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A B S T R A C T   

Entamoeba histolytica is a protozoan parasite that belongs to the Amoebozoa supergroup whose study related to the nucleocytoplasmic transport of proteins through 
the nucleus is poorly studied. In this work, we have performed in silico predictions of the potential nuclear localization signals (NLS) corresponding to the proteome of 
8201 proteins from Entamoeba histolytica annotated in the AmoebaDB database. We have found the presence of monopartite nuclear localization signals (MNLSs), 
bipartite nuclear localization signals (BNLSs), and non-canonical monopartite NLSs with lengths exceeding 20 amino acid residues. Additionally, we detected a new 
type of NLS consisting of multiple juxtaposed bipartite NLSs (JNLSs) that have not been described in any eukaryotic organism. Also, we have generated consensus 
sequences for the nuclear import of proteins with the NLSs obtained. Docking experiments between EhImportin α and an MNLS, BNLS, and JNLS outlined the 
interacting residues between the Importin and cargo proteins, emphasizing their putative roles in nuclear import. By transfecting HA-tagged protein constructs, we 
assessed the nuclear localization of MNLS (U1A and U2AF1), JMNLS (U2AF2), and non-canonical NLS (N-terminus of Pol ll) in vivo. Our data provide the basis for 
understanding the nuclear transport process in E. histolytica.   

1. Introduction 

Entamoeba histolytica is a unicellular eukaryote belonging to the 
protist kingdom and forms part of the phylum Amoebozoa [1]. As a 
biological model for this project, we used the protozoan parasite 
E. histolytica, which is responsible for amoebic dysentery, or amebiasis, 
and is considered a global health problem. In nature, E. histolytica ex
periences a complex life cycle involving a vertebrate host, mainly 
transmitted by ingesting contaminated food or water. Ninety percent of 
infected individuals are asymptomatic, keeping the parasites in the co
lon’s lumen, while the remaining 10 % are symptomatic [2]. Approxi
mately 50 million people globally contract the infection, with over 100, 
000 deaths due to amebiasis reported annually [3]. Only in the year 
2022 in México, more than 162,000 cases of intestinal amebiasis and 
428 cases of liver abscesses caused mainly by this protozoan parasite 
were reported in the national epidemiological magazine. This microor
ganism presents the typical characteristics of eukaryotic cells. However, 
it presents particularities, such as the mitosomes, whose function is to 
carry out the bioenergetic synthesis of the parasite through the sulfate 
activation pathway [4–7]. 

More than three decades have passed since the first studies of nuclear 
transport of proteins were carried out by Kalderon and co-workers 
(1984), in which they studied Ag-T large from SV-40 and described 

the first MNLS consisting of seven amino acid residues (126PKKKRKV132) 
sufficient to translocate the protein into the nucleoplasm of mammalian 
cells [8]. In 1988, Dingwall described the first BNLS of Xenopus laevis 
nucleoplasmin (155KRPAATKKAGQAKKKK170) [9], in which two Lysi
ne/Arginine enriched motifs are separated by a spacer sequence not 
involved in the nuclear import process [10,11]. 

The classic nuclear transport pathway is a complex process that oc
curs through nuclear pore complexes (NPCs) involving proteins of the 
Karyopherin family, namely importins and exportins [12,13]. The 
translocation of proteins to the nucleoplasm mediated by Importin α and 
Importin β is the classical pathway of nuclear import of proteins [14]. 
The nuclear (cargo) proteins have protein motifs known as nuclear 
localization signals (NLS) to be transported from the cytoplasm. Many 
NLSs are recognized by the adaptor Importin α, forming the cargo/Im
portin α complex. Subsequently, the receptor protein Importin β binds to 
the IBB (Importin β binding domain) of Importin α, forming the car
go/Importin α/Importin β trimeric transport complex [15,16]. The 
trimeric complex is translocated to the nucleoplasm through the NPC 
(nuclear pore complex); this process is mediated through the interaction 
of Importin β with protein domains enriched with phenylalanine and 
glycine (FG) of NPC proteins [17]. Once the trimeric complex is in the 
nucleoplasm, a GTP binding protein called Ran-GTP (belonging to the 
RAS family of proteins) binds to Importin β, generating an allosteric 
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Table 1 
Accession numbers of the coding genes (and orthologs) for the main nuclear import and export transport factors in E. histolytica strain HM-1:IMSS, E. dispar strain 
SAW760, E. invadens strain IP1, E. nuttalli strain P19, Trypanosoma cruzi strain CLB, T. brucei strain TREU927, S. cerevisiae, and human.  

Nuclear transport 
factor 

E. histolytica E. dispar E. invadens E. nuttalli T. cruzi T.brucei S. 
cerevisiae 

H. sapiens 

Importin alpha EHI_025350A 
EHI_179940A 

EDI_165620A 
EDI_070520A 
EDI_256150A 

EIN_065430- 
t26_1 
EIN_018710- 
t26_1 
EIN_087260- 
t26_1 

ENU1_178740- 
t26_1 
ENU1_126380- 
t26_1 
ENU1_162570- 
t26_1 

TcCLB.509965.110 
TcCLB.509057.20 

Tb927.6.2640 YNL189W NM_002264.3 

Importin beta EHI_036520A EDI_008990A EIN_084990- 
t26_1 

ENU1_099150- 
t26_1 

TcCLB.504019.9 
TcCLB.511529.9 
TcCLB.511033.10 
TcCLB.511031.49 

Tb927.11.16340 YLR347C NM_002265.5 

Ran EHI_148190A EDI_335160A EIN_026930- 
t26_1 

ENU1_095110- 
t26_1 

TcCLB.509455.80 
TcCLB.503539.30 

Tb927.3.1120 YLR293C NM_001300797.1 

NTF2 EHI_182470A EDI_251900A EIN_053790- 
t26_1 

Absent TcCLB.511407.10 
TcCLB.509567.40 

Tb927.8.4280 YER009W NM_005796.3 

CAS EHI_164410A EDI_085690A EIN_152870- 
t26_1 

ENU1_106980- 
t26_1 

TcCLB.511725.150 Tb927.11.14340 YGR218W NM_003400.4 

RanGEF EHI_049610A 
EHI_109960A 

EDI_167680A 
EDI_063040A 

EIN_030070- 
t26_1 
EIN_023830- 
t26_1 
EIN_403740- 
t26_1 
EIN_408540- 
t26_1 

ENU1_016460- 
t26_1 
ENU1_187400- 
t26_1 

TcCLB.509205.10 Tb927.11.11570 YLR310C NM_001162383.2 

RanGAP EHI_124570A 
EHI_000430A 
EHI_004210A 
EHI_074060A 
EHI_079910A 
EHI_087740A 
EHI_100290A 
EHI_108750A 
EHI_137690A 
EHI_138500A 
EHI_187070A 
EHI_196550A 

EDI_024010A 
EDI_009760A 
EDI_016520A 
EDI_026850A 
EDI_039650A 
EDI_065000A 
EDI_120050A 
EDI_127090A 
EDI_253040A 
EDI_275760A 
EDI_277700A 
EDI_339940A 

EIN_051620- 
t26_1 
EIN_055140- 
t26_1 
EIN_130520- 
t26_1 
EIN_135200- 
t26_1 
EIN_151270- 
t26_1 
EIN_154260- 
t26_1 
EIN_172510- 
t26_1 
EIN_176190- 
t26_1 
EIN_229770- 
t26_1 
EIN_244610- 
t26_1 
EIN_250350- 
t26_1 
EIN_281670- 
t26_1 
EIN_328400- 
t26_1 
EIN_370330- 
t26_1 
EIN_372110- 
t26_1 
EIN_411510- 
t26_1 
EIN_428100- 
t26_1 
EIN_492670- 
t26_1 

ENU1_118310- 
t26_1 
ENU1_049870- 
t26_1 
ENU1_058350- 
t26_1 
ENU1_078980- 
t26_1 
ENU1_114980- 
t26_1 
ENU1_131670- 
t26_1 
ENU1_136870- 
t26_1 
ENU1_162770- 
t26_1 
ENU1_173900- 
t26_1 
ENU1_175890- 
t26_1 
ENU1_177550- 
t26_1 
ENU1_191070- 
t26_1 

TcCLB.506693.50 Tb927.3.2950 YMR235C NM_002883.4 

RanBP1 EHI_185290A 
EHI_082590A 

EDI_320700A EIN_141760- 
t26_1 
EIN_141770- 
t26_1 
EIN_176890- 
t26_1 
EIN_204310- 
t26_1 
EIN_204320- 
t26_1 
EIN_449520- 
t26_1 

ENU1_001580- 
t26_1 

TcCLB.507099.30 Tb927.11.3380 YDR002W NM_001278639.2  
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change and dissociating the trimeric complex [18]. Importin β remains 
bound to Ran-GTP to be exported to the cytoplasm. Thus, Ran-GTP 
fulfills a regulatory function of nuclear transport by maintaining a 
binding cycle with GTP and GDP, with a higher Ran GTP gradient in the 
nucleoplasm [19,20]. The binding of GTP to Ran is modulated by the 
guanine nucleotide exchange factor (RanGEF/RCC1) in the nucleus and 
Ran GTPase activating protein (Ran GAP) in the cytoplasm, both pro
teins distributed asymmetrically between the nucleus and cytoplasm, 
control the binding of Ran to GTP or GDP and consequently the regu
lation of nucleocytoplasmic transport [21–24]. 

On the other hand, Importin α is exported via the exportin CAS 
(Cellular apoptosis susceptibility protein)-RanGTP complex [16,25]. 
Once in the cytoplasm, the export complexes RanGTP/Importin α/CAS 
and RanGTP/Importin β are dissociated by GTP hydrolysis from 
RanGTP, generating RanGDP. The nuclear transport of RanGTP depends 
on NTF2 (nuclear transport factor 2), which has an affinity for the 
nucleoporin FG domains of the NPC [26,27]. Once in the nucleoplasm, 
NTF2-RanGDP is dissociated by RanGEF [21]. Notably, particular clas
ses of proteins are not imported via this pathway; instead, their NLSs are 
recognized directly by Importin β homologs, which carry them into the 
nucleus in the same manner as Importin β carries Importin α. In mam
mals, Importin α is soluble and ubiquitous in the cell. In Trypanoso
matids, recombinant versions of Importin α in T. cruzi have atypical 
nucleolar localization colocalizing with the nucleolar protein RPA31, a 
subunit of RNA Polymerase I [28,29]. Still, this adapter protein has not 
been characterized in Amoeba family members. 

While nuclear transport has been analyzed in different eukaryotic 
models, in Amoebozoa, the classical nuclear transport pathway has yet 
to be studied. Despite this, in the AmoebaDB, we could identify the genes 
coding for the nuclear transport factors possibly participating in the 
canonical protein import and export pathways, namely, Importin α, 
Importin β, the Importin β homologs CAS and Ran, as well as NTF2, 
RanGAP, RanBP1, and RCC1 (Table 1). We propose a nuclear transport 
model with the aforementioned orthologous proteins of E. histolytica 
(Fig. 1). 

Characterizing nuclear transport signals is an almost unexplored 
field of molecular biology in the protozoan parasite E. histolytica. Nu
clear proteins have been described in E. histolytica; however, the 
mechanism of nuclear import, specifically the nuclear localization sig
nals, has yet to be critically described. Seminal studies addressing nu
clear transport in members of the Amoebidae family are those by 
Feldherr and Akin, who conjugated colloidal gold particles to the BSA 
protein linked to the MNLS of the SV40 T antigen and with the BNLS of 
the nucleoplasmin of X. laevis (Fig. 2A and B) to prove its nuclear 
translocation in Amoeba proteus and Chaos carolinensis. They found that 
the MNLS has a higher import efficiency than the BNLS [30]. In a similar 
study, the E. histolytica enolase was fused to the NLS of the SV40 large T 

antigen (Fig. 2C), and increased levels of this protein were found in the 
nucleus compared to the cytoplasmic localization [31]. These studies 
did not address the presence or participation of nuclear transport factors 
mediating protein import and export. 

A functional study addressed the nucleocytoplasmic transport of the 
E. histolytica F-Actin binding protein EhNCABP166 (EHI_093850) 
harboring 3 non-juxtaposed BNLSs and a nuclear export signal (NES) at 
its carboxyl terminus [32,33]. While the NES favored nuclear export, the 
authors found that EhNCABP166 is localized in the nucleoplasm and 
perinuclear regions, and the same was true when each of the EhN
CABP166 NLS was fused to the Ac-d100 domain of the protein (Fig. 2D). 

Recently, two monopartite-type NLSs have been identified in the 
major subunit of RNA Polymerase II towards its amino terminus [34]. 
HA-tagged constructs harboring full-length Pol II or the two NLSs fused 
to the C-terminal domain of Pol II were expressed in amoeba trans
formants. Both full-length and Pol II CTD localized to the nucleus. In 
addition, they allowed the recovery of promoter dsDNA fragments and 
nuclear noncoding RNAs of E. histolytica through chromatin and RNA 
immunoprecipitation experiments (Fig. 2E). 

The amino acid sequence analysis identified the putative NLS of 
Ehp53, whose signal is at the carboxyl end and seems to be non- 
canonical [35]; furthermore, it is close to a leucine-rich NES that 
would be analogous to the first NES reported in viral proteins that are 
rich in leucine [36] (Fig. 2F). Also, a computer-predicted MNLS of 5 
amino acid residues towards its carboxyl terminus has been reported for 
the GTP exchange factor regulatory protein RanGEF called EhRhoGAPnc 
[37]. In contrast, at its amino terminus, it contains an NES (Fig. 2G). 

The publication of the E. histolytica genome made all the parasite’s 
coding information available [38]. Using this database, we conducted a 
whole genome computational analysis to identify canonical and 
non-classical NLSs. The E. histolytica NLSs are complex, ranging from 4 
to 698 residues. In the specific case of MNLSs, they range from 4 residues 
to atypical lengths of 41 residues. In the case of BNLSs, they range from 
17 to 21 residues. Novel BNLSs identified here were those of 17 residues 
in which up to 10 are juxtaposed in their mid-part. Such NLSs have not 
been reported in any eukaryotic organism. In addition, we observed 
from 2 to 26 tandem juxtapositions of the 17-residues NLSs. We un
dertook the computer-assisted identification of the classical pathway of 
nuclear transporters of E. histolytica, and by identifying them, we hy
pothesized the potential presence of nuclear localization signals in the 
proteome of this parasite. 

2. Materials and methods 

2.1. Genome-wide prediction of NLSs in E. histolytica 

We downloaded the protein sequences of the 8201 accession 

Fig. 1. Model for nuclear import of proteins of E. histolytica. Initially, a protein known as cargo contains a functional cNLS (MNLS or BNLS), identified by the nuclear 
transport factor Importin α (gray). Subsequently, a ternary import complex is formed when Importin β (green) recognizes the N-terminal IBB domain of Importin α. 
The ternary complex is transported through the nuclear pore complex from the cytoplasm to the nucleoplasm. The ternary complex is dissociated when Ran-GTP 
binds (purple) to Importin β, leaving Importin α and cargo in the nucleoplasm, whereas Importin β remains bound to Ran-GTP. B) Recycling of nuclear transport 
factors. The complex Importin β-RanGTP crosses the NPC from the nucleoplasm to the cytoplasm. The trimeric exporting complex Importin α-RanGTP-CAS can be 
returned to the cytoplasm. Both Importin α and Importin β are liberated once RanGTP is hydrolyzed. The exportin CAS (light blue) returns to the nucleoplasm by 
itself. The RanGDP produced by hydrolysis is recognized by the nuclear transport factor NTF2 (cobalt). Subsequently, RanGTP-NTF2 can cross to the nucleoplasm in 
which RanGTP is recharged with GTP by Ran, the chromatin-bound guanine nucleotide exchange factor (GEF). Individually in the cytoplasm, the hydrolysis of 
RanGTP is aided by RanGAP and RanBP1, which generates a higher gradient of RanGTP in the nucleoplasm. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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Fig. 2. Schematic representation (drawn to scale) of Amoeba nuclear proteins containing NLSs. A-B) Illustration of cases from the Amoeba proteus and Chaos 
Carolinensis; C) EhEnolase with an MNLS (for cNLSs, see Supplementary Fig. 1). The represented proteins have scale maps of their NLS elements. D) In the case of 
EhNCABP166 from E. histolytica, three motifs of basic residues, which potentially form a bipartite type of cNLS, are shown. E) Two non-canonical MNLSs of EhPol ll 
large subunit regions are shown towards its N-terminal. F-G) Ehp53 and EhRhoGAPnc are bioinformatic predictions of NLSs reported; however, they have not been 
tested experimentally. Blue and red boxes denote the positions of classical and non-classical NLS, respectively, while yellow boxes represent nuclear export signals. 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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numbers in the database to avoid any bias. The protein sequences were 
analyzed in batches with the MULocDeep program [39] to obtain the 
proteins corresponding to each organelle. Subsequently, they were 
analyzed using the NLStradamus program [40] to obtain their putative 
nuclear localization signals. 

The identified proteins with potential NLS were submitted to a sec
ond analysis with the PSORT II software to sort them between MNLSs 
and BNLSs [41]. Data was curated by individually analyzing each NLS, 
classifying them by type and length of amino acid residues. This led us to 
detect JNLSs in E. histolytica not previously reported visually. Finally, to 
predict the non-canonical NLS of RNA Polymerase II subunit RPB1 we 
used the software WolfPsort. 

2.2. Alignment of sequences and obtaining frequency logos 

Sequences of the same type and length were aligned with the 
CLUSTAL OMEGA program and subsequently entered into the Weblogo 
program to obtain the relative frequency logos (weblogo.berkeley.edu; 
last accessed: 06/30/2023) [42]. Only the set of NLSs of the same type 
with n˃10 were considered to obtain the consensus sequences. The 
colors of the alignments corresponding to the JNLSs were made 
manually. 

2.3. Modeling of proteins and their NLS motifs 

Protein structures were obtained from the Alphafold.ebi.ac.uk 
database (last accessed: 06/30/2023), and their motifs were worked out 
using the PyMol program. One structure of each type was randomly 
chosen to exemplify the structures of the NLSs corresponding to each 
nuclear import consensus sequence. The accession numbers of the genes 
encoding the nuclear transport factors of Saccharomyces cerevisiae were 
obtained from the yeastgenome.org database, those of Homo sapiens 
from ncbi.nlm.nih.gov, those of Trypanosoma cruzi and Trypanosoma 
brucei from tritrypdb.org, while those of E. histolytica, E. invadens, 
E. dispar and E. nuttalli in the AmoebaDB.org database. 

2.4. Docking 

For the blind docking analysis, the three-dimensional structure of the 
JNLS of the EHI_001070 protein was initially predicted in the SWISS- 
MODEL [43], while the BNLS structures of the EHI_164340 protein 
and the MNLS of the EHI_142120 protein were predicted with RPBS Web 
Portal and the structure of EhImportin α (EHI_025350) was obtained 
with AlphaFold. Finally, the docking analysis between EhImportin α and 
the different NLSs was performed with the Global RAnge Molecular 

Matching (GRAMM) software [44]. The amino acid interactions of the 
docking were made with LIGPLOT [45]. 

2.5. Constructs, amoeba transfectants, and confocal microscopy 

As previously described for U1A (EHI_050780) [46] and RNA Poly
merase ll (EHI_121760) [34], the protein-coding regions of U2AF1 
(EHI_192500), and U2AF2 (EHI_098300) genes were amplified by PCR 
using E. histolytica genomic DNA as a template and their respective primer 
pairs (U2AF33Nf taacagatctATGACAGAAACAACAAAAAAAGAAGAAAC, 
and U2AF33Nr taacagatctTTTGTTGTCATAATATCTTCTTCTTGAAG; 
U2AF84Nf taacggatccATGGCAGGAAGGTATGATAGGTCTCG, and U2AF 
84Nr taacggatccTTCTTTTATTTCTTCTTCTGTTTTGAC). As previously 
described, amoeba transfectants were established and analyzed by 
confocal microscopy [34,46]. Ten to fourteen optical slices were obtained 
from the nuclei. Z-stacks were deconvoluted and 3D visualizations were 
generated using the IMARIS and MeshLab software as described [47]. 

3. Results 

We analyzed the 8201 protein sequences annotated in the Amoe
baDB database. We evaluated the subcellular distribution of the proteins 
with the MULocDeep software, obtaining 3256 putative nuclear pro
teins, 134 mitochondrial, 2282 cytoplasmic, 646 endoplasmic reticu
lum, 345 secretory, 787 membrane, 10 lysosomal, 139 from the Golgi 
apparatus and 2 from the peroxisome (Table 2). 

To evaluate the presence of canonical and non-classical NLSs (cNLSs 
and ncNLSs, respectively), we used the NLStradamus software and, later, 
the PSORT II program. Of the 8201 proteins, 15.54 % have cNLSs (1275 
proteins). Of the total number of proteins with NLS, only 34.82 % (444 
proteins) exhibit a single NLS in their sequence, while the remaining 
65.18 % (831 proteins) have multiple NLSs (Supplementary Fig. 2). 
These belong to the putative nuclear subgroup detected with the 
MULocDeep software. 

From the 3256 proteins predicted as nuclear, we subtracted the 1275 
proteins with cNLS to obtain 1981 (60.85 %) nuclear proteins that could 
potentially have ncNLSs (Supplementary Fig. 3). Of the 1275 proteins 
with NLS, 737 are hypothetical proteins (57.8 %). From the remaining 
538 proteins, 165 (12.9 %) have a cytoplasmic and nucleocytoplasmic 
function, while 373 (29.3 %) proteins have a nuclear function (see 
Supplementary Table 1, which describes the functions of each protein 
identified with UniProt). 

3.1. Consensus for nuclear import of proteins in E. histolytica 

Regarding the study of the characterization of nuclear import, 
consensus signals of 4 residues in eukaryotic organisms have been 
extensively reviewed [48]. These include B4, B(B2P) for Trypanosoma 
cruzi and T. brucei in which B is any basic residue (K, R or H) [49]; K 
(R/K)X(R/K) and KR(R/X)K for humans, adenovirus and polyomavirus 
[50,51]; K(K/R)X(K/R) and KRRR [52,53] or (R/K)4 or (R/K)3(H/P) 
[41] for yeast; and KR(K/R)R or K(K/R)RK [54] for Oryza sativa. In 
E. histolytica, we identified the consensus of 4 residues K/R(K/RX)K/R, H 
(K/R)3, (K/R)4, and P(K/R)3 (Fig. 3A–D, respectively); as well as the 
consensus of 5 and 6 residues K/R[(K/R)X2]K/R and K/R[(K/R)2X2]K/R 
(Fig. 3E and F, respectively). In all formulas, the amino acids within 
parenthesis and brackets indicate that they can be interchangeable 
within (Tables 3 and 4). 

Seven-residue MNLSs consensuses have been reported for 

Table 2 
Subcellular distribution of the 8201 Entamoeba histolytica proteins predicted 
with the MULocDeep software.  

ORGANELLE PROTEINS % 

NUCLEUS 3256 39.73 
MITOCHONDRION 134 1.63 
CYTOPLASM 2882 35.14 
ER 646 7.87 
SECRETET 345 4.2 
MEMBRANE 787 9.59 
LYSOSOME 10 0.12 
GOLGI 139 1.69 
PEROXISOME 2 0.03 
TOTAL 8201 100  
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Fig. 3. Frequency Logos of MNLSs length classes from E. histolytica. The consensus sequence shows an example of each case’s structure (in green). (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

I. Canela-Pérez et al.                                                                                                                                                                                                                           



Biochemistry and Biophysics Reports 39 (2024) 101770

8

Fig. 3. (continued). 
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Fig. 3. (continued). 
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trypanosomatids P[(R/K)3X3] and for yeast PXX[(R/K)3X], respectively 
[49]. We detected 2 consensus sequences of 7 residues. One identical to 
that of trypanosomatids (Fig. 3G) and one exclusive to Entamoeba K/R 
[(K/R)2X3]K/R, in which X can be found from the second to the fifth 
position (Fig. 3H). 

We found that E. histolytica contains multiple atypical consensus 
MNLSs of different length composition: 8 residues, K/R[(K/R)3X3]K/R; 
9 residues, K/R[(K/R)3X4]K/R; 10 residues, K/R[(K/R)4X4]K/R; 11 
residues, K/R[(K/R)4X5]K/R; 12 residues, K/R[(K/R)5X5]K/R; 13 resi
dues; K/R[(K/R)5X6]K/R, 14 residues; K/R[(K/R)6X6]K/R, 15 residues; 
K/R[(K/R)6X7]K/R, 16 residues; K/R[(K/R)7X7]K/R, 17 residues; K/R 
[(K/R)7X8]K/R, 18 residues; K/R[(K/R)8X8]K/R, 19 residues; K/R[(K/ 
R)8X9]K/R, 21 residues; K/R[(K/R)9X10]K/R, 22 residues; K/R[(K/ 
R)10X10]K/R, 23 residues; K/R[(K/R)10X11]K/R, 24 residues; K/R[(K/ 
R)11X11]K/R and 25 residues; K/R[(K/R)11X12]K/R (Fig. 3I-U, respec
tively). Additionally, we found proteins with MNLSs with 20, 26, 27, 31, 
33, and 41 residues. However, obtaining a consensus sequence or 

relative frequency logos of n < 10 sequences was impossible (Supple
mentary Fig. 4). 

Regarding the consensuses belonging to BNLSs, there are those of 
yeast and trypanosomes whose sequence (K/R)2X10[(R/K)3X2] is iden
tical for both groups [49]. We found that amoeba also has this same 
bipartite nuclear import sequence (Fig. 4A). However, we obtained 9 
more consensuses for this type of signals that are mentioned below: two 
consensus sequences of 18 residues; (K/R)2X10[(R/K)3X2]K/R and 
(K/R)3X10[(R/K)3X2] (Fig. 4 B and C, respectively), three consensus 
sequences of 19 residues; (K/R)3X10[(R/K)4X2], (R/K)X 
(K/R)2X10[(R/K)3X2] and (K/R)2X10[(R/K)4X3] (Fig. 4 D-F respectively), 
three sequences of 20 residues; (K/R)2X10[(R/K)4X4], (K/R) 
X2(K/R)2X10[(R/K)3X2] and (K/R)X(K/R)2X10[(R/K)3X2] (Fig. 4 G-I 
respectively), we finally obtained a sequence of 21 residues; 
(K/R)2X10[(R/K)5X4] (Fig. 4J). 

There are no reported consensuses regarding the JNLS. To our 
knowledge, we identified these motifs for the first time. The consensuses 
obtained for NLSs made up of 2 JNLSs are, according to their length 
listed: 24 residues, (K/R)2X5[(R/K)2(K/R)X2]X7[(R/K)3X2]; 25 residues, 
(K/R)2X6[(R/K)2(K/R)X2] X7[(R/K)3X2]; 26 residues, (K/R)2X7[(R/ 
K)2(K/R)X2] X7[(R/K)3X2]; 29 residues, (K/R)2X10[(R/K)2(K/R)X2] 
X7[(R/K)3X2]; 30 residues, (K/R)2X10[(R/K)2(K/R)X2] X8[(R/K)3X2]; 31 
residues, (K/R)2X10[(R/K)2(K/R)X2] X9[(R/K)3X2]; 32 residues (K/ 
R)2X10[(K/R)X2(R/K)2] X10[(R/K)3X2] and 33 residues, (K/R)2X10[(K/ 
R)2X2(R/K)](R/K)X10[(R/K)3X2] (Fig. 5A–H, respectively). We could 
not generate consensus sequences for motifs of 23 and 28 residues due to 
their scarce (n < 10) representation (Supplementary Fig. 5). We also 
detected NLSs made up of 3 BNLSs up to 26 residues, and as before, we 
could not generate consensus sequences (Table 4 and Supplementary 
Figs. 6 and 7). 

We performed blind dockings between EhImportin α (3873 atoms) 
with one MNLS (95 Atoms), one BNLS (159 atoms), and one JNLS (263 
atoms) and observed that the three NLSs interact with the central part of 
the Armadillo domain of EhImportin α, while the Importin β binding 
domain (IBB domain) remains without any interaction (Fig. 6A). In the 
case of the EhImportin α and MNLS interaction, a ΔG of − 170 was ob
tained; main interactions occurred between Arg 7 of MNLS with Arg29, 
Asp225 and His18 of EhImportin α (Fig. 6B). In the case of EhImportin α 
and BNLS we obtained a ΔG of − 265, where Lys18 of BNLS interacts 
with Glu208 and Met133 of EhImportin α, while Lys1 of BNLS interacts 
with Asp294 of EhImportin α (Fig. 6C). The interaction between 
EhImportin α with JNLS, with a ΔG of − 282, showed that Lys18, Lys17 
and Glu1 of JNLS interact with Leu251, Glu254 and Asn209 of Importin 
α, respectively (Fig. 6D). It should be noted that the number of matches 
for each docking was 30,000, while the Grid box size was 64 (Fig. 6). 

We observed that proteins U1A, U2AF1, U2AF2, and the N-terminus 
of RNA Polymerase ll localized to the nucleus of E. histolytica (Fig. 7). 
While U1A contains a MNLS of 4 amino acid residues 117RKPK120 
(Fig. 8), U2AF1 has a MNLS of 14 residues 191KPRRRGRNRERRRR204 
(Fig. 9), U2AF2 contains a JNLS of 31 residues 54RREYSRNE
DREDRHRRVPEEERYNRSIRRRA84 (Fig. 10), whereas the N-terminus of 
Pol ll contains 2 non-canonical NLSs, one of 17 residues 178KLKSEN
KLEIRRKNGIK194 and the second of 20 residues 
314LRKKNFKSIEERLSSKQGRL333 (Fig. 11), respectively. The negative 
controls (empty vector and the initial 40 amino acids of U2AF2) were 
devoid of HA signals (Supplementary Fig. 8). 

Table 3 
Total canonical NLSs of each type and length of the entire E. histolytica genome.  

Residues Consensus sequence Sequences 

4 K/R(K/RX)K/R 131 
4 H(K/R)3 52 
4 4(K/R) 164 
4 P(K/R)3 86 
5 K/R[(K/R)X2]K/R 268 
6 K/R[(K/R)2X2]K/R 99 
7 P[(R/K)3X3] 328 
7 K/R[(K/R)2X3]K/R 146 
8 K/R[(K/R)3X3]K/R 97 
9 K/R[(K/R)3X4]K/R 113 
10 K/R[(K/R)4X4]K/R 66 
11 K/R[(K/R)4X5]K/R 90 
12 K/R[(K/R)5X5]K/R 47 
13 K/R[(K/R)5X6]K/R 70 
14 K/R[(K/R)6X6]K/R 41 
15 K/R[(K/R)6X7]K/R 53 
16 K/R[(K/R)7X7]K/R 22 
17 K/R[(K/R)7X8]K/R 25 
18 K/R[(K/R)8X8]K/R 5 
19 K/R[(K/R)8X9]K/R 20 
20 NC 3 
21 K/R[(K/R)9X10]K/R 18 
22 K/R[(K/R)10X10]K/R 8 
23 K/R[(K/R)10X11]K/R 10 
24 K/R[(K/R)11X11]K/R 5 
25 K/R[(K/R)11X12]K/R 4 
26 NC 2 
27 NC 1 
31 NC 2 
33 NC 2 
41 NC 1  

TOTAL 1979 

17 (K/R)2X10[(R/K)3X2] 469 
18 (K/R)2X10[(R/K)3X2]K/R 95 
18 (K/R)3X10[(R/K)3X2] 26 
19 (K/R)3X10[(R/K)4X2] 10 
19 (R/K)X(K/R)2X10[(R/K)3X2] 77 
19 (K/R)2X10[(R/K)4X3] 88 
20 (K/R)2X10[(R/K)4X4] 70 
20 (K/R)X2(K/R)2X10[(R/K)3X2] 39 
20 (K/R)X(K/R)2X10[(R/K)3X2] 18 
21 (K/R)2X10[(R/K)5X4] 35  

TOTAL 927  
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Table 4 
Total non-canonical NLSs of each type and length of the entire E. histolytica genome. NC (No consensus sequence), JNLS (Juxtaposed 
NLS).  

Residues Consensus sequence JNLSs of 2 bipartite Sequences 

23 NC 7 
24 (K/R)2X5[(R/K)2(K/R)X2] X7[(R/K)3X2] 10 
25 (K/R)2X6[(R/K)2(K/R)X2] X7[(R/K)3X2] 11 
26 (K/R)2X7[(R/K)2(K/R)X2] X7[(R/K)3X2] 10 
27 NC 3 
28 NC 7 
29 (K/R)2X10[(R/K)2(K/R)X2] X7[(R/K)3X2] 33 
30 (K/R)2X10[(R/K)2(K/R)X2] X8[(R/K)3X2] 26 
31 (K/R)2X10[(R/K)2(K/R)X2] X9[(R/K)3X2] 31 
32 (K/R)2X10[(K/R)X2(R/K)2] X10[(R/K)3X2] 21 
33 (K/R)2X10[(K/R)2X2(R/K)](R/K)X10[(R/K)3X2] 13  

TOTAL 172  

Residues Consensus sequence JNLSs of 3 bipartite Sequences 

35 NC 3 
36 NC 3 
37 NC 2 
38 NC 1 
39 NC 1 
40 NC 5 
41 NC 4 
42 NC 3 
43 NC 3 
44 NC 3 
45 NC 5 
46 NC 4 
47 NC 2 
48 NC 1 
51 NC 1  

TOTAL 41  

Residues Consensus sequence JNLSs of 4 bipartite Sequences 

41 NC 1 
43 NC 2 
45 NC 2 
48 NC 1 
53 NC 1 
55 NC 2 
60 NC 1 
61 NC 1  

TOTAL 11  

Residues Consensus sequence JNLSs of 5 bipartite Sequences 

45 NC 1 
47 NC 1 
54 NC 1 
58 NC 1 
67 NC 1 
68 NC 1  

TOTAL 6 
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4. Discussion 

Although nuclear transport has been studied for more than 3 decades 
with initial studies, studies have yet to be performed on nuclear trans
port in protozoa. Initially, the cNLS of X. laevis and SV40 virus were 
tested with exogenous proteins in members of the phylum Amoebozoa 
[30]. 

A higher nuclear concentration compared to the cytoplasmic con
centration of exogenous proteins such as BSA and EhEnolase fused to the 
NLS of the large T antigen of SV40 transfected in Chaos carolinensis, 
Amoeba proteus and E. histolytica and the conservation of MNLSs and 
BNLSs from our analyzes suggest that the Importin α/β pathway in the 
phylum Amoebozoa is functional [30,31]. Furthermore, the presence of 
nuclear transport factors in E. histolytica (Fig. 6) reinforces the hypoth
esis that nuclear transport mediated by the canonical nuclear protein 
import pathway is present from an early stage of eukaryotic evolution, 
as observed in phylogenetic analyses of Importin α conservation and 
Importin β in yeast and mammalian species members of the supergroup 
Opisthokonta [28,49,55]. The fact that we identified the EhCAS 
Exportin (CCR1), Ran, RanBP1, RandGAP, RanGEF, and NTF2 annotated 
in the E. histolytica genome indicates that the nuclear protein export 
process is present being supported by the fact that the protein EhN
CABP166 contains a functional NES rich in Leucines and the Ehp53 
protein that has anNES of the same type and EhRhoGAPnc as well [33, 
35,37] however they need to be tested experimentally. The function of 
the paralogous nucleotide exchange factors RhoGEF and RanGEF is to 
stimulate the exchange of GDP to GTP on a signaling GTPase. Specif
ically, RanGEF exchanges GDP to GTP in the nuclear transport of pro
teins to export different nucleocytoplasmic proteins [56–58]. In 
AmoebaDB, we have identified RanGEF, which supports the hypothesis 
of GTP-dependent nuclear export and its subsequent hydrolysis to GDP 
in the cytoplasm in E. histolytica. We have chosen RanGEF for the model 
of the nuclear transport pathway in Fig. 1 because it has been proved in 
other species to be the main GTP exchange factor in this pathway in 
eukaryotes. Our search for nuclear transport factors allowed us to 

generate a model of nuclear import and export of proteins for 
E. histolytica in Fig. 1, in which, as a novel contribution, we incorporated 
the factor NTF2 and the GTP hydrolysis proteins RanBP1, Ran GAP, and 
RanGEF since they were not taken into account in the models suggested 
by Gwairgi and Ghildyal, we have additionally seen their conservation 
in lower and higher eukaryotes (see Table 2). Regarding the identifi
cation of EhRan, it suggests a dependence on GTP for disintegrating the 
trimeric nuclear import complex of proteins once they cross the NPC 
[30,55]. However, these RhoGAP variants from E. histolytica present 
domains such as plekstrin homology (PH), calmodulin-binding (IQ), 
LIM-type zinc finger (LIM), DBL homology subfamily GEF, suggesting 
other functions from eukaryotes [58]. 

We found that 39.73 % of the proteins of E. histolytica can potentially 
be nuclear, while 15.55 % (1275 proteins) of the proteome contain 
cNLSs, resulting in 39.15 % of nuclear proteins with cNLS. As a refer
ence, the nuclear proteins from Trypanosoma cruzi contain 41 % of their 
nuclear proteins with cNLS. Trypanosoma brucei has 68 % and yeast cells 
present an intermediate situation with 57 % of their nuclear proteins 
with possible cNLS [49]. This similarity in the distribution ranges of 
proteins with cNLS between T. cruzi and E. histolytica may be because 
many nuclear proteins could enter through non-canonical pathways [49, 
59,60]. As we have seen, EhRNA Polymerase II, whose nuclear locali
zation has been demonstrated with an ncNLS, could be imported by a 
mechanism other than the Importin α/β pathways, such as the snur
portin pathway or by a piggyback process upon binding with another or 
other proteins that do contain a cNLS. In addition to the cNLS, several 
non-classical NLSs have been identified, such as the PY-NLS sequences 
composed of the R/H/KX(2–5)PY consensus [61–63]. NLS M9 functions 
as an exchange motif between the nucleus and cytoplasm, is composed 
of 38 residues (YNDFGNYNNQSSNFGPMKGGNFGGRSSGPY), and is 
found in the hnRNP A1 protein [64]. The beta-like import receptor 
binding domain (NLS BIB) corresponds to a 42-residue signal enriched in 
arginine and glycine (VHSHKKKKIRTSPTFRRPKTLRLRRQPKYRRK
SAPRRNK) found in the ribosomal protein rpL23 [65]. The RS domain 
corresponds to a signal rich in arginine and serine; in some proteins, it 

Residues Consensus sequence JNLSs of 6 bipartite Sequences 

79 NC 2 
82 NC 2  

TOTAL 4  

Residues Consensus sequence JNLSs of 7 bipartite Sequences 

94 NC 1 
106 NC 1  

TOTAL 2  

Residues Consensus sequence JNLSs of 8 bipartite Sequences 

78 NC 1  

Residues Consensus sequence JNLSs of 12 bipartite Sequences 

94 NC 1 
124 NC 1  

TOTAL 2  

Residues Consensus sequence JNLS of 26 bipartite Sequences 

346 NC 1  

Residues Consensus sequence Non canonical NLS 

686 NC 1 
698 NC 1  

TOTAL 2  
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Fig. 4. Logos of NNLSs length classes with frequencies obtained from E. histolytica proteome. It is shown the consensus sequence with an individual structure for each 
case. Structures of B-NLSs are shown in blue. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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Fig. 4. (continued). 
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Fig. 5. Alignments and frequency logos of NLSs comprised 2 JNLSs and were separated by length classes obtained from the E. histolytica proteome. The consensus 
sequence with an individual structure for each case is shown. J-NLS structures are shown in red, purple, and blue, and juxtaposed positions in purple. (For inter
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 5. (continued). 
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functions as an import signal and in others as a nuclear export signal 
[66]. Additionally, the non-canonical bipartite NLS is conserved in 
GATA factors from Aspergillus, yeast, and mammals, indicating an 
ancient origin [67]. Some proteins are transported to the nucleus 
directly by Importin β, without the participation of Importin α. The 
proteins that have been described are the parathyroid protein PTHrP 
[68], the nuclear transcription factor SCREBP2, which is essential for 
cholesterol metabolism [69], and the zinc finger protein C2H2 [70]. 

When analyzing the distribution of the type of cNLS in E. histolytica, 
we obtained 62.88 % MNLSs and 29.44 % BNLSs; this majority incli
nation towards MNLSs has been reported in other parasitic protozoan 
species such as T. brucei and T. cruzi where it is evident that the fraction 
of proteins that have MNLS is the majority when compared to those that 
have BNLSs. 

In the case of the MNLSs in T. brucei, they are 62.6 % and in T. cruzi 
59.8 %, while the BNLSs in T. brucei are 12.1 % and in T. cruzi it is 21.3 % 
[49]. This inclination of favored selective pressure toward MNLS has 
also been reported in S. cerevisiae, where 25.8 % are BNLSs and 30.9 % 
MNLSs [71]. 

With these and previous [30] data, it can be hypothesized that the 
initial Importin α receptor in protozoan parasites is more adapted to the 
recognition of MNLSs than bipartite ones or possibly there has been a 
coevolution process between the Importin α receptor with the MNLSs 
since, as shown in Table 3 E. histolytica has 25 consensus sequences for 
MNLSs against 10 consensus sequences for BNLSs [28]. Although this 
NTF has not been studied in E. histolytica, we can mention that Importin 
α from yeast and mammals recognizes MNLSs structurally in both re
gions corresponding to the significant and minor pockets [72,73]. 
Structurally, our models of the NLSs are mainly in trans-spatial config
uration, which is most likely necessary for their recognition by EhIm
portin α. 

Protein analyses with cNLS show a fraction of multiple NLSs in their 
sequence, with 65.18 % of the 1275 proteins with NLSs (Supplementary 
Figure 2) (MNLS and BNLS). This has been reported in T. brucei, where it 
is 25.3 %, and in T. cruzi, it is 19.9 %. Multiple NLSs in a single protein 
sequence have been reported in Aspergillus nidulans with the AreA factor 
that activates the transcription of nitrogen metabolism genes, and may 
contain multiple NLSs and serve as a mechanism for regulating nucle
ocytoplasmic localization [67,74]. 

The JNLSs in E. histolytica that correspond to 7.68 % could serve as 
signals that regulate the expression and nuclear localization of proteins 
with this type of signal since a regulation mechanism for nuclear con
centration has been reported. The enzyme 5-lipoxygenase (5-LO) with 3 
NLSs that, when individually fused to the green fluorescent protein 
(GFP), caused quantitatively and statistically less import than the SV40 
NLS. However, when the 3 NLSs are combined, nuclear import to the 
SV40 NLS occurs [75]. 

Additionally, it has been shown that the Nuclear factor erythroid 2- 
related factor 2 (Nrf2) from Mus musculus mediates the transcriptional 
response of cells to oxidative stress and is translocated into the nucleus 
through two NLSs [76]. Another pathway consists of the participation of 
Snurportin, which interacts with Importin α instead of β import ribo
nucleoproteins, proteins that make up the spliceosomal U snRNPs [77]. 

However, we cannot rule out the potential plasticity of EhImportin α 
for the recognition of BNLSs since, in addition to having this type of 
signal, we detected a large number of proteins with multiple BNLSs, 
especially with non-canonical J-NLSs up to now as a novel contribution 
in this study. 

It has been shown that the larger pocket can bind to at least 5 basic 
amino acid residues (K and R), while the smaller pocket can bind to two 
basic amino acid residues [73]. With this information, we can hypoth
esize that the EhImportin α major and minor pockets could recognize 
MNLSs similarly. Our docking assays indicate that the central region of 
the armadillo EhImportin α domain interacts with the MNLS, BNLS, and 
JNLS in a similar way as occurs in S. cerevisiae [78], suggesting an 
evolutionary conservation in the mechanism and plasticity of recogni
tion of this nuclear transport factor. 

Regarding the conservation of basic amino acids Arginine and Lysine 
in the NLSs of the supergroups (Ophystokonta, Excabata, and Amoe
bozoa), it indicates a selective pressure in the structural conservation of 
the recognition regions of nuclear transport factors, specifically with the 
initial path α/β adapter; Importin α in the conserved glutamic acid and 
tryptophan residues of the major and minor pockets that recognize the 
basic residues K, R and in very few cases H [62,79]. However, it is 
necessary to experimentally test and characterize different NLSs, such as 
those we have predicted in E. histolytica. We can propose that the nuclear 
localization of U1A, U2AF2, U2AF1, and RNA Polymerase II is because 
they contain NLSs rich in basic amino acids, mainly K and R. However, it 
will be crucial to dissect and mutagenize these NLSs to ensure their 
participation in the nuclear translocation of these proteins. 

Our data strengthen the hypothesis that the nuclear import of pro
teins mediated by highly conserved nuclear transport factors arose in the 
early unicellular eukaryotes. 

The NLSs seem to have arisen at an early stage in the evolution of 
eukaryotes as they are present in protozoans such as Trypanosomatidae 
and, in this case, in the supergroup, Amoebozoa with high conservation 
in their sequences, enabling coevolution between NLSs and NTF in 
eukaryotic organisms and most likely in the last common ancestor of 
eukaryotes. 
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Israel Canela-Pérez: Writing – review & editing, Writing – original 
draft, Validation, Software, Methodology, Investigation, Formal 

Fig. 5. (continued). 
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Fig. 6. Blind docking experiments between EhImportin α and NLSs. The EhImportin α structure shows the armadillo domain (blue) and the Importin β binding 
domain (IBB, in black) appears in (A). Docking interactions with an MNLS (B), a BNLS (C), and a JNLS (D). (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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Fig. 7. Nuclear localization of HA-tagged U1A, U2AF1, U2AF2, and the N-terminus of RNA Polymerase ll. Green signals correspond to anti-HA Alexa antibodies and 
blue signals correspond to DAPI-contrasted nuclear DNA. Merged and bright-field (Bf) channels are also shown. The U1A sample shows an artifactual broken cell 
where the protein permeated to the cytoplasm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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Fig. 8. Nuclear localization and 3D visualization of U1A harboring an MNLS. The lower panels show the sequential optical slices, ordered from top to bottom. Green 
signals: anti-HA Alexa antibodies; blue signals: DAPI-contrasted nuclear DNA. A merged channel is also shown. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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Fig. 9. Nuclear localization and 3D visualization of U2AF1 harboring an MNLS. The lower panels show the sequential optical slices ordered from top to bottom. 
Green signals: anti-HA Alexa antibodies; blue signals: DAPI-contrasted nuclear DNA. A merged channel is also shown. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 10. Nuclear localization and 3D visualization of U2AF2 harboring a JNLS. The lower panels show the sequential optical slices ordered from top to bottom. Green 
signals: anti-HA Alexa antibodies; blue signals: DAPI-contrasted nuclear DNA. Merged and bright-field (Bf) channels are also shown. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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