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ABSTRACT The rabies virus (RABV) phosphoprotein (P protein) is expressed as several
isoforms, which differ in nucleocytoplasmic localization and microtubule (MT) association,
mediated by several sequences, including nuclear localization (NLS) and export (NES)
sequences. This appears to underpin a functional diversity enabling multiple functions in
viral replication and modulation of host biology. Mechanisms regulating trafficking are
poorly defined, but phosphorylation by protein kinase C (PKC) in the P protein C-termi-
nal domain (Pp) regulates nuclear trafficking, mediated by Pop-localized NLS/NES seq-
uences, indicating that phosphorylation contributes to functional diversity. The molecular
mechanism underlying the effects of PKC, and potential roles in regulating other host-
cell interactions are unresolved. Here, we assess effects of phosphorylation on the P3 iso-
form, which differs from longer isoforms through an ability to localize to the nucleus
and associate with MTs, which are associated with antagonism of interferon (IFN) signal-
ing. We find that phosphomimetic mutation of the PKC site S210 inhibits nuclear accu-
mulation and MT association/bundling. Structural analysis indicated that phosphomi-
metic mutation induces no significant structural change to the NLS/NES but results in
the side chain of N226 switching its interactions from E228, within the NES, to E210.
Intriguingly, N226 is the sole substituted residue between the Py of the pathogenic
IFN-resistant RABV strain Nishigahara and a derivative attenuated IFN-sensitive strain Ni-
CE, inhibiting P3 nuclear localization and MT association. Thus, S210 phosphorylation
appears to impact on N226/E228 to regulate P protein localization, with N226 mutation
in Ni-CE mimicking a constitutively phosphorylated state resulting in IFN sensitivity and
attenuation.

IMPORTANCE Rabies virus P protein is a multifunctional protein with critical roles in repli-
cation and manipulation of host-cell processes, including subversion of immunity. This
functional diversity involves interactions of several P protein isoforms with the cell nu-

cleus and microtubules. Previous studies showed that phosphorylation of the P protein
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undefined mechanisms. Our data indicate that the S210-N226 interface is a key regulator
of virus-host interactions, which is significant for pathogenesis.
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Phosphorylation of Rabies Virus P Protein

abies virus (RABV) is the prototypical member of the Lyssavirus genus (family

Rhabdoviridae) in the order Mononegavirales (nonsegmented negative-sense RNA
viruses) and causes a lethal encephalitis that remains a significant global public health
threat with no effective treatment available (1). RABV has an ~12-kb genome that enc-
odes only five viral proteins, of which P (phosphoprotein), L (polymerase), and N (nu-
cleoprotein), together with the RNA genome (N-RNA complex), form functional ge-
nome transcription/replication complexes; these complexes are concentrated within
liquid organelles (Negri bodies) that act as viral replication factories within the host cell
cytoplasm (2).

For transcription/replication of the viral RNA genome, P protein is multifunctional,
acting as the essential noncatalytic polymerase cofactor and as a molecular chaperone
for delivery of nascent RNA-free N protein (N°) to newly synthesized viral RNA. In addi-
tion, P protein mediates several functions at the host interface, including as the princi-
pal mediator of viral immune evasion, which is enabled by several molecular mecha-
nisms that antagonize the interferon (IFN)-mediated innate antiviral response and
signaling by other cytokines (1, 3-5). P protein is a complex mosaic protein comprising
multiple functional sequences and domains. These are particularly significant due to
the expression of several isoforms (full-length P1 protein, and progressively N-termi-
nally truncated P2-P5, generated by ribosomal leaky scanning) (6). The N-terminal
region bears the binding sites for L (requiring residues 1 to 19) and N° (residues 23 to
50) and a strong nuclear export sequence (N-NES, residues 49 to 58) and is proposed
to be disordered (7, 8). The cofactor function of P protein is dependent on interaction
with L protein and, since P1 is the only P protein isoform containing a functional L-
binding site, it is the only isoform able to act as the polymerase cofactor. Shorter iso-
forms appear to be “liberated” from the conserved cofactor function in replication to
facilitate accessory functions, the best characterized of which are associated with
immune evasion (1, 9). Consistent with such functions, results of a study using
recombinant viruses engineered to change the relative expression levels of P1 and the
shorter P2 isoform indicated that the latter is more important to evasion of IFN
responses (10). Another study using recombinant virus, in which the expression of the
shorter isoforms was inhibited by mutation of the corresponding start codons, indi-
cated a defect in replication in muscle cells that was attributed to impaired IFN antago-
nism, and correlated with strong attenuation following peripheral infection (11).

Following the L-binding region is a structured dimerization domain (12) and then
another disordered region that is linked to a well-structured 13-kDa globular domain
at the C terminus, the Pp (8). Cell-based experiments showed that the P, contains
multiple functionally important sites, including the viral N-RNA binding site (13-15)
and binding sites for host factors, including nucleolin (16), microtubules (MTs) (17),
promyelocytic leukemia (PML) protein (9) and signal transducers and activators of tran-
scription (STAT) proteins (18-20). The P also contains nuclear localization (C-NLS)
and nuclear export (C-NES) sequences proposed to bind nuclear import (importins)
and export (exportins) receptors; together with NLS/NES and other sequences in the N-
terminal region, these regulate nucleocytoplasmic trafficking of P protein (21-23). The
combined effect of these sequences results in a cytoplasmic distribution of P1 and P2
due to a strong N-NES that predominates over the C-NLS, with this localization presum-
ably optimizing the cytoplasmic replication functions of P1. Shorter isoforms (P3 to P5),
of which P3 is the most highly expressed and best characterized, lack the N-NES and
are more nuclear, as well as having the capacity to bind and bundle MTs (24). This traf-
ficking capacity of P protein of lyssaviruses (which replicate exclusively in the cyto-
plasm) is likely to enhance multifunctionality by enabling interfaces with intranuclear
processes, a common feature observed in proteins of cytoplasmic viruses (1, 16, 25,
26), as well as events at the cytoskeleton (27).

Thus, the P represents a major interaction “hub” integrating viral and cellular net-
works. Precisely how these binding interfaces and diverse functions are coordinated
and regulated in the context of this small domain remains unclear, with the exact
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nature of several key sites poorly defined. Mutagenic analysis of Mokola virus (7) and
RABV (23) indicated that the C-NLS and N-RNA binding sites involve similar basic resi-
dues within a positive patch, distant in the primary sequence (2''KKYK2'* and R260)
but proximal on the P surface. Further, the sequence comprising the hydrophobic
residues of the C-NES that form a CRM-1 binding sequence (223 to 232, located
between K214 and R260 of the C-NLS), is largely buried (8, 28). Nevertheless, nucleocy-
toplasmic localization of P3 and the P is enhanced by leptomycin B (an inhibitor of
the exportin CRM1), suggesting that the C-NLS and C-NES are functional (22, 23).
Intriguingly, since the C-NLS is formed dependent on the P, fold and flanks buried
residues of the C-NES, exposure of the NES to interact with CRM1 could simultaneously
disable the C-NLS, efficiently switching between import and export.

Reports of roles of specific sequences in the Pop in pathogenesis are limited, but
insights have come from a recombinant virus system using a pathogenic fixed strain,
Nishigahara, and an attenuated derivative strain, Ni-CE, that was generated by passage in
chicken embryo fibroblast cells (29). Nishigahara and Ni-CE differ in their capacity to evade
the innate immune response. Although attenuation is multigenic, similar observations
have been made in comparing other attenuated and pathogenic strains of rabies consist-
ent with innate immune evasion playing critical roles in disease (1, 30). Expression of the P
gene of Nishigahara in the Ni-CE background generated the CE-NiP strain, in which patho-
genesis was enhanced indicating that P protein is a pathogenesis factor. Attenuation of Ni-
CE involves enhanced sensitivity to IFN due to a defective IFN antagonist function of P pro-
tein, which correlated with defective nuclear export of Ni-CE P1, and defective nuclear
accumulation and MT-association of Ni-CE P3, consistent with roles for nuclear trafficking
and MT association in antagonism of IFN-activated STAT proteins (24). Ni-CE P1/P3 proteins
contain five residue substitutions, but only one (N226H) is located in the Pp. N226H is suf-
ficient to inhibit MT association and nuclear localization of P3, as well as pathogenesis (24,
31). N226H is proximal to S210 in the Py structure, a previously identified target for phos-
phorylation by protein kinase C (PKC) (32). Since activation of PKC was previously shown to
inhibit nuclear accumulation of P3, and phosphomimetic mutation of S210 in the CTD also
reduced nuclear localization (33), this suggests the possibility that Ni-CE may in part mimic
a phosphorylated form of P protein (31).

Phosphorylation is implicated in regulating functions of many viral proteins, includ-
ing those of RABV; for example, CKll-catalyzed phosphorylation of RABV N protein at
S389 (34) is necessary for viral replication by enhancing the interaction between the N-
RNA complex and P (15, 35). P protein (previously referred to as M1) was found to
exist in two phosphorylated states with the least phosphorylated state present in
infected cells (36, 37). Subsequent in vitro experiments showed that P protein from the
challenge virus standard RABV strain (CVS) can be phosphorylated by an unknown ki-
nase (denoted rabies virus protein kinase [RVPK]) at S63 and S64, and by PKC, preferen-
tially the yisomer, at S162 and, within the P, at $210 and S271 (32). Of the P, sites,
S$210 was proposed as a potential regulator of interactions through the proximal posi-
tive patch (2''KKYK2?'4/R260) (23). Consistent with this, phosphomimetic mutation of
S210 (S210D) or pharmacological activation of cellular PKC using phorbol-myristyl ace-
tate (PMA) reduced nuclear localization of the Py, with dependence on CRM1 activity,
suggesting that phosphorylation shifts the nucleocytoplasmic distribution of P, to-
ward nuclear export (33). Activation of PKC also impacted nuclear localization of the P3
isoform. Thus, it appears that phosphorylation can dynamically regulate P, function
by impacting interfaces involved in nuclear trafficking and, potentially, other virus-host
interactions. Several mechanisms have been proposed for the effects of S210 phospho-
rylation, whereby the negative charge could suppress importin (or N protein) binding
to the positive C-NLS, resulting in a “default” shift in activity toward C-NES-mediated
export; alternatively, phosphorylation could impact surface-exposed residues of the
helix that form the C-NES, inducing interactions with CRM1 or other molecules for ex-
posure of the hydrophobic C-NES motif; phosphorylation could also directly induce a
conformational change, favoring exposure of the C-NES, which would concurrently
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disassemble the C-NLS. Such outcomes would be likely to modulate other interactions
dependent on these sites (for example N-RNA binding) or on the conformation of the
P, affecting replication and immune evasion. However, the lack of structural analysis
of the impact of phosphorylation on the P, means that the mechanisms of regulation
remain unresolved.

In this study, we use phosphomimetic mutations (5210E and S210D) to investigate the
impact of phosphorylation at S210 on subcellular localization of P3 using live cell imaging
and super-resolution microscopy (direct stochastic optical reconstruction microscopy
[dSTORM)]). Our data indicate that specific modification at S210 results in significant reduc-
tion of nuclear localization and identify a novel role of S210 in regulating P3-MT binding/
bundling, indicative of key roles in several elements of the virus-host interface. To define
the mechanisms underlying these phenotypic effects, we analyze the structure and dynam-
ics of the wild-type and phosphomimetic S210E P using X-ray crystallography and nu-
clear magnetic resonance (NMR) spectroscopy. Overall, we see no structural change to the
Poo, suggesting that phosphorylation does not cause direct exposure of the C-NES or
impact other functions through conformational change. Instead, we find that phosphoryla-
tion principally impacts on the interactions of the side chain of N226. Taken together with
the finding that N226 is the only substituted residue in the CTD of the P protein of the atte-
nuated Ni-CE and produces comparable phenotypic effects to 5210 phosphorylation on
both nuclear localization and MT-association, our data indicate that the N226/5210 inter-
face is a key regulator of P protein functions involved in pathogenesis.

RESULTS

Structure of S210E compared to wild-type P, by X-ray crystallography. To deter-
mine the structural impact of phosphorylation on the Py, the structure of the phosphomi-
metic mutant of Pp, S210E, was solved using X-ray crystallography. Previously the struc-
ture of the wild-type P from the CVS strain (PDB 1VYI) (8) and the K214A mutant of P
from the Nishigahara strain (PDB 7C20) (38) have been determined. Therefore, for a com-
plete comparison, wild-type Nishigahara P was crystallized in the same condition as
S210E P separately, and the corresponding crystal structures were solved.

As an autonomous folding domain isolated from the full-length P protein, wild-type
Nishigahara P formed rod-shaped crystals that diffracted to a 1.5-A resolution and
belonged to the orthorhombic space group P2,2,2, with one monomer in the asymmetric
unit (Fig. 1A and Table 1). Overall, the structure can be described as the shape of a sliced
pear with a round face and a flat face, composed of seven helices (six a-helices and one
3,0 helix) and an antiparallel B-sheet formed by two short B-strands, in good agreement
with the crystal structure of CVS Py (8) (root mean square deviation [RMSD] = 0.55 A,
which differs by four residues (1257L, D281N, S284N, and T295A). As observed for the
Nishigahara P, mutant K214A (38) the only major difference is a shortened N terminus of
Nishigahara P, compared to the published CVS Py, crystal structure (8) (Fig. 1A), which
could be due to the different crystal packing and crystal contacts, a result of different crys-
tal forms. In the CVS P crystal structure, which belonged to P3,21 space group and was
refined at 1.5 A, the N terminus was stabilized by multiple crystal contacts which were not
present in the crystal lattice of the Nishigahara Pp. The N terminus of the Nishigahara
Parp is exposed and flexible; thus, residues 186 to 189 were not defined in the electron
density and were not included in the models.

Rod-shaped crystals of S210E P, were obtained from the same condition as wild-
type rod-shaped crystals, but with a slightly different crystal packing. Crystals of S210E
Pop belonged to the orthorhombic space group P2,2,2. Since the diffraction data
were highly anisotropic, an elliptical data cutoff was applied using the STARANISO
server (39). The structure was finally solved to a resolution of 1.7 A with two monomers
in the asymmetric unit (Fig. 1B and Table 1). Overall, S210E P has a nearly identical
conformation to wild-type Pcrp (RMSD = 0.29 A) except for a minor difference in the
loop region (residues S219 to G221) and in both termini (Fig. 1C and D). The mutation
S210E sits over the amphipathic 3,, helix (residues 227 to 230) within the proposed
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FIG 1 Structural impact of phosphomimetic mutation S210E on Nishigahara P. (A) Overlay of the wild-type P, from Nishigahara
(yellow) and from CVS (salmon; 1VYI). Small structural differences are observed, particularly where Ni-P., has a shorter N terminus.
Elements of regular secondary structure are labeled. (B) The two monomers of the crystal unit for S210E P, (C) Overlay of the wild-
type Pp from Nishigahara (yellow) and S210E (cyan). The panel on the right is a rotation of 90° around the x axis. Side chains of the
C-NES (L224, F227, L230, and M232) and the C-NLS (K211, K212, K214, and R260), as well as the site of mutation (S210E), are shown
for wild-type (yellow) and S210E (magenta) Pp. The change in interaction of N226 for E228 in wild-type (yellow) for E210 (magenta)
in S210E is highlighted in the expansion in panel D.

C-NES motif (residues 223 to 232) (33). Upon comparing wild-type and S210E P, we
found there is no conformational change observed for this motif where the side chains
of the key hydrophobic residues (L224xxF227xxL230xM232) of the C-NES remained
buried (Fig. 1C and D) and thus, presumably, not readily accessible to CRM-1. Notably,
the side chain of N226 appears to form hydrogen bond/electrostatic interactions with
the side chain of the phosphomimetic residue E210 in S210E P-p, Whereas it appears
to interact with the side chain of E228 of the C-NES in the wild-type P (Fig. 1D).
N226 has been implicated in microtubule association/bundling (24) and nuclear local-
ization of P3 (31), based on inhibition of both functions in P3 containing the N226H
mutation, originally identified in P protein of the attenuated strain, Ni-CE (29). Since
E210 is oriented on the opposite side of the protein compared to the positive patch,
(2"KKYK?214/R260), the latter region appears to be structurally unperturbed.
Comparison of the solution properties of wild-type and S210E P, by NMR
spectroscopy. Although the crystal structures of S210E and wild-type P, were well
defined and the phosphomimetic P showed no significant conformational change,
it may be possible that crystallization traps the lowest energy conformation of a
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TABLE 1 X-ray data collection and structure refinement statistics for P, and the
phosphomimetic S210E mutant®

Characteristic P Pcrp (S210E)
Data collection
Space group P2,2,2 P2,2,2,
Wavelength (A) 0.9537 0.9537
No. of images 3,600 3,600
Oscillation range per image (°) 0.1 0.1
Detector Eiger 16M Eiger 16M
Cell dimensions
a,b,c(A) 42.3,44.0,61.3 44.7,69.1,75.7
o, B,y 90, 90, 90 90, 90, 90
Resolution (A) 43.99-1.50 (1.53-1.50) 38.47-1.70 (1.89-1.70)
Resolution cutoffs®
a*, b*, c* (A) 1.59,2.70,1.94
Ry’ 0.085 (1.463) 0.111(1.68)
Rieac® 0.088 (1.544) 0.116 (1.757)
RpimE 0.025 (0.411) 0.032 (0.505)
cc,, 0.999 (0.816) 0.998 (0.615)
/o (l) 14.9 (1.6) 13.1(1.9)
Total observations 241,096 (12,546) 186,948 (8,220)
Unique reflections 18,982 (928) 14,479 (724)
Completeness (%) 100.0 (99.9)
Spherical 54.2 (10.9)
Ellipsoidal 92.9(71.7)
Multiplicity 12.7 (13.5) 129(11.4)
Wilson B-factor (A2) 23.00 26.27
Refinement
Resolution (A) 34.83-1.50 (1.55-1.50) 38.49-1.70 (1.76-1.70)
Reflections used in refinement 18,916 (1,858) 14,237 (183)
Ry reflections 949 (105) 688 (9)
Ruorc 0.1803 (0.3119) 0.2044 (0.3755)
Riee 0.2029 (0.3160) 0.2443 (0.4535)
Protein molecules in asymmetric unit 1 2
Total nonhydrogen atoms 994 1819
Protein 872 1724
Ligand/ion 25 25
Solvent 103 70
Mean B-factor (A%) 32.07 46.05
Protein 30.64 45.76
Ligand/ion 51.11 80.65
Solvent 40.67 40.89
RMSD
Bond length (A) 0.007 0.002
Bond angle (°) 0.88 0.44
Ramachandran plot
Favored (%) 97.17 97.63
Allowed (%) 2.83 237
Outliers (%) 0.00 0.00
PDB code 7T5H 775G

aValues for the highest-resolution shell are given in parentheses.
bAs determined from anisotropic analysis.

Reym = 22 1; (k) = (AKDY /3 3, (k-
Rrmeas = Donsg NN = DI 37, [ (ki) = (1 (hKD) (7350 37 1 (K.
Reim = > [V/(N = e 32 11; Chkt) = (1 (KIS g 3= 1; ().

'C,,, = Pearson correlation coefficient between independently merged half data sets.

protein where several functionally important conformational states may exist. Since
NMR provides a solution-based complementary approach to studying protein structure
and dynamics under near physiological conditions, we incorporated NMR into the
study of the solution properties of the wild-type and S210E Pp.
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FIG 2 700 MHz 'H-'>N HSQC spectra of '*N-labeled S210E P, at pH 6.8 and 25°C. The assignments of resonances are labeled by residue and number for
full-length P protein. The side chain amide groups for GIn (NH) and Asn (N°H) residues and the indole (N°H) of the two Trp residues are also labeled.

The nearly complete 'H, >N, and '3C resonances assignment of Nishigahara P
have been reported (BMRB 27498) with overall 98.7% backbone atoms and 92.9% pro-
tons assigned (40). Hence, S210E Py was similarly assigned (Fig. 2). To assess the
effect of phosphorylation on the protein backbone, H->N HSQC spectra were
acquired on "*N-labeled S210E P, and its chemical shift differences were compared
to the wild-type Pp (Fig. 3A). S210E P;p showed clear localized perturbations in the
C-NES motif but none for the C-NLS, except the expected nearest neighbor difference
for K211. These chemical shift differences suggest conformational perturbations of the
C-NES; however, secondary structure analysis based on '*Ca and 3CB chemical shifts
indicated that S210E shared the same secondary structure arrangement as wild-type
Pco (40). Notably, large chemical shift changes are observed for the H® protons of the
side chain of N226 (Fig. 3B, Ad,, is 0.27 ppm [N?2H] and 0.056 ppm [N?'H]), consistent
with the change in hydrogen bond/electrostatic interactions observed in the crystal
structure where N226 binds E210 in S210E P, and E228 in wild-type Py, (Fig. 1D).

Since the hydrophobic side chains of the C-NES are buried, their chemical shifts will
be exquisitely sensitive to the environment of the folded protein, we therefore further
compared the chemical shifts of the methyl groups of S210E and wild-type P;p. Within
or near the putative C-NES motif (residues 221 to 238), there are five aliphatic residues
(L230, M232, 1237, L259, and L263) and two aromatic residues (Y225 and F227) which
make extensive contacts with each other and are critical for the structure of the C-NES.
The phenyl ring of F227 of the C-NES is sandwiched between the methyls of L230,
1237, L259, and L263 (<5 A, heavy atom distances), and the ring of Y225 is within 4 A
of the methyls of L230. If phosphorylation of S210 does expose the C-NES, the chemical
environment should affect the chemical shifts of these methyl groups because of
changes to the ring current effects from the aromatic rings. Figure 3C shows the
methyl region of the aliphatic "H-"3C ct-HSQC spectra of S210E P, overlaid with wild-
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N226. (C) An overlay of the 'H,"*C ct-HSQC showing the resonances of the methyls of wild-type (blue) and S210E do not significantly change supporting
that the C-NES remains buried. Small shifts are observed for L26362 and 123761 which are both within 5 A of the aromatic ring of F232 of the C-NES. (D)
>N-R, relaxation rates of the peptide amides of wild-type (black) and S210E P, recorded at 15°C. No significant differences are observed, supporting that

the C-NES remains buried in S210E.

type Pcp. This overlay shows nearly identical chemical shifts, with only small changes
to H%2 of L263 and H®' of 1237, supporting almost no structural differences of the C-
NES of S210E P, compared to wild-type Pcp.

The lack of conformational change was further confirmed by acquiring '*N-R, data.
Comparison of '>N-R, between a wild-type and mutant protein may indicate the pres-
ence of changes to conformational equilibria (41, 42). For example, if the C-NES is tran-
siently exposed on a micro- to millisecond timescale, and therefore weakly populated,
an increase in ">N-R, rates may occur (43). Figure 3D shows the plots of the >N-R, of
S210E and wild-type P-rp measured at 15°C. The flexible N and C termini and the loop
region (near S220) exhibited lower than average R, values indicative of a rapid internal
motion. The relatively uniform higher R, values of the remainder of the protein, includ-
ing the C-NES and C-NLS, suggest that this well-structured globular domain is experi-
encing overall molecular tumbling with no sign of exchanging conformational states
for either wild-type Pcp or the mutant S210E Py,

Assessment of P.;,/N-pep interaction. One of the many important functions of P
protein is mediating the processive binding of the polymerase L protein to the N-RNA tem-
plate. The process is through the interaction between the P and the C-terminal flexible
loop of the N protein (14, 15). Despite the fact that no conformational change was found
in the structural and dynamic study of P and its phosphomimetic, we tested whether
phosphorylation of P has any impact on its role in binding to this flexible loop of N pro-
tein (N-pep) as previously for wild-type Py (15). This question is important since, even if
no structural change occurs, the introduction of a negative charge near the positive patch
that is critical for binding to N protein may disrupt an interaction.

The interaction between N-pep and the phosphomimetic S210E P, was studied
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TABLE 2 Binding kinetics of wild type and phosphomimetic S210E P, for N-pep

Pero Ko (eM)° Ko (uM)° Kot (s)° Kon (s pM~1)®
Wild type 88 * 4 79+3 1,970 = 102 25.0
S210E 140 + 6 123 +3 2,237+ 98 182

K, determined by saturation binding curve analysis using Xcrvfit.
bK,, on-rate and off-rate were determined from lineshape analysis using TITAN.

using NMR chemical shift perturbation experiments and the binding kinetics were
obtained from saturation binding curves and two-dimensional lineshape analysis per-
formed on the titration data (15). S210E bound to N-pep with an affinity less than 2-
fold weaker compared to the wild-type Pp, due to a slightly slower on-rate and faster
off-rate than the wild type (Table 2). The similar binding affinity shown among wild-
type and S210E P indicated that phosphorylation states of P, may not have an
impact or be regulatory of its interaction with N protein.

Modifications of S210 impact on nuclear localization of P3. One of the most sig-
nificant phenotypic differences observed for a single mutation of P protein is N226H within
the Pcrp, which was identified as a key difference between the pathogenic Nishigahara
RABV strain and its attenuated derivative Ni-CE (24, 31). This mutation impacts the nucleo-
cytoplasmic distribution of the P3 isoform, where wild-type P3 localizes to the nucleus and
N226H P3 is more cytoplasmic (31). Further, while wild-type P3 associates and bundles
microtubules, N226H P3 is impaired in these functions (24). Notably, N226H mutation alone
is sufficient to attenuate the recombinant CE-NiP virus (24), implicating these functions in
pathogenesis. Since the most distinct structural difference between wild-type and S210E
Pap was the interactions made by the side chain of N226 we investigated the effects of
phosphomimetic mutations on nuclear localization and microtubule association of P3.
Although previous analysis indicated that activation of PKC in cells expressing P3 inhibits
nuclear localization (33), specific roles of S210 are not defined, and no analysis of effects of
S210 phosphorylation on MT association has been reported. Green fluorescent protein
(GFP)-fused P3 and P3 mutants in which S210 was converted to alanine (S210A) to prevent
phosphorylation, or to phosphomimetic residues glutamate (S210E, used in our structural
analysis) or aspartate (S210D, used previously to demonstrate effects on the nuclear local-
ization of Py, [33]), or controls (GFP alone or GFP fused to full-length P1) were expressed
in COS7 cells before analysis of localization in living cells by confocal laser scanning micros-
copy (CLSM) as described previously (44-46) (Fig. 4A). GFP was diffusely localized between
the nucleus and the cytoplasm, whereas P1 was almost exclusively cytoplasmic, as
expected due to the strong N-NES (1). P3 accumulated in the nucleus compared to GFP
alone and P1, with S210A having no clear effect. Consistent with previous data indicating
that PKC activation can reduce nuclear localization of CVS RABV P3 or P, mutation of
$210 to Asp or Glu in Nishigahara P3 resulted in a reduction in apparent nuclear localiza-
tion. Quantification of nuclear localization by calculation of the ratio of nuclear to cytoplas-
mic fluorescence (Fn/c) as previously described (44-46) confirmed that localization of
S210A P3 was equivalent to the wild type, whereas the Fn/c for S210D and S210E P3 was
significantly decreased (Fig. 4B). These data are consistent with S210 phosphorylation regu-
lating nuclear shuttling via the Py C-NLS/C-NES (33); while previous data confirmed
effects of S210D mutation on the P, these data confirm effects of this specific site in P3
(rather than effects of PMA/PKC on other sites in P3, or potentially other cellular proteins).
The data additionally demonstrate that regulatory mechanisms are similar in CVS and
Nishigahara RABV strains and that S210D and S210E produce equivalent effects.

Modification of S210 affects MT association of P3. Inspection of CLSM images
indicated that, while WT and S210A P3 showed similar filamentous interactions in the
cytoplasm, consistent with interaction with and bundling of MTs, this was impaired for
S210D and S210E-mutated P3 (Fig. 4A). We previously showed that P3-MT interaction
causes bundling of MTs, such that MT interaction can be quantified by assessing MT
bundling using dSTORM (Fig. 5A), a single molecule localization approach that has suf-
ficient resolution to differentiate closely associated/bundled MT structures from sepa-
rate MTs, which would be blurred in standard CLSM. Dimensions of bundles can be
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FIG 4 Phosphomimetic mutations of S210 inhibit nuclear localization and MT association of Nishigahara
P3 protein. (A) COS-7 cells were transfected to express the indicated proteins before CLSM analysis of
living cells 24 h later. (B) Images such as those shown in panel A were analyzed to determine the ratio of
nuclear to cytoplasmic fluorescence, corrected for background fluorescence (mean Fn/c = SEM, n = 88
cells for each condition, from two separate assays). ***, P < 0.001; ns, not significant.

measured directly from dSTORM images by calculating the MT feature diameter (MTfd)
(24, 47). Consistent with apparent interaction in CLSM images, MTfds determined by
dSTORM (measuring = 209 MTs for each protein tested) indicated that expression of wild-
type P3 causes significant bundling of MTs compared to the expression of GFP alone (as
previously shown [24, 47]); expression of S210A P3 induced comparable bundling of MTs.
However, MT-bundling in cells expressing S210D and S210E was significantly reduced, con-
sistent with impairment of MT interaction (Fig. 5). Thus, phosphorylation of S210 in P3
appears to regulate both nuclear accumulation and MT association, consistent with the
effects of N226H mutation.

DISCUSSION

The capacity of viruses to modulate the biology of the host cell, including the sup-
pression of host antiviral responses, is critical to infection and disease. For RNA viruses
with small genomes and limited coding capacity, regulatory mechanisms that enable
multifunctional proteins to respond to different cellular environments would appear to
be critical for viruses to coordinate replication functions and accessory functions. For
RABV P protein, phosphorylation, including by PKC, appears to provide such regulation
(32). Infection by lyssaviruses, including RABY, involves multiple cell types, such as
muscle cells, following an initial exposure through bites and scratches, before infection
of neurons of the peripheral nervous system and retrograde transport into the central
nervous system, where RABV undergoes intense replication; finally, progeny virus
spreads in an anterograde manner to peripheral tissues. PKC isoforms are variously
expressed in all cell types, with regulatory functions in neurotransmission (48). Furthermore,
PKC is implicated in many cellular processes associated with infection, including type I IFN
signaling (49, 50) and stress responses (51). Thus, the activation status of PKC may provide
a mechanism whereby the function of P protein isoforms, such as subcellular localization
and MT association, can adapt dependent on cell type and cellular conditions. Our data
provide molecular insights into how such activation can modulate P protein functions.
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FIG 5 Quantitative dSTORM analysis indicates that phosphomimetic mutations of S210 inhibit MT bundling by
Nishigahara P3 protein. (A) dSTORM images of immunostained B-tubulin in COS-7 cells expressing the
indicated proteins, with example MTfds indicated by white arrowheads. (B) Frequency distribution of MTfds
calculated for each protein. A histogram shows the percentages of MTs in the indicated range of MTfds,
calculated using measurements of n = 209 [GFP-Ni-P3], 235 [GFP-Ni-P3-S210A], 275 [GFP-Ni-P3-5210D], 276
[GFP-Ni-P3-5210E], and 245 [GFP alone] MTs in images from five cells for each protein. (C) Tukey box plots
calculated using the MTfd measurements described for panel B. ***, P < 0.001; ns, not significant.

Previous cell-based experiments have shown that the P3 protein can localize to the nu-
cleus (7, 8, 23), with sequence analysis suggesting that the positive patch 2'"KKYK2'4/R260
within the P may form an NLS that, together with an NLS in the N-terminal region of P3
(N-NLS), contributes to nuclear localization; mutational analysis has indicated that K214
and R260 are particularly critical (23). Within the P, but on the opposite face of the do-
main, is a region with identity to a NES (L224xxF227xxL230xM232) (Fig. 1); however, the
critical hydrophobic residues of this C-NES are buried implying that, for it to become active
and interact with CRM-1, a conformational change may be required. Posttranslational mod-
ification, such as phosphorylation, is a common means of regulating processes such as nu-
clear import/export and, as S210 in P protein has been recognized as a PKC phosphoryla-
tion site and is proximal to both the P, C-NLS and C-NES, phosphorylation of this residue
has been proposed to regulate P protein localization (32). Indeed, mutating S210 to Asp
reduced the nuclear localization of the P, suggesting phosphorylation of S210 shifts the
balance from import to export perhaps through exposing this C-NES or impacting on the
charge of the C-NLS positive patch (33).

Here, we show that the phosphomimetics S210D or S210E of P3 of the pathogenic
Nishigahara strain, regulate both nucleocytoplasmic localization and MT association/
bundling, where the mutant protein is more cytosolic with reduced interaction with,
and associated bundling of, MTs. These changes indicate specific roles of phosphoryla-
tion of S210 in cellular localization of P3, and are strikingly similar to those observed
for the mutation N226H in P3 protein of the attenuated Ni-CE RABV strain; this muta-
tion has been shown to impact on nuclear localization and microtubule association/
bundling, and to represent an important determinant of pathogenesis (24, 31).

Comparison of the Nishigahara Pop and its phosphomimetic S210E using X-ray
crystallography and NMR spectroscopy did not reveal any significant conformational
changes to the secondary or tertiary structure, including dynamic analysis that may
show minor populations where the C-NES unfolds and may be exposed due to
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phosphorylation. However, we did see a difference in both the crystal and solution
data with respect to the hydrogen bond/electrostatic interactions made by N226. In
wild-type Py, the side chain of N226 interacts with the side chain of E228 which would
contribute to the stabilization of the 3'%-helix and the structure of the buried C-NES. In
P3 containing the phosphomimetic mutant S210E, the side chain of N226 interacts
with the side chain of the phosphomimetic residue E210, thus freeing the side chain of
E228. Such a change in interaction may contribute to enhancing export of the P3
where, instead of phosphorylation directly exposing the C-NES, it may enable an initial
interaction with CRM-1 that results in the exposure of C-NES. The negative charge
acquired after phosphorylation may be vital in initiating and orientating CRM-1 in the
interaction, as it was implied that in the typical amphipathic NES helix, the negatively
charged residues on the opposite side to the hydrophobic residues may be important
for creating the initial contact with CRM-1 (52), leading to induced local unfolding
upon interaction with CRM-1 which allows the hydrophobic NES residues to be accessi-
ble. Another possibility to consider is that S210 phosphorylation could inactivate or
weaken the NLS that is immediately adjacent to S210. The NLS comprises the positive
patch residues 2"'"KKYK2'4/R260, where K214 and R260 are critical. Notably S210 orients
away from these critical residues (Fig. 1); nevertheless introduction of a negative
charge at S210 might cause charge repulsion and interrupt NLS-importin interaction.

In considering the potential impact of phosphorylation on viral replication, we
found that phosphorylation at S210 has little impact on the N-pep/Pp interaction
(<2-fold weakening of K,). This agrees well with the in vivo study published recently
(2) in which the three proposed PKC phosphorylation sites S162, S210, and S271 on
full-length P were mutated to either Ala or Asp, and none of these mutations affected
the ability of P protein to bind to the N-RNA complex and form the liquid droplets of
viral replication factories in the cytoplasm (2). It is also in agreement with our previous
Pcro/N-pep interaction study (15), suggesting that the micromolar-affinity single bind-
ing site model of Pp/N-pep is not affected by the phosphorylation states of P and
that the replication process of RABV does not require P, phosphorylation.

Overall, the phenotype of S210E P protein is strikingly similar to N226H P protein of
the attenuated Ni-CE strain (24). Recombinant virus expressing the Ni-CE P protein
does not show any substantial defect in basic replication compared to virus expressing
the Nishigahara P protein unless cells are treated with IFN, and the single mutation in
the P, of P3 (N226H), displays similar differences in nucleoplasmic distribution and
microtubule association/bundling as S210E P3. When these findings are taken to-
gether, it appears that N226 is important in the regulation of P3-host interactions, with
phosphorylation affecting the functional role of this residue. Assuming the N226H
mutation mimics the conformation of the phosphorylated protein, this implies impor-
tant roles in pathogenicity based on the observed effects of N226H on pathogenesis in
mice.

MATERIALS AND METHODS

Plasmids. The bacterial expression construct of P, was the same as previously described (40).
Phosphomimetic mutation of P, were introduced into the original P construct using PrimeSTAR
Max DNA polymerase (TaKaRa) according to the manufacturer’s instructions and using mutagenic pri-
mers designed as previously described (53). The amplified material was digested with Dpnl (New
England Biolabs) for 1.5 h at 37°C to remove wild-type bacterially expressed plasmid before transforma-
tion into Top10 Escherichia coli cells. Mutation of the plasmid was confirmed by sequencing at the
Micromon sequencing facility (Monash University).

Constructs for the expression of GFP or GFP-fused P1 and P3 proteins in mammalian cells used
PEGFP-C1 with Nishigahara P protein sequences inserted in frame C-terminal to GFP. Inserts encoding
P3 containing substitutions S210A, S210D, or S210E were generated by overlap PCR mutagenesis or
Quick Change before cloning into pEGFP-C1 as described above.

Protein expression and purification. The expression and purification of unlabeled, '*N-labeled or
3C,"*N-labeled S210E P, was the same as the wild-type P as described before (40). Briefly, protein
was expressed in E. coli BL21(DE3) in 2YT autoinduction media (N-5052), where the expression of the tar-
get protein is induced upon the change of glucose-lactose metabolic state during culture growth (54).
After the optical density at 600 nm reached 0.8 at 37°C, the bacterial culture was transferred to 16°C
for overnight expression. NMR samples were uniformly >N labeled by growing cells in N-5052
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supplemented with 1 g/L of "*NH,Cl as a sole source of nitrogen (54) or '*C,"*N labeled by growing the
cells in N-5052 (54) supplemented with 1 g/L of "NH,Cl (Sigma-Aldrich) and 3 g/L of p-["*Clglucose
(Sigma-Aldrich) as sole sources of nitrogen and carbon.

Recombinant P, proteins were purified by TALON metal affinity chromatography (Clontech) and
the His tag was removed by overnight TEV protease treatment (0.5 mL of 1.8 mg/mL purified TEV per
50 mL of protein sample). Protein samples were further purified by size exclusion chromatography using
a HiLoad 16/60 Superdex 75 column (GE Healthcare) in 50 mM Na,HPO,/NaH,PO, (pH 6.8) and 100 mM
NaCl. The crystallography samples were exchanged into 20 mM Tris (pH 7.5) and 100 mM NaCl by over-
night dialysis using a minidialysis kit with a 1-kDa cutoff (Amersham Biosciences).

The expression and purification of N-pep (residues 363 to 414 of N protein, with S389E mutation)
were the same as previously described (15). N-pep was produced in a pGEX-6P-3 vector, with an N-termi-
nal GST tag, followed by a PreScission protease cleavage site, expressed in the same way using auto-
induction as P, For purification of N-pep, the supernatant of the cell lysate was applied to glutathi-
one-Sepharose 4B resin (GE Healthcare) before washing with phosphate-buffered saline (PBS) and
incubation with Tris-buffered saline (TBS) solution containing PreScission protease (200 uL of 3 mg/mL
purified PreScission protease in 25 mL of TBS) for 2 h at 4°C to remove the GST-affinity tag while bound
to the glutathione-Sepharose matrix. The cleaved N-pep was washed out of the column with TBS and
further purified by reversed-phase high-performance liquid chromatography (RP-HPLC) with a gradient
from 0 to 60% acetonitrile (0.1% trifluoroacetic acid) in 60 min at a flow rate of 5 mL/min using a C,4 col-
umn (Agilent ZORBAX 300SB-C18, 5 um, 9.4 x 250 mm). The fractions collected from RP-HPLC were ana-
lyzed by mass spectrometry to confirm the molecular weight before freeze drying.

Crystallization and data collection. Initial crystallization screening was performed at the Collaborative
Crystallization Centre (C3 Australia). Conditions that produced crystals were optimized manually in sitting
drops by mixing 1.5 uL of protein solution at 6 mg/mL in 20 mM Tris (pH 7.5), 100 mM sodium chloride with
1.5 ulL of the reservoir solution. Diffraction-quality rod-shaped crystals of S210E and wild-type P, were
grown for 2 to 4 weeks at 8°C in 1.9 M ammonium sulfate, 0.2 M potassium sodium tartrate, and 0.1 M so-
dium citrate (pH 4.75). Three-dimensional crystals of wild-type P, grown at 20°C and appearing within 1 to
2 weeks in 25% (wt/vol) PEG 3350, 0.2 M sodium acetate, and 0.1 M HEPES (pH 8.5) were used for data collec-
tion. Crystals were flash-cooled in liquid nitrogen directly from the crystallization drop prior to data collection.
X-ray diffraction data were collected at 100 K using the MX2 beamline of the Australian Synchrotron (55).

X-ray structure determination and refinement. For the WT P, data, diffraction data were
indexed, integrated and scaled with XDS (56), analyzed by Pointless (57) and then merged using Aimless
(58) from the CCP4 suite (59). For the S210E P, data, diffraction data were indexed, integrated, and
scaled with XDS (56); subsequently, due to highly anisotropic diffraction from the S210E P, crystal, an
anisotropic data cutoff was applied using the STARANISO server (39). For both structures, initial phases
were solved by molecular replacement using the P, structure from CVS strain (PDB 1VYI) using Phaser
(60). Phenix.autobuild (61) was used for automatic model building with simulated annealing to reduce
model bias. Restrained refinement was carried out using phenix.refine (62) with iterative manual real
space model building and corrections using Coot (63). Translation-Libration-Screw-rotation (TLS) refine-
ment was performed in the later stage of refinement with each protein molecule defined as an individ-
ual TLS group and in the final rounds using automatically defined TLS groups by Phenix. A summary of
the data processing and refinement statistics is presented in Table 1.

NMR spectroscopy. All NMR experiments were performed on Bruker Avance Il 600 MHz, Bruker
Avance Il 800 MHZ or Bruker Avance IlIHD 700-MHz NMR spectrometers, all equipped with 5-mm HCN
(TCl) cryogenically cooled probes. Resonance assignment data were collected at 25°C under standard
conditions: 0.5 to 0.6 mM S210E dissolved in 50 mM phosphate buffer (pH 6.8) and 100 mM sodium
chloride. The nearly complete 'H, *C, and "*N assignments were accomplished as previously described
(40) whereby three-dimensional data were collected with 10 or 25% NUS Poisson gap sampling (64),
reconstructed using gMDD (65) with the compressed sensing algorithm and processed using NMRPipe
(66). NMR data were usually processed with a Lorentz-Gaussian function in the direct dimension and co-
sine-squared bells in the indirect dimensions and zero-filled once.

>N transverse relaxation T, experiments for wild-type P, and S210E were acquired at 15°C on a
Bruker Avance Il 600 MHz spectrometer in 50 mM sodium phosphate (pH 6.8) and 100 mM sodium chlo-
ride. The data were collected with 1,024 t, and 150 t, points and eight different relaxation delays
(2 x 0.017,0.034, 0.068, 2 x 0.102,0.136, 2 x 0.1696, 0.204, 0.237 s), processed in NMRPipe (66), and an-
alyzed in Relax (67, 68).

The binding of N-pep (S389E) to WT and S210E P, were monitored using two-dimensional 'H-"*N
HSQC titration experiments. Concentrated unlabeled P, or its phosphomimetic mutants were gradu-
ally added into the "N-labeled N-pep (S389E) sample until reaching 8-fold molar excess. Seven HSQC
spectra (2,048 x 256 data points) were recorded at P N-pep molar ratios of 1:0, 1:0.25, 1:0.5, 1:1, 1:2,
1:4, and 1:8. Resonances showing obvious chemical shift changes yet remaining well resolved were
picked to calculate binding affinity by fitting the titration curve into a model for a protein with only one
ligand binding site using Xcrvfit (69). Dilution through the titration was taken into account. The chemical
shift perturbation (CSP) of each residue was calculated by the formula (70):

CSP = (/A8% + 0.154% - AS%,

For the two sets of NMR titration data between "N-labeled N-pep (S389E) and P, variants (wild
type and S210E), two-dimensional lineshape analyses were performed using the software TITAN (71).
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The off-rate (k.q) and dissociation constant (K,) were determined by simultaneously fitting the lineshape
of some shifted yet resolved peaks to a two-state single binding site model. The on-rate (k) was deter-
mined by the following equation:

Cell culture. COS-7 cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented
with 10% fetal calf serum (37°C, 5% CO,). Cells were grown to approximately 80% confluence in six-well
plates, on coverslips. Cells were transfected using a Lipofectamine 2000 (Thermo Fisher Scientific,
Waltham, MA) according to the manufacturer’s instructions.

Confocal laser scanning microscopy and analysis. Cells were imaged under phenol-free DMEM
using a Nikon C1 inverted confocal microscope with a 37°C heated chamber and a 60x oil immersion
objective. Digital images were analyzed using Fiji software (72) to determine the nuclear (Fn), cytoplas-
mic (Fc), and background (Fb) fluorescence for single cells, and the nuclear/cytoplasmic fluorescence ra-
tio (Fn/c) was calculated using the formula (Fn - Fb)/(Fc — Fb). The mean Fn/c was determined for =88
cells for each protein examined.

dSTORM imaging and analysis. COS-7 cells were transfected using Fugene HD (Promega) accord-
ing to the manufacturer’s instructions. Cells were fixed at 18 h posttransfection with 2% (vol/vol) glutar-
aldehyde in cytoskeleton buffer (CB; 10 mM 2-ethanesulfonic acid, 150 mM NaCl, 5 mM ethylene glycol
tetraacetic acid, 5 mM glucose, 5 mM magnesium chloride) for 10 min at 37°C and then permeabilized in
0.3% (vol/vol) GA, 0.25% (vol/vol) Triton X-100 in CB for 2 min at 37°C. Cells were quenched with 0.1%
(wt/vol) sodium borohydride in PBS for 7 min to reduce autofluorescence. Cells were blocked in 5% (vol/
vol) bovine serum albumin in PBS for 30 min at 37°C and then immunostained with mouse anti- 3-tubu-
lin primary antibody (Sigma-Aldrich, 1:100) for 1 h at 37°C and anti-mouse Alexa Fluor 647-conjugated
secondary antibody (Life Technologies, 1:200) for 45 min at 37°C. The stained cells were then fixed in
3.7% (vol/vol) formaldehyde in PBS for 5 min. Samples were stored in 0.05% (vol/vol) sodium azide in
PBS and imaged within a week (73).

dSTORM imaging was performed using a home-built widefield super-resolution microscope setup
(Olympus 1X81 frame, Andor iXon EM-CCD detector, 100 x 1.49 NA TIRF objective), as previously
described (47). Cells were imaged in a switching buffer containing 100 mM mercaptoethlyamine in PBS
adjusted to pH 8.5. Epifluorescence (488-nm excitation, Toptica laser diode) was used to select GFP-posi-
tive cells. For dSTORM, a high-power laser (638-nm excitation, Oxxius laser diode, 3 to 5 kW/cm?) was
used to induce photoswitching of Alexa Fluor 647. Single molecule emissions were acquired at 50 Hz for
15,000 frames using Micromanager. Frames were analyzed through rapidSTORM (74) using input pixel
size of 100 nm and a point spread function full-width half-maximum (PSF FWHM) of 360 nm, resulting in
a super-resolved dSTORM image. MT bundling was then quantified as described previously (24).

Statistical analysis. For comparison of Fn/c values, Prism version 9.2.0 for Windows (GraphPad
Software, San Diego, CA) was used to calculate P values using Student t test (unpaired, two tailed). For
quantitative dSTORM analysis, P values were determined using one-way analysis of variance (Kruskal-
Wallis test with Dunn’s multiple-comparison test). Significance is represented in the figures using sym-
bols (***, P = 0.0001; ns, not significant).

Data availability. The structural coordinates are deposited in the Protein Data Bank (http://www
.resb.org) for the crystal structures of wild-type Nishigahara P, (7T5H) and the phosphomimetic S210E
(7T5G). The NMR assignments of S210E P, are deposited in the BioMagResBank (http://www.bmrb.wisc
.edu) under the accession number 51237.
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