and second axes represent 43 per cent of the total information. For the COA, the first and second axes

represent 38 per cent of the total information.

Figure 4. PCA on the CUPrefs of the PV core genes (E1, E2, L2 and L1) of fifty-eight PVs infecting Cetartiodactyla. The data points are Huber M-estimator values, and the

error bars correspond to the median absolute deviation. Colour code corresponds to data stratification by gene. Shapes for data points correspond to data stratification

by PV crown group. Values next to the axes represent the percentage of total variance explained by the corresponding axis. Combined, the first and second axes repre-

sent 24 per cent of the total information. The main explanatory factor seems to be driven by all genes in SsPV1, infecting pigs. Secondarily, axis 1 splits the early genes

E1 and E2, while axis 2 splits the late and the early genes.
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3.4 Cetartiodactyla PV codon usage preferences do not

follow those of their respective hosts

To investigate whether the Certartiodactyla PVs, and in particu-

lar the recombinant cetacean PVs, have similar CUPrefs to the

hosts they infect, we calculated the COUSIN score for each of

the PV ORFs (see Section 2). As a general observation, for E6, E7,

E2, and E5, we obtained a COUSIN score close to 0

(Supplementary Fig. S4), indicating that for these ORFs the

CUPrefs are not different from a random usage of synonymous

codons. The E4 ORF has a COUSIN score of around 1, signifi-

cantly higher than all other PV ORFs (Wilcoxon–Mann–Whitney

two-sided test: W¼ 1,7762, P< 2.2e-16), indicating that the

CUPrefs of E4 are closer to those of the corresponding hosts. The

E10, E1, L2, and L1 genes display COUSIN scores lower than 0

(Wilcoxon–Mann–Whitney one sided test: V¼ 1,406, P< 2.2e-16),

indicating that the less used codons in the host reference are

used more often in the PV ORFs, going towards ‘opposite’

CUPrefs.

Most of the Certartiodactyla PVs follow the pattern described

above, however, after stratifying the COUSIN data per gene and

per taxa, we observe individual exceptions (Fig. 5). Contrary to

the general observation, the CUPrefs of the E6, L2, and L1 ORFs

for most recombinant- and closely related non-recombinant

PVs in the Alpha-Omikron crown group are closer to those of

the hosts as compared to the other PVs. Also, in this phyloge-

netic group, the CUPrefs of E4 for three taxa (DdPV1, TtPV4, and

TtPV5) display high COUSIN scores (Fig. 5), meaning that the

most frequent codons used in the host are even more often

used in this ORF. With the PCA in Fig. 4 we already showed that

the CUPrefs of SsPV1 are different from those of other PV taxa.

With the COUSIN score (Fig. 5), SsPV1 also distinguishes itself

from the other Cetartiodactyla PVs. For all ORFs, SsPV1 has

CUPrefs close to those of the host (S.scrofa).

3.5 Viral taxonomy and host phylogeny explain most

of the observed differences in clinical presentation of the

infection

PERMANOVA tests were performed to investigate whether qual-

itative traits—viral taxonomy, host taxonomy, sampling loca-

tion, and clinical presentation—correlate with CUPrefs, motif

distribution, and phylogenetic clustering of PVs. The best

correlation was found between the concatenated early (E1-E2)

and late (L2-L1) gene trees and viral taxonomy (60% and 52%, re-

spectively), while for the other traits this correlation was much

lower (Table 3). We also observe that the distribution of con-

served motifs in the URR correlates best with viral taxonomy

(33%), followed by the host taxonomy (26%). For CUPrefs, we ob-

served that all ORFs correlate better with host taxonomy than

with viral taxonomy (Table 3). This is an unexpected result as

we have shown that the CUPrefs of E6, E7, E2, and E5 are similar

to a random usage of synonymous codons and that the CUPrefs

of E10, E1, L2, and L1 are going towards and ‘opposite’ direction

as compared to the CUPrefs of the hosts they infect

(Supplementary Fig. S4). These results suggest that even though

the PV CUPrefs do not necessarily match those of the hosts, the

viral CUPrefs do seem to be partially modulated by interaction

with the different host species. The CUPrefs of E1 correlate best

with host taxonomy (35%), followed by E5 (29%, Table 3). As E5

was not included in the CUPrefs analysis in Fig. 4, here we in-

vestigated this ORF separately. E5 is only present in the

genomes of PVs belonging to the Delta-ZetaPV crown group,

consisting of PVs infecting bovids, cervids, and one giraffid.

When performing a PCA on the E5 CUPrefs (Supplementary Fig.

S5), the PVs infecting Bovidae are separated by the first axis

(explaining 21% of the observed variance) into two clusters, one

cluster with PVs infecting members of the Bos genus, and a sec-

ond cluster with PVs infecting members of the Ovis genus. The

giraffid PV (GcPV1) clusters with the Ovis group. Both the first

and the second axis (explaining together 36% of the variance),

separate PVs infecting Cervidae from the rest. Overall, these

results suggest that also for E5 the CUPrefs are host genus

specific.

4. Discussion

Here we analysed PVs infecting Certartiodactyla with the main

aim to better understand the evolution of recombinant PVs

infecting cetaceans. Discrepancies between the early and late

gene trees are compatible with a recombination event between

ancestral PVs belonging to two distant viral clades, with extant

descents classified today into two different crown groups

(Alpha-Omikron and Beta-Xi PVs) (Gottschling et al. 2011a;

Robles-Sikisaka et al. 2012). Our phylogenetic analyses suggest

that one single recombination event occurred between the

genomes of these distantly related PVs. Our results for the phy-

logenetic inference are consistent with those communicated for

the complete viral family, with recombinant cetacean PVs clus-

tering with non-recombinant cetacean PVs in the Alpha-

Omikron crown group in the early gene tree and as a sister clade

to the XiPVs in the Beta-Xi crown group in the late gene tree

(Supplementary material in Willemsen and Bravo 2020). The an-

cestral genomes of these two clades were dated back to around

60 and 70 million years ago (Ma), respectively (Willemsen and

Bravo 2020), suggesting that the recombination event occurred

between 60 Ma and the present.

Our analyses here presented show that the recombinant ce-

tacean PVs contain a unique set of motifs in the regulatory re-

gion, indicating that upon recombination these PVs have

followed a particular evolutionary path. Presumably, these

motifs evolved as an adaptive response to the need of addi-

tional/modified regulation for effective gene expression/replica-

tion/packaging of these chimeric genomes. Nonetheless, in one

of the recombinant PVs, TtPV2, we did not identify any of these

specific motifs. TtPV2 is indeed basal to all other recombinant

cetacean PVs in the early gene tree (Fig. 1), suggesting that the

Table 2. Comparison of the CUPrefs with phylogenetic pairwise dis-

tances and URR motif distribution.

Codon usage versus

pairwise phylogenetic distances

Codon usage versus

URR motif distribution

ORF Mantel test P-value Mantel test P-value

E1 0.4606 <0.001 0.2246 0.001

E2 0.3424 <0.001 0.2111 0.001

L2 0.1386 <0.001 �0.0443 0.722

L1 0.2555 <0.001 0.0666 0.098

A Mantel test was used to compare the pairwise Euclidian distances of CUPrefs

with the corresponding pairwise phylogenetic distances. Similarly, a Mantel test

was used to compare the pairwise Euclidian distances of CUPrefs with the corre-

sponding pairwise Jaccard distances of the presence/absence matrix of con-

served motifs detected in the URR. This comparison was done for each of the PV

core ORFs (E1, E2, L2, and L1). Phylogenetic relatedness correlates stronger with

CUPrefs for early than for late genes, Similarly, a significant correlation between

CUPrefs and the repertoire of motifs in the URR is only observed for the early

genes.
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appearance of the specific motifs in the URR occurred after the

recombination event, as well as after the branching of TtPV2

from all other recombinant PVs. This observation supports our

hypothesis of an adaptive response in the PV genome to drastic

changes in the virus–host interactions associated to the recom-

bination event.

When comparing the distribution of motifs with the evolu-

tionary distances, we observe a better correspondence between

motif composition and early genes phylogeny than with late

genes phylogeny. We interpret that this agreement between

early genes and motif repertoire reflects the fact that motifs in

the URR are mostly involved in early gene expression regulation

and genome replication, while control elements for late gene

expression regulation are not located within the URR. In Alpha-

Omikron PVs, the best characterized PVs, promoters for late

gene expression are located within E7 (Hummel, Hudson, and

Laimins 1992; Ozbun and Meyers 1998; Bernard 2013). It is there-

fore not unexpected to observe such a correlation. On the con-

trary, it is surprising that the distribution of motifs in the URR

correlates almost equally well with viral taxonomy and with

host taxonomy. This suggests that besides the precise viral

gene assembly, adaptation to the host species also play an im-

portant role in the evolution of regulatory PV motifs.

As the genomes of the recombinant cetacean PVs are com-

posed of gene cassettes stemming from two distantly related vi-

ral lineages (Alpha-OmikronPVs and Beta-XiPVs), infecting

distant hosts (Phocoenidae/Suidae and Bovidae/Cervidae), one

could also expect to observe trends in extant gene CUPrefs, so

that orthologous genes from viruses infecting closely related

hosts would display closer CUPrefs than those infecting dis-

tantly related hosts. Our results do not show particular differen-

ces in CUPrefs between recombinant and non-recombinant PVs

Figure 5. Heatmap of the COUSIN scores for all PV ORFs of fifty-eight PVs infecting Cetartiodactyla. COUSIN scores are stratified by PV ORFs (rows: E6, E7, E10—when

present, E1, E2, E4, E5—when present, L2, and L1), listed in the order they are present in the PV genome, and by PV type (columns) that are grouped based on the PV

crown groups: Alpha-OmikronPVs (including recombinant PVs), Beta-XiPVs, Delta-ZetaPVs, and unclassified PVs. Recombinant cetacean PVs are indicated with an as-

terisk. The COUSIN scores reflect the similarity between the CUPrefs in a given case gene (the corresponding viral gene) and those in a reference gene set (the full gene

set in the corresponding host genome). Interpretation of the COUSIN score is given in the inset, and illustrated by colours that have been used as guideline for the heat-

map. The curve in the inset corresponds to the COUSIN scores of a simulation of 500 random sequences composed of 100 codons, generated with the same CUPrefs as

the different Cetartiodactyla hosts. The 95 per cent and 99 per cent confidence intervals (CIs) were calculated, and subsequently compared to the COUSIN score of the

different PV ORFs. If the COUSIN score of a PV gene falls outside these intervals (coloured red, salmon, dark-grey, or black), it is considered significantly different from

the reference, and when the score falls within the interval of the 95 per cent CI (coloured light grey), it is judged as matching the reference. Most viral genes display

CUPrefs that are significantly different from those of the host, being systematically enriched in codons that are underrepresented in the host’s genes.
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infecting Certartiodactyla. Only for all genes in SsPV1, infecting

pigs, the CUPrefs differ from those of all other PVs infecting

cetartiodactyles. Otherwise, we observe that orthologous genes

of PVs belonging to different crown groups display closer

CUPrefs, than non-orthologous genes from the same virus, so

that early and late genes tend to respectively display similar

CUPrefs, independently of the viral genome. Such differences in

CUPrefs between early and late genes have already been de-

scribed for PVs infecting humans (Félez-Sánchez et al. 2015).

Concordantly, CUPrefs in late genes are likely related to the cel-

lular context in which they are expressed—differentiating epi-

thelial cells—which provides with a particular tRNA pool for

translation (Zhou et al. 1999).

As viruses depend on the host machinery for translation, we

also assessed whether the CUPrefs of the Certartiodactyla PVs

match those of the hosts they infect. As already shown for PVs

infecting humans (Félez-Sánchez et al. 2015), we observe that

CUPrefs of the Certartiodactyla PVs do not match those of the

hosts they infect, to the extent that viral genes are systemati-

cally enriched in codons that are rare in the host’s genome, and

this independent from their nature of early or late genes.

Overall, the lack of match between PVs and host CUPrefs has

been explained as a strategy to avoid overexposure to the im-

mune system (Tindle 2002). Only in certain PVs, the E4 gene dis-

plays CUPrefs closer to those of the host, whereas for E5 the

CUPrefs appear linked to those of the hosts. While little is

known about the expression pattern of E5, the E4 protein is usu-

ally expressed at high levels, and interacts with cytoskeletal

proteins facilitating virion release (Doorbar 2013). The differen-

ces in CUPrefs between PV ORFs relative to the CUPrefs of their

hosts, suggests that also for Certartiodactyla PVs CUPrefs are

linked to gene expression patterns as well as gene function, as

proposed for human PVs (Félez-Sánchez et al. 2015).

SsPV1 is the only PV that clearly distinguishes itself from

other Certartiodactyle PVs in terms of CUPrefs (Figs 4 and 5).

This virus was isolated from different individual stabled pigs

(Stevens et al. 2008), and has also been detected in pig slurry (Di

Bonito et al. 2019). Differences in CUPrefs between SsPV1 and

SsPV2 can be related to the presentation of the infection, as

SsPV1 has been isolated from healthy skin (Stevens et al. 2008),

while SsPV2 has been isolated from papillomatous lesions in

wild boars (Link et al. 2017). This result matches again previous

observations on human PVs showing that differences in

CUPrefs correspond well to the different clinical presentations

(Félez-Sánchez et al. 2015).

In summary, we have shown here that recombination in PVs

infecting Certartiodactyla occurredmost probably through one sin-

gle recombination event. This event generated ‘chimeric’ genomes

of distantly related PVs. As an adaptive response to this drastic

change in genome composition and in cellular context for gene ex-

pression, new regulatory motifs evolved in the URR of recombi-

nant PV genomes. A gene expression study among cetacean PVs

could shed light on the adaptive phenotypes that were affected by

the changes in regulatory motifs observed in this study.

Supplementary data

Supplementary data are available at Virus Evolution online.

Conflict of interest: None declared.

Acknowledgements

We are grateful to the genotoul bioinformatics platform

Toulouse Midi-Pyrenees (Bioinfo Genotoul) for providing

computing and storage resources. The authors acknowledge

the IRD itrop HPC (South Green Platform) at IRD Montpellier

for providing HPC resources that have contributed to the re-

search results reported within this article.

Table 3. Comparison of the CUPrefs, motif distribution, and phylogenetic clustering with viral taxonomy, host taxonomy, sampling location,

and clinical presentation.

ORF or genomic

region

Viral taxonomy

(four categories)

Host taxonomy

(seven categories)

Anatomical sampling location

(five categories)

Clinical presentation

(four categories)

Correlation P-value Correlation P-value Correlation P-value Correlation P-value

Codon usage

preferences

E6 0.1621 <0.001 0.2140 <0.001 0.1418 <0.001 0.0600 0.621

E7 0.0700 0.005 0.1176 0.026 0.0938 0.420 0.0572 0.840

E10 Only present

in Beta-Xi

NA 0.1177 0.286 0.1982 0.500 0.2179 0.273

E1 0.2822 <0.001 0.3528 <0.001 0.2354 <0.001 0.0635 0.206

E2 0.2024 <0.001 0.2358 <0.001 0.1278 <0.001 0.0427 0.832

E4 0.1610 <0.001 0.1726 <0.001 0.1594 <0.001 0.0630 0.231

E5 Only present

in Delta-Zeta

NA 0.2917 <0.001 Only one

location

NA Only one

clinical pres.

NA

L1 0.1428 <0.001 0.2060 <0.001 0.0941 0.054 0.0711 0.069

L2 0.1419 <0.001 0.1648 0.007 0.1172 0.014 0.0732 0.085

Motif distribution URR 0.3280 <0.001 0.2605 <0.001 0.1829 <0.001 0.0371 0.878

Phylogenetic

clustering

E1-E2 0.5966 <0.001 0.3362 <0.001 0.2441 <0.001 0.0849 0.020

L2-L1 0.5189 <0.001 0.2897 <0.001 0.1939 <0.001 0.0794 0.038

A PERMANOVA test was performed to test significance beyond null expectation for the respective correlation between qualitative traits (viral taxonomy: Alpha-

Omikron, Beta-Xi, Delta-Zeta, and unclassified; host taxonomy: Bovidae, Camelidae, Cervidae, Delphinidae, Giraffidae, Phocoenidae, Suidae; anatomical sampling loca-

tion: alimentary tract, anogenital, eye, hair follicles, and skin; clinical presentation: asymptomatic infection, benign (fibro)epithelial lesion, malignant lesion, and fluid

running from eyes), and the Euclidian distances of CUPrefs of each PV ORF, the Jaccard distances of the presence/absence matrix of conserved motifs detected in the

URR, and pairwise phylogenetic distances of the E1-E2 and L2-L1 trees. The good match between phylogenetic clustering and viral taxonomy is expected, as PV taxon-

omy boundaries are designed based on phylogenetic relatedness. The repertoire of motifs in the URR is more closely related to the viral taxonomy than to the host tax-

onomy. On the contrary, for all genes CUPrefs are better correlated with host taxonomy than with viral taxonomy.
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ABSTRACT

Gene paralogs are copies of an ancestral gene that appear after gene or full genome duplication.1

When the two sister gene copies are maintained in the genome, redundancy may release certain2

evolutionary pressures, allowing one of them to access novel gene functions. Here we focused on3

the evolutionary history of the three polypyrimidine tract binding protein (PTBP) paralogs and their4

concurrent evolution of differential codon usage preferences in vertebrate species.5

PTBP1-3 show high identity at the amino acid level (up to 80%), but display strongly different nu-6

cleotide composition, divergent CUPrefs and distinct tissue-specific expression levels. Phylogenetic7

inference suggests that the duplication events leading to the three extant PTBP1-3 lineages predate8

the basal diversification within vertebrates. We identify a distinct substitution pattern towards GC3-9

enriching mutations in PTBP1, concurrent with a trend for the use of common codons and for a10

tissue-wide expression. Genomic context analysis shows that GC3-rich nucleotide composition for11

PTBP1s is driven by local mutational processes. In contrast, PTBP2s are enriched in AT-ending, rare12

codons, and display tissue-restricted expression. Nucleotide composition and CUPrefs of PTBP2 are13

only partly driven by local mutational forces, and could have been shaped by selective forces. Inter-14

estingly, trends for use of UUG-Leu codon match those of AT-ending codons.15

Our interpretation is that a combination of directional mutation–selection has differentially shaped16

CUPrefs of PTBPs in Vertebrates: GC-enrichment of PTBP1 is linked to the strong and broad tissue-17

expression, while AT-enrichment of PTBP2 and PTBP3 are linked to rare CUPrefs and specialized18

spatio-temporal expression. This scenario is compatible with a gene subfunctionalisation process by19

differential expression regulation associated to the evolution of specific CUPrefs.20

Keywords Codon usage bias, codon usage preferences, gene duplication, paralog, ortholog, evolution, mutation-21

selection, nucleotide composition, tissue-specific expression22

∗Corresponding author. email : fanni.borveto@ird.fr



Evolution of codon usage preferences in paralogous genes

1 Significance Statement23

In vertebrates, PTBP paralogs display strong differences in gene composition, gene expression regulation, and their24

expression in cell culture depends on their codon usage preferences. We show that placental mammals PTBP1 have25

become GC-rich because of local mutational pressures, resulting in an enrichment of frequently used codons and in a26

strong, tissue-wide expression. On the contrary, PTBP2 in vertebrates are AT-rich, with a lower contribution of local27

mutational processes to their specific nucleotide composition, show high frequency of rare codons and in placental28

mammals display a restricted expression pattern contrasting to that of PTBP1. The systematic study of composition29

and expression patterns of gene paralogs can help understand the complex mutation-selection interplay that shape30

codon usage bias in multicellular organisms.31

2
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2 Introduction32

During gene translation, ribosomes assemble proteins by specific amino acid linear polymerisation guided by the suc-33

cessive reading of mRNA nucleotide triplets, called codons. Each time a codon is read, it is chemically compared34

to the set of available tRNAs’ anticodons. Upon codon-anticodon match, the ribosome loads the tRNA and adds35

the associated amino acid to the nascent protein. The main 20 amino acids are decoded by 61 codon-anticodon36

combinations, so that multiple codons are associated with the same amino acid. These are named synonymous37

codons (Nirenberg and Matthaei, 1961; Khorana et al., 1966). Codon Usage Preferences (CUPrefs) refer to the dif-38

ferential usage of synonymous codons, between species, or between genes and genomic regions in the same genome39

(Grantham et al., 1980; Carbone et al., 2003). Mutation and selection are the two main forces shaping CUPrefs (Duret,40

2002; Chamary et al., 2006; Plotkin and Kudla, 2011). Mutational biases relate to directional mechanistic biases dur-41

ing genome replication (Reijns et al., 2015; Apostolou-Karampelis et al., 2016), during genome repair (Lujan et al.,42

2012), or during recombination (Pouyet et al., 2017), preferentially introducing one nucleotide over others or induc-43

ing recombination and maintaining genomic regions depending on their composition. Mutational biases are well44

known in prokaryotes and eukaryotes, ranging from simple molecular preferences towards 3’A-ending in the Taq poly-45

merase (Clark, 1988) to the complex GC-biased gene conversion in vertebrates (Pouyet et al., 2017). Selective forces46

shaping CUPrefs are often described as translational selection. This notion refers to the ensemble of mechanistic47

steps and interactions during translation that are affected by the particular CUPrefs of the mRNA, so that the choice48

of certain codons at certain positions may actually enhance the translation process and can be subject to selection49

(Bulmer, 1991). Translational selection covers thus codon-mediated effects acting on mRNA maturation, secondary50

structure and overall stability (Presnyak et al., 2015; Novoa and Ribas de Pouplana, 2012), subcellular localisation,51

programmed frameshifts, translation speed and accuracy, or protein folding (Caliskan et al., 2015; Mordstein et al.,52

2020; Spencer and Barral, 2012).53

Translational selection has been demonstrated in prokaryotes and some eukaryotes (Satapathy et al., 2016;54

Percudani et al., 1997; Duret and Mouchiroud, 1999; Whittle and Extavour, 2016), often in the context of tRNA55

availability (Ikemura, 1981). However, its very existence in Vertebrates remains highly debated (Pouyet et al., 2017;56

Galtier et al., 2018).57

58

Homologous genes share a common origin either by speciation (orthology) or by duplication events (paralogy)59

(Sonnhammer and Koonin, 2002). Upon gene (or full genome) duplication, the new genome will contain two copies60

of the original gene, referred to as in-paralogs. After speciation, each daughter cell will inherit one couple of paralogs,61

i.e. one copy of each ortholog (Koonin, 2005). The emergence of paralogs upon duplication releases the evolutionary62

constraints on the individual genes. Evolution can thus potentially lead to function specialisation, such as evolving63

a particular substrate preferences, or engaging each paralog on specific enzyme activity preferences in the case of64

promiscuous enzymes (Copley, 2020). Gene duplication can also allow one paralog to explore broader sequence65

space and to evolve radically novel functions, while the remaining counterpart can assure the original function.66

67

The starting point for our research are the experimental observations by Robinson and coworkers reporting differential68

expression of the polypyrimidine tract binding protein (PTBP) human paralogs as a function of their nucleotide com-69

3
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position (Robinson et al., 2008). Vertebrates genomes encode for three in-paralogous versions of the PTBP genes, all70

of them fulfilling similar functions in the cell: they form a class of hnRNP RNA-Binding Proteins that are involved in71

the modulation of mRNAs alternative splicing (Pina et al., 2018). Within the same genome the three paralogs display72

high amino-acid sequence similarity, around 70% in humans and with similar overall values in vertebrates (Pina et al.,73

2018).74

Despite the high resemblance at the protein level, the three PTBP paralogs sharply differ in nucleotide composition,75

CUPrefs and tissue expression pattern. In humans, PTBP1 is enriched in GC3-rich synonymous codons and is widely76

expressed in all tissues, while PTBP2 and PTBP3 are AT3-rich and display an enhanced expression in the brain and77

in hematopoietic cells respectively (Supplementary Material S1). Robinson and coworkers studied the expression in78

human cells in culture of all three human PTBP paralogous genes placed under the control of the same promoter.79

They showed that the GC-rich paralog PTBP1 was more highly expressed than the AT-rich ones, and that the expres-80

sion of the AT-rich paralog PTBP2 could be enhanced by synonymous codons recoding towards the use of GC-rich81

codons (Robinson et al., 2008). Here we have built on the evolutionary foundations of this observation and extended82

the analyses of CUPrefs to PTBP paralogs in vertebrate genomes. Our results suggest that paralog-specific directional83

changes in CUPrefs in mammalian PTBP concurred with a process of subfunctionalisation by differential tissue pattern84

expression of the three paralogous genes.85

3 Material and Methods86

Sequence retrieval87

We assembled a dataset of DNA sequences from 47 mammalians and 27 non-mammalians Vertebrates and 3 proto-88

stomes using the BLAST function on the nucleotide database of NCBI (NCBI Resource Coordinators, 2018) taking89

the human PTBP paralogs as references (see supplementary Material S2 for accession numbers). We could identify90

the corresponding three orthologs in all Vertebrate species screened, except for the European rabbit Oryctolagus cu-91

niculus, lacking PTBP1 and from the rifleman bird Acanthisitta chloris, lacking PTBP3 (Supplementary Material S2).92

The final vertebrate dataset contained 75 PTBP1, 76 PTBP2 and 75 PTBP3 sequences. As outgroups for the anal-93

ysis, we retrieved the orthologous genes from three protostome genomes, which contained a single PTBP homolog94

per genome (Supplementary Material S2). From the original dataset, we identified a subset of nine mammalian and95

six non-mammalian vertebrates species with a good annotation of the PTBP chromosome context, and we retrieved96

synteny and composition information on the flanking regions and introns (Supplementary Material S3). Because of97

annotation hazards, intronic and flanking regions information were missing for some PTBPs in the African elephant98

Loxodonta africana, Schlegel’s Japanese Gecko Gekko japonicus and the whale shark Rhincodon typus assemblies.99

For the selected 15 species the values for codon adaptation index (CAI) (Sharp and Li, 1987) and codon usage similar-100

ity index (COUSIN) (Bourret et al., 2019) were calculated using the COUSIN server (available at https://cousin.ird.fr).101

Clustering PTBPs by their CUPrefs102

For each PTBP paralog we calculated codon composition and CUPrefs analyses via the COUSIN tool (Bourret et al.,103

2019). For each PTBP gene we constructed a vector of 59 positions with the relative frequencies of all synonymous104

codons. To reduce information dimension for the analysis of CUPrefs, we applied on the 229 59-dimension vectors: i)105

a k-means clustering; ii) a hierarchical clustering; and iii) a principal component analysis (PCA).106

4
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Alignment and phylogenetic analyses107

To generate robust alignments without introducing artefacts due to large evolutionary distances between in-paralogs108

we proceeded stepwise, as follows: i) we aligned separately at the amino acid level each set of PTBP paralog sequences109

of mammals and non-mammalians Vertebrates; ii) for each PTBP paralog we merged the alignments for mammals and110

for non mammals, obtaining the three PTBP1, PTBP2 and PTBP3 alignments for all Vertebrates; iii) we combined111

the three alignments for each paralog into a single one; iv) we aligned the outgroup sequences to the global Verte-112

brate PTBPs alignment. All alignments steps were performed using MAFFT (Katoh et al., 2002). The final amino113

acid alignment was back-translated to obtain the codon-based nucleotide alignment. The codon-based alignment was114

trimmed using Gblocks (Castresana, 2000) (Supplementary Material)115

Phylogenetic inference was performed at the amino acid and at the nucleotide level using RAxML v8.2.9 and bootstrap-116

ping over 1000 cycles (Stamatakis, 2014). For nucleotides we used codon-based partitions and applied the GTR+G4117

model while for amino acids we applied the LG+G4 model. For the 79 species used in the analyses we retrieved118

a species-tree from the TimeTree tool (Kumar et al., 2017). Distances between phylogenetic trees were computed119

using the Robinson-Foulds index, which accounts for differences in topology (Robinson and Foulds, 1981), and the120

K-tree score, which accounts for differences in topology and in branch length (Soria-Carrasco et al., 2007). After121

phylogenetic inference we computed marginal ancestral states for the respectively most recent common ancestors at122

the nucleotide level of each paralog using RAxML. Using these ancestral sequences we estimated the number of syn-123

onymous and non-synonymous mutations of each extant sequence to the corresponding most recent common ancestor.124

Statistical analyses125

Correlation between matrices was assessed via the Mantel test. Non-parametric comparisons were performed using126

the Wilcoxon-Mann-Whitney test for population medians and the Wilcoxon signed rank test for paired comparisons.127

Statistical analyses were performed using the ape and ade4 R packages and JMP v14.3.0.128

4 Results129

Vertebrate PTBP paralogs differ in nucleotide composition130

In order to understand the evolutionary history of PTBP genes we performed first a nucleotide composition and131

CUPrefs analysis on the three paralogs in 79 species. Overall, PTBP1 are GC-richer than PTBP2 and PTBP3 (re-132

spective mean percentages 55.9, 42.3 and 44.9 for GC content and 69.5, 33.4 and 38.3 for GC3 content; Figure 1, Sup-133

plementary Material S2). In addition, PTBP1s show a difference in GC3 between mammalian and non-mammalian134

gene (respectively 79.8 against 59.9 mean percentages). A linear regression model followed by a Tukey’s honest sig-135

nificant differences analysis for GC3 using as explanatory levels paralog (i.e. PTBP1-3), taxonomy (i.e. mammalian136

or non-mammalian) and their interaction identifies three mains groups of PTBPs (Table 1): a first one corresponding to137

mammalian PTBP1, a second one grouping non-mammalian PTBP1 and a third one spanning all PTBP2 and PTBP3.138

The largest explanatory factor for GC3 was the paralog PTBP1-3, accounting alone for 65% of the variance, while139

the interaction between the levels taxonomy and paralog captured around 15% of the remaining variance (Table 1).140

These trends are confirmed when performing paired comparisons between paralogs present in the same mammalian141

genome, with significant differences in GC3 content in the following order: PTBP1 > PTBP3 > PTBP2 (Wilcoxon142
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Figure 1: GC content (A) and GC3 content (B) of Vertebrates PTBPs. Violin plots display the overall distribution

while box and whiskers display median, quartiles and 95% of the corresponding values for mammalian (red) and non-

mammalian (blue) individual genomes. Results of Wilcoxon signed rank test between overall GC3 content of paralogs

is indicated

signed rank test: PTBP1 vs PTBP2, mean diff=48.0, S=539.50, p-value <0.0001; PTBP1 vs PTBP3, mean diff=43.5,143

S=517.50, p-value <0.0001; PTBP3 vs PTBP2, mean diff=4.5, S=406.50, p-value <0.0001). Note that even if all of144

them significantly different, the mean paired differences in GC3 between PTBP1 and PTBP2-3 are ten times larger145

than the corresponding mean paired differences between PTBP2 and PTBP3.146

The distribution of the residuals between observed and expected values after our model fit to the data allows to identify147

a number of outliers species with interesting taxonomical patterns in compositional deviation (Table 2). For non148

mammals, the three PTBP paralogs in the rainbow trout Oncorhynchus mykiss genome display high GC3 content149

(between 67% and 76%), all of them significantly higher than model-predicted values (expected values between 36%150

and 51%). A similar case occurs for the zebrafish Danio rerio genome: the three paralogs display GC3 values around151

58%, which for PTBP2 and PTBP3 paralogs are significantly higher than predicted by the model (expected values152

around 38%). Very interestingly, for the monotrema platypus Ornithorhynchus anatinus as well as for the three153

marsupials in the dataset the Tasmanian devil Sarcophilus harrisii, the koala Phascolarctos cinereus and the grey154
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short-tailed opossum Monodelphis domestica their PTBP1 genes present similar GC3 content around 47%, which is155

significantly lower than predicted by the model (expected values around 79%).156

In many vertebrate species, strong compositional heterogeneities are observed along chromosomes and are often re-157

ferred to as "isochores". To explore the influence of the genomic environment on the nucleotide composition of PTBPs,158

for 15 species with well-annotated genomes we analyzed the correlation of paralog GC3 with two local compositional159

variables of the corresponding gene (GC content of intronic and flanking regions) and with three global compositional160

variables for the corresponding genomes (global GC3 in the complete genomic ORFome, global GC content in all161

introns, and global GC content in all flanking regions) (Table 3 and Figure 2). First, for D. rerio the GC3 composi-162

tion of PTBP2 and PTBP3 is clearly different from the rest, in line with the outlier results presented in Table 2. We163

have thus excluded the zebra fish values and performed an individual as well as a stepwise linear fit to explain the164

variance in GC3 composition by the variance in the local and global compositional variables mentioned above (Table165

3). For all three PTBPs the local GC content explains best the corresponding GC3 content, but with strong differences166

between paralogs: while variation in the local composition captures almost perfectly variation in the GC3 content of167

PTBP1 (R2=0.97) and relatively well in the case of PTBP2 (R2=0.46), the fraction of variance explained by the local168

composition significantly drops for PTBP3 (R2=0.15).169

Vertebrate PTBP paralogs differ in CUPrefs170

Table 1: Global linear regression model and post-hoc Tukey’s honest significant differences (HSD) test for GC3

composition as explained variable and the explanatory levels paralog (PTBP1-3), taxonomy (i.e. mammalian or

non-mammalian) and their interactions. Overall goodness of the fit: Adj Rsquare=0.83; F ratio=205.7; Prob > F:

<0.0001.Individual effects for the levels: i) paralog: F ratio=274.3; Prob > F: <0.0001; ii) taxonomy: F ratio=27.2;

Prob > F: <0.0001; iii) interaction paralog*taxonomy: F ratio=87.9; Prob > F: <0.0001.

Level Least Sq. Mean (GC3%) Standard error Tukey’s HSD group

Paralog

PTBP1 65.87 1.00 A

PTBP3 39.00 1.01 B

PTBP2 34.03 1.00 C

Taxonomy

mammalian 49.32 0.70 A

non-mammalian 43.28 0.92 B

Paralog*Taxonomy

PTBP1, mammalian 79.81 1.22 A

PTBP1, non-mammalian 51.93 1.59 B

PTBP3, non-mammalian 41.64 1.62 C

PTBP3, mammalian 36.36 1.22 C, D

PTBP2, non-mammalian 36.27 1.59 C, D

PTBP2, mammalian 31.79 1.20 D
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For each PTBP coding sequence we extracted the relative frequencies of synonymous codons and performed different171

approaches to reduce information dimension and visualise CUPrefs trends. The results of a principal component172

analysis (PCA) are shown in Figure 3. The first PCA axis captured 68.9% of the variance, far before the second and173

the third axes (respectively 6.7% and 3.2%). Codons segregate in the first axis by their GC3 composition, the only174

exception being the UUG-Leu codon, which grouped together with AT-ending codons. This first axis differentiates175

mammalian PTBP1s on the one hand and PTBP2s and PTBP3s on the other hand. Non-mammalian PTBP1s scatter176

between mammalian PTBP1s and PTBP3s, along with the protostomates PTBPs. In the second PCA axis the only177

obvious (but nevertheless cryptic) codon-structure trends are: i) the split between C-ending and G-ending codons, but178

not between A-ending and U-ending codons; and ii) the large contribution in opposite directions to this second axis of179

the AGA and AGG-Arginine codons. This second PCA axis differentiates PTBP2s from PTBP3s paralogs, consistent180

with these composition trends. A paired-comparison confirms that PTBP3s are richer in C-ending codons than PTBP2s,181

respectively 21.7% against 15.4% (Wilcoxon signed rank test: mean diff=6.2, S=1184.0, p-value <0.0001).182

As an additional way to identify groups of genes with similar CUPrefs we applied a hierarchical clustering and a183

k-means clustering. Both analyses mainly aggregate PTBP genes by their GC3 richness. The PTBP dendrogram184

resulting of the hierarchical clustering (rows in clustering in Figure 3; Kappa-Fleiss consistency score = 0.76) shows185

five main clades that cluster the paralogs with a good match to the following groups: mammalian PTBP1s, non-186

mammalian PTBP1s, PTBP2s, PTBP3s and a fifth group containing the protostomata PTBPs and a few individuals of187

all three paralogs. Regarding codon clustering, the hierarchical stratification sharply splits GC-ending codons from188

AT-ending codons, with the only exception again of the UUG-Leu codon, which consistently groups within the AT-189

Table 2: Individual genes with outlier values with respect to the linear regression expected values for the levels paralog

(PTBP1-3), taxonomy (mammalian or non-mammalian) and their interactions.

Species paralog observed GC3 (%) expected GC3 (%) deviation GC3 (%)

mammalian

Desmodus rotundus PTBP2 59.60 31.79 27.81

Miniopterus natalensis PTBP2 48.52 31.79 16.72

Monodelphis domestica PTBP1 44.49 79.81 -35.32

Ornithorhynchus anatinus PTBP1 51.14 79.81 -28.67

Ornithorhynchus anatinus PTBP2 52.00 31.79 20.21

Phascolarctos cinereus PTBP1 47.53 79.81 -32.28

Sarcophilus harrisii PTBP1 45.44 79.81 -34.37

non-mammalian

Danio rerio PTBP2 58.89 36.27 22.62

Danio rerio PTBP3 60.08 41.64 18.44

Lepisosteus oculatus PTBP3 58.73 41.64 17.10

Oncorhynchus mykiss PTBP1 76.27 51.93 24.34

Oncorhynchus mykiss PTBP2 69.03 36.27 32.76

Oncorhynchus mykiss PTBP3 67.58 41.64 25.95

Pogona vitticeps PTBP1 83.68 51.93 31.75
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Figure 2: Variation in GC3 content of PTBPs (x-axis) and in the GC content of the corresponding introns (A,

y axis) or flanking regions (B, y axis). Each dot represents one of the 15 individual used for the genomic context

analysis. The asterisk indicates the values for the species Danio rerio, which shows peculiar results for PTBP2 and

PTBP3, consistent with its outlier behaviour in the global model.

ending codons. The elbow approach of k-means clustering identifies an optimal number of four clusters and separates190

the paralog genes with a good match as following: PTBP1, PTBP2, PTBP3 and a group containing the protostoma191

and individuals from all paralogs (Kappa-Fleiss consistency score = 0.75).192

Overall, k-means clustering and hierarchical clustering, both based on the 59-dimensions vectors of the CUPrefs, are193

congruent with one another (Kappa-Fleiss consistency score = 0.83), and largely concordant with the PCA results.194

CUPrefs define thus groups of PTBP genes consistent with their orthology and taxonomy. It is interesting to note that195

for some species the PTBP paralogs display unique distributions of CUPrefs, such as an overall similar CUPrefs in196

the three PTBP genes of the whale shark Rhincodon typus, or again some shifts in nucleotide composition between197

paralogs in the Natal long-fingered bat Miniopterus natalensis.198

In order to characterise the directional CUPrefs bias of the different paralogs, we have analysed for the 15 species with199

well-annotated genomes described above, the match between each individual PTBP and the average CUPrefs of the200

corresponding genome (Table 4). Our results highlight strong differences for mammalian paralogs: PTBP1s display201

COUSIN values above 1 while PTBP2s display COUSIN values below zero. Given the interpretation of COUSIN202

values (Bourret et al., 2019) these results mean that in mammals PTBP1s are enriched in commonly used codons in203

a higher proportion than the average in the genome, while PTBP2s are enriched in rare codons to the extent that204

their CUPrefs go in the opposite direction to the average in the genome. As for PTBP3, in mammals we observe205

COUSIN values below 0 in most cases or very close to 0 in the case of the horse Equus caballus and house mouse Mus206
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musculus, implying a tendency towards rare codons. In non-mammals however, PTBPs show an overall similarity to207

their respective reference CUPrefs.208

Phylogenetic reconstruction of PTBPs209

We explored the evolutionary relationships between PTBPs by phylogenetic inference at the amino acid and at the210

nucleotide level (Figure 4, Supplementary Material Figure S10). Our final dataset contained 74 PTBP sequences from211

mammals (47 species within 39 families) and non mammal vertebrates (27 species within 24 families). We used the212

Table 3: Results for an individual (left) or for a sequential (right) least squares regression for explaining variation in

GC3 composition of PTBPs genes, by variation of different local (introns or flanking regions of the corresponding

gene) or of global (all coding CDS, all introns and all flanking regions in the corresponding genome) compositional

variables in 14 well-annotated vertebrate genomes. For the sequential fit, variables are ordered according to their

contribution to the sequentially better model, and the order may thus differ between paralogs. Variables labelled with

"n.s." (not significant) do not contribute with significant additional explanatory power when added to the sequential

model. BIC, Bayesian information content.

PTBP1

Individual contributions Sequential contribution

Parameter R2 P value F test Parameter R2 BIC

Local_GC_intron 0.9726 <0.001 Local_GC_intron 0.9726 66.4765

Local_GC_flanking 0.5345 0.0069 Local_GC_flanking 0.974 (n.s.) 68.3142

Global_GC3_exome 0.7279 0.0004 Global_GC3_exome 0.9749 (n.s.) 70.3842

Global_GC_introns 0.116 0.2786 Global_GC_flanking 0.9803(n.s.) 69.9886

Global_GC_flanking 0.1041 0.3065 Global_GC_introns 0.9806(n.s.) 72.2531

PTBP2

Individual contributions Sequential contribution

Parameter R2 P value F test Parameter R2 BIC

Local_GC_intron 0.3738 0.0264 Local_GC_intron 0.4558 60.1257

Local_GC_flanking 0.4558 0.0113 Global_GC_introns 0.4895(n.s.) 61.8583

Global_GC3_exome 0.0943 0.3075 Global_GC3_exome 0.4914(n.s.) 64.3761

Global_GC_introns 0.0488 0.4684 Global_GC_flanking 0.4934(n.s.) 66.8894

Global_GC_flanking 0.0287 0.5801 Local_GC_flanking 0.4974(n.s.) 69.35

PTBP3

Individual contributions Sequential contribution

Parameter R2 P value F test Parameter R2 BIC

Local_GC_intron 0.1554 0.1825 Local_GC_intron 0.1554 74.7338

Local_GC_flanking 0.0522 0.4528 Local_GC_flanking 0.2095(n.s.) 76.4388

Global_GC3_exome 0.0504 0.461 Global_GC_introns 0.2718(n.s.) 77.9368

Global_GC_introns 0.0002 0.9661 Global_GC3_exome 0.2938(n.s.) 80.1032

Global_GC_flanking 0.0024 0.8744 Global_GC_flanking 0.2938(n.s.) 82.667
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Figure 3: CUPrefs analysis of PTBPs. A) Plot of the two first dimensions of a PCA analysis based on the codon

usage preferences of PTBP1s (red), PTBP2s (green), PTBP3s (blue) and protostoma (grey) individuals. Taxonomic

information is included as mammals (squares), non-mammals (circles) and protostomes (triangles). The PCA was

created using as variables the vectors of 59 positions (representing the relative frequencies of the 59 synonymous

codons) for each individual gene. The eigenvalues of the individual codon variables are given by their position on the

graph. Each codon variable is identified by its name and by a colour code, purple for GC-ending codons and orange for

AT-ending codons. The percentage of the total variance explained by each axis is shown in parenthesis. B) Heatmap of

PTBPs individuals (rows) and synonymous codons (columns). Left dendrogram represents the hierarchical clustering

of PTBPs based on their CUPrefs with colour codes that stand for the clusters created from this analysis. Side bars

give information on heatmap individuals regarding i) their origin : PTBP1 (red), PTBP2 (green), PTBP3 (blue) or

protostoma (grey). Note the position of the UUG-Leu codon, in both the PCA and the codon dendrogram, as the sole

GC-ending codon clustering with all other AT-ending codons)

PTBP genes from three protostome species as outgroups. Both amino acid and nucleotide phylogenies rendered three213

main clades grouping the PTBPs by orthology. In both topologies, PTBP1 and PTBP3 orthologs cluster together,214

although the protostome outgroups are linked to the tree by a very long branch, hampering the proper identification of215

the Vertebrate PTBP tree root. Amino acid and nucleotide subtrees were largely congruent (see topology and branch216

length comparisons in Table5). The apparently large nodal and split distance values between nucleotide and amino acid217

PTBP2 trees stem from disagreements in very short branches, as evidenced by the lowest K-tree score for this ortholog218

(as a reminder, the Robinson-Foulds index exclusively regards topology while the K-tree score combines topological219

and branch-length dependent distance between trees, see Material and Methods). In all three cases, internal structure220

of the ortholog trees essentially recapitulates species taxonomy at the higher levels (Table5). Some of the species221
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identified by the mathematical model as displaying a largely divergent nucleotide composition present accordingly222

long branches in the phylogenetic reconstruction, such as PTBP3 for O. mykiss.223

Table 4: Global linear regression model and post-hoc Tukey’s honest significant differences (HSD) test, the explained

variable being the COUSIN value of the each PTBP gene against the average of the corresponding genome and the

explanatory levels paralog (PTBP1-3), taxonomy (i.e. mammalian or non-mammalian) and their interactions. Overall

goodness of the fit: Adj Rsquare=0.82; F ratio=36.84; Prob > F: <0.0001.Individual effects for the levels: i) paralog:

F ratio=40.72; Prob > F: <0.0001; ii) taxonomy: F ratio=10.87; Prob > F: =0.0021; iii) interaction paralog*taxonomy:

F ratio=28.11; Prob > F: <0.0001.

Level Least Sq. Mean (COUSIN) Standard error Tukey’s HSD group

Paralog

PTBP1 1.45 0.11 A

PTBP3 0.29 0.11 B

PTBP2 0.19 0.11 B

Taxonomy

mammalian 0.44 0.080 A

non-mammalian 0.85 0.098 B

Paralog*Taxonomy

PTBP1, mammalian 1.90 0.14 A

PTBP1, non-mammalian 0.99 0.17 B

PTBP2, non-mammalian 0.81 0.17 B

PTBP3, non-mammalian 0.75 0.17 B

PTBP3, mammalian -0.16 0.14 C

PTBP2, mammalian -0.43 0.14 C

Table 5: Comparison between species tree and subtrees of the nucleotide based maximum likelihood tree. Each subtree

corresponds to a paralog. The K-tree score compares topological and pairwise distances between trees after re-scaling

overall tree length, with higher values corresponding to more divergent trees. The Robinson-Foulds score compares

only topological distances between trees, the values shown correspond to the number of partitions that are not shared

between two trees.

Reference tree Comparison tree K-tree score Robinson-Foulds score

Nucleotide tree VS species tree

PTBP1 Species tree 0.759 42

PTBP2 Species tree 0.762 24

PTBP3 Species tree 1.700 28

Nucleotide tree VS Amino acid tree

PTBP1-AA PTBP1-NT 0.149 78

PTBP2-AA PTBP2-NT 0.129 110

PTBP3-AA PTBP3-NT 0.380 40
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Figure 4: Maximum-likelihood nucleic acid phylogeny of PTBPs genes. The phylogram depicts PTBP2s (green side

bar), PTBP1s (red side bar) and PTBP3s (blue side bar) clades. The outgroup genes from protostomata are not shown

to focus on the scale for vertebrate PTBPs, but their placement on the tree and the polarity they provide for vertebrate

PTBPs is given by the blue dot. Gray branches indicate mammalian PTBPs, while black branches indicate non-

mammalian species. Note the lack of monophyly for mammals for PTBP1s. Filled dots on nodes indicate bootstrap

values above 80, and empty dots indicate lower support values. Side bar on the left identifies the classification of each

gene into the five groups identified by the hierarchical clusters, with the colour code in the inset. Side bar on the right

displays GC3 content of the corresponding genes, with the gradient for the colour code ranging from 0 (blue) to 100%

(yellow).
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A

B

Figure 5: Nucleotide-based pairwise distances against A) CUPrefs-based and B) amino acid-based pairwise

distances for the different mammalian PTBP orthologs. The results for a Mantel test assessing the correlation

between the corresponding matrices are shown in each inset.

We have then analysed the correspondence between nucleotide-based and amino acid-based pairwise distances to224

measure the extent of codon usage bias impact on the obtained phylogeny. We observe a good correlation between both225

reconstructions for all paralogs, except for mammalian PTBP2s, which display extremely low divergence at the amino226

acid level (Figure 5 B, Supplementary Material S8 B). For mammalian PTBP1s, the plot allows to clearly differentiate227

a cloud with the values corresponding to the monotremes+marsupial mammals, split apart from placental mammals in228

terms of both amino acid and nucleotide distances. This distribution matches well the fact that monotremes+marsupials229

cluster separately from placental mammals in PTBP1 phylogeny (see grey branches being paraphyletic for PTBP1 in230

Figure 4). The same holds true for the platypus PTBP3, extremely divergent from the rest of the mammalian orthologs.231

For mammalian paralogs, the plots allow to see the increased number of overall mutations in general and of non-232

synonymous mutations in particular in PTBP3s compared with PTBP1. The precise mutational patterns are analysed233

in detail below. The histograms describing the accumulation of synonymous and non-synonymous mutations confirm234

that mammalian PTBP1s have selectively accumulated the largest number of synonymous mutations compared to235

non-mammalian PTBP1s and to other orthologs.236
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We have finally analysed the connection between nucleotide-based evolutionary distances within PTBP paralogs237

and CUPrefs-based distances (Figure 5A, Supplementary Material S8 A). A trend showing increased differences in238

CUPrefs as evolutionary distances increase is evident only for PTBP1s and PTBP3s in mammals. For mammalian239

PTBP1s the plot clearly differentiates a cloud with the values corresponding to the monotremes+marsupials splitting240

apart from placental mammals in terms of both evolutionary distance and CUPrefs. For mammalian PTBP2s the plot241

captures the divergent CUPrefs of the platypus and of the bats M. natalensis and Desmodus rotundus, while for non-242

mammalian PTBP2s the divergent CUPrefs of the rainbow trout are obvious. Finally, for mammalian PTBP3s the243

large nucleotide divergence of the platypus paralog is evident. Importantly, all these instances of divergent behaviour244

(except for the platypus PTBP3) are consistent with the deviations described above from the expected composition by245

the mathematical modelling of the ortholog nucleotide composition.246

Mammalian PTBP1s accumulate GC-enriching synonymous substitutions247

We have shown that PTBP1 genes are GC-richer and specifically GC3-richer than the PTBP2 and PTBP3 paralogs248

in the same genome, and that this enrichment is of a larger magnitude in placental PTBP1s. We have thus assessed249

whether a directional mutational pattern underlies this enrichment, especially regarding synonymous mutations. For250

this we have inferred the ancestral sequences of the respective most recent common ancestors of each PTBP paralog,251

recapitulated synonymous and non-synonymous mutations between extant sequences and these ancestors, and con-252

structed the corresponding mutation matrices (table S11). The two first axes of a principal component analysis using253

these mutational matrices capture, with a similar share, 66.95% of the variance between individuals (Figure 6). The254

first axis of the PCA separates synonymous from non-synonymous substitutions. Intriguingly though, while T<->C255

transitions are associated to synonymous mutations, as expected, G<->A transitions are associated to non-synonymous256

mutations. The second axis separates substitutions by their effect on nucleotide composition: GC-stabilizing/enriching257

on one direction, AT-stabilizing/enriching on the other one. Strikingly, the mutational spectrum of mammalian PTBP1s258

sharply differs from the rest of the paralogs. Substitutions in mammalian PTBP1 towards GC-enriching changes, in259

both synonymous and non-synonymous compartments, are the main drivers of the second PCA axis. In contrast, syn-260

onymous mutations in PTBP3 as well as all mutations in PTBP2 tend to be AT-enriching. Finally, the mutational261

trends for PTBP1 in mammals are radically different from those in non-mammals, while for PTBP2 and PTBP3s262

the substitution patterns are similar in mammals and non-mammals for each of the compartments synonymous and263

non-synonymous.264

5 Discussion265

The non equal use of synonymous codons has puzzled biologists since first described. It gave rise to fruitful (and266

unfruitful) controversies between defenders of all-is-neutralism and defenders of all-is-selectionism, and launched fur-267

ther the quest for additional molecular signaling beyond codons themselves (Callens et al., 2021). The main questions268

around CUPrefs are twofold. On the one hand, their origin: to what extent they are the result of fine interplay be-269

tween mutation and selection processes. On the other hand, their functional implications: whether and how particular270

CUPrefs can be linked to specific gene expression regulation processes, by modifying the kinetics and dynamics of271

DNA transcription, mRNA maturation and stability, mRNA translation, and/or protein folding and stability. In the272

present work we have built on the experimental results of Robinson and coworkers, which display the differential ex-273
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Figure 6: Mutational spectra of synonymous and non-synonymous substitutions for PTBPs. This principal com-

ponent analysis (PCA) has been built using the observed nucleotide synonymous and non-synonymous substitution ma-

trices for each PTBP paralog, inferred after phylogenetic inference and comparison of extant and ancestral sequences.

The variables in this PCA are the types of substitution (e.g. A->G), identified by a colour code as GC-enriching /

stabilizing substitutions (purple) or AT-enriching / stabilizing substitutions (orange). Variables are plotted according

to their eigenvalues. Individuals in this PCA are the mutation categories in PTBP genes, stratified by their nature

(synonymous or non-synonymous), by orthology (colour code for the different PTBPs is given in the inset) and by

their taxonomy (mammals, or non-mammals).

pression of the PTBP human gene paralogs as a function of their CUPrefs (Robinson et al., 2008). From this particular274

example, we have aimed at exploring the nature of the connection between paralogous gene evolution and CUPrefs.275

Our results show that the three PTBP paralogous genes of Vertebrates, with divergent expression patterns, also have276

divergent nucleotide composition and CUPrefs. We carry on Robinson and coworkers suppositions and propose here277

that this evolutionary pattern could be compatible with a phenomenon of phenotypic evolution by sub-functionalisation278

(in this case specialisation in tissue-specific expression levels), linked to genotypic evolution by association to specific279

CUPrefs patterns. Such conclusions invite to pursue Robinson and coworkers efforts by comparing PTBPs CUPrefs-280

modulated expression among numerous Vertebrates cell lines, especially between mammalians and non-mammalians281

ones.282
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We have reconstructed the phylogenetic relationships and analysed the evolution and diversity of CUPrefs among283

PTBP paralogs within 74 vertebrate species. The phylogenetic reconstruction shows that the genome of ancestral284

vertebrates already contained the three extant PTBP paralogs. This is consistent with the ortholog and paralog identifi-285

cation in the databases ENSEMBL and ORTHOMAM (Yates et al., 2020; Scornavacca et al., 2019; Pina et al., 2018).286

Although our results suggest that PTBP1 and PTBP3 are sister lineages, the distant relationship of the vertebrate genes287

with the protostome outgroup precludes the inference of a clear polarity between vertebrate PTBPs. We identify no288

instance of replacement between paralogs, and the evolutionary histories of the different PTBPs comply well with289

those of the corresponding species. The most blatant mismatch between gene and species trees is the polyphyly of290

mammalian PTBP1. In fact, monotremes and marsupials constitute a monophyletic clade, without placental mam-291

mals and not basal to them. Multiple findings in our results show sharp, contrasting patterns between PTBP1 and the292

PTBP2-3 paralogs: i) the excess of accumulation of synonymous mutations in mammalian PTBP1s for a similar total293

number of mutations (Figure 5 B); ii) the larger differences in CUPrefs between genes with a similar total number of294

nucleotide changes in the case of PTBP1s in mammals (Figure 5 A); iii) the explicitly different mutational spectrum of295

synonymous mutations in PTBP1s, enriched in A->C, T->G and T->C substitutions (Figure 6); iv) the sharp difference296

of CUPrefs between PTBP1s, and PTBP2-3s; and v) the clustering of PTBP1 genes in monotremes and marsupials to-297

gether with PTBP1 genes in non-mammals according to their CUPrefs (Figure3 A). Overall, the particular nucleotide298

composition and the associated CUPrefs in mammalian PTBP1 genes are most likely associated to specific mutational299

biases as shown by the strong correlation between coding and non-coding GC content in PTBP1 orthologs (Figure 2;300

Table 3).301

While GC3-rich nucleotide composition and CUPrefs of mammalian PTBP1s are dominated by local mutational biases,302

this is not the case for mammalian PTBP2, overall AT3-richer without any clear correlation between coding and non-303

coding GC content among studied species (Figure 2; 3). In vertebrates, nucleotide composition varies strongly along304

chromosomes, so that long stretches, historically named "isochores", appear enriched in GC or in AT nucleotides305

and present particular physico-chemical profiles (Caspersson et al., 1968). Local mutational biases and GC bias gene306

conversion mechanism, underlying such heterogeneity, predominantly shape local nucleotide composition in numerous307

Vertebrates genomes, so that the physical location of a gene along the chromosome largely explains its CUPrefs308

(Holmquist, 1989). In agreement with this mutational bias hypothesis, variation in GC3 composition of PTBP1s309

is almost totally (R2=0.97) explained by the variation in local GC composition (Figure 2; Table 3), suggesting that a310

same mutational bias has shaped the GC-rich composition of the flanking, intronic and coding regions of PTBP1s. The311

same trend, but to a lesser degree holds also true for PTBP2s (R2=0.45). GC-biased gene conversion is often invoked312

as a powerful mechanism underlying such local GC-enrichment processes, leading to the systematic replacement of313

the alleles with the lowest GC composition by a GC richer homolog (Marais, 2003). It has been proposed that gene314

expression during meiosis prevents GC-biased gene conversion during meiotic recombination (Pouyet et al., 2017).315

Expression of PTBP1 in human cells is documented during meiosis in the ovocite germinal line and expression of the316

AT-rich PTBP2 has been observed during spermatogenic meiosis (Zagore et al., 2015; Hannigan et al., 2017). With317

the assumption that PTBPs patterns of expression are shared between mammalian species, the GC-richness of PTBP1318

is not due to any GC-biased conversion and the low GC content of PTBP2 can be explained by an accumulation of319

GC->AT and AT->AT mutations. The low GC-content observed in PTBP3, coupled with a lack of correlation with320
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neither coding nor non-coding GC-content could indicate that other mechanisms may shape the observed CUPrefs for321

this paralog.322

In mammals, global GC-enriching genomic biases strongly impact CUPrefs, so that the most used codons in average323

tend to be GC-richer (Hershberg and Petrov, 2009). For this reason, mammalian GC3-rich PTBP1s match better324

the average genomic CUPrefs than AT3-richer PTBP2 and PTBP3, which display CUPrefs in the opposite direction325

to the average of the genome. In the case of humans, PTBP1 presents a COUSIN value of 1.747, consistent with326

an enrichment in preferentially-used codons, while on the contrary, the COUSIN value of -0.477 for PTBP2 and327

of -0.235 for PTBP3 points towards a strong enrichment in rare codons (Supplementary Material S4). The poor328

match between human PTBP2 CUPrefs and the human average CUPrefs could result in low expression of these genes329

in different human and murine cell lines, otherwise capable of expressing PTBP1 at high levels and PTBP3 at a330

lesser degree (Robinson et al., 2008). The barrier to PTBP2 expression seems to be the translation process, as PTBP2331

codon-recoding towards GC3-richer codons results in strong protein production in the same cellular context, without332

significant changes in the corresponding mRNA levels (Robinson et al., 2008). Such codon recoding strategy towards333

preferred codons has become a standard practice for gene expression engineering, despite our lack of understanding334

the whole impact of local and global gene composition, nucleotide CUPrefs or mRNA structure on gene expression335

(Brule and Grayhack, 2017).336

The poor expressibility of PTBP2 in human cells, the increase in protein production by the introduction of common337

codons, along with mutational biases failing to explain entirely PTBP2 nucleotide composition and CUPrefs, raise338

the question of the adaptive value of poor CUPrefs in this paralog. Specific tissue-dependent or cell-cycle dependent339

gene expression regulation patterns have been invoked to explain the codon usage-limited gene expression for certain340

human genes, such as TLR7 or KRAS (Newman et al., 2016; Lampson et al., 2013; Fu et al., 2018). In humans, the341

expression levels of the three PTBP paralogs are tissue-dependent (Supplementary Material S1), and these differences342

are conserved through mammals (Keppetipola et al., 2012). In the case of the duplicated genes, subfunctionalisation343

through specialisation in spatio-temporal gene expression has often been proposed as the main evolutionary force344

driving conservation of paralogous genes (Ferris and Whitt, 1979). Such differential gene expression regulation in345

paralogs has actually been documented for a number of genes at very different taxonomic levels (Donizetti et al.,346

2009; Guschanski et al., 2017; Freilich et al., 2006). Specialised expression patterns in time and space can result in347

antagonistic presence/absence of the paralogous proteins (Adams et al., 2003). This is precisely the case of PTBP1348

and PTBP2 during central nervous system development: in non-neuronal cells, PTBP1 represses PTBP2 expression349

by the skip of the exon 10 during PTBP2 mRNA maturation, while during neuronal development, the micro RNA350

miR124 down-regulates PTBP1 expression, which in turn leads to up-regulation of PTBP2 (Keppetipola et al., 2012;351

Makeyev et al., 2007). Further, despite the high level of amino acid similarity between both proteins, PTBP1 and352

PTBP2 seem to perform complementary activities in the cell and to display different substrate specificity, so that they353

are not directly inter-exchangeable by exogenous manipulation of gene expression patterns (Vuong et al., 2016).354

In addition to local genomic context analyses, we explored PTBP chromosomal location and local synteny ( Supple-355

mentary Material S13). The results show that, while it is clear that the position of human PTBP1 is telomeric, and356

thus in one of the GC-richer region of human chromosome 9, most PTBPs are randomly positioned among species.357

Thus, while the specific location of human PTBP1 may have influenced its CUPrefs, it is unclear whether the chro-358
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mosomic location of PTBPs have an impact on observed nucleotide composition. Synteny of PTBPs genes seems359

to be conserved, with some exceptions: most mammalian PTBP1s have a conserved synteny block that differs from360

non-mammalian species ; with the exception of D. rerio. PTBP2 and PTBP3 synteny seems conserved between mam-361

malian and non-mammalian species with only D. rerio lackig the SUSD1 gene between PTBP3 and UGCG. Such362

results could indicate that vertebrate radiation has been followed up by a changing of PTBP1 genomic context, with a363

swapping in flanking genes in mammalian branches. Such results could be related to the observed GC-content drift in364

PTBP1 between mammalian and non-mammalian species.365

In a different subject, we want to drive the attention of the reader towards the puzzling trend of the UUG-Leu codon366

in our CUPrefs analyses. This UUG codon is the only GC-ending codon systematically clustering with AT-ending367

codons in all our analyses, and does not show the expected symmetrical behaviour with respect to UUA (see Figure368

3). Such behaviour for UUG has been depicted, but not discussed, in other analyses of CUPrefs in mammalian genes369

(see figure 7 in Laurin-Lemay et al. (2018)), in coronavirus genomes (Daron and Bravo, 2021), as well as for AGG-370

Arg and GGG-Gly in a global study of codon usages across the tree of life (see figure 1 in (Novoa et al., 2019)).371

The reasons underlying the clustering of UUG with AT-ending codons are unclear. A first line of thought could be372

functional: the UUG-Leu codon is particular because it can serve as alternative starting point for translation (Peabody,373

1989). However, other codons such as ACG or GUG act more efficiently than UUG as translation initiation, and do374

not display any noticeable deviation (Ivanov et al., 2011). A second line of thought could be related to the tRNA375

repertoire, but both UUG and UUA are decoded by similar numbers of dedicated tRNAs in the vast majority of376

genomes (e.g. respectively six and seven tRNA genes in humans (Palidwor et al., 2010)). Finally, another line of377

thought suggests that UUG and AGG could be disfavoured if mutational pressure towards GC is very high, despite378

being GC-ending codons (Palidwor et al., 2010). Indeed, the series of synonymous transitions UUA->UUG->CUG379

for Leucine and the substitution chain AGA->AGG->CGG for Arginine are expected to lead to a depletion of UUG380

and of AGG codons when increasing GC content. Both UUG and ACG codons would this way display a non-linear,381

non-monotonic response to GC-mutational biases (Palidwor et al., 2010). In our data-set, however, AGG maps with382

the rest of GC-ending codons, symmetrically opposed to AGA as expected, and strongly contributing to the second383

PCA axis. Thus, only UUG presents frequency use patterns similar to those of AT-ending codons. We humbly admit384

that we do not find a satisfactory explanation for this behaviour and invite researchers in the field to generate alternative385

explanatory hypotheses.386

We have presented here an evolutionary analysis of the PTBP paralogs family, as a showcase of evolution upon gene387

duplication. Our results show that CUPrefs in PTBPss have evolved in parallel with specific gene expression regu-388

lation patterns. In the case of PTBP1, the most tissue-wise expressed of the paralogs, we have potentially identified389

compositional, mutational biases as the driving force leading to strong enrichment in GC-ending codons. In con-390

trast, for PTBP2 the enrichment in AT-ending codons is rather compatible with selective forces related to specific391

spatio-temporal gene expression pattern, antagonistic to those of PTBP1. Our results suggest that the systematic study392

of composition, genomic location and expression patterns of paralogous genes can contribute to understanding the393

complex mutation-selection interplay shaping CUPrefs in multicellular organisms.394
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Abstract

APOBEC3 deaminases (A3s) provide mammals with an anti-retroviral barrier by catalyzing dC-to-dU

deamination on viral ssDNA. Within primates, A3s have undergone a complex evolution via gene duplica-

tions, fusions, arms race, and selection. Human APOBEC3C (hA3C) efficiently restricts the replication of

viral infectivity factor (vif)-deficient Simian immunodeficiency virus (SIVDvif), but for unknown reasons, it

inhibits HIV-1Dvif only weakly. In catarrhines (Old World monkeys and apes), the A3C loop 1 displays
the conserved amino acid pair WE, while the corresponding consensus sequence in A3F and A3D is

the largely divergent pair RK, which is also the inferred ancestral sequence for the last common ancestor

of A3C and of the C-terminal domains of A3D and A3F in primates. Here, we report that modifying the WE

residues in hA3C loop 1 to RK leads to stronger interactions with substrate ssDNA, facilitating catalytic

function, which results in a drastic increase in both deamination activity and in the ability to restrict HIV-

1 and LINE-1 replication. Conversely, the modification hA3F_WE resulted only in a marginal decrease

in HIV-1Dvif inhibition. We propose that the two series of ancestral gene duplications that generated

A3C, A3D-CTD and A3F-CTD allowed neo/subfunctionalization: A3F-CTD maintained the ancestral RK
residues in loop 1, while diversifying selection resulted in the RK?WE modification in Old World anthro-

poids’ A3C, possibly allowing for novel substrate specificity and function.

� 2020 Elsevier Ltd. All rights reserved.

0022-2836/� 2020 Elsevier Ltd. All rights reserved. Journal of Molecular Biology (2020) 432, 6200–6227
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Introduction

The APOBEC3 (A3) family of single-stranded (ss)
DNA cytidine deaminases builds an intrinsic
immune defense against retroviruses,
retrotransposons, and other viral pathogens1–4

There are seven human A3 proteins that possess
either one (A3A, A3C, and A3H) or two (A3B,
A3D, A3F, and A3G) zinc (Z)-coordinating DNA
cytosine deaminase motifs. Z motifs can be classi-
fied into three groups (Z1, Z2, Z3), but share the
consensus signature HXE[X23-28]PC[X2-4]C (where
X indicates a non-conserved position).5–9 A3C is
the only single-domain A3Z2 protein in humans.
During primate evolution, the ancestor of the A3C
gene duplicated several times and formed double-
domain A3Z2-A3Z2 genes, which are A3D and
A3F.6 Initially, A3G was characterized as the factor
capable of restricting infection of HIV-1 lacking Vif
(viral infectivity factor) protein in non-permissive T
cell lines and its biochemical properties and biolog-
ical functions have been extensively studied.3,10–13

The encapsidation of A3s into the viral particles is
crucial for virus inhibition.14–19 During reverse tran-
scription, viral core-associated A3 enzymes can
deaminate cytidines (dC) on the retroviral ssDNA
into uridines (dU). These base modifications in the
minus-strand DNA cause coding changes and pre-
mature stop codons in the plus-strand viral genome
(dG ? dA hypermutation), which impair or sup-
press viral infectivity.2,11,20–23 In addition to the
mutagenic activity of the virus-incorporated A3s,
deaminase-independent mechanisms of restriction
have been identified such as impeding reverse tran-
scription or inhibiting DNA integration.24–29 To coun-
teract A3 mediated inhibition, lentiviruses evolved
the Vif protein, which physically interacts with A3s,
targeting them for polyubiquitination and proteaso-
mal degradation.30–32 These A3-Vif interactions
are often species-specific and an important factor
reducing virus cross-species transmission.33–38

In addition to A3G, A3D, A3F, and A3H were
shown to restrict HIV-1 lacking vif (HIV-
1Dvif).2,37,39–42 Recently, mutation signatures
resulting from the catalytic activity of nuclearly
localized A3s (especially A3A, A3B, and likely
A3H) were reported in several cancer types.43–50

The knowledge about A3C is rather sparse. A3C
is distributed in both cytoplasm and nucleus51 and
does not seem to be a causative agent of chromo-
somal DNA mutations. In addition, human A3C is
known to act as a potent inhibitor of Simian immun-
odeficiency virus from African green monkey
(SIVagm) and from rhesus macaque (SIVmac), lim-
its the infectivity of herpes simplex virus, certain
human papillomaviruses, murine leukemia virus,
Bet-deficient foamy virus, and hepatitis B virus,
and represses the replication of LINE-1 (L1)
endogenous retrotransposons.51–61 In contrast,
the restrictive role of A3C on HIV-1 is marginal
and there are several contradictory findings regard-

ing its viral packaging and cytidine deamination
activity.42,52,62–64 Notably, A3C is ubiquitously
expressed in lymphoid cells,5,52,65,66 mRNA expres-
sion levels of A3C are higher in HIV-infected CD4+

T lymphocytes;42,52 and significantly elevated in
elite controllers compared to ART-suppressed indi-
viduals.67 A3C was found to moderately deaminate
HIV-1 DNA if expressed in target-cells of the virus
with the effect of increasing viral diversity rather
than causing restriction.65

The crystal structure of A3C and its HIV-1 Vif-
binding interface has been solved.68 The study
revealed several key residues in the hydrophobic
V-shaped groove formed by the a2 and a3 helices
of A3C that facilitate Vif binding, resulting in
proteasome-mediated degradation of A3C.68 We
have extended this finding and identified additional
Vif interaction sites in the a4 helix of A3C.69 Apart
from a previous study that predicted putative DNA
substrate binding pockets;57 biochemical and struc-
tural aspects of A3C enzymatic activity and their rel-
evance for antiviral activity remain hitherto not well
investigated.3,4

Recently, we have shown that increasing the
catalytic activity of A3C by an S61P substitution in
loop 3 is not sufficient to restrict HIV-1Dvif.70 It is
unknown why A3C can potently restrict SIVDvif
while HIV-1Dvif is largely resistant, despite the fact
that wild-type (WT) human A3C possesses reason-
able catalytic activity and is encapsidated efficiently
into retroviral particles.70 Here we set out to further
explore the determinants of A3C’s restrictive capac-
ity of HIV-1. We generated a synthetic open reading
frame derived from sooty mangabey monkey gen-
ome (smm, Cercocebus atys (torquatus) lunulatus)
coding for an A3C-like protein (hereafter called
smmA3C-like protein) capable of restricting HIV-1
to similar or higher extents than human A3G. This
A3C-like protein was reported to be resistant to
HIV-1 Vif-mediated depletion.69 Using this
smmA3C-like protein as a tool, we dissected a
novel structure–function relationship of hA3C and
discovered the importance of loop 1 for A3C to
achieve strong inhibition of HIV-1.

Results

Identification of an A3Z2 protein with enhanced
antiviral activity

To determine whether A3C from non-human
primates can potently restrict HIV-1Dvif
propagation, we produced HIV-1Dvif luciferase
reporter virus particles with A3C (an A3Z2
protein) from human, rhesus macaque,
chimpanzee (cpz), African green monkey (agm),
and with human A3G (an A3Z2-A3Z1 double
domain protein), or with a synthetic smmA3C-like
protein and tested the infectivity of the respective
viral particles. Viral particles were pseudotyped
with the glycoprotein of Vesicular stomatitis virus

6201Evolution, role of loop 1 of A3C



(VSV-G) and normalized by reverse transcriptase
(RT) activity before infection. The firefly luciferase
enzyme activity of infected cells was quantified
two days post infection. Figure 1(a) shows the
level of relative infectivity of HIV-1Dvif in the
presence of the tested A3 proteins. Human,
rhesus, chimpanzee, and African green monkey
A3C proteins reduced the relative infectivity of
HIV-1Dvif similarly by approximately 60–70%.
Conversely, smmA3C-like protein inhibited HIV-
1Dvif replication by more than one order of
magnitude (Figure 1(a)). Human A3G served as a
positive control for major anti-HIV-1 activity. Viral
vector-producing cells showed that expression
levels of smmA3C-like protein and agmA3C were
lower than those of A3Cs from human, rhesus,
and cpz (Figure 1(b)). Efficiency of viral
incorporation of the smmA3C-like protein was
similar to that of hA3G, but much lower compared
to hA3C (Suppl. Figure S1(a)).
The smmA3C-like construct was originally

described to express A3C of sooty mangabey
monkey.69 However, using alignments of primate
A3Z2 and related A3 proteins, we found that the
open reading frame consists of exons from both
smmA3C and smmA3F genes. We fused these
exons during the PCR amplification step, which
occurred because of the high sequence similarity
and poor annotation of the smm genome (see dis-
cussion section). In the smmA3C-like construct, first
(coding for amino acids 1MNPQIR6) and last “exon”
(amino acids 153FKYC to EILE190) were derived
from smmA3C (i.e, coding regions of exon 1 and
exon 4 of the smmA3C gene) while second (amino
acids 7NPMK to FRNQ58) and third “exon” (amino
acids 59VDPE to GYED152) in smmA3C-like were
of smmA3F origin (smmA3F C-terminal domain,
CTD, exon 5 and exon 6 of smmA3F gene) (Suppl.
Figure S1(b)). To compare the deamination activity
of smmA3C-like to the WT proteins, we cloned the
genuine smmA3C and smmA3F-CTD. Immunoblot
analysis of cell lysates confirmed that cellular
expression of smmA3C-like and smmA3C (WT)
were comparable, but the smmA3F-CTD construct
failed to yield detectable levels of protein in trans-
fected cells (Figure 1(c)). In contrast to our expecta-
tions, only the smmA3C-like protein and not
smmA3C showed enhanced cytidine deaminase
activity (Figure 1(d)). Not surprisingly, like hA3C70

smmA3C-like protein formed intracellular RNAse
resistant oligomers or high molecular mass (HMM)
complexes and did not self-associate in the cytosol
(data not shown).
Because restriction of HIV-1Dvif by smmA3C-like

protein was similar to or slightly stronger than
restriction by hA3G (Figure 1(a)), we analyzed the
DNA-editing capacity of these A3s during infection
by “3D-PCR”.70,71 DNA sequences in which cytosi-
nes are deaminated by A3 activity contain fewer

GC base pairs than non-edited DNA, resulting in
a lower melting temperature than the original,
non-edited DNA. Therefore, successful PCR ampli-
fication at lower denaturation temperatures (Td)
(83.5–87.6 �C) by 3D-PCR indicates the presence
of A3-edited sequences. 3D-PCR amplification of
viral genomic cDNA with samples of cells infected
with HIV-1Dvif viruses encapsidating hA3C, rhA3C,
cpzA3C, or agmA3C yielded amplicons at Td � 86.
3 �C, whereas the activity of smmA3C-like protein
allowed to produce amplicons at Td < 84.2 �C. In
control reactions using virions produced in the pres-
ence of hA3G, PCR amplification of viral DNA was
detectable at lower Td (85.2 �C and weakly at 84.2 �

C) (Figure 1(e)). Importantly, using the vector con-
trol sample (no A3), PCR amplicons could be ampli-
fied only at higher Td (87.6 �C). To study the effect
of smmA3C-like protein in HIV-1Dvif, PCR products
generated on smmA3C-like protein-edited samples
formed at 84.2 �C were cloned and independent
clones were sequenced. The novel smmA3C-like
protein caused hypermutation in HIV-1Dvif with a
rate of 17.16% and predominantly favored the
expected GA dinucleotide context (Suppl. Fig-
ure S2(a)). Thus, smmA3C-like protein caused a
higher G ? A mutation rate in HIV-1Dvif than our
previously described enhanced activity mutant
A3C.S61P (see Figure 2(a) and (b) for sequence
and structure), A3G and A3F.70 In addition, we
applied qualitative in vitro cytidine deamination
assays using A3 proteins isolated from HIV-1Dvif
and SIVagmDvif viral particles.72,73 This PCR-
based assay depends on the sequence change
caused by A3s converting a dC ? dU in an 80-
nucleotide (nt) ssDNA substrate harboring the
A3C-specific TTCA motif. Catalytic deamination of
dC ? dU by A3C is then followed by a PCR that
replaces dU by dT generating an MseI restriction
site. The efficiency of MseI digestion was monitored
by using a similar 80-nt substrate-containing dU
instead of dC in the recognition site. As expected,
encapsidation of hA3C and hA3C.S61P into the
HIV-1Dvif particles, did not yield a substantial pro-
duct resulting from ssDNA cytidine deamination,70

whereas smmA3C-like protein generated high
amounts of deamination products (Figure 1(f)).
Using smmA3C-like protein, the deamination prod-
ucts were observed even after transfection of 10-
fold smaller amounts of expression plasmid during
virus production. In contrast, A3C and A3C.S61P
proteins isolated from SIVagmDvif particles pro-
duced the expected deamination products,
whereas smmA3C-like protein exhibited the stron-
gest catalytic activity, regardless of whether encap-
sidated in SIVagmDvif or HIV-1Dvif particles
(Figure 1(f)). Taken together, we conclude that
smmA3C-like protein inhibits HIV-1 by cytidine
deamination causing hypermutation of the viral
DNA.
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Identification of the regulatory domain of
smmA3C-like protein that mediates HIV-1
restriction

Amino acid sequence identity and similarity
between hA3C and smmA3C-like protein reach
77.9% and 90%, respectively (Figure 2(a)). To
facilitate the identification of distinct determinants
of smmA3C-like protein that confer HIV-1
inhibition, ten different hA3C/smmA3C-like
chimeras were constructed (Figure 2(c)).69 Next,
viral particles containing different chimeric proteins
were produced and their infectivity was tested. As
shown in Figure 2(d), chimeras C2, C4, and C8
strongly reduced the infectivity of HIV-1Dvif. Espe-
cially, chimera C2 (hA3C harboring a swap of 36
residues of the smmA3C-like protein at the N-
terminal end) inhibited HIV-1Dvif replication by
about two orders of magnitude. In comparison, chi-
meras C6 and C9 reduced viral infectivity by only
72% relative to vector control (Figure 2(d)).
Next, we determined the intracellular expression

and virion incorporation efficiency of the chimeras
by immunoblot analysis. Chimeras C2, C3, C5,
C7, and C9, which contain residues 37 to 76 of
hA3C (Figure 2(c)), were more highly expressed
than C1, C4, C6, and C10 (Suppl. Figure S2(b)).
Specifically, chimera C2 displayed higher protein
levels than hA3C while C10 protein was below the
detection threshold. Chimeras, C2, C4, C6, C7,
and C9 were found to be encapsidated in HIV-
1Dvif (Suppl. Figure S2(b), viral lysate). In
particular, C3 and C5 were less efficiently
packaged into viral particles although they were
present at higher intracellular expression levels.
Conversely, C6 produced less protein but its viral
incorporation was higher than that of C3 or C5. In
addition, we analyzed the in vitro cytidine
deaminase activity of these chimeras as

described above (Suppl. Figure S2(c)). Here we
used lysates of transfected HEK293T cells to
readily evaluate the catalytic activity of the
chimeric A3Cs. Only chimers C2 and C4 showed
the level of deamination similar to those produced
by smmA3C-like protein (Suppl. Figure S2(c)).
Taken together, chimeras C2 and C4 have the
strongest HIV-1Dvif-restricting effect among all
tested chimeras and display corresponding in vitro
deamination activity. Due to its superior antiviral
activity, we mainly focused on chimera C2 in our
following experiments.

Synergistic effects of residues in the RKYG
motif of chimera C2 and smmA3C-like protein
control their potent antiviral activity

To identify the specific residues in chimera C2
that are essential for its anti-HIV-1 activity, we
targeted two N-terminal motifs of C2, namely
13DPHIFYFH20 (shortly “DHIH”) and 25RKAYG29

(named “RKYG”) as presented in the sequence
alignments of Figure 2(a), and generated variants
of C2 by swapping one, two, or four amino acids
with the analogous residues of hA3C as
presented in Figure 2(e). First, we cloned the C2
variants C2.DH-YG (YGTQ motif of helix a1) and
C2.RKYG-WEND (WEND motif of loop 1, Figure 2
(a) and (b)) and tested their anti-HIV-1 and
deamination activity. This pilot experiment
revealed that loop 1 motif RKYG but not a1 helix
motif DHIH in C2 is essential for its activity
(Figure 2(f) and Suppl. Figure S3(a)). Hence, we
constructed the mutants C2.R25W, C2.K26E, C2.
Y28N, and C2.G29D (Figure 2(e)) and tested
them for catalytic and antiviral activity. The results
of the deamination assay further demonstrated
that the DH motif in C2 is not relevant for its
potent catalytic activity, as the C2.DH-YG acted

Figure 1. A3C-like protein from sooty mangabey inhibits HIV1Dvif by more than 10-fold. (a) HIV-1Dvif particles were

produced with A3C from human, rhesus macaque, chimpanzees (cpz), African green monkey (agm), and A3C-like

protein from sooty mangabey monkey (smm), hA3G, or vector only. Infectivity of equal amounts of viruses (RT-activity

normalized), relative to the virus lacking any A3, was determined by quantification of luciferase activity in HEK293T

cells. Presented values represent means ± standard deviations (error bars) for three independent experiments.

Asterisks indicate statistically significant differences relative to the effect of the empty vector on infectivity: ***,

p < 0.0001. (b) Immunoblot analysis of HA-tagged A3 and HIV-1 capsid expression in cell lysates using anti-HA and

anti p24 antibodies, respectively. GAPDH served as a loading control. “a” represents anti. (c) Expression and (d)

deamination activity of smmA3C and smmA3F-CTD: Immunoblot analysis of HA-tagged smmA3C-like protein, and

(WT) smmA3C, and (WT) smmA3F-CTD expression in cell lysates using anti-HA antibody. Tubulin served as a loading

control. In vitro deamination activity of smmA3C-like protein, smmA3C, and smmA3F-CTD using lysates of cells that

were previously transfected with the respective expression plasmids. Samples were treated with RNAse A;

oligonucleotide-containing uracil (U) instead of cytosine served as a marker to denote the migration of deaminated

product after restriction enzyme cleavage. S-substrate, P-product. (e) 3D-PCR: HIV-1Dvif produced together with A3C

orthologues, hA3G or vector controls were used to transduce HEK293T cells. Total DNA was extracted and a 714-bp

fragment of reporter viral DNA was selectively amplified using 3D-PCR. Td = denaturation temperature. Extensive viral

DNA editing profile of smmA3C-like protein and its relative positions of G ? A transition mutations are presented in

Suppl. Figure S2(a). (f) In vitro deamination activity of A3Cs encapsidated in HIV-1Dvif, and SIVagmDvif particles.

Virions were concentrated and lysed in mild lysis buffer and equal amounts of lysate were used for the assay. Numbers

1 and 10 indicate 60 ng and 600 ng of A3 expression vector used for transfection, respectively.
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similar to C2 (Suppl. Figure S3(a)), but mutation of
the RKYG motif in the RKYG-WEND variant
resulted in a loss of deamination activity (Suppl.
Figure S3(a)). Interestingly, none of the single
amino acid changes in RKYG (R25W, K26E,
Y28N, and G29D) resulted in the loss-of-function
of C2, albeit the catalytic activities of R25W and
K26E were partially reduced (Suppl. Figure S3
(a)). Consistent with the data obtained from the
in vitro assay, the chimeric C2.RKYG-WEND
variant failed to restrict the infectivity of HIV-1Dvif
(Figure 2(f)). Immunoblot analysis of cell and viral
lysates confirmed that cellular expression and
viral encapsidation of these variants were
comparable (Suppl. Figure S3(b)). Finally, to test
the in vivo DNA-editing capacity, we performed
3D-PCR analysis using C2, C2.DH-YG, and C2.
RKYG-WEND variants. As presented in the 3D-
PCR experiment of Suppl. Figure S3(c), only HIV-
1Dvif particles produced in the presence of A3C
chimera C2 and its mutant C2.DH-YG generated
amplicons that were detected at low-denaturation
temperature, and C2.RKYG-WEND behaved
similar to the vector control. Likewise, replacing
RKYG with WEND in the smmA3C-like protein
(Figure 2(e)) inhibited its antiviral activity (Figure 3
(a) and (b)), DNA-editing capacity of HIV-1
genomes (Figure 3(c)), and catalytic activity
in vitro (Figure 3(d)) as did the active site mutant
E68A.

The WE-RK mutation in loop 1 of hA3C
determines its strong deaminase-dependent
antiviral function

Mutational changes of the RKYG motif to WEND
residues in loop 1 of C2 and smmA3C-like protein
resulted in complete loss of enzymatic functions

and anti-HIV-1 activities (Figures 2(f), 3(a), (c), (d),
and Suppl. Figs. S3(a) and (c)). To identify the
residues in hA3C that are critically required for the
deaminase-dependent antiviral activity against
HIV-1Dvif, we mutated the loop 1 of hA3C with
25WE26 to 25RK26 and 28ND29 to 28YG29 residues
and compared their antiviral capacity (see A3C
alignment and ribbon diagram Figure 2(a) and
(b)). As controls, we included additional mutants
such as a catalytically inactive non-Zn2+-
coordinating C97 mutant, A3C.C97S,57 and the
variants A3C.S61P70 and A3C.S188I74 exhibiting
enhanced deaminase activity. Compared to WT
hA3C, WE-RK greatly enhanced inhibition of HIV-
1Dvif and the ND-YG variant behaved like WT
A3C, while S61P and S188I demonstrated only
marginally increased HIV-1Dvif restriction (Figure 4
(a)). Importantly, active site mutant A3C.C97S did
not inhibit HIV-1Dvif (Figure 4(a)). Enhancement
of the antiviral activity of hA3C.WE-RK compared
to WT hA3C appear to result neither from higher
protein expression in the virus producer cells nor
from differences in encapsidation, as demonstrated
in a titration experiment that directly compared
these features for both proteins (Suppl. Figure S4
(a)).
Next, we asked if the antiviral activity of A3C.WE-

RK is deamination-dependent. To achieve this, we
introduced the C97S mutation in A3C.WE-RK.
Additionally, we compared the ancillary effect of
mutants such as S61P70 and S188I74 by introduc-
ing these mutations in the WE-RK variant of A3C.
As expected, the inhibitory activities of A3C.WE-
RK, A3C.WE-RK.S61P, and A3C.WE-RK.S61P.
S188I against HIV-1Dvif were abolished by the
active site ablating mutation C97S, indicating
the importance of the enzymatic activity of A3C
(Figure 4(b)). In comparison, introducing either the

Figure 2. Design and activity of hA3C/smmA3C-like protein chimeras. (a) Sequence alignment of hA3C and

smmA3C-like protein, motif 1 (YGTQ) and motif 2 (WEND) are marked with red boxes; Red lollipops indicate active

site amino acids H66, E68, C97 and C100, while S61 and S188 are colored in purple. (b) Ribbon model of the crystal

structure of A3C (PDB 3VOW) depicting the spatial arrangements of helix a1 (YGTQ motif) and loop 1 (WEND motif).

Residues of both motifs are presented in purple. Key residues S61, S188, and zinc-coordinating active site residues

are denoted as ball and sticks. Sphere represents Zn2+ ion. (c) Structures of the chimeras generated between A3C

and smmA3C-like protein. Grey and white boxes indicate fractions of A3C and the smmA3C-like protein, respectively.

Regions of hA3C protein derived from exons E1 (amino acids 1–5), E2 (6–58), E3 (59–151), and E4 (152–190) and

residues at the borders are marked on top of the hA3C box. Each chimera (“C”) encompasses 190 amino acids. Amino

acid position (number) at the breakpoints of each chimera is indicated. (d) HIV-1Dvif particles were produced with A3C

from human, smm (A3C-like), and h/smm chimeras or vector only. Infectivity of equal amounts of viruses (RT-activity

normalized), relative to the virus lacking any A3, was determined by quantification of luciferase activity in HEK293T

cells. (e) Illustration of chimera 2 (C2) and variants of C2 or smmA3C-like protein having amino acid exchanges in the

DHIH (circle) or RKYG (square) motif. The red triangle denotes catalytic residue E68A mutation. Amino acid position

(number) at the breakpoint of chimera C2 is indicated. (f) HIV-1Dvif particles were produced with C2 and its variants or

vector only. Infectivity of equal amounts of viruses (RT-activity normalized), relative to the virus lacking any A3, was

determined by quantification of luciferase activity in HEK293T cells. Values are means ± standard deviations (error

bars) for three independent experiments. Presented values represent means ± standard deviations (error bars) for

three independent experiments. Asterisks indicate statistically significant differences relative to the effect of the empty

vector on infectivity: ***, p < 0.0001; ns, not significant.
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single mutation S61P or the double mutation S61P.
S188I did not considerably change the activity of
A3C.WE-RK (Figure 4(b)). Immunoblot analysis of
cell and viral lysates demonstrated that hA3C and
all mutants (except A3C.WE-RK.S61P.S188I.C97S
mutant) were expressed at comparable levels (Fig-
ure 4(c)). However, viral incorporation of A3C.
C97S, A3C.WE-RK.C97S, A3C.WE-RK.S61P.
C97S, and WE-RK.S61P.S188I.C97S was slightly
decreased relative to that of WT and mutant pro-
teins that do not contain the C97S mutation (Fig-
ure 4(c)). Moreover, we confirmed the effects of
all mutants on HIV-1Dvif propagation by 3D-PCR
(Figure 4(d)) and deamination assays in vitro (Fig-
ure 4(e)). In both assays, we found that the C97S
mutation destroyed the function of all A3C variants.
Thus, we conclude that the loop 1-mediated

enhanced activity of hA3C.WE-RK is dependent
on catalytic deamination.
To address if the cellular localization of A3C is

affected by the WE-RK mutations, we used
confocal microscopy. HeLa cells were transfected
with the HA-tagged hA3C or hA3C.WE-RK and
the proteins were visualized by applying an anti-
HA antibody. Both proteins, hA3C and hA3C.WE-
RK were localized in cytoplasm and nucleus
(Figure 5(a) and (b)). This distribution was found
in 65.5% and 75% of cells expressing hA3C or
that of hA3C.WE-RK, respectively. Only 20% or
10% of the cells expressing hA3C or hA3C.WE-
RK, respectively, displayed these proteins solely
in the nucleus (Figure 5(c)). Together, we infer
that hA3C and hA3C.WE-RK had a similar
distribution in HeLa cells.

Figure 3. RKYG-WEND exchange in smmA3C-like protein abrogates its antiviral activity. (a) HIV-1Dvif particles

were produced with smmA3C-like protein, its mutants E68A (catalytically inactive), RKYG-WEND or vector only.

Infectivity of equal amounts of viruses (RT-activity normalized) relative to the virus lacking any A3 was determined by

quantification of luciferase activity in HEK293T cells. (b) Immunoblot analyses were performed to quantify HA-tagged

A3 proteins and viral p24 proteins in cellular and viral lysates using anti-HA and anti-p24 antibodies, respectively.

Tubulin served as a loading control. “a” represents anti. (c) Quantification of hypermutation in viral DNA by 3D-PCR.

HIV-1Dvif particles produced in the presence of overexpressed smmA3C-like protein, its variants or vector control

were used to transduce HEK293T cells. Total DNA was extracted and a 714-bp fragment of reporter viral DNA was

selectively amplified using 3D-PCR. Td = denaturation temperature. (d) In vitro deamination activity of smmA3C-like

protein and its variants using lysates of cells that were previously transfected with the respective expression plasmids.

Samples were treated with RNAse A; oligonucleotide-containing uracil (U) instead of cytosine served as a marker to

denote the migration of deaminated product after restriction enzyme cleavage. S-substrate, P-product.
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The RK-WE mutation in loop 1 moderately
reduces the antiviral activity of hA3F

hA3C and hA3F-CTD display 77% sequence
similarity, reflecting a common evolutionary
origin.6 Interestingly, the antiviral activity of hA3F
is mediated by its CTD.75,76 Various loops within
the A3F-CTD were recently investigated for their
role in substrate binding and enzyme function77

but it was not possible to unravel the antiviral activ-
ity of a protein consisting only of the A3F-CTD,
mainly due to earlier reported difficulties in express-
ing this domain alone in human cells.70,78 The resi-
dues 25RK26 in loop 1 of smmA3C-like protein are
derived from exon 5 of the smmA3F gene, located
in the CTD of A3F (Suppl. Figure S1(b)) and are
conserved in primate A3F proteins (see section
evolution, below). To test the impact of RK residues
in CTD loop 1 of the hA3F, we compared the antivi-
ral activity of hA3F with A3F.RK-WE against HIV-
1Dvif. hA3F and hA3F.RK-WE yielded similar
amounts of protein and were equally efficiently
encapsidated in HIV-1 particles (Figure 6(a)). How-
ever, the HIV-1Dvif inhibiting effect of A3F.RK-WE
was about 2-fold lower than WT A3F (Figure 6(b)).
Consequently, A3F.RK-WE showed decreased
mutation efficiency compared with WT A3F (Fig-
ure 6(c) and (d)), which is consistent with data pre-
sented in a recent report.77 Thus, we
conclude that loop 1 with its residues RK in CTD
of A3F is important for the enzymatic function of
hA3F.

Inhibition of human LINE-1 retrotransposition
by A3C variants

Since A3C and A3F restrict endogenous human
LINE-1 (L1) retrotransposition activity by 40–75%
and 66–85%, respectively,51,61,79,80 we set out to
elucidate how the WE and the RK residues in loop

1 of both hA3C and hA3F affect the L1 inhibiting
activity. To this end, we quantified the L1-inhibiting
effect of human WT A3A, A3C, and A3F proteins
and their mutants hA3C.WE-RK, hA3C.WE-RK.
S61P, and hA3F.RK-WE applying a dual-luciferase
retrotransposition reporter assay.81 In this cell
culture-based assay, the firefly luciferase gene is
used as the reporter for L1 retrotransposition and
the Renilla luciferase gene is encoded on the same
plasmid for transfection normalization (Figure 7(a)).
Consistent with previous reports51,61, overexpres-
sion of hA3A, hA3C, and hA3F inhibited L1 reporter
retrotransposition by approximately 94%, 68%, and
56%, respectively (Figure 7(b)). The mutant hA3C.
WE-RK restricted L1 more strongly (from 56% to
~96%), but the introduction of the additional S61P
mutation in hA3C.WE-RK.S61P did not further
increase the ability of the enzyme to restrict L1
mobilization (Figure 7(b)). Notably, hA3F and the
mutant hA3F.RK-WE exhibited a comparable level
of L1 restriction, indicating that regions other than
loop 1 of A3F-CTD and, probably, the NTD (N-
terminal domain) of hA3F are involved in L1 restric-
tion (Figure 7(b)). Immunoblot analysis of cell
lysates of co-transfected HeLa-HA cells demon-
strated comparable expression of the L1 reporter
and HA-tagged A3 and A3 mutant proteins (Suppl.
Figure S4(b)). Furthermore, compared to the inhibi-
tion of L1 retrotransposition by hA3C and chim-
panzee A3C (~60%), hA3C.S61P inhibited L1
reporter retrotransposition by 75% (Suppl. Fig-
ure S4(c) and (d)). These findings indicate that
the WE-RK mutation in hA3C enhances its L1-
inhibiting activity. Based on the observed antiviral
activity and the L1-restricting effect of hA3C.WE-
RK on L1, we hypothesize that the introduction of
these positively charged residues in hA3C signifi-
cantly fosters its interaction with nucleic acids,
which was recently reported to mediate its L1
inhibiting activity.61

Figure 4. A3C gains deaminase-dependent anti-HIV-1 activity by a WE-RK change in loop 1. (a) HIV-1Dvif particles

were produced with hA3C, its mutants (C97S, S61P, S188I, WE-RK, ND-YG), or vector only. Infectivity of equal

amounts of viruses (RT-activity normalized), relative to the virus lacking any A3C, was determined by quantification of

luciferase activity in HEK293T cells. (b) HIV-1Dvif particles were produced with hA3C, its variants such as C97S, WE-

RK, WE-RK.C97S, WE-RK.S61P, WE-RK.S61P.C97S, WE-RK.S61P.S188I, WE-RK.S61P.S188I.C97S or vector only.

Infectivity of equal amounts of viruses (RT-activity normalized), relative to the virus lacking any A3C, was determined

by quantification of luciferase activity in HEK293T cells. (c) Quantification of HA-tagged WTand mutant A3C proteins

in both cellular and viral lysates by immunoblot analysis. A3s and HIV-1 capsids were stained with anti-HA and anti-

p24 antibodies, respectively. Tubulin served as a loading control. “a” represents anti. (d) 3D-PCR: HIV-1Dvif produced

together with hA3C, its variants (as in (b)), or vector controls were used to transduce HEK293T cells. Total DNA was

extracted and a 714-bp fragment of reporter viral DNA was selectively amplified using 3D-PCR. Td = denaturation. (e)

In vitro deamination assays to examine the catalytic activity of A3C and its variants using lysates of cells that were

previously transfected with respective expression plasmids (as in (b)). RNAse A-treatment was included; oligonu-

cleotide containing uracil (U) instead of cytosine served as a marker to denote the migration of the deaminated product

after restriction enzyme cleavage. S-substrate, P-product. The two lower panels represent immunoblot analyses of

expression levels of HA-tagged A3C and mutant proteins (a HA (A3C)) and tubulin (a tubulin), which was used as a

loading control.
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The positively charged residues R25 and K26 in
A3C form salt-bridges with the backbone of the
ssDNA

To understand how the positively charged
residues in loop 1 of A3C.WE-RK mediate the
enhanced cytidine deamination activity, a
structural model of hA3C variant hA3C-RKYG
binding to ssDNA, based on the ssDNA-bound
crystal structure of A3A was generated that shows
a cytidine residue in the active center of hA3C.
RKYG (Suppl. Figure S5(a)). However, the ssDNA
fragment (which was co-crystallized with hA3A) in
this conformation is too short to interact with
amino acids 25, 26, 28, and 29, which differ
between hA3C WT and the hA3C.RKYG variant.
Hence, this static binding mode model cannot
explain why hA3C.RKYG has a higher cytidine
deaminase activity than hA3C WT. To probe the
impact of structural dynamics on residue-ssDNA
interactions in order to explain the differences in
A3C.WE-RK properties, this model was later
subjected to molecular dynamics (MD) simulations.
To assess the binding to a longer ssDNA

fragment, we generated a second complex model
of ssDNA bound to the NTD of rhesus macaque
A3G (rhA3G),82 similar to the ssDNA-bound A3F-
CTD model built previously;83 and aligned the crys-
tal structure of hA3C WT and the model of hA3C.
RKYG to this complex (Figure 8(a)–(c). Note that

the A3G structure was used only for placing the
DNA but not for modeling the protein part). This
new model revealed that the positively charged
residues R25 and K26 in hA3C.RKYG form salt-
bridges with the backbone of the ssDNA (Figure 8
(c)) in contrast to hA3C WT (Figure 8(b)). Thus,
these two residues can form stronger interactions
with ssDNA in hA3C.RKYG than their counterparts
in hA3C, which may explain the enhanced cytidine
deaminase activity of hA3C.WE-RK compared to
hA3C (Figure 4(e)). However, as the binding of
ssDNA to NTDs, such as in the structure of rhA3G,
differs from that in CTDs, we did not subject the for-
mer model to MD simulations.
We next performed five replicas of MD simulations

of 2 ms length each for hA3C, hA3C.RKYG, and
hA3C.S61P.S188I to assess the structural impact of
the substitutions on the protein. For this purpose,
we used a hA3C crystal structure as starting
structures and variants thereof generated by
substituting respective residues. In all MD
simulations, the cytidine remains bound to the Zn2+

ion in the active site. The root mean square
fluctuations (RMSF), which describe atomic
mobilities during the MD simulations, show distinct
differences between the variants in the putative
DNA-binding regions of the proteins: the RMSF of
hA3C.RKYG and hA3C.S61P.S188I are up to 2 �A
larger compared to hA3C WT in the regions
carrying the substitutions (residues 21–32 for

Figure 5. Subcellular localization of human A3C in transfected HeLa cells. Immunofluorescence confocal laser

scanning microscopy images of HeLa cells transfected with HA-tagged A3C or A3C.WE-RK. Representative pictures

are shown which illustrate nuclear and cytoplasmic localization of the A3Cs ((a) and (b)) x-y optical sections. To detect

A3Cs (green) immunofluorescence, cells were stained with an anti-HA antibody. Nuclei (blue) were visualized by DAPI

staining. (c) 40 randomly chosen transfected cells with A3C or A3C.WE-RK were categorized and cellular localization

of A3Cs were quantified.
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hA3C.RKYG and residues 55–67 for hA3C.S61P.
S188I) (Suppl. Figure S5(b)). This effect is
specifically related to the respective substitutions,
as no change in RMSF occurs for a variant in any
region where it is identical to A3C WT. The
increased movement of ssDNA-binding residues
might improve the sliding of hA3C.RKYG and
hA3C.S61P.S188I along the ssDNA, owing to more
transient interactions with the ssDNA backbone.
Conversely, the RMSF of loop 7 is up to 1 �A lower
in both the hA3C.RKYG and hA3C.S61P.S188I
variants compared to the hA3C WT (Suppl.
Figure S5(b)).

These results encouraged us to investigate
possible interaction patterns between DNA and
each of the three A3C variants that could be a
result of the shift in loop 1 dynamics. For this
purpose, we used the initial DNA-bound model of
hA3C.RKYG with cytidine in the active center,
modeled from the experimental A3A structure as
described above, to generate DNA-bound
complexes for hA3C WT and hA3C.S61P.S188I.
While our MD simulations showed similar
changes in the conformational dynamics of the
loops as before (Suppl. Figure S5(b)), we
detected an interesting change in interactions

Figure 6. Mutations in loop 1 of A3F-CTD moderately affect the antiviral activity of A3F. (a) Immunoblot analyses

were performed to quantify the amounts of HA-tagged WT hA3C and hA3F proteins and their loop 1 mutants in cell

lysates and viral particles. HA-tagged A3s and HIV-1 capsid proteins were stained with anti-HA and anti-p24

antibodies, respectively. Tubulin served as a loading control. “a” represents anti. (b) Infectivity of equal amounts of HIV-

1Dvif viruses (RT-activity normalized) encapsidating hA3C, hA3F, or their loop 1 mutants relative to the virus lacking

any A3 protein was determined by quantification of luciferase activity in transduced HEK293T cells. (c) 3D-PCR: HIV-

1Dvif produced together with hA3C, hA3F, and their loop 1 mutants or vector control were used to transduce HEK293T

cells. Total DNA was extracted and a 714-bp fragment of reporter viral DNA was selectively amplified using 3D-PCR.

Td = denaturation temperature. (d) In vitro deamination assay to examine the catalytic activity of hA3C, hA3F, and their

loop variants was performed using lysates of cells that were transfected with the respective A3 expression plasmids.

RNAse A-treatment was included; oligonucleotide containing uracil (U) instead of cytosine served as a marker to

denote the migration of the deaminated products after restriction enzyme cleavage. S-substrate, P-product. The two

lower panels represent immunoblot analyses of expression levels of HA-tagged A3C, A3F and mutant proteins (a HA

(A3s)) and tubulin (a tubulin), which was used as a loading control.
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between loop 1 residue R30 and the DNA. R30,
which is present in all three variants and points
away from the DNA in the A3C crystal structure,
interacts more frequently with the DNA in both
hA3C.S61P.S188I (16.4 ± 2.6% of the simulation
time applying stringent criteria for H-bond
formation (mean ± SEM for 10 trajectories)) and
hA3C.RKYG (44.7 ± 2.7%) than in hA3C WT (0.1
± 0.0%). In hA3C.RKYG, K26 similarly forms H-
bonds with the DNA over 10.3 ± 2.8% of the MD
trajectories, but, expectedly, E26 in hA3C WT and
hA3C.S61P.S188I forms almost no H-bonds.
In addition, to rule out the possibility that the loop

7 residues might be influencing the loop 1 residues
from binding DNA, we have analyzed the
interaction between them. The average distance
between the two loops in the absence of DNA is
very similar for hA3C (12.1 ± 1.75 �A; SD,
n = 5000), hA3C.RKYG (12.7 ± 1.78 �A; SD,
n = 5000), and hA3C.S61P.S188I (12.12 ± 1.78 �A;
SD, n = 5000). Given the average distance of
12 �A it is not surprising that with the exception of
N23 and A121, which are the only residues in
spatial proximity and thus commonly interact,
residues in loop 1 form H-bonds to those in loop 7
in less than 1% of the simulation time for all
variants. The average distance between any atom
in residue 25 to residues in loop 7 is larger than
4.4 �A, suggesting that sustained interactions are
unlikely.
Next, we used more lenient distance criteria

suitable to evaluate the formation of interactions

and evaluated, whether only the N terminus (W25
in hA3C and hA3C.S61P.S188I and R25 in hA3C.
RKYG) or only the C terminus (R30 in all three
variants) of loop 1, or both residues at the same
time, interact with the DNA. In hA3C, only W25
interacts with the DNA in ~20% of the
conformations (Suppl. Figure S6(a)). In hA3C.
S61P.S188I, interactions between W25 or R30
occur in ~20% of the conformations, thus showing
an increase of a factor of 5 for R30 (Suppl.
Figure S6(b)). In hA3C.RKYG, both R25 and R30
simultaneously interact with DNA in ~29% of all
investigated conformations besides the
interactions of R30 with DNA alone in ~42% of
the conformations (Suppl. Figure S6(c)). Hence,
these results suggest that W25 and R30 act
additively in hA3C.S61P.S188I, whereas they act
cooperatively in hA3C.RKYG. This correlates with
the differences in activities, with hA3C.RKYG
showing the highest activity against HIV-1Dvif.

WE-RK mutation in the loop 1 of A3C
enhances the interaction with ssDNA

To validate our structural modeling analysis and
to address if the interaction of hA3C and hA3C.
WE-RK with the substrate ssDNA was
differentially affected, we performed
electrophoretic mobility shift assays (EMSA) using
hA3C-GST (A3C fused to glutathione S-
transferase, GST) and hA3C.WE-RK-GST purified
from HEK293T cells (Figure 9(a)). We first

Figure 7. Expression of the hA3C.WE-RK variant enhances A3C-mediated L1 restriction significantly. Dual-

luciferase reporter assay to evaluate the effect of WT and mutant A3 proteins on L1 retrotransposition activity. (a)

Schematic of the L1 retrotransposition reporter construct pYX017.81 The L1Rp reporter element is under transcriptional

control of the CAG promoter and a polyadenylation signal (A1) at its 30end. The firefly luciferase (Fluc) cassette has its

own promoter (P2) and polyadenylation signal (A2), is expressed from the antisense strand relative to the CAG

promoter, and interrupted by an intron (with splice donor [SD] and splice acceptor [SA]) in the transcriptional

orientation of the L1 reporter element. (b) Effect of WT and mutant A3 proteins on L1 retrotransposition activity

indicated by normalized luminescence ratio (NLR). NLR indicating retrotransposition activity observed after

cotransfection of pYX015 and empty pcDNA3.1 (+) expression plasmid was set as 1. Error bars indicate standard

deviation (N = 4).
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confirmed that the purified GST fusion proteins are
catalytically active (Figure 9(b)). As expected hA3C.
WE-RK-GST displayed a stronger enzymatic
activity than the WT equivalent and no activity
with GST was detected (Figure 9(b)). For EMSA,
as a probe, we used a biotin-labeled ssDNA
oligonucleotide that harbors a TTCA motif in its
central region.70,84 Because hA3C-GST is known
to form a stable DNA-protein complex when the
protein concentration reaches �20 nM;70 we

decreased the amount of A3C and its mutant pro-
tein to specifically test their inherent DNA binding
capacity. In a titration experiment with concentra-
tions ranging from 2 to 8 nM in steps of 2 nM of
hA3C-GSTand hA3C.WE-RK-GST purified protein,
we detected a clear trend in the formation of DNA–
protein complexes for hA3C-GST and hA3C.WE-
RK-GST (Figure 9(c)). Intriguingly, DNA-protein
complexes of hA3C.WE-RK-GST started appearing
at the lowest protein concentration used (2 nM),

Figure 8. ssDNA-protein interaction model of hA3C and hA3C.RKYG. (a) Binding mode model of ssDNA (orange) to

hA3C WT based on hA3F-CTD and rhA3G-NTD. Magnifications of the active center (green box) are shown at the

bottom for hA3CWT (b) and hA3C.RKYG (c). The side chains of residues in the active center that differ between hA3C

WT and the hA3C.RKYG variant are shown in cyan and dark blue, respectively. The Zn2+ ion in the active center is

shown as a sphere. Ongoing from hA3C WT to the hA3C.RKYG variant, the interface changes from being negatively

to being positively charged. The flexible arginine and lysine side chains in the hA3C.RKYG variant can interact with the

negatively charged backbone of ssDNA (panel C), stabilizing this interaction.
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while hA3C-GST-DNA complexes were detected at
protein concentrations�6 nM. To confirm the speci-
ficity of the DNA–protein complexes, we competed
for the reaction with unlabeled DNA carrying the
same nucleotide sequence as the used probe in
200-fold excess relative to that probe. The addition
of the competitor DNA to the sample containing the
maximum (8 nM) amount of A3C protein, efficiently
disrupted the protein-DNA complex formation (Fig-
ure 9(c) and Suppl. Figure S7). Together, data from

structural modeling and EMSA experiments
allowed us to conclude that the two amino acid-
change in loop 1 of A3C boosts the ssDNA binding
capacity of A3C. Importantly, the GST moiety did
not affect the binding (Suppl. Figure S7).70

Evolution of A3Z2 loop 1 regions in primates

Because of the strong evolutionary relationship
between A3C, the CTD of A3F, and related A3Z2

Figure 9. Recombinant hA3C.WE-RK efficiently catalyzes and displays improved interaction with ssDNA. (a) The

purity of the recombinantly produced and affinity-purified proteins GST, A3C-GST, and A3C.WE-RK-GST was

demonstrated by SDS-PAGE and subsequent Coomassie blue staining of the gel. The prestained protein ladder (M)

indicates molecular mass. (b) In vitro deamination assay to examine the catalytic activity of purified GST and GST

fusion proteins A3C-GST and A3C.WE-RK-GST was performed. RNAse A-treatment was included; oligonucleotide

containing uracil (U) instead of cytosine served as a marker to denote the migration of the deaminated products after

restriction enzyme cleavage. S-substrate, P-product. (c) EMSA with GST-tagged hA3C.WE-RK-GST and A3C-GST

produced in HEK293T cells was performed with 30-nt ssDNA target DNA labelled with 30-labelled biotin. Indicated

protein concentrations (at the bottom of the blot, in nM) were titrated with 1.33 nM (20 fmol) of DNA. Presence of

competitor DNA (unlabeled 80-nt DNA used in deamination assay, 200-fold molar excess added) used to demonstrate

the specific binding of the protein to DNA being causative for the shift.
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proteins,6 we performed a phylogenetic reconstruc-
tion for the A3Z2 domains in primates, using the
A3Z2 sequences in the northern tree shrew as out-
group. Our analyses were performed at the A3Z2
domain level, separating the two Z2 domains of
the double-domain A3D and A3F proteins, thus
generating five evolutionary units: the A3D-NTD,
A3F-NTD, A3C, A3D-CTD and A3F-CTD (Suppl.
Figure S8). Remarkably, the results show that the
A3Z2 domains underwent independent duplication
in the two sister taxa, tree shrews and primates,
as the three A3Z2 tree shrew sequences constitute
a clear outgroup to all primate A3Z2 sequences.
We identified a sharp clustering of the A3D-NTD
and A3F-NTD on the one hand and of A3C, A3D-
CTD, and A3F-CTD on the other hand. As to New
World monkeys (Platyrrhini), we could only confi-
dently retrieve A3C sequences from the white-
faced sapajou Cebus capucinus and from the
Ma's night monkey Aotus nancymaae. These
sequences from A3C New World monkeys were
basal to all Catarrhini (Old World monkeys and
apes) A3C, A3D-CTD and A3F-CTD sequences,
suggesting that the two gene duplications leading
to the extant organization of A3C, A3D, and A3F

occurred after the Platyrrhini/Catarrhini split 43.2
Mya (41.0–45.7 Mya) and before the Cercopithe-
coidea/Hominoidea (Old World monkeys/apes) split
29.44 Mya (27.95–31.35 Mya). The results show a
tangled distribution within the A3D-NTD and A3F-
NTD clade, and within the A3D-CTD and A3F-
CTD clade. These confusing relationships are more
obvious when comparing the phylogenetic recon-
struction of the Z2 domains without imposing any
topological constraint (Suppl. Figure S8) with a tree
in which monophyly of each of the large six clades
identified was enforced (Suppl. Figure S8). The tan-
glegram linking both, highlights those sequences
whose phylogenetic position does not match the
expected cluster, after the current annotation. Con-
versely, Catarrhini A3C sequences form a well-
supported monophyletic taxon, and this A3C gene
tree essentially adheres to the corresponding spe-
cies tree (Figure 10). Focusing exclusively on the
nodes that we could identify with confidence, we
performed ancestral phylogenetic inference of the
most likely amino acid sequence for the A3 loop 1
(Suppl. Figure S9) and, in parallel, performed a
consensus analysis of the extant sequences (Fig-
ure 10 and Suppl. Figure S9). Our results recover

Figure 10. Species tree and one-letter amino acid sequence consensus of the loop 1 in A3C, A3D-CTD and A3F-

CTD. The size of the amino acid symbol is proportional to its conservation among the sequences used. The orange

dots in the species tree indicate the nodes used for consensus inference and correspond to the different rows in the

table. The median values for the most recent common ancestor and the 95% confidence interval (obtained from http://

www.timetree.org/) are indicated close to these reference nodes.
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the well-conserved aromatic stacking stretch F[FY]
FXF characteristic of all A3s. In the A3C, A3D-CTD,
and A3F-CTD clade, we identified a small motif dis-
playing striking divergent evolution flanked by con-
served small hydrophobic amino acids. The most
likely ancestral form is the amino acid motif LRKA,
which is also the form present in extant New World
monkeys A3C and the most common in extant A3F-
CTD, while in the extant A3D-CTD the Arg residue
is less conserved L[RLQ][KT]A (Figure 10). Strik-
ingly, in the ancestor of Catarrhini A3C at around
29.4 Mya (27.6–31.3 Mya), this motif had already
evolved to LWEA (Suppl. Figure S9), and this is
the common extant form in Old World monkeys
and apes (Figure 10). Only subsequently, and
exclusively in the Chlorocebus lineage (African
green monkeys), this change was partly reverted
to LREA by a TGG > CGG transition. This reversion
should have occurred after the divergence within
Cercopithecinae, around 13.7 Mya (10.7–16.6
Mya) and before the speciation within Chlorocebus
at 3.42 Ma (2.05–4.15 Mya) (Figure 10).

Discussion

Compared to the many studies conducted over
the past decade on the HIV-1 restriction factors
A3G and A3F, investigations on A3C are very
limited. A small number of studies have
addressed the catalytic activity and substrate
binding capacity of A3C.61,70,74,85 While the previ-
ously characterized hA3C mutants S61P and
S188I boost the catalytic activity of the enzyme to
a certain degree, none of these mutations is power-
ful enough to reduce the HIV-1Dvif infectivity to the
level accomplished by A3G and they do not directly
partake in catalytic activity.70,74,85 Because our
repeated attempts to express A3F-CTD in human
cells were not successful (Figure 1(c)),70 we
assayed A3C proteins from different Old World pri-
mate species. Due to the high level of nucleotide
sequence identity between the A3C (A3Z2) par-
alogs (see discussion below) in the sooty manga-
bey monkey genome, we generated by
missannotation a smmA3C-like protein with supe-
rior anti-HIV-1 and enzymatic activity. We have
identified the key role of two positively-charged resi-
dues in loop 1 of this smmA3C-like protein (and of
the hA3F-CTD), namely R25 and K26 in the RKYG
motif. Replacing RKYG of smmA3C-like by the
WEND form of this motif in hA3C abolished its
anti-HIV-1 and catalytic activity. Importantly, the
converse strategy of introducing the substitution
WE-RK in the loop 1 of hA3C generated the potent,
deaminase-dependent anti-HIV-1 enzyme hA3C.
WE-RK. Consistent with these observations, our
EMSA data demonstrate that residues in the loop
1 of A3C regulate protein-DNA interaction. Thus,
we postulate that this more intense DNA-protein
interaction is causative for the enhanced deamina-

tion activity and enhanced anti-HIV and anti-L1
activity. Similarly, Solomon and coworkers dis-
cussed that loop 1 residues of hA3G-CTD strongly
interact with substrate ssDNA and that this interac-
tion distinguishes catalytic binding from non-
catalytic binding.86 However, the loop 1 of A3 pro-
teins likely has multiple functions, as loop 1 of
A3A was found to be important for substrate speci-
ficity but not for substrate binding affinity,87 and loop
1 of A3H, especially its residue R26, plays a triple
role for RNA binding, DNA substrate recognition,
and catalytic activity likely by positioning the DNA
substrate in the active site for effective catalysis.88

In accordance, our study indicates that 25RK26 sub-
stitution in loop 1 of A3C provides the microenviron-
ment that drives the flexibility in substrate binding
and enzymatic activity.
The binding model developed here rationalizes

how hA3C.RKYG can interact with the negatively
charged backbone of ssDNA via the positively
charged loop 1 side chains of R25 and K26
(Figure 8(c)). Like our modeling strategy, Fang
et al. used their binding mode model of A3F-CTD
with ssDNA to identify residues in the A3G-CTD
important for ssDNA binding.83 Furthermore, the
increased mobility of DNA binding regions carrying
the substitutions in hA3C.RKYG and hA3C.S61P.
S188I, respectively, compared to hA3C (Suppl. Fig-
ure S5(b)) suggests that hA3C.RKYG and hA3C.
S61P.S188I can better slide along the ssDNA than
hA3C. The higher mobility of the residues may
allow them to adapt more quickly to the passing
ssDNA, which, together with likely stronger interac-
tions with the ssDNA backbone, may explain the
increased deaminase activity. This idea is corrobo-
rated by the MD simulations, in which the com-
plexes including DNA loop 1 residues show more
frequent interactions with the DNA in the case of
hA3C.RKYG than in any of the other two variants,
suggesting a stronger binding of the DNA; by con-
trast, in hA3C.S61P.S188I in 39.2% of the time
either W25 or R30 interact with the DNA such that
the DNA could be passed on from one residue to
the other, assisting in the sliding-down mechanism
while possibly also increasing binding affinity. In
addition, loop 7 exhibits a decreased mobility in
both hA3C.RKYG and hA3C.S61P.S188I compared
to hA3C (Suppl. Figure S5(b)). Decreased mobility
of loop 7 has been shown to predict higher deami-
nase activity, DNA binding, and substrate specificity
of A3G and A3F, and has been reported to be also
relevant for antiviral activity of A3B and A3D.76,89–91

These structural findings can explain the differ-
ences in deaminase activity among the three
variants.
Unexpectedly, our experiments also

demonstrated that LINE-1 restriction by A3C,
which was reported earlier to be deaminase-
independent,61 is enhanced after expression of
the A3C.WE-RK variant. These data suggest that
the reported RNA-dependent physical interaction
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between L1 ORF1p and A3C dimers might be
mediated by A3C loop 1, is partly dependent on
the two amino acids W25 and E26 and is enhanced
by the R25 and K26 substitutions. However, L1 inhi-
bition by A3F was not significantly altered by the
A3F.RK-WE mutations, clearly indicating that other
regions (and NTD) in A3F are relevant for L1
restriction.
Because selection likely had to balance between

anti-viral/anti-L1 activity and genotoxicity of A3
proteins, we wanted to characterize loop 1
residues during the evolution of the closely related
A3Z2 proteins A3C, A3D CTD and A3F CTD in
primates, all of them descendant of an ancestral
Z2 domain that had undergone two duplication
rounds.6 In the most recent common ancestor of
these enzymes that existed before the split Old
World and New World primates (Catarrhini-
Platyrrhini) around 43 Mya, we infer the ancestral
form of the sequence of this motif in loop 1 to be
LRKAYG. In New World monkeys, the A3C genes
were not duplicated and are basal to the three sister
clades of Catarrhini A3C, A3D-CTD, and A3F-CTD.
In extant A3C sequences in New World monkeys,
the loop 1 motif has notably remained unchanged
and reads LRKAYG. In Catarrhini, on the contrary,
the ancestral A3C sequence underwent two rapid
rounds of duplication that occurred after the split
with the ancestor of Platyrrhini, and before the split
between the ancestors of Old World monkeys (Cer-
copithecoidea) and apes (Hominoidea), some 29
Mya.6 A3F has since then been involved in an
Red Queen arms race with retroviral genes.92 In
extant A3F-CTD sequences, the consensus form
of the loop 1 remains LRKAYG, albeit with a certain
variability of the R residue, which is exchanged with
other positively charged amino acids. In extant
A3D-CTD enzymes, this motif has undergone ero-
sion, is more variable and reads L[RLQ][KT]A[YC]
G. Interestingly, loop 1 in A3C experienced rapid
and swift selective pressure to exchange the posi-
tively charged RK amino acids by the largely diver-
gent chemistry of WE, yielding LWEAYG. This
selective sweep occurred very rapidly, as this is
the fixed form in all Catarrhini. Notoriously, and
exclusively in the Chlorocebus lineage (African
Green monkeys), this amino acid substitution was
partly reverted to LREAYG, which is the conserved
sequence in the four Chlorocebus A3C entries
available (Figure 10).
Overall, our results suggest that the two

duplication events that generated the extant A3C,
A3D-CTD, and A3F-CTD sequences in
Catarrhines released the selective pressure on
two of the daughter enzymes allowing them to
explore the sequence space and to evolve via
sub/neofunctionalization, as proposed for Ohno’s
in-paralogs.93 Thus, the A3F-CTD form of the loop
1 diverged little from the ancestral chemistry and
possibly maintained the ancestral function, while
the release in conservation pressure on A3D-CTD

allowed the enzyme loop 1 to accumulate muta-
tions and diverge from the ancestral state. In turn,
A3C was rapidly engaged into a distinct evolution-
ary pathway, which is unique due to the highly
divergent chemistry of loop 1 but also because
A3C is the only A3Z2 monodomain enzyme of the
A3 family. It must also be noted that among the
descendants of the ancestral A3C in Catarrhines,
only extant A3C forms a well-supported mono-
phyletic clade (Suppl. Figs. S8 and S9). Instead,
in several instances and for different species,
sequences annotated in the databases as A3D-
CTD clustered together with sequences annotated
as A3F-CTD, and vice versa, and the same is true
for the corresponding N-terminal domains (see tan-
glegram Suppl. Figure S8), overall resulting in a
lack of support for common ancestry for the individ-
ual moieties of A3C and A3F, and preventing us
from inferring the ancestral forms of the loop 1 in
A3D-CTD and A3F-CTD. This lack of monophyly
could simply reflect the lack of power of phyloge-
netic reconstruction or the potential for database
misannotations when applied to genes undergoing
complex evolution, including a full panel of duplica-
tions, deletions, adaptive radiation, differential
selection among paralogs and Red Queen dynam-
ics.3,6,92,94,95 In this respect, the field is wanting for a
systematisation of protocols and procedures for
identifying selection signatures in genes with com-
plex evolutionary histories.96 This lack of resolution
could also reflect a biological basis of read-through
of unmatured mRNAs resulting in differentially edi-
ted or in naturally chimeric mRNAs;9,97,98 which
can hamper phylogenetic inference. Finally, the
genetic architecture of the A3 locus, with the differ-
ent gene copies located in tandem may favour non-
homologous recombination between recently
diverged, closely related sequences, and may also
facilitate gene conversion between non-
homologous alleles, overall leading to genetic infor-
mation flow between gene copies and decoupling
the true evolutionary history from our gene name
and annotation-based phylogenetic reconstruc-
tions. The combined result of these novelty-
generating mechanisms could be an enhanced
inter-species or even inter-individual diversity in
the A3 locus at either the genetic or the transcrip-
tomic levels.98,99 The functional impact of such
gene and mRNA diversity deserves further investi-
gation, especially in the context of personalised
medicine.
In conclusion, we postulate that the loop 1 region

of A3s might have a conserved role in anchoring its
ssDNA substrate for efficient catalysis and that
weak deamination and anti-HIV-1 activity of hA3C
might have been the result of losing DNA
interactions in loop 1 during its evolution. It is thus
possible that genes encoding A3C proteins with
loop 1 residues with a higher ssDNA affinity were
too genotoxic to benefit their hosts by superior
anti-viral and anti-L1 activity. Tao et al. noted that
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the level of A3C preferentially increased upon
treatment with artesunate (Art) and suggested
that upregulated A3C is involved in the Art-
induced DNA damage response.100 Conceptually,
we cannot rule out the possibility that the residues
characterized here in loop 1 of hA3C might have
an impact on recognition of unknown substrates
or targets.

Materials and Methods

Cell culture

HEK293T cells (ATCC CRL-3216) were
maintained in Dulbecco’s high-glucose modified
Eagle’s medium (DMEM) (Biochrom, Berlin,
Germany), supplemented with 10% fetal bovine
serum (FBS), 2 mM L-glutamine, 50 units/ml
penicillin, and 50 mg/ml streptomycin at 37 �C in a
humidified atmosphere of 5% CO2. Similarly,
HeLa-HA cells101 were cultured in DMEM with
10% FCS (Biowest, Nuaillé, France), 2 mM L-
glutamine and 20 U/ml penicillin/streptomycin
(Gibco, Schwerte, Germany).

Plasmids

The HIV-1 packaging plasmid pMDLg/pRRE
encodes gag-pol, and the pRSV-Rev for the HIV-1
rev.102 The HIV-1 vector pSIN.PPT.CMV.Luc.IRES.
GFP expresses the firefly luciferase and GFP.103

HIV-1 based viral vectors were pseudotyped using
the pMD.G plasmid that encodes the glycoprotein
of VSV (VSV-G). SIVagm luciferase vector system
was described before.33 All A3 constructs
described here were cloned in pcDNA3.1 (+) with
a C-terminal hemagglutinin (HA) tag. The
smmA3C-like expression plasmid was generated
by exon assembly from the genomic DNA of a
white-crowned mangabey (Cercocebus torquatus
lunulatus), and the cloning strategy for smmA3C-
like and the chimeras of hA3C/smmA3C-like plas-
mid construction was recently described.69 The
expression vector for A3G-HA was generously pro-
vided by Nathaniel R. Landau. Expression con-
structs hA3C, rhA3C, cpzA3C, agmA3C and A3C
point mutant A3C.C97S were described
before.57,60,70

Various point mutants hA3C.WE-RK, hA3C.ND-
YG, hA3C.WE-RK.C97S, hA3C.WE-RK.S61P,
hA3C.WE-RK.S61P.C97S, hA3C.WE-RK.S61P.
S188I, hA3C.WE-RK.S61P.S188I.C97S, hA3F.RK-
WE, smmA3C-like.E68A were generated by using
site-directed mutagenesis. Similarly, single or
multiple amino acid changes were made in
expression vectors to produce chimera 2 mutants
(C2.DH-YG, C2.RKYG-WEND, C2.R25W, C2.
K26E, C2.Y28N, and C2.G29D) and smmA3C-
like.RKYG-WEND. To clone C-terminal GST-
tagged hA3C, hA3C.WE-RK, the ORFs were
inserted between the restriction sites HindIII and
XbaI in the mammalian expression construct pK-

GST mammalian expression vector.104 Individual
exons of authentic smmA3C and smmA3F and
smmA3F-like genes exons were amplified and
cloned in pcDNA3.1. All primer sequences are
listed in Suppl. Table 1.

Virus production and isolation

HEK293T cells were transiently transfected using
Lipofectamine LTX and Plus reagent (Invitrogen,
Karlsruhe, Germany) with an appropriate
combination of HIV-1 viral vectors (600 ng
pMDLg/pRRE, 600 ng pSIN.PPT.CMV.Luc.IRES.
GFP, 250 ng pRSV-Rev, 150 ng pMD.G with
600 ng A3 plasmid or replaced by pcDNA3.1,
unless otherwise mentioned) or SIVagm vectors
(1400 ng pSIVTan-LucDvif, 150 ng pMD.G with
600 ng A3 plasmid) in 6 well plate. 48 h post-
transfection, virion containing supernatants were
collected and for isolation of virions, concentrated
by layering on 20% sucrose cushion and
centrifuged for 4 h at 14,800 rpm. Viral particles
were re-suspended in mild lysis buffer (50 mM
Tris (pH 8), 1 mM PMSF, 10% glycerol, 0.8% NP-
40, 150 mM NaCl and 1X complete protease
inhibitor).

Luciferase-based infectivity assay

HIV-1 luciferase reporter viruses were used to
transduce HEK293T cells. Prior infection, the
amount of reverse transcriptase (RT) in the viral
particles was determined by RT assay using
Cavidi HS kit Lenti RT (Cavidi Tech, Uppsala,
Sweden). Normalized RT amount equivalent viral
supernatants were transduced. 48 h later,
luciferase activity was measured using
SteadyliteHTS luciferase reagent substrate (Perkin
Elmer, Rodgau, Germany) on a Berthold
MicroLumat Plus luminometer (Berthold Detection
Systems, Pforzheim, Germany). Transductions
were done in triplicates and at least three
independent experiments were performed.

Immunofluorescence microscopy

1 � 105 HeLa cells grown on polyethylene
coverslips (Thermo Fisher Scientific) were co-
transfected with plasmids for hemagglutinin (HA)
tagged hA3C (0.25 lg) WT or hA3C.WE-RK
(0.25 lg) using FuGENE transfection reagent
(Promega, Wisconsin, USA). At day 2 post
transfection, cells were fixed with 4%
paraformaldehyde in phosphate-buffered saline
(PBS) for 10 mins, permeabilized 0.1% Triton X-
100 for 10 min, incubated with blocking solution
(10% FBS in PBS) for 1 h, and then cells were
stained with mouse anti-HA antibody (Covance,
Münster, Germany) 1:1000 dilution in blocking
solution for 1 h. Donkey anti-mouse Alexa Fluor
488 (Covance) was used as a secondary
antibody, 1:300 dilution in blocking solution for
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1 h. Finally, DAPI was used to stain nuclei for 2
minutes. The images were captured by using a
63� objective on Zeiss LSM 510 Meta laser
scanning confocal microscopy (Carl Zeiss,
Cologne, Germany). For the quantification of
cellular localization of A3Cs, 40 randomly chosen
transfected cells with A3C or A3C.WE-RK were
categorized and quantified.

Immunoblot analyses

Transfected HEK293T cells were washed with
PBS and lysed in radioimmunoprecipitation assay
buffer (RIPA, 25 mM Tris (pH 8.0), 137 mM NaCl,
1% glycerol, 0.1% SDS, 0.5% sodium
deoxycholate, 1% Nonidet P-40, 2 mM EDTA, and
protease inhibitor cocktail set III [Calbiochem,
Darmstadt, Germany]) 20 min on ice. Lysates
were clarified by centrifugation (20 min,
14,800 rpm, 4 �C). Samples (cell/viral lysate) were
boiled at 95 �C for 5 min with Roti load reducing
loading buffer (Carl Roth, Karlsruhe, Germany)
and subjected to SDS-PAGE followed by transfer
(Semi-Dry Transfer Cell, Biorad, Munich,
Germany) to a PVDF membrane (Merck Millipore,
Schwalbach, Germany). Membranes were blocked
with skimmed milk solution and probed with
appropriate primary antibody, mouse anti-
hemagglutinin (anti-HA) antibody (1:7500 dilution,
MMS-101P, Covance); goat anti-GAPDH (C
terminus, 1:15,000 dilution, Everest Biotech,
Oxfordshire, UK); mouse anti-a-tubulin antibody
(1:4000 dilution, clone B5-1-2; Sigma-Aldrich,
Taufkirchen, Germany), mouse anti-capsid p24/
p27 MAb AG3.0105 (1:250 dilution, NIH AIDS
Reagents); rabbit anti S6 ribosomal protein
(5G10; 1:103 dilution in 5% BSA, Cell Signaling
Technology, Leiden, The Netherlands). Secondary
Abs.: anti-mouse (NA931V), anti-rabbit (NA934V)
horseradish peroxidase (1:104 dilution, GE Health-
care) and anti-goat IgG-HRP (1:104 dilution, sc-
2768, Santa Cruz Biotechnology, Heidelberg, Ger-
many). Signals were visualized using ECL chemilu-
minescent reagent (GE Healthcare). To
characterize the effect of the expression of A3 pro-
teins and their mutants on LINE-1 (L1) reporter
expression, HeLa-HA cells were lysed 48 h post-
transfection using triple lysis buffer (20 mM Tris/
HCl, pH 7.5; 150 mM NaCl; 10 mM EDTA; 0.1%
SDS; 1% Triton X-100; 1% deoxycholate; 1x com-
plete protease inhibitor cocktail [Roche]), clarified
and 20 lg total protein were used for SDS-PAGE
followed by electroblotting. HA-tagged A3 proteins
and L1 ORF1p were detected using an anti-HA
antibody (MMS-101P; Covance) in a 1:5000 dilution
and the polyclonal rabbit-anti-L1 ORF1p antibody
#984106 in a 1:2000 dilution, respectively, in
1xPBS-T containing 5% milk powder (Suppl. Fig-
ure S4). ß-actin expression (AC-74, 1:30,000 dilu-
tion, Sigma-Aldrich Chemie GmbH) served as a
loading control.

Differential DNA denaturation (3D) PCR

HEK293T cells were cultured in 6-well plates and
infected with DNAse I (Thermo Fisher Scientific)
treated viruses for 12 h. Cells were harvested and
washed in PBS, the total DNA was isolated using
DNeasy DNA isolation kit (Qiagen, Hilden,
Germany). A 714-bp fragment of the luciferase
gene was amplified using the primers 50-GATATGT
GGATTTCGAGTCGTC-30 and 50-GTCATCGTCTT
TCCGTGCTC-30. For selective amplification of the
hypermutated products, the PCR denaturation
temperature was lowered stepwise from 87.6 �C
to 83.5 �C (83.5 �C, 84.2 �C, 85.2 �C, 86.3 �C,
87.6 �C) using a gradient thermocycler. The PCR
parameters were as follows: (i) 95 �C for 5 min;
(ii) 40 cycles, with 1 cycle consisting of 83.5 �C to
87.6 �C for 30 s, 55 �C for 30 s, 72 �C for 1 min;
(iii) 10 min at 72 �C. PCRs were performed with
Dream Taq DNA polymerase (Thermo Fisher
Scientific). PCR products were stained with
ethidium bromide. PCR product (smmA3C-like
sample only) from the lowest denaturation ?
temperature was cloned using CloneJET PCR
Cloning Kit (Thermo Fisher Scientific) and
sequenced. smmA3C-like protein-induced
hypermutations of eleven independent clones were
analysed with the Hypermut online tool (https://
www.hiv.lanl.gov/content/sequence/HYPERMUT/
hypermut.html).107 Mutated sequences (clones)
carrying similar base changes were omitted
and only the unique clones were presented for
clarity.

In vitro DNA cytidine deamination assay

A3 proteins expressed in transfected HEK293T
cells, virion-incorporated A3s, or purified GST
fusion proteins were used as input. Cell lysates
were prepared with mild lysis buffer 48 h post
plasmid transfection. Deamination reactions were
performed as described72,108 in a 10 mL reaction
volume containing 25 mM Tris pH 7.0, 2 ml of cell
lysate and 100 fmol single-stranded DNA substrate
(TTCA: 50-GGATTGGTTGGTTATTTGTATAAG
GAAGGTGGATTGAAGGTTCAAGAAGGTGATG
GAAGTTATGTTTGGTAGATTGATGG). Samples
were treated with 50 mg/ml RNAse A (Thermo
Fisher Scientific). Reactions were incubated for
1 h at 37 �C and the reaction was terminated by
boiling at 95 �C for 5 min. One fmol of the reaction
mixture was used for PCR amplification Dream Taq
polymerase (Thermo Fisher Scientific) 95 �C for
3 min, followed by 30 cycles of 61 �C for 30 s and
94 �C for 30 s using primers forward 50-GGATTG
GTTGGTTATTTGTATAAGGA and reverse 50-CCAT
CAATCTACCAAACATAACTTCCA. PCR products
were digested with MseI (NEB, Frankfurt/Main, Ger-
many), and resolved on 15% PAGE, stained with
ethidium bromide (7.5 lg/ml). As a positive control,
substrate oligonucleotides with TTUA instead of
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TTCA were used to control the restriction enzyme
digestion.70

L1 retrotransposition reporter assay

Relative L1 retrotransposition activity was
determined by applying a rapid dual-luciferase
reporter-based assay described previously.81

Briefly, 2 � 105 HeLa-HA cells were seeded per
well of a six-well plate and transfected using
Fugene-HD transfection reagent (Promega)
according to the manufacturer’s protocol. Each well
was cotransfected with 0.5 lg of the L1 retrotrans-
position reporter plasmid pYX017 or pYX01581

and 0.5 lg of pcDNA3.1 or WT or mutant A3
expression construct resuspended in 3 ll Fugene-
HD transfection reagent and 100 ll GlutaMAX-I-
supplemented Opti-MEM I reduced-serum medium
(Thermo Fisher Scientific). Three days after trans-
fection, the medium was replaced by complete
DMEM containing 2.5 lg/ml puromycin, to select
for the presence of the L1 reporter plasmid harbor-
ing a puroR-expression cassette. Next day, the
medium was replaced by puromycin containing
DMEM medium and 48 h later, transfected cells
were lysed to quantify dual-luciferase lumines-
cence. Dual-luciferase luminescence measure-
ment: Luminescence was measured using the
Dual-Luciferase Reporter Assay System (Promega)
following the manufacturer’s instructions. For
assays in 6-well plates, 200 ll Passive Lysis Buffer
was used to lyse cells in each well; for all assays,
20 ll lysate was transferred to a solid white 96-
well plate, mixed with 50 ll Luciferase Assay
Reagent II, and firefly luciferase (Fluc) activity was
quantified using the microplate luminometer Infinite
200PRO (Tecan, Männedorf, Switzerland). Renilla
luciferase (Rluc) activity was subsequently read
after mixing 50 ll Stop & Glo Reagent into the cell
lysate containing Luciferase Assay Reagent II. Data
were normalized as described in the results sec-
tion. L1 retrotransposition activities were expressed
as normalized luminescence ratios (NLR) relative to
the background signal obtained after cotransfection
of pcDNA3.1(+) and pYX015 coding for the
retrotransposition-defective L1RP/JM111 element.
The NLR resulting from cotransfection of pYX015
and pcDNA3.1(+) was set as 1.

Protein sequence alignment and visualization

Sequence alignment of hA3C and smmA3C-like
protein was done by using Clustal Omega (http://
www.ebi.ac.uk/Tools/msa/clustalo/). The alignment
file was then submitted to ESPript 3.0109 (espript.
ibcp.fr) to calculate the similarity and identity of resi-
dues between both proteins and to represent the
pairwise sequence alignment. Cartoon model of
the crystal structure of A3C (PDB 3VOW) was con-
structed using PyMOL (PyMOL Molecular Graphics
System version 1.5.0.4; Schrödinger, Portland,
OR).

Structural model building of protein-DNA
complexes

The structural models of hA3C or hA3C.RKYG
binding to ssDNA were generated by first aligning
the X-ray crystal structure of rhA3G-NTD (PDB ID
5K8282) onto the X-ray crystal structure of hA3F-
CTD (PDB ID 5W2M83), the latter of which was co-
crystallized with ssDNA. Subsequently, the hA3C
X-ray crystal structure (PDB ID 3VOW68) was
aligned onto the NTD of rhA3G, which is structurally
similar to hA3C. The ssDNA and the interface region
of hA3C were subsequently relaxed in the presence
of each other using Maestro.110 The same program
was used to mutate hA3C to obtain the hA3C.RKYG
and hA3C.S61P.S188I variants, which were again
relaxed in the presence of the ssDNA. Similarly, we
obtained hA3C, hA3C.RKYG, and hA3C.S61P.
S188I ssDNA binding models based on the
ssDNA-binding X-ray crystal structure of hA3A
(PDB ID 5SWW111), a much relevant model similar
to 6BUX.112 These three DNA complex structures
were later used for MD simulations as they include
a cytidine residue in the active center.

Molecular dynamics simulations

hA3C, hA3C.RKYG, and hA3C.S61P.S188I were
subjected to MD simulations. For this, the above-
mentioned structures without the DNA were N-
and C-terminally capped with ACE and NME,
respectively. The three variants were protonated
with PROPKA113 according to pH 7.4, neutralized
by adding counter ions, and solvated in an octahe-
dral box of TIP3P water114 with a minimal water
shell of 12 �A around the solute. The Amber pack-
age of molecular simulation software115 and the
ff14SB force field116 were used to perform the MD
simulations. For the Zn2+-ions the Li-Merz parame-
ters for two-fold positively charged metal ions117

were used. To cope with long-range interactions,
the “Particle Mesh Ewald” method118 was used;
the SHAKE algorithm119 was applied to bonds
involving hydrogen atoms. As hydrogen mass
repartitioning120 was utilized, the time step for all
MD simulations was 4 fs with a direct-space, non-
bonded cut-off of 8 �A.
In the beginning, 17,500 steps of steepest descent

and conjugate gradient minimization were
performed; during 2500, 10000, and 5000 steps
positional harmonic restraints with force constants
of 25 kcal mol�1 �A�2, 5 kcal mol�1 �A�2, and zero,
respectively, were applied to the solute atoms.
Thereafter, 50 ps of NVT (constant number of
particles, volume, and temperature) MD
simulations were conducted to heat up the system
to 100 K, followed by 300 ps of NPT (constant
number of particles, pressure, and temperature)
MD simulations to adjust the density of the
simulation box to a pressure of 1 atm and to heat
the system to 300 K. During these steps, a
harmonic potential with a force constant of
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10 kcal mol�1 �A�2 was applied to the solute atoms.
As the final step in thermalization, 300 ps of NVT-
MD simulations were performed while gradually
reducing the restraint forces on the solute atoms to
zero within the first 100 ps of this step. Afterwards,
five independent production runs of NVT-MD
simulations with 2 ls length each were performed.
For this purpose, the starting temperatures of the
MD simulations at the beginning of the
thermalization were varied by a fraction of one
Kelvin. MD simulation of those three variants in
complex with ssDNA were performed similarly,
treating the DNA with the OL15 force field121 and
performing ten independent production runs of
NVT-MD simulations with 2 ms length each. To eval-
uate the interactions between loop 1 (residues 25–
30) of the three variants and the ssDNA present in
the complexes, we employed two different measures
using CPPTRAJ122. First, we used the h-bond com-
mand to detect hydrogen bonds between residues in
loop 1 and the ssDNA. Second, we measured the
minimal distance of the side chain atoms, not includ-
ing Cb of the respective residues, and the DNA for
each snapshot of the MD simulations and correlated
both (Suppl. Figure S6), considering a larger dis-
tance cut-off of 4 �A to detect interactions between
the side chains and DNA. Theminimal distance over
time for residue 30 can be seen in Suppl. Figure S10
(a)–(c) and the root mean square deviation (RMSD)
over time is shown in Suppl. Figure S10(d)–(f). The
latter figure indicates that the systems structurally
stabilized after ~250 ns.

Expression and purification of recombinant
GST-tagged hA3C and hA3C.WE-RK from
HEK293T cells

Recombinant C-terminal GST-tagged hA3C and
hA3C.WE-RK were expressed in HEK293T cells
and purified by affinity chromatography using
Glutathione Sepharose 4B beads (GE Healthcare)
as described previously.70 Cells were lysed 48 h
later with mild lysis buffer [50 mM Tris (pH 8),
1 mM PMSF, 10% glycerol, 0.8% NP-40, 150 mM
NaCl, and 1X complete protease inhibitor and incu-
bated with GST beads. After 2 h incubation at 4 �C
in end-over-end rotation, GST beads were washed
twice with wash buffer containing 50 mM Tris (pH
8.0), 5 mM 2-ME, 10% glycerol and 500 mM NaCl.
The bound GST hA3C and hA3C.WE-RK proteins
were eluted with wash buffer containing 20 mM
reduced glutathione. The proteins were 90–95%
pure as checked on 15% SDS-PAGE followed by
Coomassie blue staining. Protein concentrations
were estimated by Bradford's method.

Electrophoretic mobility shift assay (EMSA)
with hA3C-GST and hA3C.WE-RK-GST

EMSA was performed as described
previously.70,84,123 We mixed 1.33 nM (20 fmol) of
30 biotinylated DNA (30-TTC-Bio-TEG purchased

from Eurofins Genomics, Ebersberg Germany) with
10 mM Tris (pH� 7.5), 100 mM KCl, 10 mMMgCl2,
1 mM DTT, 2% glycerol, and the respective amount
of recombinant proteins in a 15 ll reaction mixture,
and incubated at room temperature for 30 min. The
reaction mixture containing the protein-DNA com-
plexes were resolved on a 5% native PAGE gel
on ice and transferred to a nylon membrane (Amer-
sham Hybond-XL, GE healthcare) using 0.5 X TBE.
After the transfer, the membrane containing protein-
DNA complexes were cross-linked by UV radiation
with 312-nm bulb for 15 min. Chemiluminescent
detection of biotinylated DNA was carried out
according to the manufacturer's instruction (Thermo
Scientific, LightShift Chemiluminescence EMSA
Kit).

Phylogenetic inference

In order to study the evolution of the A3-Z2
domains, a representative set of 61 primate A3C,
A3D, and A3F gene sequences were collected
from GenBank (https://www.ncbi.nlm.
nih.gov/genbank), as follows: 26 A3C sequences,
12 A3D sequences, and 21 A3F sequences (full
list available in Suppl. Table 2). The phylogenetic
relationships and divergence times among the
species used were retrieved from http://
www.timetree.org (Suppl. Figure S8). A3
sequences from the northern tree shrew Tupaia
belangeri were included as an outgroup to the
primate ones. As A3D and A3F sequences
contain each two Z2 domains, they were split into
the corresponding N and C termini. The
alignments were performed at the amino acid
level using MAFFTv7.380 (http://mafft.cbrc.jp/
alignment/software/).124 Phylogenetic inference
was performed using RAxMLv8;125 at either the
nucleotide level under the GTR+C model or at the
amino acid level under the LG+C model. Node sup-
port was evaluated applying 5000 bootstrap cycles.
Additionally, phylogenies at the nucleotide level
were also calculated after introducing constraints
in the tree, forcing monophyly of each clade
A3D_N and C termini, A3F_N and C termini, New
World monkeys A3C, and catarrhine A3C. Differ-
ences in maximum likelihood between alternative
topologies for the same alignment were evaluated
by the Shimodaira-Hasegawa test. Ancestral state
reconstruction of amino acids in the loop A3-Z2
loop 1 was performed only for the supported clades
using RAxMLv8. A tanglegram with the two phylo-
genies was drawn with Dendroscope v3.6.3.126

Final layouts were done with Inkscape 0.92.4.

Statistical analysis

Data were represented as the mean with SD in all
bar diagrams. Statistically significant differences
between two groups were analyzed using the
unpaired Student’s t-test with GraphPad Prism
version 5 (GraphPad Software, San Diego, CA,
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USA). A minimum p-value of 0.05 was considered
as statistically significant.
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