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A number of prokaryotic proteins have been shown to contain
nuclear localization signals (NLSs), although its biological role
remains sometimes unclear. Terminal proteins (TPs) of bacterioph-
ages prime DNA replication and become covalently linked to the
genome ends. We predicted NLSs within the TPs of bacteriophages
from diverse families and hosts and, indeed, the TPs of ®29, Nf,
PRD1, Bam35, and Cp-1, out of seven TPs tested, were found to
localize to the nucleus when expressed in mammalian cells. De-
tailed analysis of ®29 TP led us to identify a bona fide NLS within
residues 1-37. Importantly, gene delivery into the eukaryotic nu-
cleus is enhanced by the presence of ®29 TP attached to the 5’
DNA ends. These findings show a common feature of TPs from
diverse bacteriophages targeting the eukaryotic nucleus and sug-
gest a possible common function by facilitating the horizontal
transfer of genes between prokaryotes and eukaryotes.

N uclear localization signals (NLSs) allow proteins to be rec-
ognized by the importin/karyopherin pathway and inter-
nalized into the eukaryotic cell nucleus (1). A number of NLSs in
proteins of prokaryotic origin has been reported. Some of these
proteins are produced by pathogenic or endosymbiotic micro-
organisms to perform or affect some functions inside their hosts
(2, 3). However, the biological significance of NLSs from non-
eukaryotic origin is not well understood, like in the case of
Escherichia coli Tus protein (4), phage P1 Cre recombinase (5),
and terminal proteins (TPs) of chromosomes and linear plasmids
of Streptomyces bacteria genus (6). For these two latter cases,
possible roles in horizontal gene transfer (HGT) between distant
organisms were suggested (5, 6).

The use of TP-mediated, protein-primed DNA replication has
been reported or suggested in replicons from all domains of life,
such as archaebacterial viruses, bacteriophages of Gram-positive
and Gram-negative eubacterial hosts, Streptomyces chromosomes
and plasmids, yeast plasmids, mitochondrial plasmids of plants and
fungi, transposable elements, adenoviruses, and the recently de-
scribed Mavirus virophage (6-11). Besides priming DNA repli-
cation, TPs can perform other important roles in vivo. In the case
of phage ®29, the TP is divided into three structural domains (12):
(¢) the C-terminal domain, which contains the serine 232 priming
residue; (ii) the intermediate domain that contributes to the sur-
face of interaction with the DNA polymerase; and (iii) the N-
terminal domain (Nt) that is required in vivo for the recruitment of
the viral genome (TP-DNA) and DNA polymerase at the bacterial
nucleoid (13). The latter biological function seems analogous to
that of adenovirus TP, which contains an NLS that directs the
nuclear localization of the viral DNA polymerase (14).

The HGT phenomenon has been extensively reported in
prokaryotes (15, 16), fungi (17), plants (18), and also humans
(19), and it is an accepted driving force of evolution, although
with some controversy about its relative contribution (20, 21).
Actual transfer events are only rarely observed with unambig-
uous evidence. Sequence analysis can underestimate the number
of transferred genes because sequences acquired from organisms
of similar base composition and codon use patterns, as well as
ancient transfer events, will escape detection (22). Indeed, some
authors have suggested that the current accepted transfers are
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only the tip of a large iceberg of major evolutionary phenomena
(16, 23, 24).

In bacteria, cell transformation, transduction, and conjugation
account for most of gene transference (25). However, in eukar-
yotes the mechanisms for the uptake of genetic material for gene
transfer are poorly understood in many cases. Given that many
protists are phagotrophs and subsist by eating bacteria, it has been
suggested that the evolution of eukaryotic organisms can be
explained under the “you are what you eat” hypothesis, by which
prokaryotic genes from symbiotic or food bacteria could have
replaced ancient eukaryotic genes over evolutionary time (24, 26).
In agreement with this theory, the occurrence of HGT in eukar-
yotes is higher in unicellular organisms that do not require specific
germ lines to be reproduced and to spread the newly acquired
genes (27). However, inside the eukaryotic cell, the nuclear en-
velope constitutes a barrier that only small DNA molecules (below
300 bp) can overcome, although the attachment of NLSs has been
shown to enhance both nuclear transport and subsequent ex-
pression of larger fragments (28).

Here we report a widespread occurrence of predicted NLSs
in phage TPs and show that the TPs of ®29, Nf, PRD1, Bam35,
and Cp-1 localize to the mammalian cell nucleus. Moreover, using
an in vitro TP-primed amplification system that generates DNA
molecules containing the TP covalently linked to the 5 DNA ends
(29), we show that the attached ®29 TP increases gene delivery
with respect to that of a control linear DNA, indicating that the
attached TP may facilitate the nuclear translocation step. Alto-
gether, our results show that eukaryotic nuclear targeting of TPs of
diverse bacteriophages is a widespread feature of these proteins,
supporting a possible role in HGT by transferring genes between
prokaryotes and eukaryotes.

Results and Discussion

TPs of Diverse Phages Contain Predicted NLSs and Target the
Eukaryotic Nucleus. We analyzed annotated TP sequences from
all representative types of bacteriophages for which a TP-primed
replication mechanism has been proposed (Fig. 1). Except for
the case of ®29, Nf, and GA-1, which belong to the same virus
genus, TP sequences do not show any clear sequence similarity,
although they share a high proportion of basic residues, some of
them grouped in positively charged clusters that, except for the
case of ®YS40 and Acidianus bottle-shaped virus (ABV), are
predominant respect to negative charges in the Nt third of the
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Fig. 1. Schematic representation of the primary structure and pNLS from diverse phage TPs. Protein sequences of ®29 (11), GA-1 (45), Nf (46), Cp-1 (47),
®CP24R (48), AV-1 (49), ascc®28 (50), Bam35 (51), PRD1 (52), ABV (8), and ®YS40 (53) are represented as gray lines of proportional length. Blue and red
bars stand for positive and negative charged amino acid residues, respectively, in their equivalent positions. For reference, the viral family is also in-
dicated. The sequences of the putative NLSs predicted with the NLStradamus server are highlighted in orange and detailed using the blue/red color code
for charged residues.

protein. It is well known that both NLSs and DNA binding
domains contain a high proportion of basic residues. In this re-
spect, it has been hypothesized that evolution may have used part
of the existing DNA binding regions as signals to compartmen-
talize DNA binding proteins into the nucleus, although different
types of NLSs could have had alternative origins (30). However,

the number of predicted NLSs in open reading frames (ORFs)
from prokaryotes (1-2% respect to total ORFs vs. 8-10% in
eukaryotes) (3, 30) seems to be underrepresented in relation to
the DNA binding domains [about 10% of total proteins for both
prokaryotes and eukaryotes, according to gene ontology anno-
tations (GO:0003677) (31)]. Indeed, some prokaryotic DNA

Cp-1

Fig. 2. Nuclear targeting of TPs from diverse phages. Confocal images of representative COS-7 cells expressing the indicated 2YFP fusions to wild-type ®29,
Nf, GA-1, PRD1, Bam35, Cp-1, and ABV TPs, selected among at least five pictures. Shown are YFP (green), DAPI (red), and YFP merged with DAPI images. The
2YFP-ABV construct gave rise to a disperse signal throughout the cell and a large focus of strong signal that might correspond to the aggresome formation
reported for similar chimeric fusion proteins (54), although no significant degradation is observed in a Western blot to monitor the expression and stability of
YFP fusions (Fig. S5).
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binding proteins such as E. coli LexA or the phage T7 RNA
polymerase do not localize to the nucleus by themselves when
expressed in eukaryotic cells (32, 33). This indicates that a par-
ticular prokaryotic DNA binding domain has clearly less likeli-
hood of containing a predicted NLS than the eukaryotic ones.

We sought putative NLSs in sequences from representative
annotated TPs using the NLStradamus Web server, which predicts
NLSs in proteins based upon hidden Markov models (HMMs)
statistical approaches and provides a high detection sensitivity with
a low false positive rate (34). Predicted NLSs (pNLSs) were found
in eight out of 11 TP sequences screened (Fig. 1). The PSORT
server (35) found similar patterns, although it could not find any
pNLS in the TPs of ®29-like phages (Table S1).

Although GA-1 and ©29 TPs share 40% of sequence identity,
no NLSs were predicted in GA-1 TP, likely because a “KKK”
cluster present within the ®29 TP pNLS is restricted to a single
“K” in GA-1 TP (see next section and Fig. S1). This suggests that
the evolutionary role of NLSs in phage TPs is not essential for the
phage life cycle. It is also interesting to note that ®YS40 and ABV
phages exist in natural extreme habitats where less eukaryotic
biomass is usually found, which might explain the lack of NLSs
in their putative TPs. Instead, one or more NLSs were detected
in all but one of the analyzed mesophile phages, suggesting that
the presence of NLSs may constitute a common feature in TPs.

To validate the in silico predictions, we analyzed the sub-
cellular localization of double YFP fusions to ®29, Nf, GA-1,
PRD1, Bam35, Cp-1, and ABV TPs when expressed in COS-7
mammalian cells (Fig. 2). Except for the case of GA-1 and ABV,
all TPs tested conferred a nuclear localization to the fluorescent
fusion proteins. Because all of these 2YFP-TP fusions (75-85
kDa) are largely above the accepted nuclear pore exclusion limit
(around 50 kDa; ref. 1), the exclusive nuclear localization of the
TPs suggests that they are transported by the nuclear active im-
port pathway. Altogether, in silico predictions and experimental
results showed that eukaryotic nuclear targeting is widespread in
phage TPs as an evolutionary common feature, likely due to the
presence of functional NLSs.

Fragment 1-37 Nt of the ®29 TP Constitutes a Functional Eukaryotic
NLS. A genuine NLS should be transposable and required to
confer nuclear localization by an energy-dependent mechanism
(1). We verified experimentally that nuclear localization of ®29
TP in mammalian cells is intrinsic, independently of the type of
construction or cells used (Fig. S2 A-C). Importantly, the YFP-
TP signal was dispersed throughout the cell by an energy-de-
pletion treatment, showing that an active mechanism is required
for its nuclear localization in control conditions (Fig. S2D).

To further estimate the contribution of pNLSs, we mapped the
NLS within the phage ®29 TP. The ®29 TP Nt domain that
contains the pNLS and most of the positively charged residues
(Fig. 1) was found to be required for nuclear localization (Fig.
S3). Furthermore, the first 37 amino acids of the ®29 TP confer
nuclear localization to a 2YFP fusion protein, whereas the first
24 residues are not sufficient by themselves (Fig. 3B). On the
other hand, the Nt (14-37) fusion, which contains the pNLS,
shows an intermediate pattern, although with a clear accumu-
lation of fluorescence in the nucleus. In addition, we performed
site-directed mutagenesis to study the role of specific residues
within the Nt (14-37) region. The mutation R19A had no effect
on the subcellular localization of the TP (Fig. 3C), ruling out the
role of this residue in the NLS function. The single mutant K27A
showed an intermediate phenotype, with only partial accumula-
tion in the nucleus, whereas the double K25A/K27A and the
triple K32A/K33A/K34A mutants showed an impaired NLS
function. This is in agreement with the fact that the GA-1 TP,
which lacks the KKK motif, did not localize to the nucleus.
These results indicate that the *KAK*’ and *KKK>* motifs are
required for the NLS function. Thus, it seems likely that the

18484 | www.pnas.org/cgi/doi/10.1073/pnas.1216635109
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Fig. 3. Identification of a minimal functional NLS in ®29 TP. (A) Schematic
representation of double YFP fusions to ®29 TP domains and fragments. The
first 37 amino acids that contain most (76%) of the positive charges were
used as a reference for the NLS mapping. The NLS predicted by NLStradamus
is boxed in red. The residues mutated in C are highlighted in navy blue.
Confocal images of representative COS-7 cells expressing the indicated
fusions to TP-fragments (B) or full-length point mutants (C), selected among
at least five different images. Shown are YFP (green), DAPI (red), and YFP
merged with DAPI images.

PNLS contributes to the major interaction with the carrier pro-
tein, whereas the 1-14 amino acids may constitute a required
protein context, as has been found for other proteins (36, 37) and
also shown for the specificity of importin-o isoforms (38). Im-
portantly, a TP mutant lacking the first 37 Nt amino acids did not
accumulate in the nucleus (Fig. 3B). Altogether, our results show
that ©29 TP contains a bona fide eukaryotic NLS, with residues
1-37 being necessary and sufficient for this function.

®29 TP Enhances Delivery of Linear DNA. To mediate in HGT, TPs
should be able to transport their attached DNA to the eukaryotic
cell nucleus. To confirm this, we used a circular DNA (pEYF-
PORBAE, 29) that contains the yfp gene expression cassette and
the ®29 genome origins. Once linearized, the DNA was amplified
in vitro by the phage replication system to incorporate the TP
covalently linked at both 5" DNA ends (Fig. S4). Thus, we trans-
fected COS-7 cells with the circular DNA, the linear DNA am-
plified by a standard polymerase chain reaction, or the TP-DNA

Redrejo-Rodriguez et al.
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amplified by the ®29 TP replication system. Fig. 4 shows that
bacteria-purified plasmid DNA yielded a higher YFP signal than
linear DNA did, probably due to a higher resistance to degrada-
tion and to the more compact form of supercoiled DNA (39).
Importantly, the YFP expression in cells transfected with the TP-
containing DNA was three- to fourfold higher than that of the
linear DNA, indicating a stimulation in the presence of ®29 TP
covalently linked to the 5" DNA ends, which most likely facilitates
the nuclear translocation step and may also protect the DNA from
degradation (39, 40). To further confirm the role of TP NLS in
gene delivery, we treated the TP-DNA with proteinase K, which
gives rise to a small acidic peptide attached to the DNA (41). This
peptide does not contain the NLS but still can protect from exo-
nuclease degradation (Fig. S4). As shown in Fig. 4, gene delivery
was strongly impaired, which further supports a TP-mediated
stimulation of nuclear transport by means of its NLS. The lower
YFP signal in the proteinase K—treated DNA with respect to the
naked linear DNA might be due to the interference of the peptide
with a possible recircularization of the linear DNA. This result
could provide a hint on the biological role of phage TPs in the
ecosystems when infected bacteria interact with eukaryotic cells. In

pEYFPORBAE
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Fig. 4. ®29 TP linked to the DNA ends enhances gene delivery into
eukaryotic cells. (A) Western blot of COS-7 cell extracts transfected with
bacteria-purified plasmid pEYFPORBAE (29), linear form of the plasmid, and
linear DNA with TP covalently linked at the 5’ ends, represented by simpli-
fied sketches. Amplified TP-DNA subsequently treated with proteinase K and
) exonuclease (KA) was also used. An anti-B-actin antibody was used as the
loading control. The presence of TP does not modify the requirement of
transfection reagent (lipofectamine), ruling out an enhancement of the cell
internalization step. (B) Normalized YFP signal, obtained from the band
densitometry of three independent experiments. As indicated, pairwise
statistical tests showed that the relative YFP signal of supercoiled DNA and
TP-DNA were significantly different from that of linear DNA as well as from
the peptide containing DNA (P < 0.001).

Redrejo-Rodriguez et al.

addition, in vitro generation of DNAs with improved gene delivery
efficiency may constitute a powerful tool for a number of down-
stream applications, including transient expression of proteins or
gene therapy (29, 42).

Model of Phage TP-Mediated Prokaryotes—Eukaryotes Gene Transfer.
There are known specific mechanisms of prokaryotic—eukaryotic
gene transfer, like Agrobacterium T-elements transformation,
which also have NLS-containing linked proteins (2), yet they
require a specific cellular internalization process. Genome se-
quencing has undoubtedly identified bacteriophages as sub-
stantial forces of bacterial adaptation and genomic divergence
because they are highly abundant in all ecosystems and they have
important roles in the transference of new biological traits (16).
We propose a role of phage TPs in HGT in the ecosystems, by
ferrying DNAs between evolutionarily distant organisms (Fig. 5).
In a hypothetical simplified scenario, bacteria are infected by
bacteriophages whose genome is constituted by DNA (1a) or TP-
DNA (1b). Eventually, phages can mediate gene exchanges
within different bacteria, thus incorporating foreign DNA into
their genomes. As mentioned in the beginning of this article,
phagocytosis has been suggested as a mechanism of cell uptake
of foreign genes by many protists that are phagotrophs and
subsist by eating bacteria (24, 26). In consequence, infected
bacteria containing large amounts of viral particles and genomes
can be internalized into a eukaryotic cell (2a and 2b). If the
phage DNA contains 5'-linked TPs, it can be resistant to exo-
nucleolytic degradation (3b) and, by means of the TP NLS,
transported inside the cell nucleus (4). In this way, phage TP-
mediated HGT could be a possible mechanism of interkingdom
(prokaryotes—eukaryotes) genetic exchanges that, when confer-
ring an advantage, would be fixed in a new lineage (5).

Materials and Methods

Constructs Design. All DNA manipulations and cloning were carried out by
standard molecular biology methods (43). Oligonucleotides used for PCR
amplifications (Sigma) are listed in Table S2. All DNA plasmid constructs were
purified from XL-1 Blue E. coli strain with Promega Wizard Minipreps DNA
Purification System and were sequence-verified prior to using.

@29, Nf, and GA-1 genomes were from the laboratory stock. Cp-1, PRD1,
and Bam35 phage DNA were gifts from Drs. P. Garcia (Centro de Inves-
tigaciones Bioldgicas, CSIC, Madrid, Spain), D. Bamford (Finnish Center of
Excellence in Virus Research, Helsinki, Finland), and J. K. Bamford (University
of Jyvaskyla, Finland), respectively. The codon-optimized sequence of the
ORF coding for the ABV putative TP was purchased from GeneScript. Single
YFP-TP fusions to be expressed in transient transfection of COS-7 cells were
generated by cloning the PCR-amplified TP ORFs into the EcoRIl/BamHI sites
of pEYFP-C1 or pEYFP-N1 vectors (Clontech). Plasmids expressing the double
YFP fusions of TP constructs were generated by cloning the yfp gene into the
XhollEcoRl sites of previously constructed single YFP plasmids.

Transient Expression and Confocal Analysis of YFP and YFP-TP Fusions. COS-7
cells were obtained from the American Type Culture Collection and grown in
Dulbecco’s modified Eagle medium (DMEM) containing 10% (vol/vol) fetal
calf serum (FCS). For transient expression experiments, cells were grown over
glass coverslips in multiwell 24 at 20,000 cells‘cm?. Transfections were per-
formed with 250 ng of DNA per well and Lipofectamine and Plus Reagent
(Invitrogen) according to the manufacturer’s instructions. In the experiments
to block active transport, cells expressing fusion proteins (16 h posttransfection)
were energy-depleted by incubation for 2 h with 10 mM sodium azide and
10 mM 2-deoxyglucose in DMEM without glucose. Finally, cells were washed
with phosphate-buffered saline (PBS) and doubly fixed with 4% para-
formaldehyde (15 min at room temperature) plus methanol (5 min at -20 °C)
and mounted with Mowiol-DABCO Mounting medium (containing 1 pg/mL
4',6-diamidino-2-phenylindole, DAPI) on glass slides. Preparations were exam-
ined with a LSM510 confocal laser microscope (Zeiss). Images were processed
using ImageJ software (44). Samples to monitor protein expression were
washed with PBS and harvested directly in SDS/PAGE sample buffer. Western
blots were performed with an anti-GFP antibody that cross-reacts with YFP
(Invitrogen A-6455).
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Fig. 5. Model of TP-mediated HGT. In natural ecosystems, HGT within prokaryotic or archaea organisms is often mediated by phages that might contain (1b,
red) or not contain (1a, green) TPs in their genome ends. Infected bacteria contain a large amount of viral particles and genomes, might encounter with
eukaryotic cells, and eventually might be internalized by phagocytosis or other processes (2a and 2b). Normally, viral DNA would be degraded inside the cell
(3a), but if the phage DNA contains 5'-linked TPs, it may go through lysosomes and endocytosis pathways (3b), subsequently be driven across the nuclear
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