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Abstract

Eukaryotic cells are divided into the nucleus and the cytosol, and, to enter the nucleus, proteins typically possess short
signal sequences, known as nuclear localization signals (NLSs). Although NLSs have long been considered as features
unique to eukaryotic proteins, we show here that similar or identical protein segments are present in ribosomal proteins
from the Archaea. Specifically, the ribosomal proteins uL3, uL15, uL18, and uS12 possess NLS-type motifs that are
conserved across all major branches of the Archaea, including the most ancient groups Microarchaeota and
Diapherotrites, pointing to the ancient origin of NLS-type motifs in the Archaea. Furthermore, by using fluorescence
microscopy, we show that the archaeal NLS-type motifs can functionally substitute eukaryotic NLSs and direct the
transport of ribosomal proteins into the nuclei of human cells. Collectively, these findings illustrate that the origin of
NLSs preceded the origin of the cell nucleus, suggesting that the initial function of NLSs was not related to intracellular
trafficking, but possibly was to improve recognition of nucleic acids by cellular proteins. Overall, our study reveals rare
evolutionary intermediates among archaeal cells that can help elucidate the sequence of events that led to the origin of
the eukaryotic cell.
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Introduction
Our understanding of past evolutionary events mainly relies
on the discovery of transitional forms. Classical examples of
these transitional forms include the fossilized bird-like dino-
saur Archaeopteryx lithographica and the crawling fish
Tiktaalik roseae, whose bone structures illuminated many
aspects of how, between the Late Jurassic and the Late
Devonian, the fins of ancestral fish were transformed into
the legs of terrestrial animals and subsequently into the feath-
ered wings of birds (Chiappe 1999; Norell and Xu 2005;
Daeschler et al. 2006). However, the further we delve into
the past, the more we find ourselves limited in our archeo-
logical record, so that the most ancient events in history of life
on Earth are known in sketchy outline or remain enigmatic.

One such enigmatic event is related to the question how
the cell nucleus originated. Fossil records indicate that, be-
tween 1.7 and 2.7 billion years ago (Bya), a group of ancestral
prokaryotic cells were transformed into what we now refer to
as eukaryotes: they acquired a DNA-storage compartment—
the nucleus—that was separated from the cytoplasm by a
nuclear membrane equipped with selectively penetrable

channels, the nuclear pores (Brocks et al. 1999; Rasmussen
et al. 2008). To help them pass via the nuclear pores from the
cytoplasm into the nucleus, cellular proteins have evolved
specialized signal sequences, the nuclear localization signals
(NLSs) (Dingwall et al. 1982). A typical NLS is a short and
surface-exposed stretch of basic residues that is recognized by
specialized receptors, karyopherins (Gorlich et al. 1994).
Karyopherins transfer NLS-containing proteins across the nu-
clear pores (Gorlich et al. 1994). Although the nuclear–
cytoplasmic trafficking machinery includes more than 100
different components, including karyopherins, nuclear pore
components, and other proteins, the order in which these
proteins evolved and the factors that drove the transition
from prokaryotic to eukaryotic cell structures are currently
unknown. In the absence of evidence of a single transitional
form between prokaryotes and eukaryotes, there are at least
twelve alternative hypotheses of how the system of nuclear–
cytoplasmic trafficking might have emerged (Martin et al.
2015).

Although the origin of the nucleus remains a matter of
debate, we have some general understanding of the preceding
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events based on the available fossil record and molecular
clock analyses. According to the existing evidence, life origi-
nated on Earth between 3.9 and 4.3 Bya (Dodd et al. 2017);
and about 2–2.7 Bya the life forms were split into two major
lineages—the lineage that gave rise to modern Bacteria, and
the lineage that gave rise to modern Archaea and Eukarya
(Eme et al. 2018). Before Eukarya have emerged as a separate
branch on the tree of life, their ancestors belong to the same
branch of life as modern Archaea (Eme et al. 2018). It is
therefore not surprising that presently living Archaea are
studied to gain insights into the origin of eukaryotes.

Also, previous studies have shown that many aspects of
the early evolution of life on Earth can be understood through
analysis of the macromolecules of the ancient origin of a living
cell, such as ribosomes. Because of the ancient origin of ribo-
somes, their structure has been used as a living molecular
fossil to gain an understanding of such evolutionary enigmas
as the origin of catalytic RNA (Krupkin et al. 2011; Noller
2012), the evolution of protein folding (Klein et al. 2004;
Hsiao et al. 2009), the origin of the genetic code (Johnson
and Wang 2010; Hartman and Smith 2014), and the reason
for the stereospecific structure of proteins (Melnikov et al.
2019), among others (Bokov and Steinberg 2009; Petrov et al.
2015; Melnikov, Manakongtreecheep, et al. 2018).
Additionally, eukaryotic ribosomes have been shown to be
adapted to the nuclear–cytoplasmic separation of eukaryotic
cells because eukaryotic ribosomal proteins, unlike their bac-
terial counterparts, have evolved NLSs that allow ribosomal
proteins to enter the cell nucleus where they are subsequently
incorporated into nascent ribosomes (Melnikov et al. 2015).
This finding suggested that further investigation into ribo-
somes’ structures may lead to a better understanding of
the origin of the nuclear–cytoplasmic trafficking (Melnikov
et al. 2015).

In this study we have analyzed ribosome structures from
the three domains of life to investigate origins of NLSs in
eukaryotic proteins. By comparing homologous ribosomal
proteins from each of the three domains of life, we found
that protein segments that were described as NLSs in eukary-
otic ribosomal proteins were also present in homologous
proteins from Archaea. This finding indicates that at least
some NLSs evolved in proteins considerably earlier than the
event when cells separated into the nucleus and the cyto-
plasm. This finding reveals a group of rare evolutionary
intermediates—NLS-type motifs in archaeal ribosomal pro-
teins—which may shed light on the sequence of events that
eventually resulted in the origin of the nuclear–cytoplasmic
separation of eukaryotic cells.

Results

Archaeal Ribosomal Proteins Possess NLS-Motifs
Seeking to better understand when NLS-motifs might have
emerged in ribosomal proteins, we assessed their conserva-
tion among ribosomal proteins from the three domains of life.
To date, NLS-motifs have been characterized in ten ribosomal
proteins from several eukaryotic species (table 1). We assessed
the conservation of these NLS-motifs by using multiple

sequence alignments of eukaryotic ribosomal proteins
(from 482 species) and their homologs in the Bacteria
(2,951 species) and Archaea (402 species) (supplementary
data 1, Supplementary Material online).

We found that six NLS-motifs—including those in ribo-
somal proteins uS3, uS4, uS8, uL13, uL23, and uL29—are
highly conserved among the Eukarya but absent in Bacteria
and Archaea (table 1). This finding was consistent with stud-
ies of other proteins, such as histones, illustrating that NLSs
are found only in eukaryotic ribosomal proteins (Jenkinson
and Chong 2003; Henneman et al. 2018). However, four pro-
teins—uL3, uL15, uL18, and uS12—were found to have NLS-
type motifs not only in the Eukarya but also in the Archaea
(fig. 1, supplementary data 1, Supplementary Material online).

The ribosomal structure has been determined for several
archaeal species, including Haloarcula marismortui (Ban et al.
2000) and Pyrococcus furiosus (Armache et al. 2013), so we
therefore next investigated whether archaeal and eukaryotic
NLS-type motifs have conserved structures. The NLS-type
motifs in proteins uL3, uL15, uL18, and uS12 turned out to
have conserved secondary and tertiary structures between
Eukarya and Archaea (fig. 1). Thus, our analysis revealed
that NLS-motifs are not limited to eukaryotic proteins but
can also be found in their archaeal homologs.

NLS-Type Motifs Are Conserved in All Groups of
Archaea, Including the Most Ancient Archaeal
Branches
Having found NLSs-type segments in archaeal ribosomal pro-
teins, we next asked whether these motifs are preserved in all
branches of the Archaea or just in a subset of archaeal species.
To answer this, we analyzed the conservation of NLS-motifs in
the archaeal proteins uL3, uL15, uL18, and uS12 (fig. 2, sup-
plementary data 2, Supplementary Material online). To date,
archaeal species have been divided into four large lineages,
including DPANN (a superphylum named after
Diapherotrites, Parvarchaeota, Aenigmarchaeota,
Nanoarchaeota, and Nanohaloarchaea lineages), TACK (a
superphylum named after Thaumarchaeota, Aigarchaeota,
Crenarchaeota, and Korarchaeota lineages), Euryarchaeota,
and Asgard superphyla (fig. 2) (Eme et al. 2018). We antici-
pated that NLS-type motifs would be present only in the
most recently evolved and eukaryote-like branches of ar-
chaeal species, such as Asgard. Indeed, we found that se-
quence similarity between eukaryotic NLSs and archaeal
NLS-type motifs increases with the transition from ancient
archaeal branches (DPANN) to more recently emerged
branches (Asgard) (supplementary data 2, Supplementary
Material online). However, even in the DPANN superphylum
the sequence similarity remains above 50% for each of the
four NLS-type motifs (fig. 2), with some DPANN species (e.g.,
Mancarchaeum acidiphilum, Nanoarchaeota archaeon, and
Aenigmarchaeota archaeon) having only a single substitution
in their NLS-type motifs (typically lysine-to-arginine) com-
pared with eukaryotic ribosomal proteins (supplementary
data 2, Supplementary Material online). Thus, contrary to
our expectations, we found that NLS-type motifs are
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conserved across all the archaeal branches, including the most
ancient superphylum, DPANN.

Notably, many archaeal NLS-type motifs have precisely
same sets of hydrophobic and basic residues as the NLS-
motifs of eukaryotic ribosomal proteins, which is particularly
common among species from the eukaryote-like Asgard
superphylum (supplementary data 2, Supplementary
Material online). For instance, the NLS of the ribosomal pro-
tein uL18 in the eukaryote Saccharomyces cerevisiae has a set
of hydrophobic and basic residues identical to those in 89
archaeal species, including species from Pyrococcus
(Euryarchaeota), Acidianus (TACK), and Lokiarchaeum
(Asgard) genera (supplementary data 2, Supplementary
Material online). Similarly, an identical set of hydrophobic
and basic residues can be found in the NLS of S. cerevisiae
protein uL3 and in the corresponding NLS-type sequences
from 27 archaeal species (supplementary data 2,
Supplementary Material online). Furthermore, in three of
these archaeal species uL3 has a preserved adjacent serine
residue (Ser24 in S. cerevisiae), phosphorylation of which in
yeast is thought to regulate uL3 intracellular transport and
ribosome biogenesis (Chi et al. 2007). Overall, this analysis
revealed that even the most ancient lineages of archaeal spe-
cies carry highly conserved protein segments that closely re-
semble eukaryotic NLSs.

NLS-Type Motifs Have Evolved Independently of
Changes in Ribosomal RNA
Finding NLS-type motifs in archaeal proteins was surprising as
it raised the question: why do organisms that lack a cell nu-
cleus have conserved NLS-type motifs? What advantage
would be conferred by having these signal sequences in ar-
chaeal cells? Many segments in ribosomal proteins have pre-
viously been shown to have coevolved with novel segments in
rRNA (Ben-Shem et al. 2011; Klinge et al. 2011; Rabl et al. 2011;
Melnikov et al. 2012), so we sought to determine whether the
emergence of NLSs in ribosomal proteins was somehow re-
lated to the evolution of ribosomal RNA. To answer this
question, we analyzed NLSs’ contacts with rRNA (fig. 3).

Previously, we showed that NLSs in ribosomal proteins are
buried within the ribosome interior, and explained how these
signals become inactivated during ribosome biogenesis to
prevent nuclear import of mature ribosomes (Melnikov
et al. 2015). We also showed that, within the ribosomal struc-
ture, NLSs of ribosomal proteins interact with helical junc-
tions, suggesting that NLSs may facilitate rRNA-folding during
ribosome biogenesis (Melnikov et al. 2015). Here, comparing
ribosome structures from the archaeon P. furiosus and the
bacterium E. coli, we found that the NLS-type motifs of ar-
chaeal ribosomal proteins bind conserved rRNA segments
that have overall conserved secondary and tertiary structure
in Archaea and Bacteria (fig. 3). For instance, in archaeal
ribosomes, the NLS-type segment of protein uL3 interacts
with 23S rRNA helices H99 and H100, and these helices
show only local conformational changes compared with the
corresponding 23S rRNA segments in bacterial ribosomes
(fig. 3). Furthermore, these local rearrangements may beT
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caused in part by structural divergence of the adjacent helices
H1 and H98 (fig. 3).

Similarly, the NLS-type motif of protein uS12 binds 16S
rRNA segments that have conserved secondary and tertiary
structures between Archaea and Bacteria, even though these
rRNA segments may differ in sequence (e.g., nucleotides 23,
303, 304, 503, 504, and 906 between T. thermophilus and
P. furiosus 23S rRNA, according to the E. coli numbering).
Similar structural conservation with a moderate degree of
sequence variability can be observed in the rRNA that con-
tacts the NLS-type segment of uL18 (fig. 3). The NLS-type
segment of uL18, together with another Archaea/
Eukaryote-specific protein segment of uL18, binds 5S rRNA
and mediates its interaction with 23S rRNA in the central
protuberance region of the large ribosomal subunit.
Compared with bacterial 5S rRNA, archaeal 5S rRNA shows
sequence variations and local base-pairing change in the vi-
cinity of the NLS-type segment, but retains its overall second-
ary and tertiary structure (fig. 3). Similarly, the NLS-type
segment of protein uL15 binds 23S helical junctions

H36/H46 and H38/H39 that have conserved tertiary structure
in bacterial and archaeal 23S rRNA, even though in the vicin-
ity of this NLS-type segment there are additional Archaea/
Eukaryote-specific protein features, including extensions in
proteins uL4 and eL18 that are missing in bacteria. Overall,
this structural analysis indicates that NLSs emerged in ribo-
somal proteins independently of large structural changes in
rRNA (such as expansion segments) and was accompanied
with relatively minor local conformation and/or sequence
variations in 5S, 16S, and 23S rRNA.

Archaeal NLS-Type Motifs Can Substitute Eukaryotic
NLSs to Direct Intracellular Transport of Ribosomal
Proteins in Eukaryotic Cells
Finally, we explored whether archaeal NLS-type motifs can
functionally substitute NLSs of eukaryotic ribosomal proteins.
NLSs in ribosomal proteins were described as proteins seg-
ments comprising �10–20 residues, but none of these
residues were studied by point mutagenesis to elucidate
their individual contribution to NLS activity (Table 1,

FIG. 1. Archaeal ribosomal proteins have segments that are similar or identical to NLSs. This figure compares the crystal structures and sequences of
homologous ribosomal proteins from Archaea, Bacteria, and Eukarya. NLSs in eukaryotic proteins and corresponding segments in homologous
archaeal proteins are highlighted in red. This figure illustrates that NLSs of eukaryotic proteins are absent in homologous bacterial ribosomal
proteins, but present in homologous archaeal ribosomal proteins. To compare structural similarity between eukaryotic NLSs and corresponding
protein segments in bacterial and archaeal proteins, the RMSD values are shown for superposition of Ca-atoms of NLS segment in eukaryotic
protein and a corresponding protein segment in archaeal and bacterial homologs.
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Supplementary Material online). However, studies of NLSs in
other eukaryotic proteins revealed that, commonly, NLS ac-
tivity relies on patches of basic and hydrophobic residues that
mediate NLS interactions with karyopherines (Rout et al.
1997; Lee et al. 2006). Are these functional NLS residues pre-
sent in the archaeal NLS-type motifs?

As noted above, many archaeal species have identical
sequences of the NLS-type segments in proteins uL3 and
uL18 compared with NLS-segments in homologous eukaryotic

proteins, meaning that many archaeal species have fully intact
NLSs segments in proteins uL3 and uL18 (supplementary data
2, Supplementary Material online). In ribosomal protein uL15,
Archaea have only one of the two NLS-segments that are
required for the nuclear import of eukaryotic uL15, indicating
that the complete NLS in eukaryotic uL15 was possibly formed
only after the Archaea/Eukarya separation. However, in ribo-
somal protein uS12, the 3D-structure of the NLS-containing
segment is conserved between Archaea and Eukarya (fig. 1),
but the patches of basic and hydrophobic residues are not
fully preserved in any of the archaeal lineages (supplementary
data 2, Supplementary Material online).

To test if this NLS-like motif in archaeal uS12 can fulfil the
NLS function, we have replaced the NLS in human uS12 with
the corresponding NLS-type segment of archaeal uS12 from
Sulfolobus solfataricus or Thermoplasma acidophilum. We
then expressed these chimeric proteins as eGFP-fusions in
human cell lines and tested if these proteins can be efficiently
delivered to the nucleoli, a site of ribosome biogenesis in the
cell nucleus (fig. 4A–K). Notably, as overexpressed ribosomal
proteins are being rapidly degraded in eukaryotic cells (Lam
et al. 2007; Sung et al. 2016), we observed that all our expres-
sion constructs (including wild-type human uS12-eGFP fu-
sion) have generated not only uS12-eGFP fusion but also
some residual quantities of eGFP, which possibly represents
an intermediate product of uS12-eGFP degradation (fig. 4A).
We then observed that deletion of NLS-segment in uS12
resulted in loss of protein stability and loss of fluorescent
signal from human nucleoli (fig. 4A, G, and K). However,
uS12 chimeras with archaeal NLS-type motifs had similar ex-
pression levels and nucleoli localization as the wild-type hu-
man uS12, illustrating that the NLS-type motif of archaeal

Asgard

TACK

Euryarchaeota

uL3 uS12uL18uL15

Sequence similarity to eukaryotic NLSs (%)

DAPNN

(more recently evolved)

(more ancient)

0 100
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FIG. 2. The NLS-type motifs are conserved in ribosomal proteins from
all known branches of the Archaea. A phylogenetic tree of life, as
according to Eme et al. (2018), showing the major branches of ar-
chaeal species and a diagram illustrating high sequence conservation
among NLS-type motifs in archaeal ribosomal proteins of the major
groups of archaeal species, from the most ancient branches (DAPNN
superphylum) to the most recently emerged eukaryote-like branch
(Asgard superphylum). The numbers in each circle (e.g., þ3.5 in uL3
from DAPNN) show an average net charge of an NLS-type segment in
a corresponding clade of Archaea.
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FIG. 3. NLS-type motifs have emerged independently of changes in ribosomal RNA. The panels show the interior of bacterial (E. coli, PDB ID: 6by1)
and archaeal (P. furiosus, PDB ID: 4v6u) ribosomes where the NLS-type motifs of ribosomal proteins (highlighted in red) and corresponding
segments in bacterial ribosomal proteins interact with rRNA. The figure illustrates that Archaea/Eukarya-specific NLS-type motifs are buried in the
ribosome interior where they bind highly conserved rRNA segments. In the archaeal ribosome structure, the NLS-type motifs bind rRNA helical
junctions, suggesting that the NLS-motifs may help to recognize rRNA or govern rRNA-folding during ribosome biogenesis. Overall, this figure
illustrates that the rRNA structure before and after the emergence of NLS-type motifs remains conserved, illustrating that NLS-type motifs in
archaeal ribosomal proteins have evolved independently of changes in rRNA.
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ribosomal protein uS12 is not only similar in sequence and
structure to eukaryotic NLSs, but can also complements the
activity of eukaryotic NLSs (fig. 4A and H–K). Overall, these
observations suggest that—in some cellular proteins—
protein segments, which can fulfil biological activity of eu-
karyotic NLSs, preexisted the origin of the nucleus and the
split of archaeal and eukaryotic lineages of life.

Discussion
In this study, we have identified a group of rare evolutionary
intermediates that can shed light on the sequence of events
that led to the emergence of the nuclear–cytoplasmic trans-
port system. Our finding of NLS-type sequences in the ribo-
somal proteins uS12, uL3, uL15, and uL18 suggests that at
least some cellular proteins evolved NLS-motifs long before
the nucleus emerged, indicating that the initial function of
NLSs could have been distinct from directing protein trans-
port. Why the NLS-motifs emerged in ribosomal proteins in
the Archaea—in species that have neither cell nucleus nor
karyopherin proteins to recognize the NLS-type motifs—
remains unclear (Koonin and Aravind 2009; Field and Rout
2019), as does what advantage might have been conferred by
having these signals in the absence of nuclear–cytoplasmic
transport. Furthermore, the initial function of NLS-type
sequences in cells in the absence of the nuclear envelope
and the nuclear–cytoplasmic trafficking system is unknown.

These questions resonate with several classical studies in
evolutionary biology, such as studies on the origin of birds
(Dial et al. 2006). In the origin of birds theory, there is a
famous question “of what use is half a wing?” This refers to
the fact that it took multiple millions of years to transform
the limbs of ancestral reptiles into the wings of ancestral birds.
Yet, for most of this time, the transitional forms of a wing

could not support flight. Thus, the advantage of flight could
not drive the positive selection of species with “germinal,”
“premature” wings. Thus, what was the advantage of “half a
wing”? Studies of modern birds suggest that wings could ini-
tially have emerged to facilitate gliding or accelerated climb-
ing—two forms of motion related to flying that are preserved
in the behavior of modern birds (Padian and Chiappe 1998;
Zhou 2004; Dial et al. 2008).

Similar to the origin of wings, it is possible that NLSs could
initially have emerged to fulfil similar, yet not identical, or
incomplete functions of modern NLSs. In this regard, it is
important to note that NLSs are known to fulfil three biolog-
ical activities: 1) they participate in the recognition of nucleic
acids, because most known NLSs reside within DNA- or RNA-
binding protein domains (LaCasse and Lefebvre 1995); 2) they
mediate protein transport across nuclear pores by recruiting
karyopherins (Dingwall et al. 1982; Gorlich et al. 1994); and 3)
karyopherin-binding to NLSs shields their electrostatic
charges and prevents nonspecific interactions of nucleic
acid-binding domains(Jakel et al. 2002). In other words, kar-
yopherins that bind NLSs not only fulfil the role of transport
factors but also serve as chaperones for highly charged pro-
teins in eukaryotic cells (Jakel et al. 2002).

Based on our findings, it is tempting to suggest an order in
which these three biological activities of NLSs may have
evolved. High conservation of NLS-type motifs in archaeal
ribosomal proteins and their abundant contacts with rRNA
suggest that, at least in some proteins, the NLS-type sequen-
ces could have evolved as nucleic acid-binding domains that
were required to increase the specificity of interactions in the
increasingly complex macromolecular content of evolving
cells (fig. 5A). Later, these cells could have evolved a DNA/
RNA-mimicking chaperone that would recognize NLS-type
sequences in the way chaperones for hydrophobic proteins

eGFP
(control)

H.s. uS12
(wild-type NLS)

H.s. uS12-∆NLS
(deleted NLS)

S.s.-N/H.s.-C uS12
(replaced NLS)

T.a.-N/H.s.-C uS12
(replaced NLS)

K

JB D F H

IGEC

A

FIG. 4. Archaeal NLS-type motifs can functionally substitute NLS-signals of the eukaryotic ribosomal protein uS12 in human cells. (A) Western blot
of HEK293T cells extracts to evaluate expression of uS12-eGFP fusions: the labels correspond to eGFP and uS12-eGFP fusions where H.s. stands for
Human sapiens, S.s.—Sulfolobus solfataricus, and T.a.—Thermoplasma acidophilum. (B–K) The panels show microscopic snapshots of eGFP
fluorescence (green, top panels) and fluorescence of the DNA-staining agent DAPI (blue, bottom panels) in the human cell line HEK293T. Red
arrows point to the location of human cell nucleoli. Cells are expressing the following eGFP fusions: (B, C) eGFP alone (as a negative control) shows
both cytoplasmic and nuclear localization; (D, E) eGFP fusion with human uS12 accumulates in nucleoli; (F, G) eGFP fusion with human uS12
lacking the NLS-containing N-terminus (residues 1–41) is no longer localized in cell nucleoli; (H, I) eGFP fusion with human uS12 in which the N-
terminus (residues 1–41) is replaced by the N-terminus of uS12 from the archaeon S. solfataricus; (J, K) eGFP fusion with human uS12 in which the
N-terminus (residues 1–41) is replaced by the N-terminus of uS12 from the archaeon T. acidophilum. The panels H–K illustrate that N-terminal
segments of the archaeal ribosomal protein uS12 (either from S. solfataricus or T. acidophilum) are able to functionally substitute the NLS-
containing N-terminal segment of human uS12, to direct uS12 accumulation in human cell nucleoli.
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recognize hydrophobic protein segments to prevent nonspe-
cific interactions and protein aggregation (fig. 5B). Only later,
when this chaperone for charged proteins had evolved the
ability to bind to the nuclear pores and direct protein trans-
port to the nucleus, did the NLSs eventually become signals of
intracellular transport (fig. 5C). If this hypothetical order of
events is correct, then the system of nuclear–cytoplasmic
trafficking could originally have evolved as a system of chap-
erones for highly charged proteins, to prevent nucleic acid-
binding domains from nonspecific interactions in the increas-
ingly complex environment of ancestral eukaryotic cells.

Noteworthy, we showed earlier that many ribosomal pro-
teins undergo local structural remodeling in Archaea and
Eukarya compared with Bacteria. We termed the locally al-
tered protein segments as “AE”-segments, where “AE” indi-
cates conservation of their 3D structures in Eukarya and
Archaea, but not in Bacteria. Curiously, all the four

NLS-type motifs described in this study precisely overlap
with the N-terminal AE-segments in ribosomal proteins
uS12, uL3, uL15, and uL18 (fig. 1). Given that NLSs have
been experimentally identified only in about a quarter of
ribosomal proteins, it is tempting to suggest that some of
the AE segments may point to the location of NLS and NLS-
type motifs in eukaryotic and archaeal ribosomal proteins for
which location of NLSs is currently unknown.

Our study leaves unanswered the question: why do the
nonglobular extensions of ribosomal proteins have different
structures in Bacteria and Archaea, even though these exten-
sions bind invariable, universally conserved rRNA segments?
Previously, it was suggested that these structural differences
stemmed from an independent evolutionary origin for non-
globular segments in bacterial and eukaryotic ribosomal pro-
teins (Klein et al. 2004). Another possible reason may be
related to differences in ribosome biogenesis pathways

FIG. 5. A hypothetical order of NLS evolution in eukaryotic proteins. In the modern eukaryotic cell, NLSs fulfil three biological activities: 1) they
serve as signal peptides to direct protein transport into the nucleus; 2) during this protein transport, they recruit trafficking factors (karyopherins)
that shield high positive charge of nucleic acid-binding domains (which prevents nonspecific interactions of NLS-containing proteins with other
molecules in a cell); and 3) typically, NLSs reside within DNA- or RNA-binding domains of proteins and, therefore, NLSs mediate specific
recognition of nucleic acids. Our model suggests that NLSs may have originally emerged as nucleic acid-binding domains in a cell lacking the
nuclear–cytoplasmic separation (Stage A). Later, a chaperone emerged that shielded the highly positively charged nucleic acid-binding domains
(Stage B). Finally, when cells got separated into the nucleus and the cytoplasm, this chaperone turned into a karyopherin when it acquired the
additional capacity to mediate the long-distance trafficking of proteins across nuclear pores (Stage C). Thus, NLSs could initially emerge to help
cellular proteins to recognize nucleic acids, and only later NLSs were endowed with an additional function of trafficking signals.
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between Bacteria (in which ribosome biogenesis largely
occurs via self-assembly and with the help of protein-
guided rRNA modification machinery) and Archaea/
Eukarya (in which ribosome biogenesis requires archaea/
eukaryote-specific biogenesis factors and RNA-guided ma-
chinery for rRNA modification) (Hage and Tollervey 2004;
Blombach et al. 2011; Yip et al. 2013; de la Cruz et al. 2015).

We also cannot exclude the possibility that these differ-
ences may be related not to the problem of ribosome evolu-
tion and biogenesis but to a more general problem of specific
macromolecular interactions in a cell. When life first emerged
on our planet, the earliest life forms were likely made of a very
limited number of molecules. Therefore, it was relatively easy
for these molecules to find one specific partner among all the
other molecules in a living cell. However, as cells grew in size
and complexity, it is possible, even probable, that the old rules
of specific interactions between cellular molecules had to be
gradually redefined in order to help cellular proteins and nu-
cleic acids to find their specific partners more easily in the
complex environment of a complex cell. Given that all the
NLS-type sequences identified in this study create a new
RNA/protein interface, it is possible that evolving these
sequences gave ribosomal proteins the advantage of more
specific recognition of nucleic acid and thereby gave cells a
chance to further expand diversity of their proteomes and
nucleic acids without a risk of nonspecific interactions. In
other words, it is possible that NLS-type sequences could
originally emerge to increase specific molecular interactions
and only later were repurposed into the signals of intracellular
trafficking.

Materials and Methods

Comparison of Protein Sequences
The sequences of ribosomal proteins were retrieved from the
Uniprot protein databank (https://www.uniprot.org; last
accessed September 16, 2019) by using a script described in
Melnikov, van den Elzen, et al. (2018). For species containing
numerous copies of ribosomal proteins’ genes (for instance, S.
cerevisiae or Arabidopsis thaliana) only one isoform (isoform
A or isoform 1) was used per species. For bacterial species in
which several ribosomal proteins are encoded by two genes
(corresponding to Zn-coordinating and Zn-free isoforms of
ribosomal proteins), we only used the genes coding for Zn-
coordinating isoforms. All the retrieved sequences are listed in
supplementary data 1, Supplementary Material online. To
create multiple sequence alignments, we used the
precompiled package of MAFFT (MAFFT-7.427) with default
settings (Nakamura et al. 2018).

To assess the conservation of NLS-type motifs in archaeal
proteins, we calculated consensus sequences of NLS-type
motifs for each of the four ribosomal proteins (uS12, uL3,
uL15, and uL18) in each of the major archaeal branches
(DAPNN, Euryarchaeota, TACK, and Asgard) by using multi-
ple sequence alignments (MAFFT with default settings) of
archaeal protein sequences listed in supplementary data 1,
Supplementary Material online. These consensus sequences
were then compared with the corresponding consensus

sequences of the eukaryotic NLSs. The NLS-consensus
sequences were defined as follows: 11-RKLxxxRRxxRWxxxx-
YKKRxxxxxxKxxP�40 for protein uS12 (residue numbers indi-
cate their position in uS12 from S. cerevisiae, “x” designates
any amino acid); 3-HRKxxxPRHxxxxxxPRKR�21 for protein
uL3; 4-RxxKxRKxR�12 for protein uL15; and
20-FRRRRxxKxxY�30 for protein uL18. To estimate an average
net charge of the NLS-type segments, the net charge was
calculated for each NLS segment (as they are defined in ta-
ble 1) from each archaeal species shown in supplementary
data 1, Supplementary Material online by using the Prot pi
Protein Tool of Zurich University of Applied Sciences (https://
www.protpi.ch/Calculator/ProteinTool; last accessed
September 16, 2019) with default values (pH 7.4), and then
average net-charge values were shown for proteins uL3, uL15,
uL18, and uS12 from each of the archaeal clades in fig. 2.
Sequence similarity shown in fig. 2 was calculated according
to the AMAS definitions for the hierarchical analysis of resi-
due conservation (Livingstone and Barton 1993) using Jalview
(Troshin et al. 2011) (supplementary data 2, Supplementary
Material online).

Comparison of Ribosome Structures
The ribosome structures were retrieved from the protein
databank (https://www.rcsb.org; last accessed September 16,
2019) and were visualized and inspected by using PyMOL
Molecular Graphics System (Version 2.0 Schrödinger, LLC.).
Homologous ribosomal proteins were aligned by using “align”
command to superpose Ca-atoms of conserved globular
domains of homologous proteins or “pair_fit” command to
superpose phosphate atoms of conserved rRNA segments in
bacterial and archaeal ribosomes. To measure RMSD values
between NLSs in eukaryotic ribosomal proteins and corre-
sponding segments in bacterial and archaeal ribosomal pro-
teins, we used “pair_fit” command in the PyMOL Molecular
Graphics System (Version 2.0 Schrödinger, LLC.) to align cor-
responding Ca-atoms as defined in the multiple sequence
alignment in fig. 1.

Cloning of Ribosomal Proteins
The cDNA of human protein uS12 (NCBI Gene ID: 6228 and
Uniport ID: P62266) and its N-terminally truncated mutant
(deleted residues 1–41) were cloned into pEGFP-N1 vector
(Promega) between KpnI and XhoI sites as described in
(Melnikov et al. 2015). To create chimeras between human
uS12 and homologous proteins from T. acidophilum and S.
solfataricus, the genomic sequence that corresponds to resi-
dues 1–41 of human uS12 was replaced by codon-optimized
sequences from T. acidophilum (NCBI Gene ID: 1455748) and
S. solfataricus (NCBI Gene ID: 38467843) corresponding to
residues 1–37 of uS12 from T. acidophilum (Uniprot ID:
Q9HLY2) or residues 1–42 from of uS12 from S. solfataricus
(Uniport ID: P39573). The codon optimization for protein
expression in human cells was done by using the codon op-
timization algorithm from the Integrated DNA Technologies
(https://www.idtdna.com; last accessed September 16, 2019).
The DNA fragments corresponding to the N-termini of ar-
chaeal uS12 were purchased from GenScript (https://www.
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genscript.com; last accessed September 16, 2019) and cloned
into the H. sapiens uS12-pEGFP-N1 construct by using In-
Fusion HD Cloning Plus (Takara).

Cell Lines, Transfection, Confocal Microscopy, and
Western Blot Analysis
Nucleolar accumulation of eGFP-fused human ribosomal pro-
tein uS12 and its variants were examined in the human cell
line HEK293T (ATCC, CCL11268). HEK293T cells were main-
tained in DMEM (Gibco) supplemented with 10% FBS
(Gibco). Cells were plated on poly-L-lysine-coated glass cover
slips at 70–80% confluence, and transfected with the respec-
tive plasmids encoding uS12 and its variants using
Lipofectamine 2000 (Invitrogen), according to the manufac-
turers’ protocol.

Confocal fluorescent images were obtained by a Zeiss LSM
880 Airyscan NLO/FCS confocal microscope 48 h after trans-
fection. Prior to imaging, cell samples were fixed with 4%
paraformaldehyde, permeabilized with 0.1% triton X-100
and mounted using with ProLongVR Diamond Antifade
Mountant (Invitrogen) with DAPI. For each eGFP-uS12 vari-
ant (and also for eGFP protein as a negative control), the
snapshots were taken for six nonoverlapping fields at 63x—
for better data redundancy (supplementary fig. S1,
Supplementary Material online). For each genetic construct,
experiments were repeated three times.

To carry out the Western blot analysis, HEK293T cells were
transfected with the constructs encoding eGFP-fused human
ribosomal protein uS12 and its variants using Fugene HD
(Promega). The cells were lysed in radioimmunoprecipitation
(RIPA) lysis buffer, supplemented with 1x Halt TM protease
inhibitor cocktail (Thermo Scientific), for 15 min on ice.
Lysates were cleared at 15,000 � g for 15 min at 4 �C.
Protein concentrations were quantified with Quick Start
TM Bradford 1x dye reagent (Bio-Rad). Samples were resolved
on 10% SDS-PAGE gels. Immunoblots were incubated with
anti-GFP (Cell Signaling Technology, #2956), or anti-a-tubulin
(Cell Signaling Technology, #3873) overnight at 4 �C, followed
by a secondary horseradish peroxidase HRP-conjugated anti-
body for 1 h at room temperature.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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