
Figure S1. Nucleic acid substrates used in this study. 

Partially single- and double-stranded helicase substrates: 

5’-GGGCTCATCGACCCTATCAGCACAAGCAACCAATCGGTTCGACACTCATACTGGCCGAATTCGAGCTCGGTACCC!
! GCTTAAGCTCGAGCCATGGG-5’!

!

5’GGGAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA!
!

CGAATTCGAGCTCGGTACCC!
!GCTTAAGCTCGAGCCATGGG-5’!
!

5’GGGAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA!
!

CGAATTCGAGCTCGGTACCC!
!GCTTAAGCTCGAGCCATGGG-5’!
!

5’d(T)55ds20 

DNAd(A)50 

DNAd(A)33 

DNA:DNA 

5’-GGGCUCAUCGACCCUAUCAGCACAAGCAACCAAUCGGUUCGACACUCAUACUGGCCGAAUUCGAGCUCGGUACCC!
! GCTTAAGCTCGAGCCATGGG-5’!

!

RNAd(A)50 

RNAd(A)33 

RNA:DNA 

Tetramolecular G quadruplex DNA forming oligonucleotides: 

5’-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGGGGTT!

5’-TTTTTTTTTTTTTTTTTTTTTTTTTGGGGTT!

5’-TTTTTTTTTTGGGGTT!

5’-TTGGGGTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT!

5’-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGGGGTTTTGGGG!

5’-TTTTTGGGGTTTTGGGG!

5’T55G4 

5’T25G4 

5’T10G4 

G4T55-3’!

5’T55G4X2 

5’T5G4X2 

CGAATTCGAGCTCGGTACCC!
!GCTTAAGCTCGAGCCATGGG-5’!
!

5’TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT!
!

GCTTAAGCTCGAGCCATGGG-5’!
!

CGAAUUCGAGCUCGGUACCC!
!

5’GGGAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA!
!

CGAAUUCGAGCUCGGUACCC!
!GCTTAAGCTCGAGCCATGGG-5’!
!

5’GGGAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA!
!

Duplex DNA forming oligonucleotides (substrate dsDNA35): 

5’-CACAAGCAACCAATCGGTTCGACACTCATACTGGC	
  
GTGTTCGTTGGTTAGCCAAGCTGTGAGTATGACCG-5’!



5
’
-
A
C
G
T
T
C
T
A
G
A
G
C
G
C
G
C
G
C
C
A
C
C
C
A
G
C
A
A
A
C
A
A
C
A
C
T
G
G
G
G
G
A
G
G
G
G
G
A
C
G
G
T
G
A
A
G
G
C
C
A
A
G
T
T
C
C
C
C
G
C
C
A
G
T
C
G
G
C
T
T
A
G
A
T
C
T
A
G
A
T
G
C
A
!

!
T
G
C
A
A
G
A
T
C
A
C
G
C
G
C
G
C
G
G
T
G
G
G
T
C
G
T
T
T
G
T
T
G
T
G
A
C
C
C
C
C
T
C
C
C
C
C
T
G
C
C
A
C
T
T
C
C
G
G
T
T
C
T
T
G
G
G
G
C
G
G
T
C
A
G
C
C
G
A
A
T
C
T
A
G
A
T
C
T
A
C
G
T
-
5
’
!

5
’
-
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
G
G
A
A
G
C
G
G
T
A
G
G
G
G
G
A
G
G
G
G
G
!

5
’
-
G
G
A
A
G
C
G
G
T
A
G
G
G
G
G
A
G
G
G
G
G
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
T
!

G
G
A
A
G
C
G
G
T
A
G
G
G
G
G
A
G
G
G
G
G
	
  

D
up

le
x 

Tr
ip

3’
T

55
 

Tr
ip

5’
T

55
 

Tr
ip

T
0 

Tr
ip

le
x 

fo
rm

in
g 

ol
ig

on
uc

le
ot

id
es

: 

Su
pp

le
m

en
ta

ry
 F

ig
ur

e 
S1

. N
uc

le
ic

 a
ci

d 
su

bs
tr

at
es

 u
se

d 
in

 t
hi

s 
st

ud
y.

  
Pa

rti
al

ly
 s

in
gl

e-
 a

nd
 d

ou
bl

e-
st

ra
nd

 
su

bs
tra

te
 se

qu
en

ce
s a

re
 g

iv
en

. T
he

 R
N

A
 p

ol
yn

uc
le

ot
id

es
 w

er
e 

ge
ne

ra
te

d 
by

 ru
n-

of
f t

ra
ns

cr
ip

tio
n 

an
d 

th
e 

th
re

e 
5

´G
 r

es
id

ue
s 

ar
e 

de
riv

ed
 f

ro
m

 t
he

 T
7 

pr
om

ot
er

 s
eq

ue
nc

e 
us

ed
. 

 T
he

 s
ub

st
ra

te
 d

s2
0d

(T
) 5

53
´ 

ha
d 

a 
3´

 d
(T

) 5
5 

ex
te

ns
io

n 
to

 th
e 

to
p 

st
ra

nd
 a

nd
 a

nn
ea

le
d 

to
 th

e 
sa

m
e 

20
 b

p 
ol

ig
on

uc
le

ot
id

e 
as

 a
ll 

ot
he

r s
ub

st
ra

te
s 

sh
ow

n.
  

Th
e 

se
qu

en
ce

s 
of

 t
he

 s
in

gl
e-

st
ra

nd
ed

 p
re

cu
rs

or
 o

lig
on

uc
le

ot
id

es
 u

se
d 

to
 g

en
er

at
e 

th
e 

te
tra

m
ol

ec
ul

ar
 G

4 
D

N
A

 
su

bs
tra

te
s 

ar
e 

gi
ve

n.
  

Th
e 

du
pl

ex
 s

eq
ue

nc
e 

ge
ne

ra
te

d 
by

 P
C

R
 f

or
 f

or
m

at
io

n 
of

 th
e 

tri
pl

ex
 D

N
A

 s
ub

st
ra

te
s 

is
 

sh
ow

n 
al

on
g 

w
ith

 t
he

 t
hi

rd
 s

tra
nd

s 
fo

r 
tri

pl
ex

 f
or

m
at

io
n.

 T
he

 t
rip

le
x 

fo
rm

in
g 

se
qu

en
ce

s 
ar

e 
in

 b
ol

d.
  

Se
e 

m
at

er
ia

ls
 a

nd
 m

et
ho

ds
 fo

r f
ur

th
er

 d
et

ai
ls

 o
n 

ge
ne

ra
tio

n 
of

 e
ac

h 
su

bs
tra

te
. 

 



Figure S2. Optimisation of hUPF1 helicase activity. 
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Supplementary Figure S2.  Optimisation of hUPF1 helicase activity.  (A) Initial experiments 
determined a pH optimum of ~7.2 in 25 mM HEPES-NaOH buffer (not shown).  Further assays 
(10-40 nM hUPF1, 0.2 nM substrate 5´d(T)55ds20, long strand labeled) indicated an optimum salt 
concentration of 75 mM for unwinding, with significant inhibition at concentrations greater than 100 
mM.  A temperature of 37ºC was optimal for unwinding at 75 mM NaCl (n=2).  (B) Unwinding as a 
function of 5´-d(T) tail length (10-40 nM hUPF1, 0.2 nM substrate 20 base oligonucleotide labeled, 
n=2).  All substrates employed the same 20 bp duplex region (Supplementary Figure S1) with 5´-d
(T) ssDNA extensions from 5 to 65 nucleotides.  Almost no unwinding was observed for the 
substrate with a 5 nucleotide 5´extension.  After reaching 45 5´-d(T) residues further increases in 
unwinding efficiency became less pronounced as the 5´-d(T) tail was increased. 
 

B 



Figure S3. hUPF1 unwinding of a fork-like DNA substrate with ssDNA arms. 
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Supplementary Figure S3.  hUPF1 unwinding of a fork-like DNA substrate with ssDNA 
arms.  Unwinding reactions were performed under standard conditions (0.2 nM substrate, 4, 
10, 17 and 40 nM hUPF1) with substrate 5´d(T)55ds20 (lanes 1-6) and a ssDNA forked 
duplex with an additional 3´d(C)30 extension to generate the fork (lanes 7-12).  The graph to 
the right shows the quantified results from n=4 repeats.  No significant differences in 
unwinding extents were observed between the two substrates.  
 



Figure S4. ATP is required for hUPF1 to unwind triplex DNA. 
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Supplementary Figure S4.  ATP is required for hUPF1 to unwind triplex DNA.  
Reactions were performed as described in materials and methods (0.2 nM substrate, 10-40 
nM hUPF1).  As shown in Figure 3 (main manuscript), substrate Trip5´T55 was resolved 
effectively by hUPF1, as was Trip3´T55 but at ~60% efficiency compared to substrate 
Trip5´T55.  In the absence of ATP there was minimal unwinding of substrate Trip5´T55.  
However, as noted previously for reactions containing Trip3´T55, the variant hUPF1 
K498A (KA-UPF1) and ATP, in the absence of ATP hUPF1 appeared to stabilize substrate 
Trip5´T55 against non-enzymatic dissociation (~3% less non-enzymatic dissociation in 
the presence of hUPF1, see graphed data, n=3, mean and standard deviation). 
 



Figure S5. MST analysis of the interaction between UPF and DNA substrates 
d(T)35, d(T)25 and d(T)15 
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Supplementary Figure S5.  hUPF1 interactions with Alexa 647 labeled d(T)35, d(T)25 and d
(T)15 analysed by MST.  Reactions were performed as described in materials and methods, 
main manuscript (n=3 measurements). A graph of Baseline Corrected Normalized Fluorescence 
[0/00] plotted against hUPF1 concentration (0.0381-1250 nM) is shown.  Curve fitting was 
performed using the automated algorithm in the MO.Affinity Analysis software (d(T)35, 
0.0381-156 nM hUPF1; d(T)25 0.0381-313 nM hUPF1 and d(T)15 0.0381-1250 nM hUPF1).  A 
representative data set for the d(T)35 sample denaturation test (SDtest) is also shown. MST 
traces were analysed at an MST on time of 10 seconds. Grey data points and MST curves are for 
values discarded to allow curve fitting. 
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Figure S6. Modulation of hUPF1 ssNA binding by magnesium 
ions and nucleotide cofactors.  

Supplementary Figure S6.  Modulation of hUPF1 ssNA binding by magnesium ions and 
nucleotide cofactors.  Reactions were assembled as described in materials and methods (0.1 nM 
substrate, 0.5, 2.5 and 10 nM hUPF1) for the three substrates d(T)35, RNA35 and DNA35 and 
analysed by EMSA.  Each cofactor (MgCl2 and ATP, ADP and AMPPNP (adenylyl-
imidodiphosphate) was present at 5 mM as indicated (-nuc. = no nucleotide cofactor).  Cofactor 
and MgCl2 ions altered affinity in the order no-cofactor/MgCl2>MgCl2>ADP/
MgCl2>AMPPNP>ATP/MgCl2. Similar results were reported for hUPF1 helicase domain 
(residues 295-914, ref. 19, main manuscript). 
 



Figure S7.  hUPF1 binding to 32P-end labeled 35 base RNA substrates.  
 

Supplementary Figure S7.  hUPF1 binding to 32P-end labeled 35 base RNA polymers.  
Reactions were performed in parallel with the corresponding DNA substrates shown in Fig. 6A, 
main manuscript. 0.1 nM substrate, 0.1, 0.5, 2.5 and 10 nM hUPF1 (RNA35 and (U)35) and 0.1, 
0.5, 2.5, 10. 40 and 100 nM UPF1 ((A)35 and (C)35).  The graph to the right ranks the affinity in 
the order (U)35>RNA35>(A)35>(C)35; only the data for 0.1 to 10 nM UPF1 have been plotted.  
Error bars are the standard error of n=3 measurements. 



Figure S8.  hUPF1 nucleic acid competition binding experiments.  
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Supplementary Figure S8.   hUPF1 nucleic acid competition binding experiments.  
Reactions were assembled under standard conditions (n=4) with 0.25 nM 32P end-labeled 
DNA35 substrate, and the indicated unlabeled competitor RNA and DNA oligonucleotides 
(0, 2.5, 10, 50 250 and 1000 nM) before the addition of protein (10 nM hUPF1 final, except 
lanes 1, 8, 15, and 22, free DNA control).  Products were resolved by EMSA and the fraction 
of labeled substrate bound determined by quantification of phosphorimages (Figure 6 main 
manuscript). 



Figure S9. MST analysis of the interaction between hUPF1 and DNA substrates 
d(A)35, d(C)35, d(T)35 and the DNA35 heteropolymer. 

Supplementary Figure S9.  hUPF1 interactions with Alexa 647 labeled d(A)35, d(C)35, d(T)35 
and DNA35 analysed by MST.  Reactions were performed as described in materials and methods, 
main manuscript (n=3 measurements). A graph of Baseline Corrected Normalized Fluorescence 
[0/00] plotted against hUPF1 concentration (0.0381-1250 nM), along with sample MST traces.  
Curve fitting was performed using the automated algorithm in the MO.Affinity Analysis software 
(d(T)35 and DNA35 0.0381-156 nM hUPF1; d(A)35 and d(C)35 0.0381-1250 nM hUPF1). MST 
traces were analysed at an MST on time of 10 seconds. 
 



Supplementary Figure S10.  hUPF1 unwinding of partially single- and double-
stranded DNA helicase substrates with 35 base 5´ homopolymeric tails.   
 

Supplementary Figure S10.  DNA helicase substrates with 35 base homopolymeric tails 5´d
(A)35 and d(C)35 were poorly unwound by hUPF1 compared to substrate 5´d(T)35ds20.  
Unwinding reactions were performed under standard conditions (0.2 nM substrate, 10, 20, 40 
and 100 nM hUPF1). The graph shows the quantified results from n=4 experimental repeats, 
mean and standard deviation. 	
  



Supplementary Figure S11.  hUPF1 fails to bind a DNA triplex motif.   
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Supplementary Figure S11.  hUPF1 fails to bind a DNA triplex motif.  Reactions (0.1 
nM substrate TripT0 and d(T)35, 0.1, 0.5, 2.5, 10 and 40 nM hUPF1) were performed 
under standard conditions except the reaction, gel and running buffer were supplemented 
with 10 mM MgCl2 which is required for stability of the triplex substrate.  To make 
substrate TripT0 the 21 base triplex forming oligonucleotide was 32P end-labeled and 
annealed after heat denaturation of the duplex.  No binding was observed to substrate 
TripT0 or the minor fraction of free 21 base triplex forming oligonucleotide (fast 
migrating species, lanes 1-6).  Binding to control substrate d(T)35 (lanes 7-12) 
demonstrated a propensity for aggregation and retention in the wells in the presence of 
high MgCl2 concentration (gel and running buffer). 


