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ABSTRACT

Most transcription and epigenetic factors in eukaryotic cells have nuclear localization signals (NLSs) and
are transported to the nucleus by nuclear transport proteins. Understanding the features of NLSs and the
mechanisms of nuclear transport might help understand gene expression regulation, somatic cell re-
programming, thus leading to the treatment of diseases associated with abnormal gene expression. Al-
though many studies analyzed the amino acid sequence of NLSs, few studies investigated their three-
dimensional structure. Therefore, we conducted a statistical investigation of the dynamic structure of
NLSs by extracting the conformation of these sequences from proteins examined by X-ray crystal-
lography and using a quantity defined as conformational determination rate (a ratio between the number
of amino acids determining the conformation and the number of all amino acids included in a certain
region). We found that determining the conformation of NLSs is more difficult than determining the
conformation of other regions and that NLSs may tend to form more heteropolymers than monomers.

Therefore, these findings strongly suggest that NLSs are intrinsically disordered regions.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Understanding nuclear transport of proteins is essential to
elucidate gene expression regulation, intracellular signaling, and
intermolecular network. In addition, the control of nuclear trans-
port of a variety of transcription factors and epigenetic factors can
be applied to various areas including somatic cell reprogramming,
treatment of diseases associated with abnormal gene expression
such as cancer, and development of new antiviral drugs. The nuclei
of eukaryotic cells are separated from the cytosol by the nuclear
membrane, and most nuclear proteins cannot move through the
nuclear pore alone. Nuclear proteins that can transfer into the
nucleus often have nuclear localization signals (NLSs) that are
recognized by nuclear transport proteins, which transport the
protein into the nucleus. In the classical nuclear transport path-
way, nuclear-targeted cargoes containing a NLS are imported by a
heterodimeric import receptors consisting of importin o and im-
portin B [1,2]. Importin § mediates the interaction of the trimeric
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complex with the nuclear pore while it translocates into the nu-
cleus [3]. Importin « is the adaptor protein, which directly binds to
the NLS of the cargo. Currently, seven importin-o¢ subtypes of
human origin are known [4].

We have proved that importin a2 (KPNA2, karyopherin alpha
2) has a novel binding site in its C-terminal region, completely
different from the previously characterized classical nuclear loca-
lization signal (cNLS) binding site, and that importin o2 maintains
the undifferentiated state of ES cells by inhibiting nuclear import
of particular transcription factors that induce differentiation [5]. It
has been shown that two types of NLSs characterized by different
amino acid sequences correspond to these two binding sites. There
are several studies on the sequence and structure of NLSs of some
proteins [5-8]. The structure of NLSs has been investigated using
the partial structure of NLS peptides forming a complex by binding
importin o [9, 10]. However, few studies have comprehensively
investigated the conformation of NLSs in the entire protein.
Therefore, we extracted the NLS region from proteins that were
examined by X-ray crystallography analysis. Then, we investigated
1) the feasibility of determining NLS structure compared with
other regions; 2) NLS dynamic structural changes; and 3) major
differences in 1) determination of NLS structure and 2) NLS dy-
namic structural changes before and after complex formation with
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Table 1
Conformational determination rate and normalized B-factor of the NLS and the
entire polypeptide chain.

N  P-value Median Mean

Conformational determination =~ NLS 542 1900E-03 1.0000 0.7986
rate Chain 0.9764 0.9455
Normalized B-factor NLS 463 <22E-16 0.60010 0.68552

Chain 0 0

other proteins. Based on the statistical analyses, here we discuss
the dynamic features of NLSs in nuclear transport, considering the
possibility that NLSs are intrinsically disordered regions [11,12].

2. Material and methods

2.1. Extraction of proteins with NLSs and acquisition of positional
information of NLSs

For positional information of NLSs, Motif, which is an item of
"Family & Domains" in UniProt (http://www.uniprot.org/), was
used. We chose proteins whose "Nuclear localization signal” is
described in the "Description” of the item, and that are categorized
in Mammalia. Positional information of NLSs, amino acid sequence
of the extracted protein, NLSs sequence information, and reference
information of PDB were acquired from UniProt. See reference [13]
for information on all mammalian NLSs that are included in Uni-
Prot regardless of PDB.

2.2. Acquisition of conformational information

PDB ID and chain ID were obtained for proteins analyzed by
X-ray crystallography (excluding NMR), using the reference in-
formation of PDB acquired from UniProt. For each chain, the amino
acid sequence was obtained from the category pdbx_poly_-
seq_scheme by referring mmCIF of PDB, and the sequence was
saved in the FASTA format. Missing residues (indicated by "?" in
mmCIF) were changed to lower-case letters [ 14]. Hereinafter, these
sequences are referred to as "PDB sequences.” Amino acids, whose
conformation is determined, are indicated in capital letters, and
missing residues are indicated in lower cases.

2.3. Numbering of sequences obtained from PDB

The sequence numbering in UniProt and in PDB are not always
the same; therefore, new sequence numbers were set for the se-
quences from PDB in accordance with the sequence number from
UniProt by aligning the amino acid sequences of the entire protein
obtained from PDB and UniProt, and the sequences from PDB were
renumbered. BioPython [15] Pairwise2 was utilized for alignment
of sequences. The blosum62 matrix was used, and gap open was
set at —30, and gap extend was set at —0.5.

Table 2
Conformational determination rate of the NLS in monomers and heteropolymers.
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2.4. Calculation of the conformational determination rate

The conformational determination rate was calculated using
sequences from PDB. The conformational determination rate was
defined as a ratio calculated by dividing the number of amino
acids determining the confirmation by the number of all amino
acids included in a certain region. In other words, the rate would
be a ratio of amino acids indicated in capital letters contained in
the "PDB sequence." The conformational determination rate was
calculated for both the NLS and the entire polypeptide chain.

2.5. Calculation of normalized B-factors

Normalized B-factors calculated by the following equation [16]:
Bi — (B)
o(B)

where B; is B-factor of Ca of i-th amino acid, < B > is the average
value of all Ca atoms and ¢(B) is the standard deviation of the B-
value for the chosen protein.

2.6. Statistical analyses

A test was conducted to examine whether differences in B-
factor and in the conformational determination rate of the NLS and
the entire polypeptide chain were statistically significant. Because
the distribution of the conformational determination rate was not
normally distributed, the Wilcoxon signed rank test (one-tailed
test) was used for the test.

3. Results

3.1. Comparison of conformational determination rates of the NLS
and the entire polypeptide chain

Here we defined the "conformational determination rate" to
evaluate the stability of the conformation. The conformational
determination rate was defined as a ratio calculated by dividing
the number of amino acids determining the conformation by the
number of all amino acids included in a certain region. This value
is presented as a mean value per single amino acid. Higher con-
formational determination rates (apart from O and closer to 1)
represent higher rate of structure in the region determined by
X-ray crystallography. For calculation of the conformational de-
termination rate of the NLS and the entire polypeptide chain, we
extracted polypeptide chains that meet the following three con-
ditions from the Protein Data Bank (PDB) [17]: 1) a protein with
the NLS position defined by Universal Protein resource (UniProt)
[18]; 2) a protein with the link to the PDB entry determined by
X-ray crystallography analysis (excluding NMR) described in Uni-
Prot; 3) a protein with at least one NLS amino acid included in the
SEQRES record of PDB extracted in 1) and 2). Using these

Uniprot ID Protein Conformational determination rate
Monomer (PDB ID) Heteropolymer (PDB ID)
060566 Mitotic checkpoint serine/threonine-protein kinase BUB1 beta 1.00 1.00
(2wvI) (3S15)
P05230 Fibroblast growth factor 1 0.75 0.96
(2Q9X,3B9U) (1DJS,1E00,1EVT,1RY7,3CU1,30J2,30JV,30]M)
Q8IY67 Ribonucleoprotein PTB-binding 1 1.00 1.00
(3SMZ) (3H2U,3H2V,3VFO0)
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Fig. 1. Crystal structure of the complex importin a—NLS. Simian-virus-40 large
T-antigen NLS is indicated with a ball-and-stick model. Gray represents carbon, red
represents oxygen, and blue represents nitrogen. Mouse importin a1 (Kpnal, kar-
yopherin alpha 1) is indicated with a ribbon model. PDB used in this figure is PDB
ID:1Q1T [19]. All figures in this article were drawn using Chimera [27].

conditions, 542 polypeptide chains including 55 NLSs were ex-
tracted from 54 proteins (based on UniProt codes). Among these
54 proteins, one (1.85%) was found to have more than one NLS. The
conformational determination rate per single amino acid of the
NLS and the conformational determination rate per single amino
acid of the entire polypeptide chain were calculated for all the
extracted chains. In addition, a comparison of the mean of the
conformational determination rate per single amino acid of NLS
with the mean of the conformational determination rate per single
amino acid of the entire polypeptide chain was conducted. An
overview of the results is shown in Table 1. Data of individual
proteins are shown in Supplementary Table S1, S2 and Fig. S1. The
conformational determination rate per single amino acid of the
NLS was 0.7986, and the rate for the entire polypeptide was
0.9455. The conformational determination rate per single amino
acid of the NLS was lower than the rate of the entire polypeptide.
Moreover, the P-value indicated that the conformational de-
termination rate of the NLS was significantly lower than the con-
formational determination rate of the entire polypeptide.

3.2. Comparison of normalized B-factors between the NLS and the
entire polypeptide chain

We extracted polypeptide chains meeting the following three
conditions: 1) a protein with the NLS position defined by UniProt;
2) a protein with the link to the PDB entry determined by X-ray
crystallography analysis (excluding NMR) described in UniProt; 3)
a protein with the main-chain coordinates of at least one NLS
amino acid included in PDB extracted in 1) and 2). Using these
conditions, 463 polypeptide chains were extracted. Then, mean
normalized B-factors per single amino acid of the NLS and the
entire polypeptide chain were calculated for extracted polypeptide
chains. The mean normalized B-factors per single amino acid were
compared between the NLS and the entire polypeptide chain. The
results are shown in Table 1. The mean normalized B-factor per
single amino acid of the NLS was 0.6001, and the mean for the
entire polypeptide chain was 0. The mean B-factor per single
amino acid of the NLS was significantly higher than the mean of
the entire polypeptide (P < 2.2E—16).

3.3. Conformational determination rate of monomers and
heteropolymers

Monomers and heteropolymers (forming a complex with a
nucleic acid or a different protein other than itself), whose con-
formational determination rates could be determined based on
data of PDB and were comparable to each other, were extracted. A
mean value of the conformational determination rates of the NLS
was calculated for each monomer and heteropolymer. The results
are shown in Table 2. Only three proteins fulfilled the conditions
and were available for comparison. The conformational determi-
nation rates of NLS were equivalent before and after hetero-
polymer formation, or the rates increased after heteropolymer
formation.

4. Discussion

According to the results in Table 1, the conformational de-
termination rate of the NLS is lower than that of the entire protein;
it is difficult to determine the conformation of the NLS regions
because of the high mobility in crystals, which is also indicated by
significantly high B-factors (Table 1).
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Fig. 2. Structure of Oct3/4. (a) NMR structure of Oct3/4, a transcription factor containing a NLS. PDB used in this figure is PDB ID:10CP [25]. Twenty-polypeptide chains were
superimposed to create the structure by structural alignment. Oct3/4 is indicated with a ribbon model. Orange represents NLS regions, and green represents other regions.
(b) Crystal structure of the complex Oct3/4-DNA. The DNA is in purple. The main chain structure of Oct3/4 is shown in the same colors as in (a). Only side chains of the NLS of
Oct3/4 are shown with balls and sticks. ARG:227, a NLS, forms a hydrogen bonding with the DNA base. Hydrogen bond is indicated in red-dashed line. Drawn from chain A

and DNA of PDB ID:3L1P [26].

We started this study because in the structure of the complex
between importin o and the cargo protein transported into the
nucleus, there are no coordinate data showing the entire structure
of the cargo protein through the NLS binding site of importin o
(major site). Only the information on the partial structure of a
peptide containing several residues before and after the NLS of a
protein with a major site of importin o is available (Fig. 1)
[10,19,20]. Furthermore, we have often observed high fluctuation
in molecular dynamics calculation of transcription factors com-
pared with other globular proteins. In addition, recently it was
pointed out that many nuclear proteins, including transcription
factors, epigenetic factors, and factors related to DNA replication
and repair, are intrinsically disordered proteins (IDPs), character-
istically found in eukaryotic organisms [21-23] . Therefore, we
started to consider that NLSs might be intrinsically disordered
regions (IDRs), characterized by the so-called coupled folding and
binding mechanism [24], in which a polypeptide forms a particular
structure through interaction with a target molecule and folds—
although NLSs hardly form a particular structure by themselves.
For example, the NLS of the transcription factor Oct3/4 indicated
various conformations when the conformation was determined as
a monomer using NMR (Fig. 2(a)) [25].However, when it forms a
complex by binding with the DNA, the NLS not only forms a par-
ticular conformation but is also involved in the binding and re-
cognition of DNA through the interaction with DNA bases (Fig. 2
(b)) [26]. We predicted that when Oct3/4 is transported to the
nucleus the NLS may form a conformation similar to that shown in
Fig. 1 by binding with importin «, another target molecule.

The determination of intrinsic disorder is essentially based on
the missing electron density in X-ray crystal structure and on the
negative values of 15N-1H heteronuclear NOE measured by NMR
and/or the data obtained by other experimental methods, such as
circular dichroism, size exclusion chromatography, SAXS, protease
digestion and so on [28]. Based on the above information and on
the physical-chemical properties of the amino acids, the disorder
prediction algorithms and software are also developed. Disordered
regions were often defined as those regions with missing co-
ordinates in X-ray structures during the development of the soft-
ware. In fact, the training set for DISOPRED (a popular tools in the
field) was created by identifying the missing coordinate residues

in X-ray crystal structure as natively disordered residues [29]. Thus
our conformational determination rate is faithful to the IDP con-
cept. Therefore we consider the rate as a new parameter to com-
pare intrinsic disorder propensity between different regions.
Lower conformational determination rates (apart from 1 and clo-
ser to 0) represent higher disorder. From these reasons, the con-
formational determination rate was compared between mono-
mers and heteropolymers to confirm the relationship between
NLSs and IDRs. As shown in Table 2, NLSs tend to form more easily
heteropolymers than monomers, thus suggesting that NLSs may
be IDRs, whose conformation is stabilized by a target molecule.
Similar examples can be found in the previous experimental stu-
dies as follows. The NLS of NF-kB p65 (RelA) adopts a stable helical
conformation in the crystal structure of NF-kB heterodimer (p65/
p50) bound to IkBa [30], although the NMR data show that the
RelA NLS in the free state is disordered and highly dynamic [31]. In
addition, the RelA NLS is thought to form extended-chain con-
formation when bound to importin o« [30]. In another instance,
fluorescence spectroscopy data show that the NLS of forkhead
transcription factor FoxO4 reduces its flexibility when bound to
the 14-3-3 protein [32]. Our recent study showed that when
transcription factors such as Oct6 and Brn2 form complexes via the
classical binding site or the novel C-terminal binding site of im-
portin a2, the two NLS conformations are different at the main-
chain level [5] as is the case with the above shown NF-kB p65
(RelA), thus revealing the importance of target proteins in the
stabilization of NLS structures. Moreover, the previous studies [33-
35] support that NLSs may be IDRs. However, our data were ob-
tained from only three examples, therefore not statistically
significant.

Future studies on IDPs will help understand gene networks in
eukaryotic organisms. However, it is difficult to precisely define
IDRs for proteins, because the structures cannot be determined
per se alone. We believe that this study and the idea of con-
formational determination rate defined here will be valuable to
comprehend the intrinsic disorder of a protein. In addition, it is
required to comprehensively investigate changes in the con-
formational determination rate caused by post-translational
modifications, such as phosphorylation in or near NLSs, which
were not examined in this study. In fact, it is important for the
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nuclear transport in signal transduction pathway that the NLSs are
exposed on the surface and stabilized through a conformational
change occurred by phosphorylation, by hetero-multimer forma-
tion, or by homo-multimer formation and then recognized by
transport proteins. We believe that understanding dynamic con-
formational characteristics of NLSs will lead to the development of
new methods for somatic cell reprogramming through the reg-
ulation of nuclear transport and for the development of ther-
apeutic and antiviral agents for diseases associated with abnormal
gene expression.
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