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Comprehensive phosphoproteomics analysis of herpesvirus pathogenicity
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Herpes simplex virus 1 (HSV-1) encodes Us3 protein kinase and a dUTPase
(vdUTPase), which are both critical for neurovirulence in the central nerve system (CNS) of mice. We
showed that Us3 phosphorylated vdUTPase to up-regulate its enzymatic activitK. This phosphorylation was
specifically required for neurovirulence in the CNS of mice, but not for pathogenic effects in mouse eyes
and vaginas. Low endogenous cellular dUTPase activity in cell cultures and in vivo was linked to lower
replication and virulence of a recombinant virus carrying a mutation that precluded phosphorylation of
vdUTPase, and overexpression of cellular dUTPase restored HSV-1 neurovirulence in the CNS by the
recombinant virus. Our results supported the hypothesis that CNS-specific neurovirulence of HSV-1
involved strict regulation of vdUTPase activity by Us3 phosphorylation, to compensate for the low
cellular dUTPase activity in the CNS, to produce efficient viral replication.

vdUTPase Us3




) (HSV)
DNA

30
3,500
HSV

(2) (HSV)
(PK) Us3
UL13

PK

©) HSV

(NanoLC

ESI-MS/MS)

High-Through-Put

PK

()
(i)
(iii)

38

BAC-system

328

Phos-tag

PK
PK
SILAC
PK
@
HSV-1
A
= HEp2cels
¢ Infection with HSV-1(F) (Wild-type) at 10 MOI
i Denaturation with 8M urea
Reduction and alkalation
¢ Digestione with Lys-C and trypsin
l Enrichment of phosohopeotides with TiO, colume
l Desalted with ZioTio C18
| NanoLC-ESI-MS/MS analysis |
B c
The number of detected The number of detected
phosphorylation sites phosohonpreateins,
542 388
M Viral protein B viral protein
Cellular protein Cellular protein
B and C:
Us3
vdUTPase Ser-187 (
2 )
s H
a = =
. £ g
= ]
cf ¥ § 20111
x I3 &€ ¢ == gE & g
8§ b5 3 % §223 5 5
W22 IS5 S wy (ka) =z23 8 %
= nI
- - - w25
—— B = g
31— Eg - e Bo
= 3= mE
1 2 3 4 1 2 3 4 5 s
a-vdUTPase g 3 a-vdUTPase
23
——— — -
31= 2E 31 S o 3
1 2 3 4 Fn"‘T‘ 1 2 3 4 5 B b
a-vdUTPase = a-vdUTPase 28
o
———— (T
97— Ll
1 2 3 4 5
a-gB
Phos-tag SDS-PAGE HSV-1

vdUTPase Ser-187

Us3PK



vdUTPase Ser-187
( )

A
31,200' P=0.004_ P=0.001
z. P=0.044 ﬂDS? Pﬂﬂa n.s. Pﬂ&
‘%aou-
]
g
o 600
5
g
E3|:‘c|—
= u-ﬁ [ =
B (xoa)
=il - - —— -~
s < = < 2 g = = &
§Seisigicigt
= IFE = @ g = B g
78 5 w ,J‘ E D w T i’ T
:\:EE % ] g @ E @ E
22 g S Ez £ 33§
= 8 FE » g
=2 & % w = ‘ﬂ
b E = m T 0w 2
2 E E = 8 2
= 2 E
> ¥ 3
2
HSV-1 dUTPase
vdUTPase

( ) vdUTPase Ser-187

( )

O YK751 (vdUTPaseS187A)

A& YK752 (vdUTPaseA/SA-repair)
-0 YK753 (vdUTPaseS187D)

=& YK754 (vdUTPaseS5187D-repair)

[

00
S16TA

P=0.010

(5187A vs 51870)
504 S167D

P=0.033
(51670 vs SD-repair)

Per cent survival

Repair

0 5 10 18
Time post-infection (d)

ICR

vdUTPase

vdUTPase Ser-187

( )

51 =~ YK750 (AvdUTPase)
S =0= YK751 (vdUTPaseS1687A)
3 4 1 =& YK752 (vdUTPaseA/SA-repair)
% n=17
é 3 g;g:# _In. 6.
52
:
n 1

akkk kxR E
0 Deletion
1 4 7T 10 13

Time post-infection (d)

s 5 | == YK750 (AvdUTPase)
] =0~ YK751 (vdUTPaseS187A)
84 -~ YK752 (vdUTPaseA/SA-repair)
E n=20
53
g
-]
e? B3 n.e.
@1
A w ]

'] Deletion
1 4 7 10 13
Time post-infection (d)

dUTPase
vdUTPase Ser-187

A
[*] =
-
&
(kDa) 5> _% 150
97.4— & *
66— -
3
45— T 100
m
B
- E
— hDUT-M 5
21.5- - “~ hDUT-N 5 50
2
14.4— E
1 2 2
a-hDUT
- 0 -
45 e e — P actin § '5
z 2
i 2 @ r
a-f actin n

sh-Luc, 5 moi, 36 h pi

n.s. n.s

150 1

-
=
=1

Relative cell viability (%)
E

*

*

*%

sh-Luc

ICR

sh-hDUT

sh-hDUT, 5§ moi, 36 h pi
*

n.s

Log PFWmlI
- u -
HSV-1
B —
] —
VdUTPaseS187A
] —
Log PFWmi
- . -

AvdUTPase ]
vdUTPaseS187A H
U TPan s
-repair
vdUTPaseS187D H
TP T B —
-repair

~

SK-N-SH

§.§ EE E
¥ 5 g° 35
< ) T
5 £
® H
dUTPase hDUT
cell-line
dUTPase
HSV
HEp-2
dUTPase
-
w
4 =
w L
(kDa) T_ @
150
a97.4— G *
66— £
E 100
- =
«— hDUT-M 5'
21.5— WS — KDUT-N 2 5
@
14.4— ﬁ
1 2
a-hDUT &
45 O

T Mt — P actin

HEp-2

1 2
o-f actin

SK-N-SH

150

-
o
Q

g

Relative dUTPase activity (%)

(=]

HEp-2

SK-N-SH



Immunoblot hDUT

dUTPase
duTPase(hDUT)
vdUTPaseS187A
SK-N-SH
( )
uLs uLa
ab_“ 'a'e’ ca
YK304 (Wild-type) 1
UL49A ULSO r\rdu‘l'l’aee} uLs1 .
UL48A  ULS0 (wdUTPase) uLs1
YK751 (vdUTPaseS187A) 3

g
S+A
UL49A  ULS50 (vdUTPase) UL51
YK752 (vdUTPaseS167A-repalr) —<fi—IEmm— - 4

uLsa
UL49A  (vdUTPasa] MEF L51
YKTE1 (WUMEF) 5

uLs0
UL48A  (vdUTPase) MEF ULs1
YK762 (vdUTPaseS1BTAMEF) [

by
)

UL{9A (viiTPase) MDUTN  yLst
YK7E4 (wdUTPaseS187AMDUT-N) 7

w
Swa

z
th E 81 HEp-2 8] SK-N-SH
= =£
2 & ns
~ o~ s
- e
= 7 =7
@ o
g . £ % £
s BEE E
S 2% § 5 &5 , S
(kDa) _= I B T 6 -5
SES #= . hDUT-N
2 3 4 5
- 5 5
a-hDUT —— ——
45— £ £
————— ot $53 § g5
2 3 4 5 5
a-f actin % E % g
@ n @ n
g2 £
5 ¢ 5 g
g E T E
2 E

duTPase(hDUT)
Immunoblot hDUT

SK-N-SH HSV

duTPase(hDUT)
vdUTPaseS187A

( )

-2 WtMEF
- vdUTPaseS187A/MEF
O vdUTPaseS187A/hDUT-N

100 <

P=0.0142
504

Per cent survival

| P=0.0169

0 5 10 15 20
Time post-infection (d)

ICR

8
Fujii H, Kato A, Mugitani M, Kashima Y,
Oyama M, Kozuka-Hata H, Arii J,
Kawaguchi Y.
The UL12 protein of herpes simplex
virus 1 1is regulated by tyrosine
phosphorylation.

J Virol. 2014 Sep;88(18):10624-34.
doi: 10.1128/JV1.01634-14.

Kato A, Hirohata Y, Arii J, Kawaguchi
Y.

Phosphorylation of herpes simplex
virus 1 dUTPase upregulated viral
dUTPase activity to compensate for low
cellular duTPase activity for
efficient viral replication.

JVirol. 2014 Jul ;88(14):7776-85. doi:
10.1128/J3V1.00603-14.

Maruzuru Y, Shindo K, Liu Z, Oyama M,
Kozuka-Hata H, Arii J, Kato A,
Kawaguchi Y.

Role of herpes simplex virus 1
immediate early protein ICP22 in viral
nuclear egress.

JVirol. 2014 Jul ;88(13):7445-54. doi:
10.1128/J3V1.01057-14.

Liu Z, Kato A, Shindo K, Noda T, Sagara
H, Kawaoka Y, Arii J, Kawaguchi Y.
Herpes simplex virus 1 UL47 interacts
with viral nuclear egress factors UL31,
UL34, and Us3 and regulates viral
nuclear egress.

J Virol. 2014 May;88(9):4657-67. doi:
10.1128/J3V1.00137-14.

Kato A, Shindo K, Maruzuru Y, Kawaguchi
Y.

Phosphorylation of a herpes simplex
virus 1 duTPase by a viral protein
kinase, Us3, dictates viral
pathogenicity in the central nervous
system but not at the periphery.

J Virol. 2014 Mar;88(5):2775-85. doi:
10.1128/J3V1.03300-13.

Kato A, Tsuda S, Liu Z, Kozuka-Hata H,
Oyama M, Kawaguchi Y.

Herpes simplex virus 1 protein kinase
Us3 phosphorylates viral duTPase and
regulates its catalytic activity in
infected cells.

J Virol. 2014 Jan;88(1):655-66. doi:



10.1128/J3V1.02710-13. E

Maruzuru Y, Fujii H, Oyama M,
Kozuka-Hata H, Kato A, Kawaguchi Y.
Roles of p53 in herpes simplex virus 1
replication.

JVirol. 2013 Aug;87(16):9323-32. doi:
10.1128/J3V1.01581-13.

Tanaka M, Kato A, Satoh Y, Ide T, Sagou
K, Kimura K, Hasegawa H, Kawaguchi Y.
Herpes simplex virus 1 VP22 regulates
translocation of multiple viral and
cellular proteins and promotes
neurovirulence.

J Virol. 2012 May;86(9):5264-77. doi:
10.1128/JV1.06913-11. E

10

Us3
60
2012 11 13 -11
15 (
)
Akihisa Kato, The catalytic activity
of HSV-1 duTPase and its regulation
are specifically required for
efficient viral replication and
pathogenicity in the brain., 37th
Annual  International Herpesvirus
Workshop(THW), 2012.8.4.-8.9.,
Calgary-Alberta, Canada.
HSV PK Us3
27
2012 6 7 -9

Us3

61
2013 11 10 -11 12

Akihisa Kato, ldentification of an
endosomal sorting protein SNX3 as a
novel host cellular substrate of HSV-1
Us3., 38th Annual International
Herpesvirus Workshop(1HW),
2013.7.20.-7.24., DeVos Place
Convention Center(USA)

Akihisa Kato, The endosomal sorting
protein SNX3 is phosphorylated by
herpes simplex virus 1 protein kinase
Us3 and plays a critical role in viral
replication and pathogenesis., The
12th Awaji International Forum on
Infection and Immunity,
2013.9.10.-9.13., Awaji Yumebutai
International Conference
Center(Japan)

Us3
28
2013 5 30
-6

Akihisa Kato, HSV-1 Us3
phosphorylates sorting necxin 3 to
inhibit the lysosomal degradation of
glycoprotein D Dby promoting its
interaction with
phosphatidylinositol-3-phosphate.,
39th Annual International Herpesvirus
Workshop(1HW), 2012.7.19.-7.23.,
Kobe International Exhibition Hall,
Japan.

HSV-1
Endosomal sorting protein SNX3
62
2014 11
10 -11 12

Akihisa Kato, Central nervous system
specific virulence of herpes simplex
virus involves phosphorylation of a
viral dUTPase by a viral protein
kinase., The International Symposium
‘ Molecular Dbasis of host cell
competency 1in virus infection’
2014.11.09.

1

2012 4  p688-p694



( )

http://ww.ims._u-tokyo.ac. jp/kawaguchi-
lab/kawaguchi labtop . html

€Y
KATO AKIHISA

40581187

@

®



