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Abstract

Epstein-Barr virus (EBV) nuclear antigen 1 (EBNAI1) is expressed in every
EBV-positive tumor and is essential for the maintenance, replication, and transcription
of the EBV genome in the nucleus of host cells. EBNALI is a serine phosphoprotein, and
it has been shown that phosphorylation of S385 in the nuclear localization signal (NLS)
of EBNAI1 increases the binding affinity to the nuclear import adaptor importin-al as
well as importin-a5, and stimulates nuclear import of EBNAI1. To gain insights into
how phosphorylation of the EBNA1 NLS regulates nuclear import, we have determined
the crystal structures of two peptide complexes of importin-ol: one with
S385-phosphorylated EBNA1 NLS peptide, determined at 2.0 A resolution, and one
with non-phosphorylated EBNA1 NLS peptide, determined at 2.2 A resolution. The
structures show that EBNA1 NLS binds to the major and minor NLS-binding sites of
importin-al, and indicate that the binding affinity of the EBNA1 NLS to the minor
NLS-binding site could be enhanced by phosphorylation of S385 through electrostatic
interaction between the phosphate group of phospho-S385 and K392 of importin-a.l

(corresponding to R395 of importin-a5) on armadillo repeat 8.
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1. Introduction

Epstein-Barr virus (EBV) is a ubiquitous human herpes virus associated with
a diverse range of tumors of both lymphoid and epithelial origin [1]. EBV nuclear
antigen 1 (EBNAI) is a DNA-binding protein expressed in every EBV-positive tumor.
EBNAT1 plays an essential role in the maintenance and replication of the episomal EBV
genome through its direct interaction with sequences in the EBV latent origin of
replication (oriP) [2-5], and also acts as a transcriptional regulator [6,7]. It has been
shown that EBNA1 induces B cell lymphomas in transgenic mice [8], enhances cell
survival [9], and induces genetic instability [10], indicating that EBNA1 might
contribute directly to oncogenesis. EBNAI is phosphorylated at multiple serine residues
when expressed in human and insect cells [11-14]. Although the physiological
significance of EBNA1 phosphorylation remains incompletely understood, it has been
suggested that phosphorylation of EBNAI serine residues contributes to segregation
and maintenance of the EBV genome, transcriptional activation, and nuclear import of

EBNAT [15-18].

Transport of macromolecules between the cytoplasm and nucleus occurs
through nuclear pore complexes (NPCs) [19]. Eukaryotic cells control and finely tune
many biological processes by regulating nuclear transport [20]. Phosphorylation of
cargoes has emerged as one of the important mechanisms to regulate a multitude of
nuclear transport pathways [20], including the importin (Imp) a:B-dependent nuclear
import pathway [21,22]. The Impa adaptor proteins bind cargo proteins possessing the
nuclear localization signal (NLS), and heterodimerize with Impf through the N-terminal
Impp-binding (IBB) domain, forming the heterotrimeric Impat:f:NLS-cargo complexes
that permeate through NPCs and deliver NLS-cargoes into the nucleus [19-22].

Mammalian cells have at least seven Impo isoforms, whose expression is tightly



regulated depending on cell type and developmental stage [23,24]. Each isoform of
Impa has different substrate specificity, and many cellular and viral cargoes have been

shown to associate preferentially with specific isoforms of Impa. [23,24].

Previous cell biological and biochemical studies identified the NLS of
EBNA1 (*?KRPRSPSS*® [25] and demonstrated that EBNA1 binds to the nuclear
import adaptor Impol [26-28] as well as Impa5 [28]. The amino-terminal K379 and
R380 of the EBNA1 NLS are essential for nuclear translocation [18]. Although the
serine residues (S383, S385, and S386) are not essential for the EBNA1 NLS, both
S383 and S385 are important for nuclear translocation [18]. Phosphorylation of S385
increases nuclear import efficiency [18] and also increases the binding affinity of the
EBNA1 NLS to Impal as well as Impad [18,29]. In this study, we used X-ray
crystallography to elucidate how phosphorylation of EBNA1 NLS can regulate its

interaction with Impa.



2. Materials and methods

2.1 Preparation of protein-peptide complexes for crystallization

N-terminally His,- and S-tagged AIBB Impal (mouse, residues 70-529) was
expressed from pET30a (Novagen) [30] in the E. coli host strain
BL21-CodonPlus(DE3)RIL (Stratagene), and was purified over Ni-NTA (Novagen) and
gel filtration over Superdex200 (GE Healthcare). S385-phosphorylated EBNA1 NLS
peptide **EKRPRPRSP-pS-S*** (pS stands for phosphoserine) and non-phosphorylated
EBNA1 NLS peptide *EKRPRPRSPSS™® were synthesized by GenScript. Prior to
crystallization, AIBB Impol and the NLS peptide were mixed in a molar ratio of 1:3 in

10 mM Tris-HCI (pH 7.5), 150 mM NaCl, and 2 mM 2-mercaptoethanol.

2.2 X-ray crystallography

Crystals of AIBB Impal bound to S385-phosphorylated EBNA1 NLS peptide
were grown at 20 °C from 0.2 mM AIBB Impoal and 0.6 mM NLS peptide by hanging
drop vapor diffusion against 0.1 M MES (pH 6.5), 0.9 M sodium citrate, and 10 mM
DTT. Crystals of AIBB Impal bound to non-phosphorylated EBNA1 NLS peptide were
grown at 20 °C from 0.2 mM AIBB Impal and 0.6 mM NLS peptide by hanging drop
vapor diffusion against 0.1 M MES (pH 6.5), 0.8 M sodium citrate, and 10 mM DTT.
Crystals were cryoprotected using mother liquor containing 23% glycerol, and
flash-cooled in liquid nitrogen. X-ray diffraction datasets were collected at 95 K at
Photon Factory beamline BL-17A using a Pilatus3 S6M detector. Diffraction data were
processed using MOSFLM and CCP4 programs [31]. The structures were solved by
molecular replacement using MOLREP [32] using the structure of AIBB Impal bound

to Bimax1 NLS peptide (PDB code, 3UKW) [33] as a search model. The structures



were refined by iterative cycles of model building using COOT [34] and refinement
using REFMACS [35] and PHENIX [36]. MolProbity [37] was used to validate the final
models. Structural figures were produced using CCP4MG [38] and PyMOL [39].
Coordinates and structure factors have been deposited in the Protein Data Bank (PDB)
with accession codes SWUM (AIBB Impal bound to S385-phosphorylated EBNAL1
NLS peptide) and SWUN (AIBB Impal bound to non-phosphorylated EBNA1 NLS

peptide).



3. Results and discussion

3.1 Crystal structure of Impoal bound to S385-phosphorylated EBNA1 NLS

peptide

We obtained crystals of the NLS-binding armadillo (ARM) repeat domain of
Impal bound to the S385-phosphorylated NLS peptide of EBNA1, and determined the
structure at 2.0 A resolution by molecular replacement (Table 1). The structure was
refined to free and working R-factor values of 21.2% and 18.6%, respectively. Residues
378-385 and 378-383 of the NLS peptide bound to the minor and major NLS-binding
sites, respectively, were identified unambiguously in the electron density map (Fig. 1A
and B). Notably, the electron density of the phosphorylated side chain of pS385 was
clearly visible at the minor site (Fig. 1A), but this phosphoserine was not visible at the
major site (Fig. 1B). The NLS peptides bound along the inner concave surface of Impa.l
in almost fully extended conformations (Fig. 2A) and formed an extensive network of

interactions with the surface residues of Impal (Fig. 3A-3D).

At the minor NLS-binding site (Fig. 3A, 3C, and 3D), the positively charged
side chains of EBNAI fitted into three acidic pockets on Impal: K379"*'! made
hydrogen bonds with the side chain of T328"™"' and the main-chain carbonyls of
V321"™-" and N361"™'; R380""™' was sandwiched between the indole rings of
W399"™:! and W357"™:! and formed a salt bridge with E396"'; R382""™*! made a
hydrogen bond with N319"™"' and a bidentate salt bridge with E354"™'  Although
pS385™°MA! was not in direct contact with Impal residues, the negatively charged
phosphate group of the pS385™*™*! side chain was involved in long-range electrostatic
interactions with positively charged side chain of K392"™!| which was positioned 4.5 A

from one of the phosphate oxygen atoms of pS385*™*!. It appears that the position and



orientation of the pS385™""*' side chain was stabilized by the electrostatic interaction
with K392"™"!" and also by an intramolecular hydrogen bond between the side chain of
S383"*4! and the y oxygen atom of pS385™""*'. Thus, the positive and negative charges
of the S385-phosphorylated EBNA1 NLS were complemented electrostatically by
oppositely charged residues of Impal. In addition, hydrogen bonds were made between

the main chain of R380"®~*! and the side chains of N361™-' and W357™-!,

At the major NLS-binding site (Fig. 3B), K379""™*' formed a salt bridge with
D192™"!" and a hydrogen bond with T155"™'; R380"*"*! formed a salt bridge with
D270™"' and hydrophobic/cation-rt interactions with W231"™'; R382"°M! wag
sandwiched between W184™' and W142"™' and formed a hydrogen bond with
Q181"™'. These interactions were supplemented with hydrogen bonds between the

main chain of EBNA1 and N235"™"' N188"™-' N146""! W184"™! and W 142",

3.2 Crystal structure of Impa1 bound to non-phosphorylated EBNA1 NLS peptide

As a control, we also determined the crystal structure of the NLS-binding
ARM repeat domain of Impal bound to the non-phosphorylated NLS peptide of
EBNA1 at 2.2 A resolution (Table 1). The structure was refined to free and working
R-factor values of 20.4% and 17.7%, respectively. As was the case in the co-crystal
structure with the S385-phosphorylated NLS peptide, the non-phosphorylated NLS
peptide bound to both minor and major NLS-binding sites of Impal (Fig. 2B). Residues
378-382 and 378-383 of the NLS peptide were identified unambiguously in the electron
density map at the minor and major NLS-binding sites, respectively (Fig. 1C and 1D).
The structures of S385-phosphorylated NLS peptide- and non-phosphorylated NLS
peptide-Impal complexes superimposed very well with root mean square deviations of

only 0.094 A for all o carbon atoms of EBNA1 and Impaul. As shown in Fig. 2C and



2D, the two NLS peptides had essentially the same conformations when bound to
Impal. The only notable difference between the two peptides was that the electron
density of residues 383-385 of non-phosphorylated NLS at the minor NLS-binding site
was too weak to be modeled reliably (Fig. 1C), whereas these residues had well defined
electron density in the case of S385-phosphorylated NLS (Fig. 1A). This indicates that
phosphorylation of S385 can stabilize the conformation of these residues when bound to

the minor NLS-binding site of Impal.

3.3 Implications for the mechanism by which phosphorylation of EBNA1 NLS

finely tunes the efficiency of nuclear import

Our structural data that non-phosphorylated EBNA1T NLS can bind to Impal
provide a structural explanation for the observation that the non-phosphorylated NLS
peptide can act as a functional signal to mediate nuclear import, albeit at a low
efficiency [18]. Previous mutational analyses have shown that K379A and R380A
substitutions greatly reduce nuclear import [18], and this is consistent with our
structural data that these residues are involved in extensive interactions with Impol

both at the major and minor NLS-binding sites.

An important implication from the co-crystal structures described above is
that, although the phosphorylation of S385 of EBNA1 NLS is not required for the
binding to Impa, it could strengthen the binding to Impo through electrostatic
interaction at the minor NLS-binding site (but not at the major NLS-binding site) and
thereby increase the efficiency of nuclear import. The phosphate group of pS385*™*!
did not form extensive hydrogen bonding network with Impal and instead, it formed
only a long-range electrostatic interaction with K392"<' at the minor NLS-binding site.

It therefore appears that this is not a high affinity phosphoserine binding, and



phosphorylation of S385""™*' may make only a small contribution to the binding
affinity to Impa, at least in the case of Impal. In this context, an intriguing previous
observation is that the binding affinity of Impa5 to the S385-phosphorylated EBNA1
NLS is significantly higher than that of Impal [18]. The residues of Impal that are
involved in the recognition of the EBNA1 NLS are highly conserved among the Impa
isoforms, and the only difference between Impal and ImpaS regarding the amino acid
sequence in the EBNA1 NLS-binding sites is that K392 of Impal is arginine (R395) in
Impa5. Generally, the guanidinium group of an arginine residue is well suited for
interactions with a phosphate group by virtue of its planar structure and its ability to
form multiple hydrogen bonds, and it has been reported that arginine can make
substantially stronger salt bridges with phosphorylated amino acid side chains than
lysine [40]. Therefore, the higher affinity of Impa5 to the S385-phosphorylated EBNA1
NLS could be due to the ability of R395 of ImpaS to provide a tight binding site for
phosphoserine by making direct salt bridges with the phosphate group. However, this
remains to be verified by structure determination of ImpaS bound to the

S385-phosphorylated EBNA1 NLS.

To our knowledge, this study is the first to visualize the interaction between a
nuclear transport receptor and a phosphorylated amino acid in a NLS by experimental
structure determination. Interestingly, however, a previous molecular modeling and
mutagenesis study suggested that R395 of Impa5 directly binds to phosphoserine in the
bipartite NLS of human telomerase reverse transcriptase (hnTERT) and thereby increases
the efficiency of nuclear import of hTERT when the serine residue (S227) in the hTERT
NLS is phosphorylated [41]. Thus, the interaction between the phosphorylated residue
in a NLS and the basic residue (K392 of Impal; R395 of Impa5) on ARM repeat 8 of

Impa may be a general mechanism of up-regulation of nuclear import.
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Figure legends

Fig. 1. The electron density map of (A, B) S385-phosphorylated and (C, D)
non-phosphorylated EBNA1 NLS peptides bound to Impal. The 2F,—F. electron
density maps (contoured at 10) covering the NLS peptides at (A, C) the minor
NLS-binding site and (B, D) the major NLS-binding site are shown in blue mesh with
the refined models of the EBNAT NLS peptides.

Fig. 2. Structures of Impal bound to the EBNA1 NLS peptides. (A) Overall structure
of AIBB Impal (ribbon representation) bound to S385-phosphorylated EBNA1 NLS
peptide (stick representation) (PDB code, SWUM). (B) Overall structure of AIBB
Impal (ribbon representation) bound to non-phosphorylated EBNA1 NLS peptide
(stick representation) (PDB code, SWUN). (C, D) Overlay of the S385-phosphorylated
(stick representation with yellow carbons) and non-phosphorylated (stick representation
with pink carbons) NLS peptides bound to Impal at (C) the minor NLS-binding site
and (D) the major NLS-binding site.

Fig. 3. Recognition of the S385-phosphorylated EBNA1 NLS by Impal. (A, B)
Close-up views of the interactions between Impatl (ribbon representation in light gray)
and the S385-phosphorylated EBNA1 NLS peptide (stick representation with light blue
carbons) at (A) the minor NLS-binding site and (B) the major NLS-binding site. (C)
Molecular surface of Impal at the minor NLS-binding site colored by electrostatic
potential (blue, positive; red, negative; white, neutral). (D) Schematic illustration of the
interactions between Impal and the S385-phosphorylated EBNAT NLS at the minor
NLS-binding site. Dashed lines represent hydrogen bonds or salt bridges or long-range

electrostatic interactions.
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Table 1. Crystallographic statistics.

Crystal

AIBB Impol bound to
S385-phosphorylated
NLS of EBNA1

AIBB Impol bound to
non-phosphorylated NLS
of EBNAI

Data collection
Space group
Unit cell dimensions

a, b, c(A)

a, B, y (degree)
Wavelength (A)
X-ray source
Resolution range (A)*

No. of measured reflections?

No. of unique reflections”
Completeness (%)*

Riese (%)°
Mean I/c(I)*
Mean [
CC(1/2)*
Multiplicity®

half-set

Refinement
Resolution range (A)?
Ryon (%)
Rie ()"
No. of atoms
Protein
Water
No. of amino acids
Mean B factor (A?)
AIBB Impal
EBNA1 NLS (major site)
EBNA1 NLS (minor site)
Water
RMSD from ideality
Bond lengths (A)
Bond angles (degree)
Protein geometry®
Rotamer outliers (%)

Ramachandran favored (%)
Ramachandran outliers (%)
Cp deviations > 0.25 A (%)
MolProbity score (percentile)

PDB code

correlation

77.91,90.30,99.63
90, 90, 90

0.98

Photon Factory BL-17A
41.97-2.00 (2.05-2.00)
288684 (16841)
48181 (3485)

99.9 (99.3)

5.9 (86.3)

19.0 (1.8)

0.999 (0.653)

6.0 (4.8)

41.97-2.00 (2.04-2.00)
18.6 (28.2)
212 (33.0)

3363
258
440

42.6
504
63.5
48.5

0.004
0.630

0

99.1

0

0

1.28 (99)
SWUM

78.51,90.18,98.89
90, 90, 90

0.98

Photon Factory BL-17A
28.80-2.20 (2.27-2.20)
218370 (16032)
36317 (3083)

99.9 (97.3)

8.7(99.0)

14.1 (1.8)

0.998 (0.599)

6.0 (52)

28.80-2.20 (2.26-2.20)
17.7 (27.6)
204 (31.6)

3340
174
437

48.2
574
61.9
50.1

0.004
0.683

0
98.4

0

0

1.15 (100)
SWUN

* Values in parentheses are for the highest-resolution shell.
® MolProbity [37] was used to analyze the structures.
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