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Abstract 

The RNA helicase UPF1 interacts with mRNAs, mRNA decay machinery, and the terminating ribosome to promote nonsense-mediated mRNA 

decay (NMD). Str uct ural and biochemical data have revealed that UPF1 exists in an enzymatically autoinhibited ‘closed’ state. Upon binding the 
NMD protein UPF2, UPF1 undergoes an e xtensiv e conf ormational change into a more enzymatically activ e ‘open’ state, which e xhibits enhanced 
ATPase and helicase activity. Ho w e v er, mechanically deficient UPF1 mutants (i.e. poorly processiv e, slo w, and mec hanoc hemically uncoupled) 
can support efficient NMD, bringing into question the roles of UPF1 enzymatic autoinhibition and activation in NMD. Here, we identify two 
additional important features of the activated open state: slo w er RNA binding kinetics and enhanced ATP-stimulated RNA dissociation kinetics. 
Computational modeling based on empirical measurements of UPF1, UPF2 and RNA interaction kinetics predicts that the majority of UPF1–RNA 

binding and dissociation e v ents in cells occur independently of UPF2 binding. We find that UPF1 mutants with either reduced or accelerated 
dissociation from RNA ha v e NMD defects, whereas UPF1 mutants that are more dependent on UPF2 for catalytic activity remain active on 
well-est ablished NMD t argets. These findings support a model in which the kinetics of UPF1-mRNA interactions are important determinants of 
cellular NMD efficiency. 
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Introduction 

Eukaryotic cells use mRNA decay to quickly regulate gene ex-
pression in response to changing conditions ( 1 ). In addition
to allowing tight kinetic control of gene expression, mRNA
decay provides a mechanism by which cells can mitigate the
negative effects of genetic mutations or errors in mRNA bio-
genesis. A prototypical example of an mRNA decay path-
way that uses a common set of factors to accomplish both
transcriptome surveillance and gene expression regulation is
nonsense-mediated mRNA decay (NMD) ( 2 ). Together, the
targets of NMD have been estimated to compose 5–20% of
human genes, and recognition of aberrant mRNAs by NMD
modulates numerous genetic diseases and cancers ( 3 ,4 ). 

At the core of the NMD pathway is the RNA helicase UPF1,
which non-specifically binds RNA ( 5–7 ) to act as a protein
scaffold for other NMD and translation factors. These include
UPF2 ( 8–11 ), the terminating ribosome ( 12–14 ), the RNA en-
donuclease SMG6 ( 15 , 16 , 17 , 18 , 19 ), and the RNase-recruiting
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heterodimer SMG5 / SMG7 ( 19–21 ). As a superfamily 1 (SF1) 
helicase, UPF1 harnesses the chemical energy from ATP hy- 
drolysis to translocate 5 

′ -3 

′ on single-stranded RNA, unwind 

RNA secondary structures, displace proteins from RNA, and 

dissociate from RNA ( 22–26 ). 
In the absence of UPF2, the autoinhibitory UPF1 N- 

terminal cysteine / histidine-rich (CH) domain docks onto 

the RecA2 domain, reducing ATPase activity ( 27 ). UPF2 

relieves UPF1 autoinhibition by interrupting a conserved 

phenylalanine-isoleucine interaction (F192 and I757 in hu- 
man UPF1; F131 and I693 in yeast UPF1) and rotating the 
CH domain 120 

◦ away from the RecA2 domain ( 11 ,27 ). In 

this way, UPF2 binding converts UPF1 from the enzymati- 
cally autoinhibited ‘closed’ state to an activated ‘open’ state 
( 11 ,27 ). Correspondingly, mutation of UPF1 F192 to gluta- 
mate (F192E) biochemically substitutes for UPF2 binding, re- 
sulting in constitutively activated UPF1 ( 11 , 27 , 28 ). Despite 
extensive biochemical and structural studies, the mechanisms 
ruary 7, 2024. Accepted: February 13, 2024 
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y which cellular NMD is affected by either UPF1 autoinhi-
ition or activation by UPF2 remain largely unexplored. 
In addition to enhancing UPF1 ATPase activity, UPF2 pro-
otes UPF1 phosphorylation by the PI3K-like kinase SMG1

 13 , 14 , 29 ). Phosphorylated UPF1 in turn stimulates NMD by
ecruiting SMG6 and SMG5 / SMG7 ( 15 ). Structural studies
ave identified a megadalton-scale SMG1 complex (SMG1C)
onsisting of SMG1, SMG8 and SMG9 bound to UPF1 and
PF2 ( 29–31 ). In this context, the UPF2-induced conforma-

ional swing of the CH domain has been proposed to facilitate
ositioning of UPF1 in the SMG1 kinase core ( 29 ) and subse-
uent release from SMG1C ( 30 ). 
UPF2-induced undocking of the CH domain has also been

roposed to reduce UPF1-RNA interactions. Recently, it was
eported that UPF1–UPF2–RNA ternary complexes are un-
table, due to competition between UPF2 and RNA for UPF1
 32 ). Moreover, the tendency of UPF1 to release RNA upon
TP hydrolysis implies that UPF2 may further disrupt UPF1–
NA interactions via stimulation of UPF1 ATPase activity

 33 ). Consistent with these findings, the UPF1 F192E mutant
educed ATPase-dependent RNA binding in both in vitro as-
ays ( 27 ) and cellular immunoprecipitation experiments ( 5 ).
nhancement of UPF1 ATPase activity by UPF2 has histori-
ally been viewed as a means of promoting decay, but these
ata imply that this mechanism may also be used to preserve
NA stability by enhancing UPF1 dissociation from potential
MD substrates. 
The role of UPF1 autoinhibition and activation in the reg-

lation of UPF1-RNA interactions is of particular interest in
ight of accumulating evidence that ATPase-stimulated disso-
iation is a critical mechanism to ensure efficient and accurate
MD. We recently identified UPF1 mutants that are poorly
rocessive, unwind slowly, displace proteins from nucleic acid
ess efficiently, and have ATPase activity decoupled from un-
inding but can still promote efficient NMD of canonical

argets ( 34 ). These data, together with findings of differen-
ial rates of UPF1 release from NMD-sensitive and NMD-
nsensitive mRNAs ( 5 ,35 ), point towards the ‘butterfly model’
f NMD, which proposes that UPF1 must efficiently disso-
iate from non-target RNAs but more stably associate with
arget RNAs to promote NMD. This model predicts that ei-
her enhanced or reduced rates of UPF1 ATPase-stimulated
issociation would negatively impact cellular NMD . Acceler -
ted dissociation would reduce opportunities for UPF1 to pro-
uctively assemble decay complexes in response to translation
ermination events ( 35–37 ). Conversely, slower UPF1 dissoci-
tion would prevent efficient sampling of the transcriptome,
xemplified by ATPase-dead UPF1 mutants that lose decay tar-
et discrimination ( 5 ,38 ). 

Here, we use in vitro biochemical and biophysical assays,
omputational modeling, and cellular studies to understand
he functional significance of the conformational change be-
ween the autoinhibited closed state and the activated open
tate of UPF1. We find that UPF1-UPF2 complexes and per-
etually open UPF1 mutants have slower RNA association
inetics and faster ATP-dependent RNA dissociation kinetics
ompared to the closed state of UPF1. Computational kinetic
odeling predicts that the effects of UPF2 on UPF1-RNA in-

eractions are constrained by UPF2 abundance in cells, such
hat the majority of UPF1–RNA association and dissociation
vents occur in the absence of UPF2. Furthermore, we char-
cterize previously known and new UPF1 mutants with vary-
ng degrees of enzymatic autoinhibition to understand the bio-
chemical and cellular consequences of switching between the
closed and open states. We identify no cellular NMD defects
in UPF1 mutants with increased reliance on UPF2 for activa-
tion but find that mutants that undergo either accelerated or
ablated ATPase-stimulated dissociation have reduced NMD
function. 

Materials and methods 

Oligonucleotides and chemicals 

All oligonucleotides were purchased from IDT, resuspended in
1 × TE, and stored at −20 

◦C. For pH 6.0 assays, ATP (Milli-
pore Sigma) was dissolved in 5 mM MES pH 6.0 to 10 mM
and stored at −80 

◦C, then diluted to 5 mM in 5 mM MES pH
6.0 for day-of use through the plate reader injectors. For pH
7.5 assays, ATP and AMP-PNP were dissolved in 10 mM Tris–
HCl pH 7.5 to 100 mM and stored at −80 

◦C. Alexa Fluor
maleimides were dissolved in DMSO to 10 mM and stored at
−20 

◦C protected from light. 

UPF1 and UPF2 protein expression and purification 

UPF1-CH-HD and UPF1-CH expression and purification
were performed as previously described with UPF1-HD ( 34 ).
These constructs contained N-terminal 6xHis and calmod-
ulin binding peptide tags. UPF2 761–1227 with a C-terminal
CLIP tag synthesized by Twist BioScience did not express well,
so the UPF2 761–1227 fragment (UPF2-S) was PCR ampli-
fied using Phusion (primers listed in Supplementary Table S1 )
and ligated into the pET28 vector with an N-terminal 6xHis
and calmodulin binding peptide tag. Expression and purifica-
tion conditions were identical to that of UPF1-CH-HD, except
the dialysis buffer contained 1.5 × PBS pH 7.4 (KD Medical),
10% glycerol, and 2 mM DTT. UPF1-CH-HD dialysis buffer
contained 1.5 × PBS pH 7.4 (KD Medical), 20% glycerol, 1
μM ZnSO 4 , 0.66 mM MgOAc, 150 mM NaCl, 0.1% NP-40
and 1 mM DTT. 

In vitro transcription and substrate annealing for 
biochemical assays 

In vitro transcription and annealing were performed as previ-
ously described ( 34 ). Oligonucleotide sequences are provided
in Supplementary Table S1 . 

UPF1 unwinding, dissociation and equilibrium 

binding 

Fluorescence-based unwinding assays (at 37 

◦C), fluorescence
anisotropy dissociation (FAD) assays (at 37 

◦C), and equilib-
rium fluorescence anisotropy nucleic acid binding assays (at
room temperature) were performed as previously described
unless otherwise indicated ( 34 ). Measurements with UPF2
were performed by incubating UPF2-S in 2-fold excess to
UPF1-CH-HD for 10 min after the UPF1-CH-HD incuba-
tion with the substrate, unless otherwise stated. All assays
were performed using a CLARIOstar Plus plate reader (BMG
Labtech). Oligonucleotide sequences used for substrates are
provided in Supplementary Table S1 . 

Biolayer interferometry (BLI) to obtain UPF1 and 

UPF2 on- and off-rates 

All buffers consisted of BLI buffer (20 mM Tris–HCl
pH 7.5, 75 mM K O Ac, 3 mM MgCl 2 , 1 mM DTT and

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae136#supplementary-data
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0.02% Tween-20). Streptavidin-coated sensors (Sartorius
Octet SA Biosensors) were pre-soaked in BLI buffer for at
least 10 min before runs and dipped into wells of a microplate
(greiner bio-one 655209) containing 200 μl BLI buffer for
the indicated times. To tether substrates, sensors were dipped
into wells containing BLI buffer supplemented with 10 nM
of a dual-biotinylated DNA oligonucleotide or biotinylated
RNA oligonucleotide (see Supplementary Table S1 ). To mea-
sure UPF1 on-rate, sensors were dipped into wells supple-
mented with the indicated concentrations of UPF1. To mea-
sure ATP-simulated dissociation of UPF1 from the substrate,
sensors were dipped into wells with 2 mM ATP and 50 μM
trap strand. To measure UPF2 on-rate to UPF1, sensors con-
taining DNA and UPF1 were dipped into wells supplemented
with the indicated concentrations of UPF2. To measure UPF2
dissociation from UPF1, sensors were dipped into wells sup-
plemented with 50 μM trap strand. 

UPF1 and UPF2 fluorescent labeling using 

cysteine-maleimide chemistry 

UPF1 and UPF2 proteins were dialyzed in DTT-free dialysis
buffers for 4 h at 4 

◦C, replacing fresh buffer every hour. The
UPF1 DTT-free dialysis buffer contained 1.5 × PBS pH 7.4
(KD Medical), 1 μM ZnSO 4 , 0.66 mM MgOAc and 150 mM
NaCl. The UPF2 DTT-free dialysis buffer contained 1.5 × PBS
pH 7.4 (KD Medical) and 150 mM NaCl. After dialysis, 1
mM TCEP was added for 10 min on ice to reduce solvent-
exposed cysteines. AlexaFluor maleimide stock was added to
the indicated concentration and incubated at 4 

◦C overnight
to label proteins. To remove free dye, proteins were passed
three times through 0.5 ml 40K MWCO Zeba Spin Columns
that were washed with DTT-free dialysis buffer, then passed
once through a column washed with dialysis buffer (see recipe
above). Proteins were then aliquoted and flash frozen in liquid
nitrogen. 

Microscale thermophoresis (MST) for 
protein–protein binding measurements 

All dilutions performed during microscale thermophoresis
used Ligand Buffer containing 20 mM Tris–HCl pH 7.5, 75
mM K O Ac, 3 mM MgCl 2 , 1 mM DTT, and 0.05% Tween-20.
UPF2-S labeled with 10-fold molar excess of Alexa-Fluor 647
was diluted to a final concentration of 3.125 nM. UPF1 con-
structs were diluted to 4 μM in Ligand Buffer, and a two-fold
serial dilution was performed to obtain sixteen concentrations
of UPF1. Equal parts of UPF2 and UPF1 dilutions were mixed
and loaded into Monolith Standard Treated Capillaries. MST
was run using 50% LED and medium power, and curve fits
were generated using the MO.Affinity Analysis Software from
NanoT emper T echnologies. 

In silico Rosetta-Vienna RNP ��G method for 
mutational screen 

In silico structure preparation and the Rosetta-Vienna RNP
��G method was performed as previously described ( 34 ) but
with the yeast UPF1-CH-HD structure (2XZL), and the results
were compared to that of the UPF1-HD mutational screen
( 34 ). Chimera ( 39 ) was used to align human (2XZO) and
yeast (2XZL) structures for residue conversions. 
Site-directed mutagenesis of UPF1-CH-HD plasmids 

for bacterial expression 

100 ng of the pET28 vector harboring UPF1-CH-HD with N- 
terminal 6xHis and calmodulin binding peptide tags was used 

as the template. 500 nM of the appropriate primers designed 

using NEBaseChanger were added along with Phusion high- 
fidelity DNA polymerase, Phusion GC buffer, and 3% DMSO.
PCR was initiated at 98 

◦C for 5 min followed by 25 cycles of 
98 

◦C 1 min, T a minus 5–6 

◦C 30 s, 72 

◦C 5 min and a final 72 

◦C
extension for 10 min. Primers are listed in Supplementary 
Table S1 . 

Site-directed mutagenesis and cut-and-paste 

cloning of CLIP-UPF1 plasmids for mammalian 

expression at endogenous UPF1 levels 

The pcDNA5-FRT-TO vector containing N-terminal CLIP- 
tagged full length UPF1 was used as the template for site- 
directed mutagenesis as previously described ( 34 ). Since these 
plasmids overexpress CLIP-UPF1 protein when stably ex- 
pressed, the tetracycline-regulated promoter of pcDNA5-FRT- 
TO was replaced with the CMV promoter followed by a −40 

kcal / mol hairpin 1 nt upstream of the predicted transcrip- 
tion start site using cut-and-paste cloning. Primers are listed 

in Supplementary Table S1 . 

Mammalian stable cell line generation, protein 

extraction from cell lines, CLIP tag labeling, siRNA 

treatment, RNA extraction, cDNA synthesis and 

RT-qPCR 

These experiments were performed as previously described 

( 34 ). RT-qPCR primers are listed in Supplementary Table S2 . 

CLIP-UPF1 RNP extract preparation 

Extract preparation was performed based on previous pro- 
tocols ( 7 ,40 ). Cells expressing CLIP-UPF1 mutants were pel- 
leted at 1000 g for 3 min at 4 

◦C, resuspended in 1 ml ice-cold 

1 × DPBS, then pelleted again at 2500 g for 1 min at 4 

◦C. Ex- 
cess supernatant was removed to avoid salt in subsequent next 
steps. Cell pellets were weighed on an analytical balance and 

resuspended in 5 cell volumes of ice-cold complete HLB (20 

mM HEPES–NaOH pH 7.6, 2 mM MgCl 2 , 10% glycerol, 1 

mM DTT, 1 × Pierce Protease and Phosphatase inhibitor cock- 
tail). Samples were incubated on ice for at least 5 min, sub- 
jected to two rounds of snap freezing in liquid N 2 and thaw- 
ing in a 37 

◦C water bath, and placed on ice after the second 

round. NaCl was then added to a final concentration of 150 

mM. Samples were incubated on ice for 5 min and centrifuged 

at 18 500 g for 15 min at 4 

◦C. Supernatants containing intact 
RNA-protein complexes were transferred into a fresh cooled 

tube and were snap frozen in liquid N 2 . Protein concentration 

was determined via the Pierce 660 assay (Thermo Scientific). 

UPF2 immunoprecipitation (IP) 

For each IP, 25 μl Protein G Dynabeads (Invitrogen) were 
washed three times with 500 μl bead wash buffer (20 mM 

HEPES–NaOH pH 7.6, 2 mM MgCl 2 , 10% glycerol, 150 

mM NaCl, 0.1% NP-40) and resuspended in 25 μl bead 

wash buffer after the final wash. 10 μg of rabbit anti-RENT2 

(Bethyl A303-929A) or rabbit IgG as a control for non- 
specific binding was mixed with the equilibrated beads and 

rotated end-over-end at room temperature for 1 h to conju- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae136#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae136#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae136#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae136#supplementary-data
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ate the beads to the antibody. The conjugated beads were
hen washed three times in 500 μl bead wash buffer and resus-
ended in 25 μl bead wash buffer. 5 mg / ml CLIP-UPF1 RNP
xtract (prepared as above) was added to the equilibrated con-
ugated beads, and the volume was brought up to 50 μl in bead
ash buffer. Samples were rotated end-over-end at 4 

◦C for 2
 to bind endogenous UPF2 and washed three times in 500 μl
ead wash buffer at 4 

◦C. After the final wash, beads were re-
uspended in 10 μl of 1 × NuPAGE LDS Sample Buffer (Invit-
ogen) and incubated at room temperature for 10 min. Super-
atants (immunoprecipitated samples) were stored at −80 

◦C
or western blot analysis. 

estern blotting 

estern blotting was performed as previously described ( 34 ).
:1000 rabbit anti-RENT2 (Bethyl A303-929A) was used for
PF2 detection, 1:5000 goat anti-Rent1 (Bethyl A300-038A)
as used for UPF1 detection, 1:1000 rabbit anti-phospho-

Ser / Thr) A TM / A TR substrate antibody (Cell Signaling 2851)
as used for phospho-UPF1 detection, and 1:5000 mouse

nti-beta actin (Cell Signaling 3700) was used for beta actin
etection. Donkey anti-rabbit Alexa Fluor 680, donkey anti-
oat AlexaFluor 680, or goat anti-mouse Alexa Fluor 680 sec-
ndary antibodies were diluted 1:10 000. 

RNA depletion for RNA-seq libraries 

nput total RNA was extracted as above using TRIzol Reagent
ollowed by Shrimp dsDNase treatment and RNAclean XP
ead cleanup and equilibrated to 100 ng / μl in nuclease-free
ater. rRNA depletion was adapted from previous work ( 41 )

nd was performed in batches of 24 samples. An RNase H
aster mix containing 72 μl 5 × RNase H buffer (250 mM
ris–HCl pH 7.5, 500 mM NaCl), 108 μl 100 mM MgCl 2 ,
nd 108 μl nuclease-free water was pre-heated to 65 

◦C. A
0 μl hybridization reaction containing 1 × RNase H buffer
50 mM Tris–HCl pH 7.5, 100 mM NaCl), 50 μM EDTA,
 μg homemade rRNA depletion oligonucleotide pool (see
upplementary Table S3 ), and 500 ng input RNA was sub-
ect to the following thermocycle to hybridize rRNA to the
ligonucleotide pool: 95 

◦C for 3 min, slow cool down of
.1 

◦C / s to 65 

◦C, 65 

◦C for 5 min. During the 65 

◦C 5 min step,
2 μl of either Hybridase Thermostable RNase H (Lucigen
39500) or Thermostable RNase H (NEB M0523) was added

o the pre-heated RNase H master mix, thoroughly mixed,
liquoted 40 μl per tube in a pre-heated strip of 8 PCR tubes,
nd placed at 65 

◦C. After the 65 

◦C 5 min step, 10 μl RNase
 master mix was added into each tube with a multichannel

ipette and thoroughly mixed. Samples were then incubated at
5 

◦C for 10 min to degrade rRNA and placed on ice. Samples
ere then cleaned up using 2.2 × (66 μl) RNAClean XP beads

Beckman Coulter) that were equilibrated to 24 

◦C for at least
0 min before use. Beads were mixed with samples, incubated
5 min at room temperature, then placed on an NEBNext
agnetic Separation Rack (NEB S1515S) for 5 min. On the
agnetic rack, supernatants were removed and two washes of
00 μl freshly prepared 80% ethanol were performed without
isturbing the bead pellets. Samples were briefly spun down,
nd residual ethanol was removed. Beads were then air dried
or 4–5 min, resuspended with 41 μl nuclease-free water off
he magnetic rack, and incubated for 5 min at room tempera-
ure. Tubes were then placed back on the magnetic rack. Once
he solutions became clear, 37.5 μl of each supernatant was
transferred into a fresh tube. The rRNA depletion oligonu-
cleotides were then degraded by adding 7.5 μl of TURBO 

TM

DNase (2U / μl, Invitrogen AM2238) and 5 μl of the sup-
plied 10X Reaction Buffer to each sample, mixed, incubated
at 37 

◦C for 30 min, and placed on ice. Samples were cleaned
up as above but with 110 μl RNAClean XP beads and resus-
pended in 10 μl nuclease-free water after the ethanol washes,
of which 6–7 μl was transferred to a fresh tube and stored at
−80 

◦C. 

RNA-seq library preparation 

rRNA-depleted RNA was used as input and library prepara-
tion was performed using the xGen™ RNA Library Prepa-
ration Kit (IDT 10009814) following the manufacturer’s in-
structions. Briefly, 1 μl Reagent F1, 2 μl Reagent F2, 4 μl
Buffer F3, and 2 μl Reagent F4 were added to 5–6 μl rRNA-
depleted RNA, and fragmentation was performed by incubat-
ing at 94 

◦C for 10 min and immediately transferred to ice.
Reverse transcription was performed by adding 1 μl Enzyme
R1, 1 μl Enzyme R2 and 4 μl nuclease-free water to the frag-
mented samples, and subjected to the following thermocycle:
25 

◦C 10 min, 42 

◦C 30 min, 70 

◦C 15 min, 4 

◦C hold. Sam-
ples were then subjected to exonuclease treatment by adding
2.5 μl Exonuclease I (NEB M0293L) and 2.5 μl 10 × Exonu-
clease I Reaction Buffer and incubating at 37 

◦C for 30 min.
Samples were equilibrated to 50 μl with the provided Low
EDTA TE buffer and cleaned up using 1 × (50 μl) SPRIselect
beads (Beckman Coulter B23318) that were equilibrated to
room temperature for at least 30 min before use. Beads were
mixed with samples, incubated 5 min at room temperature,
and placed on an NEBNext Magnetic Separation Rack (NEB
S1515S) until the solution appeared clear. On the magnetic
rack, supernatants were removed, and two washes of 200 μl
freshly prepared 80% ethanol were performed without dis-
turbing the bead pellets. Samples were briefly spun down, and
residual ethanol was removed. Beads were then air dried for 3–
5 min, resuspended with 12 μl Low EDTA TE off the magnetic
rack, and incubated for 2 min at room temperature. Tubes
were then placed back on the magnetic rack. Once the solu-
tions became clear, 10 μl of each supernatant was transferred
into a fresh tube, and samples were either stored at −20 

◦C or
subjected to the next step. Samples were denatured at 95 

◦C
for 2 min then immediately placed on ice for at least 2 min.
Adaptase treatment was performed by adding 2 μl Buffer A1,
2 μl Reagent A2, 1.25 μl Reagent A3, 0.5 μl Enzyme A4, 0.5
μl Enzyme A5, and 4.25 μl Low EDTA TE to the denatured
samples and thermocycled as follows: 37 

◦C for 15 min, 95 

◦C
for 2 min, 4 

◦C hold. 25 μl PCR Master Mix and 5 μl unique
primer pair from either the xGen CDI Primers 96rxn (IDT
10009815) or xGen UDI 10 nt Primers (IDT 10008052) kits
were added for indexing PCR, and the following thermocycle
was performed: (i) 98 

◦C 2 min, (ii) 98 

◦C 20 s, (iii) 60 

◦C 30 s,
(iv) 72 

◦C 30 s, repeat steps 2–4 13 times, (v) 72 

◦C 1 min, 4 

◦C
hold. Samples were cleaned up as above but by adding 40.4
μl SPRIselect beads, resuspending in 22 μl Low EDTA TE,
and transferring 20 μl to fresh tubes. Samples were quantified
using the Quant-iT™ PicoGreen dsDNA Assay Kit (Invitro-
gen P7589) following the manufacturer’s instructions, equili-
brated to the same concentrations, and pooled together. The
pooled library was quality checked on an Agilent TapeStation
System by mixing 3 μl D1000 Sample Buffer (Agilent 5190–
6502) with 1 μl pooled library and running in D1000 Screen-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae136#supplementary-data
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Tape (Agilent 5067–5582). Libraries were sequenced on the
Illumina NovaSeq 6000 or NovaSeq X+ platforms. 

Results 

The open state of UPF1 binds RNA more slowly 

than the closed state 

UPF1 is thought to predominantly reside in an enzymatically
autoinhibited closed state and transition to an activated open
state upon UPF2 binding. Enhancement of UPF1 catalytic ac-
tivity by UPF2 is a conserved feature of nonsense-mediated
mRNA decay (NMD) ( 24 , 27 , 42–44 ), but the functional con-
sequences of UPF1 catalytic inhibition and activation remain
poorly understood. Moreover, recent work has indicated that
UPF2 also reduces UPF1 affinity for RNA ( 32 ), but the kinetic
determinants of altered equilibrium binding have not been
studied. Therefore, we set out to systematically investigate the
biochemical and functional effects of the structural rearrange-
ment of UPF1 induced by UPF2 binding. To do so, we first ki-
netically probed how UPF1 interacts with nucleic acids in the
closed and open states (Figure 1 A). To study the open state of
UPF1 without confounding factors such as binding and disso-
ciation of UPF2, we generated mutants to disrupt the F192-
I757 intramolecular interaction that normally stabilizes the
closed state via docking of the CH domain onto the RecA2 do-
main (Figure 1 A). We used the perpetually open F192E mutant
( 11 , 27 , 28 ) and a second mutant, I757R, predicted to disrupt
this interaction (Figure 1 B). We introduced these mutants into
a well-characterized UPF1 construct containing the CH and
helicase domains (UPF1-CH-HD; Supplementary Figure S1 A,
left). 

We first set out to quantitatively measure how the open
state of UPF1 influences initial binding to RNA utilizing the
Octet Bio-Layer Interferometry (BLI) system. In this assay,
binding of molecules to a streptavidin-coated sensor surface
creates a wavelength shift proportional to the thickness of
surface-bound molecules. We tethered a biotinylated RNA
oligonucleotide substrate to the sensor, which resulted in a
small thickness increase due to the small size of the oligonu-
cleotide (Figure 1 C, D, steps 1–3). After addition of UPF1-
CH-HD, the signal dramatically increased in a dose-dependent
manner (Figure 1 C, D, step 4). We varied the concentra-
tion of RNA tethered to the surface to confirm that RNA
concentration did not influence UPF1-CH-HD binding kinet-
ics ( Supplementary Figure S1 B-C, steps 1–4) and that UPF1-
CH-HD specifically bound the substrate rather than non-
specifically sticking to the surface ( Supplementary Figure S1 C,
steps 1–4, 0 nM trace). With a robust pre-steady state binding
assay, we compared wildtype (WT) to the perpetually open
mutants F192E and I757R (Figure 1 B) and found the rates of
F192E and I757R association with the RNA substrate were
significantly slower compared to WT (Figure 1 C–E, step 4;
Supplementary Figure S1 D; Figure 1 F). 

Consistent with these findings, we also observed slow asso-
ciation of constitutively open UPF1 mutants with DNA sub-
strates. Using BLI, UPF1-CH-HD specifically bound to the
DNA substrate ( Supplementary Figure S1 E) and the rates of
F192E and I757R association to the DNA substrate were sig-
nificantly slower compared to WT ( Supplementary Figure 
S2 A–C, steps 1–4, Supplementary Figure S2 D-E). This ef-
fect was not influenced by nucleotide binding, as the rate
of UPF1 association to the substrate was unchanged in the
presence of the non-hydrolyzable ATP analog, AMP-PNP 

( Supplementary Figure S2 F, G). Together, these results indicate 
that reduced UPF1 equilibrium nucleic acid binding affinity in 

the presence of ATP ( 27 , 43 , 45 ) is primarily a result of ATPase-
stimulated dissociation. 

We corroborated the slow nucleic acid binding kinetics 
of the constitutively open mutants by adapting an estab- 
lished fluorescence-based unwinding assay. In this assay, dis- 
placement of a fluorescently labeled oligonucleotide strand 

by UPF1 results in quenching by a complementary oligonu- 
cleotide ( Supplementary Figure S3 A). With this assay, we 
first confirmed that a commonly used minimal UPF2 frag- 
ment (UPF2-S, containing the third MIF4G domain and UPF1 

binding domain; Supplementary Figure S1 A, right) enhanced 

UPF1-CH-HD unwinding on various DNA and RNA sub- 
strates in a dose-dependent manner ( Supplementary Figure 
S3 B-C) but did not significantly affect UPF1-CH-HD relative 
processivity ( Supplementary Figure S3 D-E, Supplementary 
Materials and Methods ). However, we observed drastically 
different unwinding kinetics when we varied the duration of 
incubation of UPF1 or UPF1-UPF2 complexes with the un- 
winding assay substrate ( Supplementary Figure S3 F). Unwind- 
ing activity increased markedly with increasing incubation 

time for UPF1-CH-HD / UPF2-S complexes but not UPF1-CH- 
HD alone ( Supplementary Figure S3 G-I), indicating that the 
complex may bind the substrate more slowly. To distinguish 

between effects caused by UPF2 binding and those caused 

by the open state of UPF1, we mimicked the open state by 
using a UPF1 construct lacking the CH domain (UPF1-HD; 
Supplementary Figure S1 A, left). Like UPF1-UPF2 complexes,
UPF1-HD showed enhanced sensitivity to incubation time for 
unwinding activity ( Supplementary Figure S3 I). This result 
was further supported by fluorescence anisotropy equilibrium 

binding assays, in which we observed reduced nucleic acid 

binding affinity of F192E compared to WT UPF1-CH-HD in 

both the presence and absence of ATP ( Supplementary Figure 
S3 J). In sum, our findings indicate that slow nucleic acid bind- 
ing kinetics are an intrinsic property of the open state of UPF1.

UPF2 enhances UPF1 ATP-stimulated dissociation 

from RNA by promoting the open state 

The open state induced by UPF2 appears to delay initial UPF1 

binding to nucleic acids (Figure 1 F, Supplementary Figure S2 E) 
but also enhances UPF1 enzymatic activity on nucleic acids 
( Supplementary Figure S3 B-C) ( 24 ,27 ). We next investigated 

how UPF2 affects UPF1 dissociation from nucleic acids, since 
UPF1 dissociation from RNA is thought to be an impor- 
tant determinant of NMD efficiency and specificity ( 5 ,33–
35 , 38 , 46 ). Using BLI, we incubated the sensors containing 
UPF1-bound RNA in buffer (Figure 1 C, step 5), which caused 

negligible ATP-independent dissociation of UPF1 (Figure 1 D–
E , step 5). When we moved the complex into a solution 

with saturating ATP and trap strand to capture any dis- 
sociated UPF1 molecules (Figure 1 C, step 6), we observed 

rapid ATP-stimulated dissociation (Figure 1 D, step 6), which 

was significantly faster with the open F192E and I757R mu- 
tants (Figure 1 E, step 6; Figure 1 G). The same relative dis- 
sociation kinetics among the mutants studied were observed 

with DNA substrates ( Supplementary Figure S2 B, C, step 6,
Supplementary Figure S2 H). 

To corroborate the finding that constitutively open mutants 
undergo accelerated ATP-stimulated dissociation, we used a 
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Figure 1. Open UPF1-CH-HD mutants exhibit slower RNA binding but faster ATP-stimulated dissociation. ( A ) Schematic of possible biochemical and 
bioph y sical differences between the closed and UPF2-induced open states of UPF1. ( B ) Schematic of disinhibited open UPF1 mutants, F192E and 
I757R. ( C ) Schematic of the Octet Bio-La y er Interferometry (BLI) system, using biotin-streptavidin coated surface sensors (1). Sensors were sequentially 
dipped into wells with 10 nM of 50 nt biotinylated RNA oligonucleotide (2), buffer (3), varying concentrations of UPF1-CH-HD (4), buffer (5), and 2 mM 

ATP and 50 μM of 51 nt trap strand (not shown for clarity) (6). (D, E) Representative BLI traces of UPF1-CH-HD WT ( D ) and I757R ( E ) with 10 nM RNA. 
( F ) RNA on-rates calculated from 2 independent BLI experiments. ( G ) RNA ATP-dependent off-rates calculated from two independent BLI experiments. 
Error bars represent standard deviation. An ordinary one-way ANO V A statistical test was performed, with comparison between WT and each mutant 
(*** P < 0.001, **** P < 0.0001). 
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previously developed fluorescence anisotropy-based dissocia-
tion (FAD) assay. In this assay, fluorescence polarization de-
creases over time as UPF1 molecules dissociate from the flu-
orescent substrate and are captured by the excess trap strand
in solution (Figure 2 A) ( 34 ). With this assay, we found that
UPF1-CH-HD underwent efficient ATP-stimulated dissocia-
tion from the substrate (Figure 2 B, orange curve), and UPF2-
S enhanced this dissociation (Figure 2 B, red curve). We also
performed control experiments to verify that UPF2-S did not
detectably bind the fluorescent substrate under these assay
conditions ( Supplementary Figure S4 A). Additionally, we ob-
served high rates of UPF2-independent ATP-stimulated dis-
sociation of I757R and F192E (Figure 2 C, Supplementary 
Figure S4 B). These findings were recapitulated with structured
substrates ( Supplementary Figure S4 C) and at a higher pH
( Supplementary Figure S4 D). 

The higher rates of ATP-stimulated dissociation of
F192E and I757R in the absence of UPF2-S (Figure 1 G,
Supplementary Figure S2 H, Supplementary Figure S4 B) sug-
gest that UPF2 primarily promotes UPF1 dissociation from
nucleic acids by stimulating ATP hydrolysis ( 5 , 17 , 27 , 42–44 ).
We therefore predicted that slowing the ATP hydrolysis rates
of the F192E and I757R proteins would correspondingly
slow their dissociation. To test this hypothesis, we combined
F192E or I757R with a mutation that decreases UPF1 ATPase
rate, E797R ( 34 ). As predicted, the compound F192E / E797R
(FE-ER) and I757R / E797R (IR-ER) mutants both under-
went slower ATP-stimulated dissociation than the F192E and
I757R mutants alone, with rates intermediate between disin-
hibited mutants and WT in BLI assays on RNA substrates
(Figure 2 D). The addition of E797R to the disinhibited mu-
tants did not affect RNA on-rates (Figure 2 E), consistent with
the idea that slow on-rates are an intrinsic feature of the open
state. We observed a similar reduction in ATP-dependent off-
rates from DNA in FAD ( Supplementary Figure S4 B) and BLI
assays ( Supplementary Figure S4 E) on DNA substrates, with-
out affecting DNA on-rates ( Supplementary Figure S4 F). 

In silico modeling predicts cellular UPF1–RNA 

interactions are dominated by intrinsic kinetic 

properties of UPF1 rather than UPF2-induced 

kinetic properties 

UPF2 has the potential to both positively and negatively reg-
ulate UPF1 function in NMD by slowing down initial RNA
binding, enhancing unwinding / translocation, and / or enhanc-
ing ATP-stimulated dissociation from RNA. However, these
effects are likely constrained by the relative abundances of
UPF1 and UPF2 in human cells, as proteomic studies es-
timate that UPF1 is approximately 10-fold more abundant
than UPF2 in HEK-293T cells ( ∼450 000 versus ∼54 000
molecules per cell) ( 47 ,48 ). To better understand the rela-
tive contributions of UPF2 to UPF1 occupancy on mRNAs
in cells, we used our experimentally determined kinetic pa-
rameters of UPF1-RNA (Figure 2 D-E and UPF1–UPF2 inter-
actions ( Supplementary Figure S5 A-D) to simulate interac-
tions among equimolar amounts of RNA and UPF1 and differ-
ing quantities of UPF2 (Figure 3 A, Supplementary Table S4 ).
Computational modeling predicted that UPF2 can only sup-
press the fraction of UPF1 bound to RNA at high UPF2:UPF1
stoichiometries (Figure 3 B). Correspondingly, a large majority
of UPF1 association (Figure 3 C) and dissociation (Figure 3 D)
events are predicted to occur independent of UPF2 at the phys-
iological UPF2:UPF1:mRNA stoichiometry of 1:10:10 (Figure 
3 C, D, 0.1 column). Taken together, intrinsic UPF1 properties 
are likely to be largely responsible for cellular RNA interac- 
tions, with minimal effects from UPF2 due to its lower relative 
abundance to UPF1. 

Our finding of efficient ATPase-stimulated release of UPF1 

from nucleic acids in the absence of UPF2 (Figure 1 D, step 

6; Figure 2 B, orange curve; Supplementary Figure S2 B, step 

6) raised the question of whether this requires spontaneous 
undocking of the CH domain into the open state. Alterna- 
tively, UPF1 ATP hydrolysis and RNA release could occur 
at slower rates in the closed state compared to the open 

state. To gain insight into this question, we combined multiple 
turnover unwinding assays on different structured substrates 
( Supplementary Figure S6 A–C) with computational kinetic 
modeling. We observed that UPF1 unwound short hairpin 

DNA (hpDNA) substrates with biphasic kinetics in multiple- 
and single-turnover conditions ( Supplementary Figure S6 B,
D, E). We did not observe these biphasic kinetics with the 
open F192E mutant ( Supplementary Figure S6 F) or UPF1-HD 

( 34 ). Computational modeling ( Supplementary Materials & 

Methods ) predicted that this kinetic profile is consistent with 

UPF1 unwinding 0.75 bp / s in the open state and 0.025–0.1 

bp / s in the closed state, with a 0.005–0.1 probability of open- 
ing per bp step and a 0.0–0.5 probability of closing per bp step 

( Supplementary Figure S6 G, panels boxed in red indicating at 
least one simulated curve matches the experimental data). This 
indicates that not only can UPF1 unwind without UPF2, but 
also has the ability to stochastically switch between the open 

and closed states, with activity in both states. 

Identification of UPF1 mutants with more strongly 

autoinhibited helicase activity 

Based on the predicted central importance of intrinsic UPF1 

properties in determining UPF1-RNA interaction dynamics 
(Figure 3 ), we pursued a strategy of identifying and / or char- 
acterizing UPF1 mutants with alterations in autoinhibition,
A TP hydrolysis, and A TP-stimulated dissociation. This work 

was bolstered by our unexpected identification of a UPF1 

residue located at the 3 

′ end of the RNA binding channel,
G619 (Figure 4 A), that can be mutated to generate proteins 
that exhibit more strongly autoinhibited helicase activity and 

are thus more reliant on UPF2 for enzymatic activation. In the 
course of characterizing hits from two parallel in silico screens 
( Supplementary Figure S7 A–C; Supplementary Tables S5 and 

S6 ) ( 34 ) to identify UPF1 mutants with differential RNA bind- 
ing properties in the open and closed states, we found that mu- 
tation of G619 to histidine, phenylalanine, or tyrosine resulted 

in stronger autoinhibition of UPF1 helicase activity. 
In the presence of UPF2-S, the G619H, G619F and G619Y 

mutants exhibited unwinding activity comparable to WT 

UPF1-CH-HD on DNA (Figure 4 B, C, Supplementary Figure 
S8 A, B, red curves; Figure 4 D, red bars) and RNA (Fig- 
ure 4 E, F, Supplementary Figure S8 C, D, red curves; Fig- 
ure 4 G, red bars), but without UPF2-S, they showed signifi- 
cantly lower unwinding activity compared to WT in the ab- 
sence of UPF2-S (Figure 4 B–G, Supplementary Figure S8 A–
D, orange curves / bars). G619H, G619F, and G619Y mutants 
had minimal dissociation defects on DNA substrates with a 
3 

′ overhang compared to WT ( Supplementary Figure S9 A–
E) but exhibited modestly slower ATP-stimulated dissoci- 
ation from substrates containing a double-stranded region 
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Figure 2. UPF1-CH-HD exhibits efficient ATP-stimulated dissociation from nucleic acids, an activity enhanced in the open state. ( A ) Schematic of the 
fluorescence anisotrop y -based dissociation (FAD) assa y . UPF1 -CH-HD w as in 5-f old molar e x cess (71.25 nM) o v er the substrate (14.25 nM) and UPF2-S 
(not shown) was in 10-fold molar excess (142.5 nM) over the substrate unless otherwise indicated. Trap strand was added at 10 0 0-fold molar excess 
(14.25 μM) to the substrate immediately prior to injection of ATP. (B, C) R epresentativ e curv es of FAD of WT UPF1-CH-HD ( B ) or F192E ( C ) with an 80 nt 
3 ′ DNA o v erhang substrate. 10 0 0-f old molar e x cess of trap strand w as added bef ore UPF1-CH-HD addition to the substrate in trap controls (black and 
gra y curv es). (D, E) As in Figure 1 G ( D ) and Figure 1 F ( E ), from 2 independent BLI e xperiments using RNA and the indicated mutants. Error bars 
represent standard deviation. An ordinary one-way ANO V A statistical test was performed, with comparison between WT and each mutant (*** P < 

0.001, **** P < 0.0001). 
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Figure 4 H, I, Supplementary Figure S8 E, F, compare or-
nge curves to blue curves; Figure 4 J, orange bars). This de-
ect was overcome when UPF2-S was present (Figure 4 H, I,
upplementary Figure S8 E, F, compare red curves to green
urves; Figure 4 J, red bars). These mutants did not exhibit
ucleic acid binding defects, as measured by fluorescence
nisotropy ( Supplementary Figure S9 F–I) or increased Alexa
luor 647-labeled UPF2-S binding, as measured by microscale
hermophoresis (MST, Supplementary Figure S9 J). 

In contrast, mutation of G619 to non-aromatic residues
i.e. G619K and G619C) were not more autoinhibited
han WT in either unwinding ( Supplementary Figure S10 A-
) or dissociation assays ( Supplementary Figure S10 G-J).
n fact, G619K had slightly higher unwinding activity
 Supplementary Figure S10 A–C), as previously reported for
619K in the UPF1-HD construct ( 34 ). Furthermore, mu-

ating G619 did not appear to influence nucleic acid on-
ate, as G619K and G619H both exhibited WT-like on-rates
 Supplementary Figure S10 K, L). Only G619K modestly en-
anced ATP-dependent off-rates on single-stranded substrates
n BLI experiments ( Supplementary Figure S10 M). Together,
e find that the G619H, G619F and G619Y mutants exhibit
more autoinhibited helicase activity but that UPF2 binding is
sufficient to overcome this enhanced autoinhibition. Increased
autoinhibition of these mutants could be a result of base stack-
ing interactions between the nucleic acid substrate and the
aromatic residue at position 619 or conformational changes
caused by the introduction of bulky residues near the RNA
binding channel. 

UPF1 mutants with more strongly autoinhibited 

helicase activity support regulation of canonical 
NMD targets 

To test the effects of UPF1 autoinhibition and ATPase acti-
vation on cellular NMD, we assembled a panel of new and
previously characterized UPF1 mutants with alterations in
various aspects of catalytic activation and ATP-stimulated
dissociation. The panel comprises UPF1 mutants with (i)
impaired ATP-stimulated dissociation (ATPase-deficient mu-
tants K498A ( 22 ,45 ), DE636AA ( 23 ,49 ), and R843C ( 50 ,51 );
mechanically impaired A546H ( 34 ,52 )), (ii) impaired me-
chanical properties but restored ATP-stimulated dissociation
(G619K / A546H [GA-KH] ( 34 )), (iii) increased autoinhibition

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae136#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae136#supplementary-data
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(G619H, G619F, G619Y), (iv) decreased autoinhibition with
slower nucleic acid on-rates and accelerated ATP-stimulated
dissociation (F192E, I757R) and (v) decreased autoinhibition
with slower nucleic acid on-rates but rates of ATP-stimulated
dissociation closer to WT levels (FE-ER and IR-ER) (Fig-
ure 5 A). 

To evaluate cellular NMD functionality, we generated cell
lines stably expressing siRNA-resistant N-terminal CLIP-
tagged versions of these UPF1 mutants at levels comparable
to endogenous UPF1 ( 34 ) and performed knockdown / rescue
experiments followed by RT-qPCR or RNA-seq (Figure 5 B).
Knockdown of endogenous UPF1 caused up-regulation of sev-
eral well-characterized NMD target mRNAs (e.g. containing
a premature termination codon [PTC] or long 3 

′ UTR), an
effect completely counteracted by expression of WT CLIP-
UPF1 but not the CLIP tag alone (Figure 5 C). Despite having
a distinctly greater dependence on UPF2 for enzymatic activa-
tion in vitro , the more strongly autoinhibited G619H, G619F
and G619Y mutants fully rescued the effects of endogenous
UPF1 knockdown (Figure 5 C). Because these mutants were
indistinguishable from WT UPF1 or the control G619K mu-
tant in knockdown / rescue experiments, we chose to focus fur-
ther tests of the butterfly model on UPF1 mutants with altered
ATP-dependent dissociation from RNA. 

UPF1 mutants with impaired ATP-stimulated 

dissociation exhibit cellular NMD defects 

In RNA-seq of knockdown / rescue experiments, we confirmed
that UPF1 mutants with RNA dissociation defects did not re-
store NMD as well as WT UPF1. We evaluated UPF1 activ-
ity in two ways. First, we monitored overall changes in RNA
abundance by gene-level differential expression analyses (Fig-
ure 5 D and Supplementary Figure S11 A–C). Second, we in-
vestigated isoform-specific effects of UPF1 knockdown and
rescue by performing splice junction-level analyses of differ-
ential transcript isoform usage ( Supplementary Figure S11 D,
E). This approach focuses on reads arising from cassette exon
splicing events and thus enriches for transcriptome alterations
linked to PTCs. NMD-deficient mutants in this class consist
of A546H, which is defective for ATP-stimulated dissociation
from structured substrates ( 34 ), and extensively characterized
ATPase-deficient mutants K498A, DE636AA, and R843C. In
contrast, E797R, which hydrolyzes ATP slowly, and the GA-
KH compound mutant that exhibits A546H-like mechanical
deficiencies but restored ATP-stimulated dissociation relative
to A546H, promoted NMD, with similar efficiency as WT
CLIP-UPF1 (Figure 5 D, Supplementary Figure S11 A–E). To-
gether these results support the idea that cellular NMD relies
on proper ATP-stimulated dissociation of UPF1 from RNA. 

Constitutively open UPF1 mutant F192E impairs 

UPF2 association and phosphorylation 

We next set out to determine the functional consequences of
constitutive relief of UPF1 autoinhibition. As part of our ini-
tial cellular characterization of UPF1 mutants, we assayed in-
teractions between selected representatives of the UPF1 mu-
tant classes and UPF2 by immunoprecipitation of endogenous
UPF2. Along with selected mutants from above, we included
two additional UPF1 mutants as positive controls, VV204-
5DI (VVDI) and LECY181-4VRVD (LECY), previously found
to have moderate and severe reductions in UPF2 binding, re-
spectively ( 14 ). Both VVDI and LECY exhibited barely de-
tectable UPF2 binding in this assay ( Supplementary Figure 
S12 A), and both correspondingly showed a drastic reduction 

in steady-state phosphorylation ( Supplementary Figure S12 B- 
C). I757R, IR-ER, E797R and G619H retained full associ- 
ation with UPF2, but F192E and FE-ER exhibited reduced 

co-immunoprecipitation with UPF2 ( Supplementary Figure 
S12 A,D), consistent with evidence of direct binding of the 
F192 residue by UPF2 ( 28 ). F192E and FE-ER were corre- 
spondingly phosphorylated at significantly lower levels, likely 
due to their reduced association with UPF2 ( Supplementary 
Figure S12 E, F). Despite kinetic similarities, this distinguishes 
I757R and IR-ER from F192E and FE-ER by UPF2 binding 
and subsequent phosphorylation, which can influence NMD. 

Constitutively open UPF1 mutants are partially 

defective for cellular NMD 

In RNA-seq of knockdown / rescue experiments, I757R re- 
stored NMD to a greater extent than F192E, as determined 

by gene-level differential expression analyses (Figure 6 A, B) 
and splice junction-level analyses of NMD-sensitive transcript 
isoforms (Figure 6 C). Lower NMD activity of F192E is con- 
sistent with our observation of impaired F192E UPF2 asso- 
ciation and phosphorylation ( Supplementary Figure S12 A–
F). F192E was less active than the WT and E797R posi- 
tive controls on NMD targets but more active than LECY 

(Figure 6 A–C, Supplementary Figure S12 G), suggesting that 
F192E retains some ability to recruit UPF2. This is consistent 
with impaired UPF2 binding and phosphorylation of VVDI 
( Supplementary Figure S12 A–C), yet moderate restoration of 
NMD target regulation ( Supplementary Figure S12 G). We hy- 
pothesized that increasing the residence time of F192E on 

RNA using the FE-ER mutant would increase the probability 
of interaction with pro-decay factors, and thus enhance NMD 

efficiency. In support of this model, the compound FE-ER mu- 
tant more efficiently restored NMD transcriptome-wide rela- 
tive to F192E, such that it attained similar activity to I757R 

(Figure 6 A–C). Addition of the E797R mutation in the I757R 

background (i.e. IR-ER) yielded no further increase in NMD 

rescue compared to I757R (Figure 6 A–C), indicating that the 
constitutively activated mutants have defects that cannot be 
overcome by slowing the rate of ATP hydrolysis. Together, our 
data suggest that constitutive undocking of the CH domain 

has multiple impacts on UPF1 biochemical activities but can 

be partially alleviated by reducing the rate of ATP-stimulated 

dissociation from RNA. 

Discussion 

The fact that autoinhibition of UPF1 catalytic activity is con- 
served throughout eukaryotes implies that it plays an impor- 
tant role in cellular NMD ( 27 ). However, the mechanisms by 
which UPF1 autoinhibition and activation by UPF2 promote 
mRNA decay are poorly understood and there have been no 

previous studies of the binding and dissociation kinetics of 
the closed versus open states of UPF1. To address this gap,
we used a combination of biochemical / biophysical, computa- 
tional, and sequencing-based methods to identify and charac- 
terize UPF1 mutants. We find that the open state of UPF1 has 
slower association kinetics and faster ATP-stimulated disso- 
ciation kinetics to and from nucleic acids, respectively (Fig- 
ures 1 , 2 and 6 D). Computational modeling based on ki- 
netic measurements suggest that the low cellular abundance of 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae136#supplementary-data
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Figure 5. Impaired ATP-stimulated dissociation, but not increased autoinhibition of UPF1, perturbs mammalian NMD. ( A ) Qualitative classification of 
UPF1 mutants based on in vitro characterization from this study and previous work ( 34 ). Omission of a property does not mean the mutant does not 
ha v e that property, as not all assa y s w ere perf ormed using all mutants. ( B ) Sc hematic of knoc kdo wn / rescue e xperiments in Flp-In T-R e x 293 cells stably 
expressing siRNA-resistant CLIP-UPF1 mutants. Rescue efficiency was determined using RT-qPCR of canonical NMD target mRNAs or 
transcriptome-wide using RNA-seq. ( C ) mRNA le v els of NMD targets relative to GAPDH using RT-qPCR normalized to the siNT CLIP condition from 

three independent experiments. UPF1 3 ′ UTR mRNA levels were measured to determine the extent of endogenous UPF1 knockdown. SRSF2 and 
SRSF3 primers were specific for PTC-containing exons. Error bars represent standard deviation. siNT indicates non-targeting siRNA and siUPF1 
indicates UPF1 siRNA. A tw o-w a y ANO V A statistical test w as perf ormed, with comparison betw een each siUPF1 condition and the siNT CLIP condition 
(* P < 0.0 0 01, Supplement ary Table S7 ). ( D ) Gene-le v el analy sis of RNA-seq data of knockdo wn / rescue e xperiments from 3 independent e xperiments, 
filtered for genes that were upregulated > 2-fold in the siUPF1 CLIP condition and rescued > 75% in the siUPF1 WT condition. All gene abundances 
were compared to the siNT CLIP control condition. Only endogenous UPF1 knockdown conditions are shown. Both rows (genes) and columns (mutants) 
were clustered using the default parameters of the seaborn clustermap python package ( 55 ). Row dendrogram is not shown for clarity. See 
Supplementary Table S8 for complete differential gene expression data. 
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PF2 limits its impact on UPF1-RNA interactions. At cellular
PF2:UPF1:mRNA stoichiometries, modeling predicts that

he majority of UPF1-RNA binding and dissociation events
ccur in the absence of UPF2 (Figure 3 ). As an orthogonal
robe of the impact of UPF1 autoinhibition on NMD effi-
iency, we discovered new UPF1 mutants that exhibit stronger
utoinhibition of helicase activity in the absence of UPF2 (Fig-
re 4 ) and are able to support decay of canonical NMD target
RNAs (Figure 5 ). In contrast, UPF1 mutants that are unable

o undergo efficient ATP-stimulated dissociation or are perpet-
ally in the open state have reduced NMD activity in human
ells (Figures 5 and 6 ). These findings are consistent with the
ecently proposed butterfly model of NMD, in which an im-
ortant function of UPF1 ATPase activity is autoregulation of
NA binding ( 34 ). 
Importantly, UPF1 does not require UPF2 for ATP hydrol-

sis or ATP-stimulated dissociation. Instead, UPF2 acceler-
tes the rates of both processes (Figure 2 and Figure 6 D)
 5 , 17 , 27 , 42–44 ). This implies that UPF1 sampling of the tran-
criptome through successive rounds of binding and dissoci-
tion need not require activation by UPF2. In line with this,
odeling of interactions among UPF1, UPF2, and RNA that

akes into account experimentally derived kinetic parameters
nd cellular abundance of these components predicts that
 large fraction of UPF1-RNA association and dissociation
vents are UPF2-independent (Figure 3 ). Further, we lever-
ge the kinetic measurements of in vitro hairpin unwinding
xperiments to perform modeling that indicates UPF1 cat-
lytic activity can occur in both the open and closed states
 Supplementary Figure S6 ). These results blur the line be-
ween the previously proposed RNA-clamping versus RNA-
nwinding modes of the closed versus open states, respectively
 27 ). More in-depth experiments to directly interrogate the re-
ationship between CH domain undocking and enzymatic ac-
ivity will be required to further elucidate opening and closing
ynamics. 
While our experimental data and computational modeling

uggest that most cellular UPF1-RNA association and disso-
iation events are UPF2-independent, the inhibitory effects of
PF2 binding on UPF1 may still be important in multiple
ays. For instance, slow UPF1-UPF2 association with RNA
ay help to impose an order of assembly such that UPF1
inding to potential substrates is followed by UPF2 binding.
his mechanism may help prevent promiscuous RNA decay,
s it disfavors initial binding between mRNAs and the pro-
ecay UPF1-UPF2 complex. This mechanism could also en-
orce preferential decay of mRNAs harboring one or more
xon junction complexes (EJCs), as UPF2 recruitment to EJCs
ould in turn drive UPF1-UPF2 interactions, UPF1 phospho-

ylation, and decay. A second mechanism by which UPF2 may
elp enforce decay specificity is by stimulating dissociation of
PF1. UPF2 association with UPF1 bound in a context that
oes not meet additional requirements for decay may help to
ecycle UPF1 off RNAs more quickly. In this scenario, UPF2
ould serve a proofreading role to prevent inappropriate de-

ay by decreasing the kinetic window for decay initiation. 
The data presented here also reinforce previous findings

hat UPF1 mutants with impaired ability to perform work
n the form of unwinding and protein displacement can be
ully competent for NMD ( 34 ). The GA-KH double mutant
nwinds slowly ( ∼0.25 bp / sec) with poor processivity ( ∼10–
0 bp per binding event) and is mechanochemically uncou-
led ( 34 ), yet almost precisely phenocopies wild-type UPF1
transcriptome-wide in knockdown / rescue experiments (Fig-
ure 5 , Supplementary Figure S11 ). Likewise, the E797R mu-
tation slows the rates of ATP hydrolysis and translocation
( ∼0.2 bp / sec) but permits equal or modestly greater NMD
rescue following endogenous UPF1 knockdown (Figures 5 –
6 , Supplementary Figure S11 ). These findings are compatible
with ATP-dependent roles for UPF1 in local RNP remodel-
ing or ribosome recycling ( 25 ,26 ), but strongly argue against
models in which UPF1 acts as a processive RNP remodeler
to promote RNA degradation. Further, the substantial activ-
ity of constitutively active mutants in cells (Figure 6 ), suggest
that specific activation of UPF1 enzymatic activity in response
to UPF2 binding or other triggers is largely dispensable for
NMD. 

The partial improvement in NMD activity of the FE-ER
double-mutant relative to the F192E mutant alone is consis-
tent with the hypothesis that one function of UPF1 autoin-
hibition is to slow the rate of ATP-stimulated dissociation.
However, we did not see a similar effect for the IR-ER double-
mutant versus I757R (Figure 6 ). Given the multifaceted roles
of UPF1 in NMD, it is likely that constitutively open UPF1
mutants have impaired activity for multiple reasons, some of
which can be ameliorated by depressing overall ATPase ac-
tivity and some of which cannot. Interestingly, I757R and IR-
ER both showed similar NMD efficiencies as FE-ER, suggest-
ing that WT levels of UPF2 binding and phosphorylation may
insulate them from other defects. We identified four relevant
properties of F192E that may contribute to decreased activity
in NMD: slower RNA on-rate, faster RNA ATP-dependent
off-rate, reduced UPF2 association, and reduced phosphory-
lation. I757R and IR-ER were stably associated with UPF2
in co-immunoprecipitation experiments and were phosphory-
lated at levels comparable to WT UPF1. Like F192E and FE-
ER, the on-rates of I757R and IR-ER were reduced, and we
cannot exclude the possibility that other aspects of the mu-
tant proteins’ interactions, folding, or enzymatic activities are
perturbed. Future investigation will be required to dissect the
functional contributions of the closed and open states of UPF1
to NMD. 

An open question not addressed in our work is whether
UPF1 dissociation from RNAs is inhibited at a particular stage
of NMD, either before or after the commitment to decay. One
possibility is that UPF1 phosphorylation and / or translation
termination directly affect UPF1 dissociation rates by modu-
lating ATP hydrolysis ( 5 ,12 ). Alternatively, higher-order com-
plex assembly initiated by SMG5, SMG6, and / or SMG7 bind-
ing to phosphorylated UPF1 may establish multivalent inter-
actions capable of holding UPF1 in proximity to RNA despite
the disruptive effect of ATP hydrolysis on UPF1-RNA inter-
actions ( 15 ,20 ). In addition, RNA-binding proteins such as
Staufen and the histone stem-loop binding protein may tether
UPF1 to RNA, preventing its dissociation ( 53 ,54 ). Similarly,
the mammalian ‘long-loop’ alternative isoform of UPF1 is less
susceptible to ATPase-stimulated dissociation, allowing it to
function on RNAs normally immune to decay ( 37 ). 

Data availability 

Data and scripts for modeling and analysis supporting all fig-
ures are deposited in the figshare Database: https://doi.org/
10.25444/nhlbi.24496225 . High-throughput sequencing data
are available in NCBI GEO Database SuperSet GSE246485
(containing GSE246483 and GSE246484). 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae136#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae136#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae136#supplementary-data
https://doi.org/10.25444/nhlbi.24496225
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