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Figure S1. Proven and putative phosphorylation sites in MCPyV large T antigen.  The functional 
domains of large T-antigen are shown in different colors: constant region 1 in purple (residues 13-
17, LCKLL); DnaJ motif in orange (residues 42-48, HPDKGGN); retinoblastoma binding motif in 
yellow (residues 212-216, LFCDE); nuclear localization signal in green (residues 277-280, RKRK); 
origin binding domain in light blue (residues 308-433); helicase domain in dark grey). Truncated 
large T-antigen sequenced from Merkel cell carcinomas so far vary in length from 252 amino acids 
(JPN MCC74; BAO04662) to 538 amino acids (KIP1; AHN13646). A premature stop codon in MKL-
2 indicated by the arrow results in a truncated large T-antigen that spans the N-terminal 275 resi-
dues. 
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Figure S2. Phosphorylation sites detected by mass spectrometry of in vitro PKA phosphorylated 
peptides. The method does not allow distinction between phosphorylation of S202 and/or S203 
(resp. S264 and/or S265). 
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Figure S3. Expression levels of LTag, MKL2 LTag and their single mutants. (A) HEK293 cells were 
transfected with 1 mg empty expression vector (lane 1) or 1 mg of expression vector for respectively 
LT (lane 2), LT-S91A (lane 3), LT-S191D (lane 4), LT-S203A (lane 5), LT-S203D (lane 6), LT-S265A 
(lane 7) or LT-S265D (lane 8). (B) as A, but empty expression vector (lane 1), MKL2 (lane 2), MKL2-
S91A (lane 3), MKL2-S191D (lane 4), MKL2-S203A (lane 5), MKL2-S203D (lane 6), MKL2-S265A 
(lane 7) or MKL2-S265D (lane 8). Lane M: protein marker (in kDa). ERK2 was used as a loading 
control. 
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Figure S4. Expression levels of LTag, MKL2 LTag and their triple mutants. (A) HEK293 cells were 
transfected with empty expression vector (EV) or expression plasmids for MCPyV LTag, LT-3A, LT-
3D and protein levels were determined by western blot. (B) as panel A but cells were transfected 
with expression plasmids for MKL2 tLT, MKL2-3A or MKL2-3D. ERK2 was used as a loading con-
trol. The protein size marker (in kDa) is shown. 
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Figure S5. Activation of the PKA pathway does not increase the levels of MS1 LTag. Serum-starved 
MS1 cells were stimulated with 10 μM forskolin (FSK) for the indicated time points and levels of 
MS1 LT was monitored by western blotting using CM2B4 antibody. GAPDH was used as a loading 
control. The molecular marker (in kDa) is shown. The absence (-) or presence (+) of forskolin is in-
dicated. 

Table S1. Biological consequences of mutations in putative phosphoacceptor sites of MCPyV full-
length (fl-LT) or truncated large T-antigen (tLT). 

Mutation fl-LT or tLT 
Protein 
kinase Effect Reference

S96A fl-LT ND no effect on half-life [1] 
S134A fl-LT ND no effect on half-life [1] 

S142A fl-LT ND increased half-life and reduced interaction with b-
TrCP 

[2] 

S147A fl-LT ND 

increased half-life; similar to wild-type LT, this 
mutant was unable to stimulate viral DNA 

replication; no effect on early and late promoter 
activity; reduced interaction with b-TrCP 

[1] 
[2] 

S179A fl-LT ND no effect on half-life [1] 
S186A fl-LT ND no effect on half-life [1] 

T192A/E a tLT b ND c no effect on growth of MKL1 MCC cells; 
no effect on half-life 

[3] 
[1] 

S202A/E tLT ND no effect on growth of MKL1 MCC cells [3] 
S203A/E tLT ND no effect on growth of MKL1 MCC cells [3] 

T205A/E 
tLT 

fl-LT 
ND 
ND 

no effect on growth of MKL1 MCC cells; 
T205A: no effect on hVam6p binding 

[3] 
[4] 

Y206A fl-LT ND no effect on hVam6p binding [4] 
T208A fl-LT ND no effect on hVam6p binding [4] 

S217A/E tLT ND no effect on growth of MKL1 MCC cells [3] 

S219A/E tLT ND S219A, but not S219E partially inhibited growth of 
MKL1 MCC cells d 

[3]
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S220A/E tLT ND 

S220A, but not S220E inhibited growth of MKL1 
MCC cells e; S220A impaired pRb binding and 

induction of E2F target genes;  
S220A: increase half-life and LT-dependent 

replication compared to wild-type LT; activation 
early and late promoter of an unmutated NCCR, 

but same activity as wild-type LT for a replication-
deficient NCCR; 

S220A: reduced interaction with Skp2 

[3] 
[1] 
[5] 

[2] 

S239A/E tLT ND 

no effect on growth of MKL1 MCC cells;  
S293A: increase half-life and LT-dependent 

replication compared to wild-type LT; activation 
early and late promoter of an unmutated NCCR, 

but same activity as wild-type LT for a replication-
deficient NCCR; 

S239A: reduced interaction with Fbw7 

[3] 
[1] 

[2] 

S246A/S247A/S254A/T25
7A/S265A/T271A 

tLT f ND no effect on nuclear import [3] 

S268A fl-LT ND no effect on half-life [1] 

T271A fl-LT ND
no effect on ORI binding and replication of viral 

DNA;  
no effect on half-life 

[6] 
[1] 

T297A fl-LT ND
increased ORI binding and replication of viral 

DNA [6] 

T299A
reduced ORI binding and replication of viral 

DNA;  
no effect on half-life 

[6] 
[1] 

T309A fl-LT ND no effect on half-life [1] 
S597A fl-LT ND no effect on half-life [1] 
S715A fl-LT ND no effect on half-life [1]

S816A fl-LT ATM g 
partially reverse inhibition of C33A cells growth 
compared to wild-type fl-LT; reduced apoptosis; 

no effect on half-life 

[7] 

[1] 
a Both nonphosphorylable A and phosphomimicking E mutants were tested; b N-terminal 278 amino acids; c not done; d 

20% inhibition after 18 days; e 60% inhibition after 18 days; f N-terminal 334 amino acids; g ataxia-telangiectasia mutated. 
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Table S2. Results mass spectrometry of PKA-phosphorylated peptides. 
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Modifications 

Modification  
Pattern 

# 
Is

of
or

m
s 

# 
Pr

ot
ei

n 
G

ro
up

s 

# 
Pr

ot
ei

ns
 

# 
PS

M
s Master  

Protein  
Accessions 

Positions  
in Master 
Proteins 

Modifications  
in Master Proteins 

# 
M

is
se

d 
C

le
av

ag
es

 

Th
eo

. 
 

M
H

+ 
[D

a]
 

C
on

fi
de

nc
e 

 
(b

y 
Se

ar
ch

 E
ng

in
e)

: 
Se

qu
es

t H
T 

XC
or

r (
by

 S
ea

rc
h 

En
gi

ne
): 

Se
qu

es
t H

T 

Sequence  
in Protein 

Po
si

tio
ns

  
in

 P
ro

te
in

s 

[T].DEEYRFSSFTTPKTPPAF.[-] ------------------ 1 1 1 1 AFV53359.1 
AFV53359.1 

[258-275] 
0 2119.99711 High 3.14 T.DEEYRFSSFTTPKTPPAF.- [258-275] 

[D].EEYRFSSFTTPKTPPAF.[-] ----------------- 1 1 1 5 AFV53359.1 
AFV53359.1 

[259-275] 0 2004.97017 High 4.33 D.EEYRFSSFTTPKTPPAF.- [259-275] 

[E].EYRFSSFTTPKTPPAF.[-] ---------------- 1 1 1 6 AFV53359.1 
AFV53359.1 

[260-275] 
0 1875.92758 High 3.72 E.EYRFSSFTTPKTPPAF.- [260-275] 

[E].EYRFSSFTTPKTPPAF.[-] 
1xPhospho 
[S6(98.4)] 

-----*---------- 3 1 1 7 AFV53359.1 
AFV53359.1 

[260-275] 
AFV53359.1  

1xPhospho [S265(99)] 
0 1955.89391 High 2.79 E.EYRFSSFTTPKTPPAF.- [260-275] 

[E].EYRFSSFTTPKTPPAF.[-] 
1xPhospho 
[S5(98.7)] ----*----------- 3 1 1 8 AFV53359.1 

AFV53359.1 
[260-275] 

AFV53359.1  
1xPhospho [S264(99.5)] 0 1955.89391 High 4.05 E.EYRFSSFTTPKTPPAF.- [260-275] 

[E].EYRFSSFTTPKTPPAF.[-] 1xPhospho [S/T/Y] positions not distinguishable 3 1 1 3 AFV53359.1 
AFV53359.1 

[260-275] 
0 1955.89391 High 2.7 E.EYRFSSFTTPKTPPAF.- [260-275] 

[Q].FTDEEYRFSSFTTPKTPPAF.[-] -------------------- 1 1 1 5 AFV53359.1 
AFV53359.1 

[256-275] 
0 2368.1132 High 4.71 Q.FTDEEYRFSSFTTPKTPPAF.- [256-275] 

[S].GRESSTPNGTSVPR.[N] -------------- 1 1 1 3 AFV53359.1 
AFV53359.1 

[187-200] 0 1444.71389 High 4.11 S.GRESSTPNGTSVPR.N [187-200] 

[S].GRESSTPNGTSVPRN.[S] --------------- 1 1 1 1 AFV53359.1 
AFV53359.1 

[187-201] 
0 1558.75682 High 3.05 S.GRESSTPNGTSVPRN.S [187-201] 

[S].GRESSTPNGTSVPRN.[S] 
1xPhospho 
[S4(99.4)] 

---*----------- 1 1 1 2 AFV53359.1 
AFV53359.1 

[187-201] 
AFV53359.1  

1xPhospho [S190(99.4)] 
0 1638.72315 High 3.07 S.GRESSTPNGTSVPRN.S [187-201] 

[S].GRESSTPNGTSVPRNS.[S] ---------------- 1 1 1 3 AFV53359.1 
AFV53359.1 

[187-202] 0 1645.78885 High 3.53 S.GRESSTPNGTSVPRNS.S [187-202] 

[S].GRESSTPNGTSVPRNS.[S] 
1xPhospho 
[S4(99.4)] 

---*------------ 1 1 1 2 AFV53359.1 
AFV53359.1 

[187-202] 
AFV53359.1  

1xPhospho [S190(99.4)] 
0 1725.75518 High 2.71 S.GRESSTPNGTSVPRNS.S [187-202] 

[S].GRESSTPNGTSVPRNSS.[R] ----------------- 1 1 1 1 AFV53359.1 
AFV53359.1 

[187-203] 
0 1732.82088 High 2.87 S.GRESSTPNGTSVPRNSS.R [187-203] 

[S].GRESSTPNGTSVPRNSSRTD.[G] -------------------- 1 1 1 6 AFV53359.1 AFV53359.1 
[187-206] 

0 2104.99661 High 4.56 S.GRESSTPNGTSVPRNSSRTD.G [187-206] 

[S].GRESSTPNGTSVPRNSSRTD.[G] 
1xPhospho 
[S17(99.2)] 

----------------*--- 2 1 1 3 AFV53359.1 
AFV53359.1 

[187-206] 
AFV53359.1  

1xPhospho [S203(99.2)] 
0 2184.96294 High 3.93 S.GRESSTPNGTSVPRNSSRTD.G [187-206] 

[S].GRESSTPNGTSVPRNSSRTD.[G] 
1xPhospho 
[S16(99.4)] 

---------------*---- 2 1 1 2 AFV53359.1 
AFV53359.1 

[187-206] 
AFV53359.1  

1xPhospho [S202(99.4)] 
0 2184.96294 High 4.38 S.GRESSTPNGTSVPRNSSRTD.G [187-206] 
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[S].GRESSTPNGTSVPRNSSRTDG.[T] --------------------- 1 1 1 2 AFV53359.1 
AFV53359.1 

[187-207] 
0 2162.01807 High 3.55 S.GRESSTPNGTSVPRNSSRTDG.T [187-207] 

[S].GRESSTPNGTSVPRNSSRTDG.[T] 1xPhospho [T/S] positions not distinguishable 2 1 1 3 AFV53359.1 AFV53359.1 
[187-207] 

0 2241.98441 High 2.66 S.GRESSTPNGTSVPRNSSRTDG.T [187-207] 

[S].GRESSTPNGTSVPRNSSRTDG.[T] 
1xPhospho 
[S4(98.9)] ---*----------------- 2 1 1 1 AFV53359.1 

AFV53359.1 
[187-207] 

AFV53359.1  
1xPhospho [S190(98.9)] 0 2241.98441 High 2.68 S.GRESSTPNGTSVPRNSSRTDG.T [187-207] 

[S].GRESSTPNGTSVPRNSSRTDGT.[W] ---------------------- 1 1 1 1 AFV53359.1 
AFV53359.1 

[187-208] 
0 2263.06575 High 3.04 S.GRESSTPNGTSVPRNSSRTDGT.W [187-208] 

[S].QFTDEEYR.[F] -------- 1 1 1 1 AFV53359.1 AFV53359.1 
[255-262] 

0 1087.46908 High 1.97 S.QFTDEEYR.F [255-262] 

[S].QFTDEEYRF.[S] --------- 1 1 1 3 AFV53359.1 
AFV53359.1 

[255-263] 0 1234.53749 High 2.42 S.QFTDEEYRF.S [255-263] 

[S].QFTDEEYRFS.[S] ---------- 1 1 1 3 AFV53359.1 
AFV53359.1 

[255-264] 
0 1321.56952 High 2.53 S.QFTDEEYRFS.S [255-264] 

[S].QFTDEEYRFSS.[F] ----------- 1 1 1 2 AFV53359.1 AFV53359.1 
[255-265] 

0 1408.60155 High 2.63 S.QFTDEEYRFSS.F [255-265] 

[S].QFTDEEYRFSSF.[T] ------------ 1 1 1 1 AFV53359.1 
AFV53359.1 

[255-266] 0 1555.66996 High 2.55 S.QFTDEEYRFSSF.T [255-266] 

[S].QFTDEEYRFSSFTTPKTPPAF.[-] --------------------- 1 1 1 13 AFV53359.1 
AFV53359.1 

[255-275] 
0 2496.17178 High 4.13 S.QFTDEEYRFSSFTTPKTPPAF.- [255-275] 

[S].QFTDEEYRFSSFTTPKTPPAF.[-] 1xPhospho [S/T/Y] positions not distinguishable 1 1 1 2 AFV53359.1 AFV53359.1 
[255-275] 

0 2576.13811 High 2.45 S.QFTDEEYRFSSFTTPKTPPAF.- [255-275] 

[S].SFTTPKTPPAF.[-] ----------- 1 1 1 1 AFV53359.1 
AFV53359.1 

[265-275] 0 1193.6201 High 2.91 S.SFTTPKTPPAF.- [265-275] 

[F].SSFTTPKTPPAF.[-] ------------ 1 1 1 1 AFV53359.1 
AFV53359.1 

[264-275] 
0 1280.65213 High 2.69 F.SSFTTPKTPPAF.- [264-275] 

[F].TDEEYRFSSFTTPKTPPAF.[-] ------------------- 1 1 1 2 AFV53359.1 AFV53359.1 
[257-275] 

0 2221.04479 High 3.66 F.TDEEYRFSSFTTPKTPPAF.- [257-275] 
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Table S3. Primers used in this study. 

name Sequence (5’-3’)
S191A-Fw CAGGAAGAGAATCCGCCACACCCAATGGAACC
S191A-Rv GGTTCCATTGGGTGTGGCGGATTCTCTTCCTG
S191D-Fw CAGGAAGAGAATCCGACACACCCAATGGAACC
S191D-Rv GGTTCCATTGGGTGTGTCGGATTCTCTTCCTG
S203A-Fw CCAGTGTACCTAGAAATTCTGCCAGAACGGATGGCACC 
S203A-Rv GGTGCCATCCGTTCTGGCAGAATTTCTAGGTACACTGG
S203D-Fw CCAGTGTACCTAGAAATTCTGACAGAACGGATGGCACC 
S203D-Rv GGTGCCATCCGTTCTGTCAGAATTTCTAGGTACACTGG
S265A-Fw GGAATACAGATTCTCCGCCTTCACCACCCCG
S265A-Rv CGGGGTGGTGAAGGCGGAGAATCTGTATTCC
S265D-Fw GGAATACAGATTCTCCGACTTCACCACCCCG
S265D-Rv CGGGGTGGTGAAGTCGGAGAATCTGTATTCC

NCCR_GGAA_F
w 

GCTAGGAGCCCCAAGAATCTGCCAACTTG 

NCCR_GGAA_R
v CAAGTTGGCAGATTCTTGGGGCTCCTAGC 
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