
























































6AB2'

$66O;*C-0;UUE'

!"#$%&#'

96 5-/8 V-;U 0-;=

" 66O;" ?@35

+0345-' +

J2BADAD' +

&* )*#* )*#* )*#* )*#* )*#*

?3?K

343.=

678)(

J)L:

M>

66O;*COFE

66O;*C-0;UUE

$66O;C-0;UUE' 96 VQO

" ?@35!"#$%&#'

6AB2*CBADE'

" 66O;

?3?K

343.=

J)L:

M>

66O;*COFE

66O;*C-0;UUE

+
!" 03$453

$&

*3
+'

+

" ?@35 " 66O;

!"#$%&'"!" ()* &'

6AB2'

$66O;C-0;UUE'

!"#$%&#'

+0345-'

!-
/0123

" # $ % & '!

! " # $ % & ' ( ) !* !! !" !# !$ !% !&

%&'()*+0! "

# $
! " # $ % & ' ( ) !* !! !" !# !$ !% !& !' !( !) "* "! "" "# "$

!"*#* !"*#* !"*#* !"*#* !"*#* !"*#*

5-/8 V-;U 0-;=

J2BADAD'

$%

!"#

!

"#$

!!"#

!!"#

!-
/0123

- %

!$%&'

!$%&'

12345

!!"# !" 0
3

$
4

53
$

&

6,789:

""2$9;3 5$44<

!" 0
3

$
4

53
$

&

!" 0
3

$
4

53
$

&

!" 0
3

$
4

53
$

&

)DGN# W0OH%R*)(

+ +

66O;

(@F!-

(@F!;

(@F!.

%&'()

*(+

!"+ &(,-.

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 30, 2024. ; https://doi.org/10.1101/2024.11.30.626186doi: bioRxiv preprint 



FUSIONWT FUSION2A

DMOCK

12030

DTRAIP + DTTF2

rProtein:
Extract:

Time (min):

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Figure 4

B

C

A RING
Coiled
Coil

Leucine
Zipper

PIP 
Box

1 464

S295
T325

TRAIP

FUSIONWT

FUSION2A X

95 205

350

9030Time:

rProtein:

Extract:

TR
AIP+

TT
F2

DTRAIP + DTTF2DMOCK
B-CDK1: +

Geminin: +

60 9030 9030 9030 9030 903060

FU
SIO

N

FU
SIO

N
2A

FU
SIO

N
2A
-DP
OL
E2

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

+

+

DMOCK DTRAIP+DTTF2

+ p97-i+Cul-i

Time:

Extract:
B-CDK1:
Geminin:

D

CDC45

TRAIP

GINS

H3

TTF2 (FL)

MCM7

CDC45

TRAIP

GINS

H3

TTF2 (FL)

MCM7

rProtein: TR
AIP+T

TF
2

FU
SIO

N

FU
SIO

N
2A

FU
SIO

N
2A
-D
PO
LE
2

45

1 2 3 4 5 6 7 8

XFUSION2A-DPOLE2

ARP

q

TTF2

TTF2

TTF2X

X

X

POLE2 binding

Fusion
TRAIP

Fusion
TRAIP

+ B-CDK1

12030 12030 12030

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 30, 2024. ; https://doi.org/10.1101/2024.11.30.626186doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.30.626186
http://creativecommons.org/licenses/by/4.0/


Figure 5A B

D

tetON

Complementing
constructs

V5-RFP
WT

TTF2 promoter

ΔC (1-569)

K602A*

ΔN (480-1162)tetON

hTTF2 -degron

Zinc 
Finger 
(1-94)

Motif 
(123-128)

ATPase dTAG

Smash

tetON

tetON

hTTF2-dTAG-SMASh

TTF2

WT (HCT116)

dTAG (HA)

RPS19

Time (min):

1 2 3 4 5 6 7 8 9 10 11 12

+dTAGV-1 + ASV

0 60 120903015 0 60 120903015

F

Ubiquitin

T325 TRAIP

CMG
DNA pol e

PCNA
POLE2

DNA pol a

*
ZF
P

ATPase

TTF2
cis

trans

Barrier

TRAIP

DNA
α-RNAPII-

S2ph
TTF2   
(α-V5)

WT

ΔN

K602A

ΔC

hTTF2
degron

+
tetON

No
vector

C

E

DOX [ug/mL]0.5

+

0.1

++

0.2

+

0.5

dTAGV-1&ASV
Condition:

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 30, 2024. ; https://doi.org/10.1101/2024.11.30.626186doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.30.626186
http://creativecommons.org/licenses/by/4.0/


A
Figure S1

Interphase
“Hood ornament” 

binding

Common Fragile Site
Expression Model

C

CMG ubiquitylation
by TRAIP 

and unloading by p97

Fork Cleavage

pol q-mediated 
end-joining

Deletion

Sister-
chromatid 
exchange

CMG

CFS

MH

TRAIP

CMG
DNA pol e

PCNA

DNA pol a

trans
ubiquitylation

Ubiquitin
Barrier (DPC)

Mitosis
Unconstrained

binding

B

TRAIP

CMG
DNA pol e

PCNA

DNA pol a

cis
trans

Ubiquitin
Barrier

?

?

RING domain

co
ile
d-c
oil



Figure S2

A

B

* S295 * T325 * S352

TRAIP

DT
RAIP

Extract:

rTRAIP: WT

1 2 3

DM
OCK

4 5

S29
5A

T3
25

A

C

W
GE

W
T

29
5A

32
5A

W
GE

Traip∆

29
5A

,
32

5A

TRAIP

DT
RAIP

Extract:

rTRAIP: WT

1 2 3

DM
OCK

4 5

S29
5A

T3
25

A
2A

6

+ B-CDK1

+ B-CDK1



Figure S3

DTRAIP
rTRAIP: WT S295A T325A

DMOCKExtract:

Time (min): 30 120

2A
30 120 30 120 30 120 30 120 30 120

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

“Figure 8”

“Fast
Figure 8”

CMG
unloading

“Figure 8”

“Fast
Figure 8”

(No B-CDK1 addition)



arpc3
parp2
cope
vita2
isy1
ddx6
l14ba
trm61
crnl1
pch2
ck057
f133b
mov10
l14aa
rs14
copg
src8
if23b
sart3
arc1a
caza1
arp3
arp2a
capzb
ilf2
nupl2
dhx35
my18a
ddx41
nkap
ddx1
h1b
hp1b3
bir7a
MRN c("mre11", "rad50")
kif4
tmod3
cx056
CS029
dhx8
cn166
csk2b
ddx17
mat1
haus6
smo1a
aukbb
zn451
rpb3
gptc1
copb2
cdk7
wdr76
ru2a
TF2H c("tf2h1", "tf2h3", "tf2h2", "tf2h4", "tf2h5")
h10a
smd2
smo3
try1
1433z
kf22b
b4
ftcd
h33
ubf1b
erc6l
rl40
ATR c("atr", "atrip")
dcr1a
prkdc
parp1
wrn
h4
KU80 c("xrcc6", "xrcc5")
RPA c("rfa1", "rfa2", "rfa3")
cul4a
ccnb1
hmgb2
911 c("hus1", "rad1")
klhl7
cdk1a
CONDENSIN c("cnd1", "cnd3", "smc2", "smc4", "cnd2")
h1a
smal1
dpolq
atad2
atd2b
cip2a
gst26
plk1
tob1a
pif1
pkcb1
ccnh
rev1
ca124
neil3
t7l1b
blm
ttf2
XPF/ERCC1 c("xpf", "ercc1")
dpolz
ercc2
ercc3
tbg1
gcp2
copa
csk21
no40
ppig
ar6p4
cenpt
H2B
hnrpq
recq1
chfr
top1
fen1b
BRCA1−A c("brca1", "bard1")
SLF1/2 c("f178a", "anr32")
rad18
dons
mcph1
DNA_POLA c("dpola", "dpoa2")
PRIMASE c("pri1", "pri2")
brca2
ima1
pcm1
ima2
TRESLIN/MTBP c("ticrr", "mtbp")
CDK8/CCNC c("cdk8", "ccnc")
ORC1−6 c("orc1", "orc2", "orc3", "orc4", "orc5")
cdc6
dyh5
rpab5
jard2
pd5bb
f168b
gld2b
aatf
nbp1a
argl1
rpab3
h2ax
smo2
if2g
rla1
pp2bb
COHESIN c("smc1a", "smc3", "rad21", "stag1")
uhrf1
actc
i4a3a
wdr5
mlf2
cul3a
DNA_POLD c("dpod1", "dpod2", "dpod3")
wdhd1
nedd8
atad5
exo1
mcm10
ctf8
dcc1
ctf18
TIMLESS/TIPIN c("tim", "tipin")
traip
CMG c("mcm2", "mcm3", "mcm4", "mcm5", "mcm6", "mcm7", "cdc45", "psf1", "psf2", "psf3", "sld5")
DNA_POLE c("dpoe1", "dpoe2", "dpoe3", "dpoe4")
taf5l
brd3
RFC2−4 c("rfc2", "rfc3", "rfc4", "rfc5")
rfc1
rtel1
FANC−D2/I c("facd2", "fanci")
pcna
gnl3
vegta
brd2
lrc42
TRR c("top3a", "rmi1", "rmi2")
ddb1
ybox1
zn295
dnli3
hells
baz1b
etaa1
rl3l
aplf
clspn
scai
FANC−CC c("fanca", "fancb", "fancc", "fance", "fancf", "fancg", "fancl", "fancm", "fp100", "fap24", "cenps")
pcid2
purbb
npl4
wrip1
CUL2/LLR2 c("cul2", "llr1")
ufd1
P97 tera
ubxn7
ELOB/C c("eloc", "elob", "elob", "elob")
bcor

M
45

_U
T_

01
M

45
_U

T_
02

M
45

_U
T_

03
M

55
_U

T_
01

M
55

_U
T_

02
M

55
_U

T_
03

M
45

_P
97

i_
01

M
45

_P
97

i_
02

M
45

_P
97

i_
03

M
55

_P
97

i_
01

M
55

_P
97

i_
02

M
55

_P
97

i_
03

I4
5_

P9
7i

_0
1

I4
5_

P9
7i

_0
2

I4
5_

P9
7i

_0
3

I5
5_

P9
7i

_0
1

I5
5_

P9
7i

_0
2

I5
5_

P9
7i

_0
3

G
em

_0
1

G
em

_0
2

G
em

_0
3

Z−Score

−3
−1.5
0
1.5
3

cul4a

0 2 4 6 8

0

1

2

3

4

log2(Fold Change)

log2(Fold change)

-lo
g 10

(p
-v

al
ue

)
-lo

g 10
(p

-v
al

ue
)

rad21

t7l1b

lrc42ar6p4

cul3a
pp2bb

vegta

ubxn7

ufd1npl4 tera

TTF2

TTF2

FDR < 0.05
S0 = 0.1

FDR < 0.05
S0 = 0.1

0 2 4 6 8

0

1

3

2

4

rad21

stag1

cnd1

cnd3

smc2smc4

cnd2

plk1

t7l1b

ar6p4

zn451

zn295

try1

ccnb1

f133b

cip2a

pp2bb

h1a

cdk1akf22b

ubf1b

h1b

h4

h10a

h2ax

gst26

1433z

pkcb1

b4

dhx35

cenpth33

ftcd
klhl7

wdr5

hmgb2

i4a3a

copa

gptc1

atd2b

my18a

cdk7

ubxn7

ufd1

npl4

tera

nedd8

DNA condensation
DNA cohesion

DNA damage response
DNA replication
P97 segregase

Categories

Resistant
Sensitive
Geminin sensitivity

atrip

atr

RPA

rad1

hus1

rev1

neil3

dpolz

dpolq

erc6l

scai

pif1

ca124

ccnh

smo1a

rtel1

ercc1

smo2

rl40

smal1

dcr1a

xpf

prkdc

ttf2

xrcc6

parp1

tf2h1

wrn

smo3

fanci

facd2

xrcc5

tf2h2
ercc3

rad50

uhrf1

atrip

atr
ttf2

rev1

neil3

dpolz

erc6l

scai

pif1

ca124
ccnh

smo1a

wrip1
rtel1

ercc1

smo2
rl40

fancb

smal1

uhrf1

tob1a

llr1

cul2

dpod2
traip

atad2

clspn

tim

tipin

RFC

dons

llr1

cul2

Pold Pola

traip

wdhd1

clspn
mcm10

Pole

pcna

tim

CMG

CMG

Pole

TRAIP

TRAIP

A
Figure S4

C p97-i (mitosis) vs. DMSO (mitosis)

Mitosis (+p97-i) vs. Interphase (+p97-i)D

Time (min):

p97-i:
B-CDK1: +

5545 5545 5545

+

+ + B

CDC45

TRAIP

H3

SMARCAL1

MCM7



100100

Figure S5

A
ΔTT

F2
:Extract
:rTTF2+

ΔMOCK

170

130

95

72

55

43

34

26

17

TTF2

DT
TF2

Extract:

rTTF2: WT

B
DM

oc
k

K62
6A
ATPas

eD

ΔZF

TTF2 (1-200)

DT
TF2

Extract:
rTTF2(1-200): WT

DM
oc

k

K16
A
Δ12

0-1
25

ΔZF

TTF2 (FL)

C

GINS

MCM2-7

TTF2

POLE2

POLE1

CDC45

D

E

DM
OCK

DTRAIP + DTTF2

TRAIP+T
TF2

Fus
ion

Fus
ion

2A

Fus
ion

2A
-DP

OLE
2

TRAIP

Extract:

rProtein:

Extract:

rTTF2: FL

TTF2 (1-200)

TTF2 (FL)

DT
TF2

DM
oc

k

F

TTF2

TTF2 (96-200)

:Dilution, %100 1

1-200

+ B-CDK1

+ B-CDK1

+ B-CDK1

+ B-CDK1



Figure S6
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