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Abstract 

Upf1 RNA helicase is a pivotal factor in the conserved nonsense-mediated mRNA decay (NMD) process. Upf1 is responsible for coordinating the 
recognition of premature termination codons (PTCs) in a translation-dependent manner and subsequently triggering mRNA degradation. Multiple 
factors assist Upf1 during these tw o consecutiv e steps. In Saccharom y ces cere visiae , Upf2 and Upf3 associated with Upf1 (Upf1-2 / 3) contribute 
to PTC recognition but are absent from the Upf1-decapping complex that includes Nmd4, Ebs1, Dcp1, and Dcp2. Despite their importance for 
NMD, the organization and dynamics of these Upf1-containing comple x es remain unclear. Using recombinant proteins, here w e sho w ho w 

distinct domains of Upf1 make direct contacts with Dcp1 / Dcp2, Nmd4, and Ebs1. These proteins also bind to each other, forming an extended 
network of interactions within the Upf1-decapping complex. Dcp2 and Upf2 compete for the same binding site on the N-terminal CH domain 
of Upf1, which explains the presence of two mutually exclusive Upf1-containing complexes in cells. Our data demonstrate that Nmd4-assisted 
recruitment of Upf1 promotes anchoring of the decapping enzyme to NMD targets. 
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ntroduction 

o ensure correct cellular function, transcriptome homeosta-
is and attenuation of deleterious effects of gene expression er-
ors, multiple quality control pathways quickly degrade aber-
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physiological transcripts lacking PTCs [ 1–4 ]. Hence, NMD is
implicated in a wide range of cellular processes, including dif-
ferentiation [ 5 , 6 ], stress response [ 7 ], and immune surveil-
lance [ 8 , 9 ]. Thus, NMD deregulation is linked to several
pathologies, including cancer [ 10 ], neurodegeneration [ 11 ],
and genetic disorders [ 12 ]. 

NMD likely unfolds in two sequential stages: an initial
recognition of RNA targets followed by the recruitment of de-
cay factors that irreversibly trigger RNA degradation. These
coordinated and successive steps are governed by the evolu-
tionarily conserved RNA helicase Upf1 [ 13 , 14 ]. Upf1 binds
nucleic acids (NAs) and is able to translocate directionally
along RNA using the energy from ATP hydrolysis [ 15–17 ].
Thus, it can unwind double-stranded NA, translocate along
single-stranded NA, and remodel mRNPs in vitro [ 15 , 16 ,
18 ]. Its helicase activity, ATPase activity, and processivity are
essential for efficient target recognition and degradation in
vivo [ 17 , 19 ]. Together with Upf2 and Upf3, the Upf pro-
teins form a trimeric complex (Upf1-2 / 3) essential for NMD
[ 20 , 21 ]. However, the precise sequence of events, from Upf1
recruitment to the onset of degradation, is not completely
understood. 

In the yeast Saccharomyces cerevisiae ( S.c.), NMD is trig-
gered by a PTC distant from the poly (A) tail [ 22 ]. An in-
creased distance between the terminating ribosome and the
poly (A) binding proteins decreases the efficiency of transla-
tion termination [ 23 , 24 ]. Consequently, it likely provides time
for the Upf1-2 / 3 trimeric complex to be recruited onto the tar-
get mRNA. In mammals and other metazoans, additional lay-
ers of regulation contribute to the complexity of NMD [ 25 ].
These include Upf1 phosphorylation [ 26 , 27 ] and interactions
with specific partners, such as Smg1, Smg6, and Smg5 / 7 [ 28–
30 ]. The presence of a stop codon at least 50–55 nucleotides
upstream a spliced junction carrying an exon junction com-
plex also elicits NMD [ 31–33 ]. 

Degradation of metazoan NMD targets can be achieved
by different RNA-decay mechanisms including decapping [ 34 ,
35 ], endonucleolytic cleavage [ 36–38 ], and deadenylation [ 39 ,
40 ]. In yeast, the degradation of NMD targets is mostly at-
tributed to deadenylation-independent decapping [ 41 ]. The
decapping process relies on the catalytic activity of Dcp2,
assisted by its essential cofactor Dcp1 [ 42 , 43 ]. This het-
erodimeric complex hydrolyses the 5 

′ cap structure leading to
a 5 

′ phosphorylated RNA fragment that is tailored for subse-
quent degradation by the processive exonuclease Xrn1 [ 44 ].
Regardless of the organism, initiation of RNA decay, often
through decapping, is a key step that significantly influences
the degradation process. Thus, triggering of decapping must
be precise and stringently regulated to avoid off-target degra-
dation. Therefore, decapping activity is regulated by an array
of additional cofactors conferring target specificity [ 42 , 43 ]. 

Previous quantitative mass spectrometry analyses of NMD
complexes in S.c. revealed the existence of two distinct and
mutually exclusive Upf1-bound complexes: the conserved
Upf1-2 / 3 core complex and the Upf1-decapping complex that
includes the heterodimer Dcp1 / Dcp2 and its cofactor Edc3,
as well as the NMD cofactors Nmd4 and Ebs1, and the pro-
tein kinase Hrr25 [ 45 ]. Analyses of these complexes in strains
lacking Upf2 or Nmd4 show their sequential assembly, with
the Upf1-2 / 3 complex forming prior to the NMD decap-
ping complex [ 45 ]. The existence of two distinct Upf1-bound
complexes suggests direct regulation of RNA degradation by
Upf1-mediated recruitment of decay-inducing partners. Inter-
actions between Upf1 and Dcp2 have been previously estab- 
lished by two-hybrid experiments and coimmunoprecipitation 

studies in yeast and humans [ 40 , 46 , 47 ]. However, under- 
standing Upf1 recruitment mechanisms, as well as the intricate 
chronology of Upf1-bound complexes, is constrained by the 
inherent dynamism and transient nature of these complexes.
As a result, the mechanisms governing the recruitment and the 
dynamic interplay of components in NMD complexes remain 

elusive. 
Here, we investigate the molecular bases of the formation 

and function of the Upf1-2 / 3 and Upf1-decapping complexes 
in yeast by dissecting direct protein–protein interactions in 

vitro using recombinant proteins. We demonstrate that Upf1 

directly interacts with Ebs1, Nmd4, and the decapping het- 
erodimer Dcp1 / Dcp2. The two Upf1-binding motifs (UBMs) 
of Dcp2 compete with Upf2 for interaction with Upf1. Fur- 
thermore, we show that Upf1 is anchored to the mRNA in 

the presence of Dcp2 and Nmd4, contrary to the Upf1–Upf2 

complex. Altogether, our thorough biochemical characteriza- 
tion provides new insights into the successive events leading 
to mRNA degradation during NMD. 

Materials and methods 

cDNA cloning 

S.c. Upf1 full-length (FL, pHL1280), helicase domain 

(HD, pHL1281), and CH-HD truncation (pHL 1282) 
(Uniprot accession code: P30771) were cloned into a 
homemade variant of pET28a vector (Novagen) contain- 
ing calmodulin-binding protein (CBP) coding sequence 
(pHL5) and hexa-histidine tag (6-His or His) coding se- 
quence. Polymerase chain reaction (PCR) products were 
amplified using HLH2703 / HLH2704, HLH2705 / HLH2706,
and HLH2707 / HLH2706, respectively, and were inserted 

between NheI / XhoI. Truncations (CH, HD-Ct, and Ct,
respectively pHL1603, pHL1559, and pHL1566) were 
cloned by PCR amplification using phosphorylated oligonu- 
cleotides followed by ligation using HLH3765 / HLH2824,
HLH3641 / HLH3642, and HLH3641 / HLH3643 as oligonu- 
cleotides respectively and pHL1280 as matrix. Domain 

boundaries were defined according to previous studies [ 16 ]. 
S.c. Dcp2-UBM (pHL1637) (Uniprot accession code: 

P53550) was amplified using HLH3826 / HLH3841 

and cloned into pGEX-6P-1 vector (Cytiva) between 

BamHI / NotI. S.c . Dcp2-UBM1 (aa 434–508, pMG621) and 

UBM2 (aa 690–720, pMG676) were also cloned into pGEX- 
6P-1 vector between BamHI / NotI. GST-Dcp1 (pBS4576) and 

GST-Dcp1 / Dcp2-S aa 1–315, pBS5135) were generated as 
described in [ 48 ]. Dcp2-L2 (aa 1–663) and Dcp2-L (aa 1–720) 
were cloned into pBS5135. For S.c. Dcp2-UBM-4R mutant 
(pHL 1937), a gene block containing the modified sequence 
was ordered from Eurofins and cloned into pGEX-6P-1 

vector between BamHI / NotI. 
S.c. Nmd4 full-length coding sequence (Uniprot accession 

code: Q12129) was provided by C. Saveanu [ 45 ]. The se- 
quence was cloned into a homemade variant of pET28a vector 
(Novagen) containing Twin-Strep-tag (TS) coding sequence 
(pHL1567) to produce TS-Nmd4-His. It was cloned into 

pHL5 to produce CBP-Nmd4-His. To produce the C-terminal 
His-tagged version, it was cloned into pet28a. Finally, the 
pMG838 plasmid expressing the HisZZ-tagged Nmd4 pro- 
tein was generated as described in [ 49 ]. 
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S.c. Ebs1 (1–591) coding sequence (Uniprot accession code:
03466) was provided by C. Saveanu [ 45 ] and cloned

nto a homemade variant of pET28a (Novagen) containing
lutathion-S-Transferase coding sequence (pHL6) to obtain
HL1513 or CBP (pHL5) to obtain pHL1514. Both PCR
roducts were amplified using Ebsrev / Ebsfw and inserted be-
ween NdeI and XhoI. To produce the His-SUMO-tagged ver-
ion, Ebs1 (1–591) was amplified using HLH3801 / HLH3802
nd inserted between NotI and XhoI into a modified pBR322
ector with His-SUMO tag at the 3 

′ end [ 50 ]. 
S.c. Upf2 (933–1089) coding sequence (Uniprot accession

ode: P38798) was amplified using Upf2-933-NdeI-for / Upf2-
089-NotI-rev and cloned between NdeI / NotI into a modified
ET9b vector with an addition of a sequence coding for an
exahistine tag at the 3 

′ end of the gene (pMG462). 
The CBP-HisZZ plasmid was cloned by Gibson assembly

sing a gene block containing CBP coding sequence ordered
rom IDT inserted between NcoI and NdeI within a pet28b
ector containing the HisZZ coding sequence [ 49 ]. 

Oligonucleotides: 
HLH2703 (ctagacgctagcatggtcggttccggttctcacac) 
HLH2704 (catgacctcgagtattcccaaattgctgaagtcttttgac) 
HLH2705 (ctagacgctagcgaacaggaagcaatcccacc) 
HLH2706 (catgacctcgagaggacgaactaattgaacagtgc) 
HLH2707 (ctagacgctagctcgccttcagcttcagac) 
HLH3765 (ctctggggcgtcaatatcattaatt) 
HLH2824 (ctcgagcaccaccaccacc) 
HLH3641 (gctagccatatgctccttatcg) 
HLH3642 (gaacaggaagcaatcccacc) 
HLH3643 (cagccaagaaagactgaacg) 
HLH3826 (cctgggatccagcagctcctcccctgg) 
HLH3841 (cgatgcggccgcaagcttttttatcattcgccagac) 
Upf2-933-NdeI-for (gggaacatatgagcgactctgatttggagtatggtg

) 
Upf2-1089-NotI-rev 
(gggaacatatgcaccatcaccatcaccatgttcgaaagaacgttttaaaacaat 

tttttaatcttgtttcgc) 
Ebsfw (cccatatggctagcatggaaccatcga) 
Ebsrev (gtggtgctcgagcttaaatccaa) 
HLH3801 (aaaccggcggccgcatggaaccatcgaatacccaaaaag) 
HLH3802 (tcacgttatatctttaataagaaaattggatttaagtgactcgagc

ccac) 

rotein overexpression and purification 

L21 (DE3)-CodonPlus competent Esc heric hia coli bacteria
Agilent) were transformed with 500 ng of plasmid of interest
y 2 min at 42 

◦C heat shock. After addition of 1 ml of liq-
id Lysogeny Broth (LB) media and 1-h incubation at 37 

◦C,
ells were pelleted by 4 min centrifugation at 3500 g . The pel-
et was resuspended in 50 μl of LB media, plated in antibiotic
ontaining LB plates, and left to grow overnight at 37 

◦C. 2–3
olonies were resuspended in 25 ml of LB liquid media con-
aining antibiotic in a 250 ml of Erlenmeyer flask and incu-
ated at 37 

◦C, 200 rpm for 4 h. The bacteria were inoculated
n 1 l of autoinducible LB or TB (Terrific Broth) containing
etals (Formedium) added with the plasmid antibiotic resis-

ance (ampicillin 100 μg / ml or kanamycine 50 μg / ml) and
hloramphenicol (25 μg / ml) in a 5-l Erlenmeyer flask and in-
ubated at 18 

◦C, 200 rpm overnight. Bacterial cultures were
elleted by 10 min, 4000 g centrifugation at 4 

◦C. The pel-
et was resuspended in 25 ml of His-Lysis Buffer [1.59 mM
H 2 PO 4 , 4.5 mM, Na 2 HPO 4 , 231 mM NaCl, 1 mM MgAc2,
0.1% NP-40, 20 mM imidazole, 10% (v / v) glycerol, 2 mM
Dithiothreitol (DTT), pH 7.0]. Before sonication, 1 × of pro-
tease inhibitors (Apoprotinine, Leupeptine, PMSF, Pepstatin)
were added. Samples were sonicated in a metal beaker at 30%
amplitude and 1-s pulse during 4 min. To keep low temper-
atures, the beaker was placed on a mix of dry ice and ice.
The bacterial debris were pelleted by centrifugation for 30
min at 18 000 rpm. The supernatant was retrieved and mixed
with 1 ml of Nickel-NTA Agarose slurry (Qiagen) equilibrated
with His-Lysis Buffer. The sample was incubated in a rota-
tor for 1 h at 4 

◦C before centrifugation at 4000 rpm for 5
min at 4 

◦C to pellet the beads. The supernatant was removed,
and the beads were washed with 25 ml of His-Lysis Buffer.
The beads were transfered into a Poly-Prep chromatography
column (Bio-Rad) pre-equilibrated with 1 ml of lysis buffer.
The column was washed with 5 ml of His-lysis buffer then
with 5 ml of His-wash buffer [1.59 mM KH 2 PO 4 , 4.5 mM,
Na 2 HPO 4 , 231 mM NaCl, 250 mM NaCl, 1 mM MgAc 2 ,
0.1% NP-40, 50 mM imidazole, 10% (v / v) glycerol, 2 mM
DTT, pH 7.0], then again with 5 ml of His-lysis buffer. The
column was closed and the resin was incubated with 1 ml of
His-elution buffer [1.59 mM KH 2 PO 4 , 4.5 mM, Na 2 HPO 4 ,
231 mM NaCl, 1 mM MgAc 2 , 0.1% NP-40, 250 mM imida-
zole, 10% (v / v) glycerol, 2 mM DTT, pH 7.0] for 10 min at
4 

◦C. Elution was performed successively with 1 ml of elution
buffer, and protein concentrations were measured by Brad-
ford Assay. The fractions with highest concentration were
pooled together and dialysed overnight. For CBP-tagged pro-
teins, dialysis was performed against 1 l of Calmodulin Bind-
ing Buffer (CBB) [10 mM Tris–HCl, pH 7.5, 250 mM NaCl,
1 mM MgAc 2 , 4 mM CaCl 2 , 0.05% NP-40, 10% (v / v) glyc-
erol, and 2 mM DTT] at 4 

◦C. The dialysed fractions were
retrieved and mixed with 500 μl of Calmodulin Sepharose
4B resin (50% Slurry, GE Healthcare) washed with CBB. The
samples were incubated in a rotor for 2 h at 4 

◦C, and then
transferred into a Poly-Prep chromatography column (Bio-
Rad) pre-equilibrated with 1 ml of CBB. After one wash with
5 ml of CBB the column was closed and the resin was in-
cubated with 500 μl of Calmodulin Elution Buffer [10 mM
Tris–HCl, pH 7.5, 250 mM NaCl, 1 mM MgAc 2 , 0.05% NP-
40, 20 mM EGTA, 10% (v / v) glycerol, and 2 mM DTT] for
10 min at 4 

◦C. Elution was performed successively with 500
μl of Calmodulin Elution Buffer, and protein concentrations
were measured by Bradford Assay. For GST- and TS-tagged
proteins, purification steps were similar but performed using
different buffers. For GST-tagged proteins, dialysis or lysis was
performed against GST-Binding Buffer [20 mM Tris–HCl, pH
8.0, 200 mM NaCl, 5 mM β-mercaptoethanol, and 1 mM
MgCl 2 ], the resin used was Glutathione Sepharose 4B (GE
Healthcare), and proteins were eluted with GST Elution Buffer
[50 mM Tris–HCl, pH 7.5, 250 mM KCl, 1 mM MgAc2, 1
mM DTT, 0.005% NP-40, 10% (v / v) glycerol, and 10 mM
L-glutathione reduced]. For TS-tagged proteins, dialysis was
performed against TS-binding buffer [10 mM Tris–HCl, pH
8, 150 mM NaCl, 0.1% NP-40, and 1 mM DTT]. Strep-
Tactin resin (Iba) was used for protein binding, and proteins
were eluted with TS elution buffer (10 mM Tris–HCl, pH
8, 150 mM NaCl, 0.1% NP-40, 1 mM DTT, and 2.5 mM
D-Desthiobiotin). For all eluted proteins, the highest concen-
trated fractions were pooled together and dialysed overnight
against 1 l of storage buffer [1.59 mM KH 2 PO 4 , 4.5 mM,
Na 2 HPO 4 , 231 mM NaCl, 1 mM MgAc2, 10% (v / v) glycerol,
and 2 mM DTT, pH 7.0]. The dialysed proteins were aliquoted
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in small volumes depending on the final protein concentration
and stored at −80 

◦C [ 51 , 52 ]. 
The S.c. Upf2 (933–1089)-His protein was over-expressed

from pMG462 in E. coli BL21 (DE3) CodonPlus cells in 1
l of TBAI containing kanamycin (100 μg / ml) and chloram-
phenicol (25 μg / ml). After a 3 h incubation at 37 

◦C, the bac-
teria were incubated overnight at 18 

◦C. Cells were harvested
by centrifugation at 4000 rcf for 30 min at 4 

◦C, resuspended
in buffer Lysis Buffer B (20 mM Tris–HCl pH 8.0, 200 mM
NaCl, and 5 mM β-mercaptoethanol), and lysed by sonica-
tion after addition of 200 μl of phenylmethylsulfonyl fluo-
ride (PMSF, 100 mM). The protein was first purified on a
Protino 

® Ni-NTA agarose resin pre-equilibrated with buffer
Lysis Buffer B. After successive washing steps using first Ly-
sis buffer B and then high-salt buffer (20 mM Tris–HCl, pH
8.0, 1 M NaCl, and 5 mM β-mercaptoethanol), the proteins
were eluted using Lysis buffer B supplemented with 400 mM
imidazole pH 7. The eluted protein was loaded on a HiTrap
Heparin (Cytiva) column pre-equilibrated in buffer A 50 and
eluted using a linear gradient from 100% of low-salt buffer
(20 mM Tris–HCl, pH 8.0, 50 mM NaCl, and 5 mM β-
mercaptoethanol) to 100% of high-salt buffer. Finally, the pro-
tein was purified on a S75-16 / 60 size-exclusion column (Cy-
tiva) equilibrated with Lysis buffer B supplemented with 10%
(v / v) glycerol. 

The HisZZ-tagged Nmd4 protein was purified as described
in [ 49 ]. 

The CBP-His-ZZ protein was over-expressed from
pHL1662 in E. coli BL21 (DE3) Gold cells in 1 l of TBAI
containing kanamycin (100 μg / ml). After a 3 h incubation at
37 

◦C, the bacteria were incubated overnight at 25 

◦C. Cells
were harvested by centrifugation at 4000 rcf for 30 min at
4 

◦C, resuspended in buffer Lysis Buffer C (20 mM Tris–HCl,
pH 7.5, 200 mM NaCl) and lysed by sonication after ad-
dition of 200 μl of PMSF (100 mM). The protein was first
purified on a Protino 

® Ni-NTA agarose resin pre-equilibrated
with buffer Lysis Buffer C. After successive washing steps
using first Lysis buffer C and then high-salt buffer (20 mM
Tris–HCl pH 7.5, 1 M NaCl), the proteins were eluted using
Lysis buffer C supplemented with 250 mM imidazole pH
7. The eluted protein was loaded on a HiTrap Q (Cytiva)
column pre-equilibrated in Lysis buffer C and eluted using
a linear gradient from 100% of Lysis buffer C to 100% of
high-salt buffer. Finally, the protein was purified on a S75-
16 / 60 size-exclusion column (Cytiva) equilibrated with Lysis
buffer C. 

Protein and RNA pulldown assays 

Six micrograms of each protein of interest were mixed in a
Protein LoBind tube (Eppendorf) and volume was completed
to 30 μl with Storage Buffer [1.59 mM KH 2 PO 4 , 4.5 mM,
Na 2 HPO 4 , 231 mM NaCl, 1 mM MgAc2, 10% (v / v) glycerol,
and 2 mM DTT, pH 7.0]. A 5 μl of sample was retrieved from
each tube as input and mixed with 10 μl of protein loading dye
(LD) 4 ×. For RNA-free pulldowns, 5 μl of H 2 O were added.
For RNA-pulldown assays, 1 μl of H 2 O, 2 μl of 10 mM 3 

′

biotinylated 30 mer RNA (rCrGrU rCrCrA rUrCrU rGrGrU
rCrArU rCrUrA rGrUrG rArUrA rUrCrA rUrCrG, ordered
from IDT), and 2 μl of 50 μM ADPNP or ATP were added.
The samples were complemented with 30 μl of Binding Buffer
2 × (40 mM Hepes pH 7.5, 87 mM NaCl, 4 mM MgAc2, 4
mM imidazole, 0.2% NP-40, 4 mM DTT, and 4 mM CaCl2
if CBP pulldown) and incubated for 20 min at 30 

◦C. For 
CBP pulldowns assays, 15 μl of Calmodulin Sepharose 4B 

resin (50% Slurry, GE Healthcare) were added. For RNA- 
pulldowns, 5 μl of preblocked Streptavidin Dynabeads My- 
One (Thermo Fisher) were added. Beads were preblocked with 

40 μl of 5 M NaCl, 2.5 μl of Glycogen Carrier (2 mg / ml), 5
μl of transfer RNA (tRNA) yeast (10 mg / ml), and 50 μl of 
bovine serum albumin (BSA) (10 mg / ml). The samples were 
completed with Binding Buffer 1 × (20 mM Hepes pH 7.5,
125 mM NaCl, 2 mM MgAc2, 2 mM Imidazole, 0.1% NP- 
40, 2 mM DTT, and 2 mM CaCl 2 if CBP pulldown) to make 
a total volume of 200 μl and incubated for 1 h at 4 

◦C with 

rotation. The beads were washed three times with 800 μl of 
Wash Buffer 1 × (20 mM Hepes pH 7.5, 2 mM MgAc2, 2 mM 

imidazole, 0.1% NP-40, 2 mM DTT, and 2 mM CaCl 2 , com- 
plemented with either 250 mM, 300 mM, 350 mM or 500 mM 

NaCl as mentioned). After each wash, samples were rotated 

for 2 min at 4 

◦C, centrifuged for 30 s at 2000 rpm and 4 

◦C.
Proteins were eluted with 10 μl of LD 4 × and loaded into a 
15-well NuPAGE 4%–12% acrylamide SDS–PAGE (Thermo 

Fisher Scientific). Gels were scanned using an Eson Perfection 

V700 Photo scanner, and quantification of protein pulldown 

was performed using FIJI Gel Analyzer tool to measure the sig- 
nal value of pulldown gels. Values were normalized as men- 
tioned in figure legends and unilateral unpaired Student’s t- 
tests were performed to assess statistical significance. 

AlphaFold3 simulations 

Five 3D structure models of S.c. Upf1-CH bound to Dcp2- 
UBM1, Dcp2-UBM2, or Upf2-Ct were generated using the 
seed auto option of the recently launched AlphaFold3 server 
(AF3; version 3.0; https://alphafoldserver.com ; [ 53 ]) and the 
aa sequences of the proteins of interest [ 53 , 54 ]. The 3D 

model of the S.c. Ebs1 protein was generated using the same 
approach. 

Sequence alignments 

Multiple sequence alignment of fungal Dcp2 proteins was ob- 
tained by performing PSI-BLAST using the sequence of S.c.
Dcp2 [ 55 ]. The identification of the UBM1 and UBM2 motifs 
was facilitated by former yeast two-hybrid data that identified 

conserved residues in two Dcp2 regions interacting with Upf1 

[ 56 ]. 

Electrophoretic mobility shift assay 

40 pmoles of a single-stranded 30-mer oligoribonucleotide 
[ 57 ] was 5 

′ end-labeled using 80 U of T4 polynucleotide ki- 
nase (New England Biolabs) and 10 fmoles of α32 P-ATP (3000 

Ci / mmole, Perkin Elmer). Electrophoretic mobility shift assay 
(EMSA) samples were prepared by mixing 4 nM of the radi- 
olabeled RNA with the indicated concentrations of proteins,
with or without ADPNP or ATP (1 mM) in a buffer contain- 
ing 20 mM MES pH 6.0, 100 mM potassium acetate, 2 mM 

DTT, 0.2 mg / ml of BSA, and 6% (v / v) glycerol. The 10 μl
of reaction mixtures were incubated at 30 

◦C for 20 min be- 
fore incubation on ice and addition of 1 μl of loading dye 
[0.05% xylene cyanol, 0.05% bromophenol blue, and 10% 

(v / v) glycerol]. Half of the samples were loaded on a 0.8 mm 

thick native 7% polyacrylamide (29:1) gel containing 0.5% 

TBE. Electrophoresis was run for 2.5 h, constant voltage (240 

volts) before exposure of the gel at −50 

◦C and analysis by 
phosphorimaging (Typhoon FLA 9000 gel imager, GE). 

https://alphafoldserver.com
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luorescence anisotropy 

-terminally FITC-labeled Dcp-UBM1 (aa 456–479) and
cp-UBM2 (aa 694–718) peptides were purchased from Pro-

eogenix. Quality and purity of the final products were as-
essed by HPLC and mass spectrometry. 

Fluorescence anisotropy measurements were performed us-
ng a FP8300 spectrofluorimeter (Jasco) at 20 

◦C. Excitation
nd emission wavelengths were 495 and 520 nm, respectively.
xcitation and emission slits were set-up at 2.5 and 5 nm,
espectively. Response time was set to 1 s. Each anisotropy
alue corresponds to the mean value obtained from
5 measurements. 
Binding curves were determined by titrating the fluorescent

eptides with increasing amounts of CBP-Upf1-CH-His (0–40
M) or CBP-His-ZZ (0–35 μM) into a solution composed of
0 mM HEPES pH 7.5, 125 mM NaCl and 2 mM MgAcetate
nd containing the respective fluorescent Dcp2-UBM peptide
UBM) at a concentration of 15 nM in a 700 μl final volume.
d UBM 

and dR max (maximum value of anisotropy difference)
ere calculated by fitting experimental curves with equation

 1 ) using the program OriginLabs: 

dR = 

(
d R max ∗[Upf1 − CH] 

)
/ (KdUBM + [Upf1 − CH]) 

(1)

here dR is the anisotropy difference for a given Upf1-CH
oncentration [Upf1-CH]. 

For competition experiments, the fluorescent Dcp2-UBM2
eptide (15 nM) was first incubated with CBP-Upf1-CH-His
20 μM) and then titrated with increasing concentrations of
pf2-Cter. Dissociation constant ( K d Upf2-Cter ) was determined
y fitting the experimental curve with equation ( 2 ): 

dR = ( ( dR max − dR min ) ∗ [ Upf1 − CH ]) / ([ Upf1 − CH ] 

+ Kd UBM2 ( ( [ Upf2 − Cter ] / Kd Upf2 −Cter ) + 1))) + dR min 

(2)

here dR is the anisotropy difference for a given concentra-
ion of unlabeled Upf2-Cter [Upf2-Cter]. 

esults 

cp2 directly interacts with Upf1 N-terminal CH 

omain 

.c. Upf1 is a 971 amino acid (aa) protein composed of three
ain domains (Fig. 1 A): an N-terminal domain rich in cys-

eine and histidine (CH, aa 54–220), followed by the SF1 he-
icase domain (HD, aa 221–851), and a less conserved and
oorly structured C-terminal region (Ct, aa 852–971). To
tudy the interaction between Upf1 and the components of
he decapping complex, we purified several versions of Upf1
ecombinant proteins from E. coli , including the full-length
FL) protein Upf1 (Upf1-FL) and truncated versions (Fig. 1 A).
ach version of Upf1 was fused to an N-terminal calmodulin-
inding peptide (CBP) used for pulldown assays. The N-
erminal domain of S.c. Dcp2 (970 aa) bears the decapping
udix domain flanked by an N-terminal regulatory domain

NRD) required for Dcp1 recruitment [ 58 ] and a short do-
ain that mediates the interaction with its activator Edc3 [ 48 ,
9 ] (Fig. 1 B). Within the long unstructured C-terminal domain
eside several direct or indirect binding sites for decapping reg-
latory factors including Edc3, Pat1 and two potential UBMs
 47 , 56 , 60 ]. These domains were mapped between aa 434–
508 for UBM1 and between aa 687–720 for UBM2 (Fig. 1 B).
We purified a short glutathione-S-transferase (GST)-tagged
version of Dcp2 encompassing both UBMs (GST-Dcp2-UBM,
aa 434–720) and a longer His-tagged version (Dcp2-L, aa
1–720) that required the coexpression with full-length GST-
Dcp1 for efficient purification [ 48 ] (Fig. 1 B). For binding as-
says, we mixed different combinations of recombinant pro-
teins, and interactions were detected by copurification on
calmodulin resin in the presence of Ca 2+ . After extensive wash-
ing at high salt concentrations (250 or 500 mM), the eluted
proteins were fractionated by SDS–PAGE and directly visual-
ized by Coomassie Blue staining (see “Materials and methods”
section). 

We first verified that none of the different CBP-Upf1 con-
structs interacted with the GST tag ( Supplementary Fig. S1 A).
We observed that the isolated Upf1-CH protein formed an
SDS-resistant dimer ( Supplementary Fig. S1 A, lane 3) iden-
tified using Western blotting and mass spectrometry analy-
ses. This dimer became enriched during the pulldown assay.
When CBP-Upf1 proteins were used as bait, Dcp2-UBM was
efficiently coprecipitated with all CH-bearing constructs of
Upf1 (Fig. 1 C, lanes 2–4) but not by the constructs lacking
the CH domain (Fig. 1 C, lanes 5–7). Consistently, the het-
erodimer Dcp1 / Dcp2-L was also pulled down by all the CH-
bearing Upf1 constructs (Fig. 1 D, lanes 2–4). When the strin-
gency of the washing conditions was increased, the interac-
tion was maintained ( Supplementary Fig. S1 B). Surprisingly,
a weak but reproducible and stable interaction was detected
between the isolated Upf1-HD domain and the Dcp1 / Dcp2-L
dimer (Fig. 1 D, lane 5; Supplementary Fig. S1 B, lane 5). Thus,
we produced a GST-tagged full-length Dcp1 (aa 1–231) pro-
tein (Fig. 1 B) and we tested the interaction with Upf1 con-
structs by CBP-pulldown. We observed Dcp1 coprecipitation
by all CH-containing Upf1 constructs but also by the isolated
HD and HD-Ct domains (Fig. 1 E, lanes 2–6), indicating that
Upf1 may also directly contact Dcp1 through its CH and HD
domains. This result was verified using the Dcp1 / Dcp2-S het-
erodimer in which Dcp1-FL was coexpressed with a shorter
version of Dcp2 (aa 1–315), lacking the C-terminal extension
which bears the UBM domains ( Supplementary Fig. S1 C, lanes
2–6). Collectively, these results show that Dcp2 directly and
stably interacts with the CH domain of Upf1 via its C-terminal
UBM-containing domain and that its cofactor Dcp1 binds the
CH and HD domains of Upf1 (as summarized in Fig. 1 F). 

Sequence alignments of the UBM domains (UBM1 and
UBM2) revealed conserved residues between the two UBM
sites (Fig. 1 B, and Supplementary Fig. S2 A and B). Consis-
tently, AlphaFold3 (AF3) structural prediction of the Upf1-
CH domain bound to either Dcp2 UBM1 or UBM2 (Fig. 1 G,
and Supplementary Fig. S2 C and D) showed similar binding
modes and both presented high ipTM confidence scores (0.82
and 0.73, respectively) (Fig. 1 G, and Supplementary Fig. S2 E
and F). In these models, Dcp2-UMB1 (aa 464–468) and Dcp2-
UBM2 (aa 702–705) form a β-strand with one β-strand from
Upf1-CH (aa 142–145). The conserved hydrophobic residues
of both UBMs would similarly interact with the hydropho-
bic pocket within the CH domain (Fig. 1 G). The predicted
involvement of these hydrophobic residues at the interface
is supported by the resistance of the Upf1–Dcp2 interaction
to higher salt concentrations (500 mM and Supplementary 
Fig. S1 B). To directly test the importance of this hydropho-
bic pocket, we replaced the four hydrophobic residues of
Dcp2 with arginines (L467R, I466R, L704R, and L705R) in

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
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Figure 1. Decapping proteins directly interact with Upf1-CH domain. ( A ) Schematic representation of S.c. Upf1 domain arrangement and constructs 
used for pulldown assays. All constructs feature an N-terminal CBP tag and a C-terminal 6-His tag. Globular domains are depicted as o v als, while lines 
denote unstr uct ured regions. ( B ) Schematic representation of S .c. Dcp2 and Dcp1 constr ucts used f or pulldo wn assa y s. Dcp2-UBM (434–720) 
encompasses both UBMs UBM1 and UBM2 whereas isolated Dcp2-UBM1 and UBM2 correspond to truncations 434–508 and 687–720, respectively. 
All truncations bear a GST tag in N-terminus. The heterodimers Dcp1 / Dcp2-L and Dcp1 / Dcp2-L2 were coexpressed and fused to an N-terminal GST tag 
on Dcp1 (1–188) and a C-terminal 6-His tag on Dcp2-L or Dcp2-L2 (aa 1–720 or aa 1–663, respectively. Sequence alignment of UBM1 and UBM2 
obtained using SEAVIEW [ 89 ]. Conserved residues are indicated by red squares. ( C –E ) CBP-pulldown assays using Upf1 truncations against Dcp2-UBM 

(C), Dcp2-L / Dcp1 (D), and Dcp1 (E). Protein mixtures before (input, 17% of total) or after precipitation (pulldown) were separated on SDS–PAGE and 
re v ealed using Coomassie blue. Precipitates were washed with a solution containing 250 mM NaCl, except if noted otherwise. Protein contaminants are 
indicated with (#). The band indicated with (*) corresponds to a stable dimerization of the isolated CH domain, which has been identified by mass 
spectrometry and by western blotting. ( F ) Schematic representation of protein–protein interactions between Upf1, Dcp2, and Dcp1. ( G ) Superposition of 
AlphaFold3 models of the S.c. Upf1-CH domain (colored according to amino acid properties) bound to Dcp2-UBM1 and Dcp2-UBM2. Amino acid 
ph y sicochemical properties are color coded as f ollo ws: h y drophobic residues in gra y, polar residues in cy an, positiv ely charged residues in blue, 
negatively charged residues in red and Cys in yellow. ( H ) CBP-pulldown competition assays using Upf1-CH as bait against Dcp2-UBM2 in excess of 
Dcp2-UBM1 (left) and Dcp2-UBM1 in e x cess of Dcp2-UBM2 (right). The excess in input of Dcp2 is marked in the top panel. 
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ST-Dcp2-UBM ( Supplementary Fig. S2 G and H). These mu-
ations totally abolished Dcp2 interaction with Upf1-CH,
upporting the AF3 model ( Supplementary Fig. S2 I). Since
he predicted structures indicated a potential competition be-
ween both UBM domains for Upf1 binding, we purified
ST-tagged isolated Dcp2-UBM1 (aa 435–508) and Dcp2-
BM2 (aa 687–720) (Fig. 1 B) to test their individual bind-

ng to Upf1 and potential competition. Binding assays us-
ng the different CBP-Upf1 constructs as bait showed that
ach Dcp2 UBM domain was efficiently coprecipitated by all
H-bearing constructs: Upf1-FL, Upf1-CH-HD, and Upf1-
H ( Supplementary Fig. S1 D and E, lanes 2–4). 
Given that both UBM domains were predicted to interact

imilarly with Upf1-CH (Fig. 1 G), we next conducted compe-
ition assays by pulling down on CBP-Upf1-CH from a pro-
ein mixture containing either an excess of Dcp2-UBM1 and
table quantities of Dcp2-UBM2 or vice versa (Fig. 1 H). In
he presence of an excess of Dcp2-UBM1, the coprecipita-
ion of Dcp2-UBM2 by CBP-Upf1-CH slightly decreased (Fig.
 H, lanes 3–6; Supplementary Fig. S1 G and H). In the re-
erse case, Dcp2-UBM1 coprecipitation was highly reduced in
xcess of Dcp2-UBM2 (Fig. 1 H, lanes 9–12; Supplementary 
ig. S1 G and H). This suggests that both UBM1 and UBM2
ind the same surface of Upf1-CH and can displace each
ther, with UBM2 having a stronger effect. However, when
n excess, both UBM domains were bound by Upf1 similarly
 Supplementary Fig. S1 H). No effect on either Dcp2-UBM1
r Dcp2-UBM2 binding was detected when incubating with
ncreasing quantities of GST-tag protein ( Supplementary Fig.
1 F). Next, we quantified the affinity between CBP-Upf1-
H and fluorescently labeled peptides corresponding to ei-

her Dcp2-UBM1 (aa 456–479) or Dcp2-UBM2 (aa 694–718)
y fluorescence anisotropy. We measured the anisotropy dif-
erence between each peptide free in solution or incubated
ith various concentrations of CBP-Upf1-CH to determine
 d values ( Supplementary Fig. S1 I). Since the amount of CBP-
pf1-CH was limiting, saturation could not be reached. How-
ver, CBP-Upf1-CH binds UBM1 and UBM2 with approx-
mate K d of 60.1 μM and 25.1 μM, respectively, corrobo-
ating our observations that UBM2 has a moderate stronger
ffect than UBM1 in our competition assays (Fig. 1 H, and
upplementary Fig. S1 G and H). 

In agreement with the predicted AF3 structures, this demon-
trates that both Dcp2 UBM domains compete for the same
inding site on Upf1-CH and that UBM2 has a higher affinity
or Upf1. 

ultiple interactions between Upf1-decapping 

omplex components 

n addition to the decapping enzyme, the Upf1-decapping
omplex also contains the NMD-associated factors Nmd4
nd Ebs1 and the decapping activator Edc3. In vivo copre-
ipitation experiments showed the importance of HD and
t domains of Upf1 for the binding of Nmd4 and Ebs1, re-

pectively [ 45 ]. Nmd4 contains an N-terminal PIN domain
aa 1–168) similar to that of the human endonuclease Smg6
nd Smg5, followed by a short disordered C-terminal arm
 45 , 61 ] (Fig. 2 A). The 3D model of Ebs1 predicted by AF3
 Supplementary Fig. S3 A) supports a globular architecture for
a 1–591 flanked by a disordered C-terminal region (aa 592–
84) predicted with low pLDDT values [ 62–64 ]. The struc-
ured 1–591 domain is composed of an N-terminal 14–3-3
domain similar to that of the human Smg5 / Smg7 proteins
[ 65 ] associated with a large helical hairpin subdomain, sim-
ilar to Est1 [ 45 ]. We purified full-length Nmd4 (aa 1–218)
fused to an N-terminal twin-strep (TS) tag, and a soluble ver-
sion of Ebs1 with a deletion of the last disordered 293 aa
(Ebs1, aa 1–591) fused to an N-terminal GST tag (Fig. 2 A).
We first mixed individually Nmd4 and Ebs1 with the different
versions of CBP-Upf1. Nmd4 was coprecipitated by all Upf1
versions except Upf1-Ct ( Supplementary Fig. S3 B) validating
that it directly interacts with the helicase domain of Upf1, as
previously suggested [ 45 ]. Additionally, Nmd4 also coprecip-
itated with the CH domain of Upf1 ( Supplementary Fig. S3 B,
lane 3). To what extent the contacts of Nmd4 with both the
CH and HD domains contribute to the interaction of Upf1
with Nmd4 remains unknown. Furthermore, we observed a
direct interaction of Ebs1 with Upf1 that is mainly mediated
by the C-terminal domain of Upf1, as Ebs1 was efficiently pre-
cipitated by Upf1-FL and Upf1-Ct ( Supplementary Fig. S3 C,
lanes 2 and 5, Fig. 2 B for a schematics of observed interac-
tions). We did not include Edc3, as we could not recapitulate
stable interactions with other components of the decapping
complex in our experimental conditions. 

We next evaluated whether the individual interactions of
Dcp2, Nmd4, and Ebs1 with Upf1-FL interfered with each
other. To differentiate each protein and enhance the solubil-
ity of Ebs1, we generated HisSUMO-tagged Ebs1 (aa 1–591).
CBP-Upf1-FL was mixed with either one partner, a combina-
tion of two partners, or all three partners and used as bait
(Fig. 2 C). Upf1-FL precipitated its partners both individu-
ally and in combination, indicating no interference among
the interactions (Fig. 2 C, lanes 5–7). To verify our findings,
we conducted a similar experiment using GST-Dcp2-UBM as
bait (Fig. 2 D). Dcp2-UBM coprecipitated Upf1-FL but not
Nmd4 or Ebs1, whether alone or together (Fig. 2 D, lanes 2, 4,
and 6). In contrast, Dcp2-UBM coprecipitated Nmd4 and / or
Ebs1 only in the presence of Upf1-FL (Fig. 2 D, lanes 5, 7,
and 8). This demonstrated the successful reconstitution of the
tetrameric complex even if we cannot exclude a mixture with
the trimeric complexes: Upf1–Dcp2–Nmd4 and Upf1–Dcp2–
Ebs1 (Fig. 2 D). 

To further investigate the network of interactions among
the components of the Upf1-decapping complex we per-
formed GST-pulldowns using the GST-Dcp1 / Dcp2-L het-
erodimer as bait ( Supplementary Fig. S3 D). Despite the
fact that in our experimental conditions, the heterodimer
Dcp1 / Dcp2 shows a weak stability, we observed that
Dcp1 / Dcp2 directly interacted with Upf1-FL and Ebs1 indi-
vidually ( Supplementary Fig. S3 D, lanes 3 and 4). In agree-
ment with our previous pulldowns, Nmd4 was only copre-
cipitated in the presence of Upf1 and all three proteins were
coprecipitated by GST-Dcp1 / Dcp2-L when mixed together
( Supplementary Fig. S3 D, lane 8). We further explored the in-
teractions between Nmd4, Dcp1 / Dcp2 and Ebs1 in the ab-
sence of Upf1, the keystone of the complex. We used CBP-
Nmd4 or CBP-Ebs1 as bait against GST-Ebs1 and HisZZ-
Nmd4 respectively (Fig. 2 E) and observed a weak but con-
sistent interaction between Nmd4 and Ebs1. Furthermore, we
produced a shorter and more stable GST-tagged Dcp2 trun-
cation (aa 1–663) containing UBM1 (Dcp2-L2) (Fig. 1 B) and
used CBP-Ebs1 as bait. We observed a weak but reproducible
interaction of Ebs1 with the heterodimer Dcp1 / Dcp2-L2 and
the isolated Dcp1 protein but not with Dcp2-UBM (Fig. 2 F)
supporting a direct interaction between Ebs1 and Dcp1 and

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
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Figure 2. Multiple interactions between Upf1 decapping complex components. ( A ) Schematic representation of S.c. Nmd4 and Ebs1 constructs used for 
pulldo wn assa y s. Multiple fusion proteins w ere produced, with Nmd4-FL (aa 1–218) fused at the N-terminus to either a Twin Strep (TS) t ag , CBP, HisZZ, 
or left untagged. The globular domain of Ebs1 (aa 1–591) was fused at the N-terminus to GST, CBP, or His-SUMO tags. ( B ) Schematic representation of 
protein–protein interactions between Upf1, Dcp2, Dcp1, Nmd4, and Ebs1. ( C ) CBP-pulldown assays using Upf1-FL against combination of Nmd4-FL, 
Ebs1 (1–591), and Dcp2-UBM as indicated. As previously, protein mixtures before (input, 17% of total) or after precipitation were separated on 
SDS–PAGE and re v ealed using Coomassie blue. Protein contaminants are indicated with (#). ( D ) GST-pulldown assays using Dcp2-UBM as bait against 
combination of Nmd4-FL, Ebs1 (1–591), and Upf1-FL as indicated. ( E ) CBP-pulldo wn assa y using CBP-Nmd4 as bait against GST-Ebs1 (left) and CBP-Ebs1 
against HisZZ-Nmd4 (right). ( F and G ) GS T-pulldo wn assa y s using Dcp2-UBM, Dcp1 -FL / Dcp2-L2 or isolated Dcp1 -FL as bait against CBP-Ebs1 (F) or 
TS-Nmd4 (G). 
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consistent with previous two hybrid results [ 66 ]. This interac-
tion was confirmed by reverse CBP pulldowns with the same
proteins ( Supplementary Fig. S3 E). However, we did not de-
tect direct interactions between Dcp1, Dcp2, and Nmd4 (Fig
2 G and Supplementary Fig. S3 F). Together, these experiments
revealed an intricate network of interactions within the Upf1-
decapping complex (summarized in Fig. 2 B). 

Yeast Upf1–Upf2 interaction is homologous to the 

human one 

The three core NMD factors Upf1, Upf2, and Upf3 form a
trimeric complex [ 45 ] that assembles during, or rapidly after,
PTC recognition. The overall organization of the Upf com-
plex appears to be conserved, with Upf2 bridging Upf1 and 

Upf3 [ 20 , 45 , 67 ]. Upf2 is composed of three MIF4G domains,
the third of which binds Upf3 [ 68–70 ], followed by a disor- 
dered C-terminal region containing the UBM (aa 933–1089,
Fig. 3 A). In humans, Upf2 has been reported to stimulate the 
helicase and ATPase activity of Upf1 [ 16 ]. The crystal struc- 
ture of human Upf1 / Upf2 showed that Upf2 binds the CH 

domain in a bipartite manner, binding one side of the CH do- 
main via a β hairpin and the other side via an α helix [ 71 ].
The combination of both binding sites renders a highly stable 
interaction with low dissociation constants [ 71 ]. We modeled 

the yeast Upf1-CH interaction with Upf2-Ct using AF3 [ 53 ] 
(Fig. 3 B). The model confidently predicted a similar bipartite 
mode of interaction in which yeast Upf2 would also clamp op- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
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Figure 3. Direct interaction of Upf2 with Upf1 CH domain. ( A ) Schematic representation of S.c. Upf2 construct used for pulldown assays. Upf2-Ct 
(933–1089) is tagged with 6-His in C-terminus. ( B ) Representation of the best AF3 model of the interaction between Upf1-CH domain (surface shown as 
semi-transparent) and Upf2-Ct domain. ( C and D ) CBP-pulldown assays using Upf1 truncations against Upf2-Ct washed with solution containing either 
250 mM NaCl (C) or 350 mM NaCl (D). As previously, protein mixtures before (input, 17% of total) or after precipitation were separated on SDS–PAGE 
and re v ealed using Coomassie blue. CH dimer is indicated with (*) and protein cont aminants with (#). ( E ) Schematic represent ation of protein–protein 
interactions between Upf1 and Upf2. Mutations used in this study of important residues for the intramolecular interaction between CH and HD of Upf1 
are depicted as stars. ( F ) CBP-pulldown assays using Upf1-CH, Upf1-CH-HD WT, Upf1-CH-HD I693R, or Upf1-CH-HD F131E against Upf2-Ct. ( G ) R elativ e 
band intensity quantification of Upf2 pulldown by Upf1-CH-HD WT, Upf1-CH-HD I693R or Upf1-CH-HD F131E (F), normalized by Upf2 signal intensity 
pulled down by Upf1-CH (F, lane 2). Error bars denote standard deviations between replicates ( n = 6). Individual measurements are represented as 
circles, while the mean of each data series is represented as a column. Unpaired Student’s t tests were performed to calculate p values with a 
significance threshold set at 0.05 marked with one star; **P < 0.01 and *** P < 0.001. 
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osite sides of the CH domain with a β hairpin and an α helix
Fig 3 B; Supplementary Fig. S4 A and B). To study the interac-
ion of yeast Upf1 and Upf2 in vitro , we purified a truncated
ersion of Upf2 corresponding to the predicted UBM (aa 933–
089, Upf2-Ct) [ 16 , 20 ] (Fig. 3 A). CBP-pulldown assays with
he different versions of CBP-Upf1 showed a direct interaction
etween Upf1-FL, Upf1-CH-HD, Upf1-CH, and Upf2-Ct (Fig.
 C), confirming the direct interaction of Upf2 with the Upf1
H domain. The coprecipitation of Upf2-Ct by CBP-Upf1-
L and CBP-Upf1-CH-HD seemed weaker than the coprecip-

tation by the isolated CH domain (Fig. 3 C, compare lanes
2 and 4 to lane 3) as they were slightly above background
noise signal. This apparent difference was exacerbated when
increasing the stringency of the washes (Fig. 3 D, lanes 2 and
4), suggesting that the presence of the Upf1 helicase domain
interferes with Upf2 binding. 

To validate the model of Upf1–Upf2 interaction and bet-
ter understand our results we tested the effect of mutating key
amino acid residues. The yeast Upf1-CH-HD protein adopts a
closed conformation in which the CH domain is buried within
the helicase RecA2 and stalk domains when bound to RNA
[ 16 ]. Such closed conformation is compatible with the bind-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
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ing of Nmd4 and Dcp2-UBM1 or Dcp2-UBM2 but not with
Upf2 binding ( Supplementary Fig. S4 C and D). In this struc-
ture, the residue I693 in the RecA2 domain interacts with the
F131 residue located on the surface of the CH domain (Fig.
3 E). In humans, the corresponding residue (F192), is involved
in the interaction with the α helix of Upf2 [ 16 ]. To investigate
whether the yeast interactions followed the same mechanism,
we produced CBP-Upf1-CH-HD carrying the I693R or F131E
mutations (Fig. 3 E), which are both expected to prevent the
closed conformation of Upf1. The I693R mutation partially
restored the coprecipitation of Upf2-Ct by CBP-Upf1-CH-HD
under stringent washing conditions (Fig. 3 F and G, compare
lanes 3 and 4). As expected, the mutation F131E abolished the
interaction with Upf2-Ct (Fig. 3 F and G, lane 5). These results
indicate that the same residues are implicated in Upf2 interac-
tion in yeast and humans and confirmed that the intramolec-
ular interaction between the RecA2 / Stalk domains of the HD
domain and the CH domain of Upf1 hampers binding of Upf2
most likely because only the β hairpin binding site is accessible
[ 71 ]. 

Dcp2 and Upf2 compete for interaction with Upf1 

Both Upf2 and Dcp2 directly interact with the CH domain of
Upf1 (Figs 1 and 3 ). To explore whether these two Upf1 part-
ners contact the same binding sites, we superposed the AF3
predictions of Upf1-CH / Dcp2-UBM1 and Upf1-CH / Dcp2-
UBM2 with the human Upf1-CH / Upf2-Ct crystal structure
[ 71 ] (PDB: 2WJV, Fig. 4 A). The UBM domains of Dcp2 inter-
act with the outer part of the CH domain in a position similar
to that of Upf2’s β hairpin (Fig. 4 A). This steric clash suggests
that Dcp2 and Upf2 cannot simultaneously bind the Upf1 CH
domain (Fig. 4 B). To test this hypothesis biochemically, we
conducted competition assays by pulling down CBP-Upf1-CH
from a protein mixture containing a fixed amount of Upf2-Ct
with gradually increasing quantities of Dcp2-UBM (Fig. 4 C).
The presence of two to eight times more Dcp2-UBM reduced
the amount of Upf2 coprecipitated by Upf1-CH (Fig. 4 C, lanes
2–6, and Supplementary Fig. S5 A, blue). However, coprecip-
itation of Dcp2-UBM only marginally increased when used
in excess (Fig. 4 C, lanes 3–6, and Supplementary Fig. S5 B,
green) showing an almost stoichiometric binding. The re-
verse experiment, in which the amount of Dcp2-UBM was
constant while the amount of Upf2-UBM increased, led to
a comparable reduction of Dcp2-UBM (Fig. 4 D, lanes 2–6,
and Supplementary Fig. S5 A, green) but a further increased
amount of Upf2-Ct was coprecipitated when in excess (Fig.
4 D, lanes 3–6, and Supplementary Fig. S5 B, blue). To confirm
the competition between the two partners, we performed se-
quential binding assays (Fig. 4 E). We mixed CBP-Upf1-CH
with a saturating amount of Dcp2-UBM (Fig. 4 E, lane 1),
washed away the unbound excess of Dcp2-UBM and then
added increasing amounts of Upf2-Ct (Fig. 4 E, lanes 2–5).
The latter progressively displaced Dcp2-UBM as previously
observed (compare Fig. 4 D and 4E). In contrast, when Upf1-
CH was saturated with Upf2-Ct (Fig. 4 E, lane 6) before ad-
dition of Dcp2-UBM (Fig. 4 E, lanes 7–10), its displacement
was limited (compare Fig. 4 C and 4 E). Our results suggest
that Upf2 and Dcp2 compete for the same binding site on the
Upf1-CH domain, but that the bipartite interaction of Upf2
with the CH domain offers a more stable grip than that of
Dcp2. This was confirmed by anisotropy fluorescence mea-
surements, which allowed to determine a K d of CBP-Upf1-CH
for Upf2-Ct. We first incubated CBP-Upf1-CH with the fluo- 
rescently labeled Dcp2 UBM2 (aa 694–718) peptide and then 

titrated with increasing concentrations of Upf2-Ct. Due to the 
competition between Upf2-Ct and Dcp2 UBM2 for interac- 
tion with CBP-Upf1-CH, the displacement of Dcp2 UBM2 by 
Upf2-Ct results in a decrease in fluorescence anisotropy, from 

which we could calculate a K d value of 0.43 μM for the in- 
teraction between CBP-Upf1-CH and Upf2-Ct (Fig. 4 F). This 
value is ∼140 and 60 times lower than those determined for 
Dcp2 UBM1 and Dcp2 UBM2 peptides, respectively. This K d 
between yeast proteins is very similar to one previously mea- 
sured between human proteins [ 71 ]. 

Consistent with our previous data showing that the Upf1- 
2 / 3 and Upf1-decapping complexes purified from yeast are 
mutually exclusive [ 45 ], our results suggest that this incom- 
patibility is, at least partly, due to the competition between 

Upf2 and Dcp2 for interaction with Upf1-CH. This could 

also be due in part to a steric clash observed between yeast 
Nmd4 and human Upf1-CH domain clearly observed when 

superposing the crystal structure of yeast Nmd4 / Upf1-HD 

onto the crystal structure of the human Upf1-CH-HD / Upf2- 
Ct ( Supplementary Fig. S5 C). 

Upf1 RNA-binding is differentially regulated by its 

partners 

To evaluate the ability of Upf1-FL to bind RNA in the presence 
or in the absence of its NMD partners, we performed RNA- 
pulldown assays. As for the protein interaction assays, the pro- 
teins were first mixed in the presence of a short (33 mer) 3 

′ -end 

biotinylated RNA with or without ATP or ADPNP, a nonhy- 
drolysable analog of ATP before purification on streptavidin 

beads. As previously observed [ 16 , 19 , 72 ], Upf1 binding to 

RNA differed in the presence or absence of ATP. Upf1-FL was 
better retained by the RNA in the absence of nucleotide or 
in the presence of ADPNP, a non-hydrolysable analog ATP,
than in the presence of ATP (Fig. 5 A, lanes 2, 6, 10). Due to 

unspecific interactions between all tested Ebs1 versions and 

the streptavidin resin, we did not include this protein in these 
RNA-pulldown experiments. Moreover, since the TS-tagged 

version of Nmd4 presented unspecific interactions with the 
resin, we purified a His-tagged version of Nmd4. In contrast to 

Nmd4 that was slightly pulled down by RNA, neither Dcp2- 
UBM nor Upf2-Ct were individually retained by the RNA 

(Fig. 5 A, lane 1). The addition of Upf2-Ct reduced the amount 
of Upf1 retained by the RNA by half (Fig. 5 A and B, lanes 5 

and 9 for quantification). This was particularly visible in the 
absence of nucleotide or in the presence of ADPNP when Upf1 

recovered by RNA purification was the most important, sug- 
gesting that Upf2 prevents Upf1 binding to RNA (Fig. 5 A).
Regardless of the condition, Upf2-Ct was never coprecipi- 
tated by the RNA in the presence of Upf1 (Fig. 5 A), in agree- 
ment with structural data ( Supplementary Fig. S5 C). Remark- 
ably, we observed an opposite effect when testing two compo- 
nents of the Upf1-decapping complex. The addition of Nmd4 

and, to a lesser extent, Dcp2-UBM, significantly increased the 
amount of Upf1 retained by RNA in the presence of ADPNP 

or ATP (Fig. 5 A and B, lanes 7, 8, 11, and 12). This posi- 
tive effect was not measurable in the absence of nucleotide as 
Upf1 was already strongly attached to RNA (Fig. 5 A and B,
lanes 3 and 4). In contrast to Upf2-Ct, it is noteworthy that 
Dcp2-UBM and Nmd4 systematically coprecipitated with the 
RNA-bound Upf1 in all conditions. Therefore, individually,

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
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Figure 4. Upf2 and Dcp2 compete for binding to Upf1-CH domain. ( A ) Superposition of the best AF3 models of the S.c. Upf1-CH domain (shown as 
semi-transparent) bound to Dcp2 UBM1 and UBM2 onto the crystal str uct ure of human Upf1 / Upf2 complex 62 (PDB code: 2WJV). For the sake of 
clarity, only yeast Upf1-CH is shown, the human Upf1 CH-HD is not shown. ( B ) Schematic representation of interaction incompatibility between Dcp2 
and Upf2 binding to the CH domain of Upf1. ( C and D ) CBP-pulldown assays using Upf1-CH against an increasing amount of Dcp2-UBM- with a constant 
amount of Upf2-Ct (C) or increasing amount of Upf2-Ct with a constant amount of Dcp2-UBM (D). As previously, protein mixtures before (input, 17% of 
total) or after precipitation were separated on SDS–PAGE and revealed using Coomassie blue. Protein contaminants are indicated with (#). ( E ) 
CBP-pulldo wn assa y s using pre-f ormed Upf1-CH / Dcp2-UBM comple x against increasing amounts of Upf2-Ct (left) or pre-f ormed Upf1-CH / Upf2-Ct 
complex against increasing amounts of Dcp2-UBM (right). ( F ) Chase experiments of FITC-labeled Dcp2-UBM2 peptide (15 nM) bound to 
CBP-Upf1-CH-His (20 μM) by Upf2-Cter. The curve obtained after fitting of the experimental data with equation (B) from the “Materials and methods”
section is shown as a dashed black line. Error bars were calculated from triplicate experiments. 
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oth Dcp2 and Nmd4 stabilize Upf1 bound to RNA. We per-
ormed a similar experiment in the presence of ATP by mixing
pf1-FL with either partner, a combination of two partners
r all three partners simultaneously (Fig. 5 C). The most ef-
ective retention of Upf1-FL onto RNA was observed in the
resence of both Dcp2-UBM and Nmd4, indicating their syn-
rgistic contribution to the stability of this complex, with their
ffects being additive (Fig. 5 C and D, lanes 5, 8, and 9). Upf2-
t showed no significant effect on the retention of Upf1-FL
hen either Dcp2-UBM or / and Nmd4 were present (Fig. 5 C
nd D). These effects were also reproducible in absence of nu-
leotide ( Supplementary Fig. S6 A) and in presence of ADPNP
 Supplementary Fig. S6 B). 

We also performed EMSA to study Upf1 binding to RNA
sing a complementary approach. We incubated a 30-mer
adiolabeled ssRNA with increasing concentrations of CBP-
pf1-CH-HD or CBP-Upf1-FL without nucleotide, ADPNP,
r ATP. In each case, a band shift was observed upon gel
lectrophoresis, indicating Upf1–RNA complex formation
 Supplementary Fig. S6 C). As previously observed, Upf1 iso-
orms show more affinity to RNA in the absence of nu-
leotides [ 16 , 19 , 72 ]. We found that both in the absence of
nucleotides and in the presence of ATP, increasing amounts of
Upf2-Ct do not bind RNA (Fig. 5 E, lanes 1 and 6), but re-
duced the Upf1-FL shift by half (Fig. 5 E, lanes 2–5 and 7–10,
Supplementary Fig. S6 D), confirming that Upf2 hampers Upf1
binding to RNA in presence or absence of ATP. 

Next, we tested the effect of Nmd4 and Dcp2 on Upf1-CH-
HD RNA binding. EMSA with Nmd4, Dcp2-UBMs, or a con-
trol protein GST added separately, showed only a weak shift
when a large excess of Nmd4 (25-fold) was added to RNA
(Fig. 5 G, lanes 4–6). This confirms the weak affinity of Nmd4
for RNA observed by pulldown assays (Fig. 5 A and C) and
previous isothermal calorimetry assays [ 49 ]. When increasing
amounts of Nmd4 were added to a fixed amount of Upf1-CH-
HD, Nmd4 produced a super-shift already detected at equimo-
lar concentration with Upf1 (Fig. 5 G, lanes 11–14). Addition
of Dcp2 in the same range showed no super-shift of Upf1
(Fig. 5 G, lanes 16–20). However, a complete and even higher
super-shift was detected when both Nmd4 and Dcp2 were
added (Fig. 5 G, lanes 21–24), while the addition of Nmd4 and
GST showed no additional shift (Fig. 5 G, lanes 26–29). This
specific super-shift was confirmed when an equimolar and a
fixed amount of Upf1 and Nmd4 were mixed with increasing

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
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Figure 5. Upf1 RNA-binding activity is modulated by its partners. ( A ) RNA-pulldown assays using a 3 ′ end-biotinylated 33 mer RNA as bait. As indicated, 
Upf1-FL, Nmd4, Dcp2-UBM, or Upf2-Ct were mixed with the RNA in the absence of nucleotide or in the presence of ATP or ADPNP. Protein mixtures 
before (input, 17% of total) or after precipitation using magnetic streptavidin beads were separated on SDS–PAGE and revealed using Coomassie blue. 
Protein contaminants are indicated with (#). ( B ) Relative quantification of Upf1 pulldown in presence of partners (A, lower panel lanes 2–13) normalized 
by Upf1 pulldown without any partner (A, lower panel lanes 2, 6, or 10). Error bars denote standard deviations between replicates ( n = 3). Individual 
measurements are represented as circles, while the mean of each data series is represented as a column. Unpaired t tests were performed to calculate 
P- values with a significance threshold set at 0.05 marked with one star. P- values < 0.01 were marked with two stars, and < 0.001 were marked with 
three stars. Nonsignificant P -values were marked with ns. ( C ) RNA-pulldown assays using a 3 ′ end-biotinylated 33 mer RNA as bait against 
Upf1-incubated with ATP and combinations of Nmd4, Dcp2-UBM, and Upf2-Ct, as indicated. ( D ) R elativ e quantification of Upf1 pulldown in (C) 
normaliz ed b y Upf1 pulldo wn without an y partner (C, pulldo wn lane 2). Error bars denote standard de viations betw een replicates ( n = 3). Individual 
measurements are represented as circles, while the mean of each data series is represented as a column. Unpaired t tests were performed to calculate 
P- values with a significance threshold set at 0.05 marked with one star. P -values < 0.01 were marked with two stars, and < 0.001 were marked with 
three stars. ( E ) R epresentativ e nativ e 7% poly acrylamide gel illustrating the interaction of Upf1-FL (depicted in orange) with a 32 P-labeled 30-mer 
oligoribonucleotide substrate (black line with red star). The RNA substrate was incubated with 20 nM of Upf1-FL and increasing concentrations of 
Upf2-Ct and with (+) or without ( Φ) ATP under the conditions described in the “Materials and methods” section. ( F ) Schematic representation of 
protein-RNA interactions between the Upf1, Dcp1, Dcp2, Nmd4 complex and Upf1–Upf2 complex. ( G ) Representative native 7% polyacrylamide gel 
illustrating the interaction of Upf1-CH-HD with a 32 P-labeled 30-mer oligoribonucleotide substrate (black line with red star) in presence of Dcp2-UBM, 
Nmd4, and / or GST as a control. The RNA substrate was incubated with 5 nM of Upf1-CH-HD and increasing concentrations of Dcp2-UBM, Nmd4 
and / or GST and with ATP under the conditions described in the “Materials and methods” section. 
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mounts of Dcp2 but not with the GST control protein (Fig.
 G, lanes 30–37). We also observed by EMSA that the addi-
ion of a large excess of Dcp2 reduces the proportion of Upf1
ound to RNA (Fig. 5 G, lanes 16–20). This clearly shows that
cp2 alone does not favor Upf1 binding to RNA and that the

ecruitment of Dcp2 by Upf1 onto RNA requires Nmd4. 
The EMSA results confirmed our observations from inter-

ction assays (Fig. 5 A and C). Together, these findings demon-
trate that Upf1, Nmd4, and Dcp2 form a stable complex on
NA and that Upf1 and Nmd4 are necessary for stably an-

horing Dcp2 onto RNA unlike Upf2, which detaches Upf1
rom RNA (Fig. 5 F). 

iscussion 

ince its discovery, genetics, functional assays, and biochem-
cal characterization have identified most, if not all, NMD
actors in different eukaryotic organisms [ 73 ]. However, the
ighly dynamic aspect of this process linking premature trans-

ation termination with mRNA decay challenges the charac-
erization of the successive molecular steps. Central to NMD,
pf1 recognizes mRNAs containing PTCs and coordinates the

ecruitment of specific decay factors. This involves the forma-
ion of transient Upf1-containing complexes that have been
nly marginally characterized biochemically [ 45 , 56 , 74 , 75 ].
ere, using isolated recombinant yeast proteins we could re-

apitulate critical phases of NMD and notably, direct interac-
ion and competition between NMD and decay factors and
heir binding to RNA. 

All three distinct domains of Upf1, the N-terminal CH do-
ain, the central helicase domain (HD), and the disordered
-terminal domain, make direct contacts with Dcp2, Dcp1,
md4, and Ebs1 (Fig. 1 , and Supplementary Figs S1 and S3 ).

nterestingly, many of the partners that we included in our
tudy directly contact distinct domains of Upf1 and other ad-
itional secondary interactions between other partners take
lace within the complex (Fig. 2 ). These findings rationalize
he fact that deletion of single contact points or partners is
nsufficient to prevent the assembly of the complex and ac-
ounts for the weak NMD target destabilization upon indi-
idual Ebs1 and Nmd4 deletions or deletion of the C-terminal
omain of Dcp2 [ 45 , 47 ]. This network of interactions also
xplains why NMD is partially restored in a Δupf1 yeast
train by the expression of truncated versions of Upf1 lacking
he CH domain or the C-terminal domain [ 45 ]. The CH do-
ain of Upf1 holds a pivotal position in this intricate network
f interactions as it contacts all tested partners, notably the
ecapping protein Dcp2 and Upf1’s essential cofactor Upf2.
e show that Dcp2 directly interacts with Upf1 through two
BMs: UBM1 and UBM2. Mutations of conserved residues

n both UBM domains abolish their interaction with Upf1 in
itro ( Supplementary Fig. S2 I). Our biochemical data and the
lphafold models presented suggest that the UBM domains
ontact the same hydrophobic pocket within Upf1 CH do-
ain and that UBM2 possesses a slightly higher affinity than
BM1 from binding Upf1-CH domain (Fig. 1 ). Since deletion
f the UBM domains scarcely impacts NMD efficacy in vivo
 47 ] , it remains unclear whether both UBMs contribute to the
rchitecture of Upf1-containing decapping complexes. How-
ver, the lack of impact of UBM presence on the function of
he Upf1-decapping complex can be explained by taking into
onsideration the previously unknown role of Dcp1, which
inds directly to Upf1, as shown here (Fig. 1 E). 
The interactions of Dcp2 UBMs with the Upf1 CH do-
main are mutually exclusive with Upf2 binding (Fig. 4 ). Dcp2
UBMs are predicted by AF3 to contact the same external side
of the CH domain that binds the β hairpin of Upf2 (Fig. 1
and Supplementary Fig. S1 ). Two conserved regions in Upf2,
a β hairpin and an α helix, clamp two opposite sides of the
Upf1 CH domain [ 71 ] (Fig. 3 ). This bipartite mode of inter-
action is therefore conserved between yeast and human [ 71 ,
76 ]. Interaction assays using targeted mutagenesis further con-
firmed this model (Fig. 3 ). The hydrophobic pocket of the CH
domain is involved in the interaction with the Upf2 α-helix
and contacts conserved residues of the RecA2 domain and
the stalk—two structural elements of the helicase domain. The
Upf1 I693R mutation on the surface of RecA2 favors the in-
teraction of Upf2 most likely by giving access to both bind-
ing sites. Conversely, the F131E mutation in the hydrophobic
pocket of the CH domain strongly reduces Upf2 interaction
indicating the residue is involved in the interaction (Fig. 3 ).
In human Upf1, the corresponding residue is also implicated
in the interaction with Upf2 [ 16 ]. The biochemical evidence
for the mutually exclusive binding of Upf1 to Upf2 or Dcp2
accounts for the two distinct Upf1-2 / 3 and Upf1-decapping
NMD complexes isolated in vivo [ 45 ]. This transition between
the Upf complex and the Upf1-decapping complex, which trig-
gers mRNA decay orchestrated by the CH domain of Upf1, is
most likely also conserved. In yeast, NMD targets are mainly
degraded by decapping [ 41 ], making Dcp2 the main decay-
inducing partner of Upf1. In human, the predominant RNA
degradation pathway in NMD involves the endonucleolytic
cleavage of mRNA by Smg6 [ 36–38 , 77 ]. Interestingly, Upf2
and Smg6 also compete for their binding to the CH domain of
Upf1 in human [ 78 ] supporting a sequential binding of these
factors during NMD similar to Upf2 and Dcp2 in yeast. 

Our biochemically reconstituted system allowed determin-
ing how direct partners of Upf1 influence its binding to RNA
(Fig. 5 ). RNA-based pulldowns and EMSA experiments first
showed that Upf2 reduces Upf1 binding to RNA. Yeast Upf1
HD domain contacts RNA in a closed Upf1 conformation that
is controlled by the relative orientation of the CH and HD
domains [ 16 ]. Docking the Upf1 CH domain onto the HD
domain increases the surface contacted by RNA. This dock-
ing cannot occur when opposite faces of the CH domain are
clamped by Upf2. This negative impact of Upf2 on Upf1 affin-
ity to RNA is conserved as a similar effect occurs with the hu-
man proteins [ 67 , 79 ]. Given that Upf2 bridges Upf1 and Upf3
[ 67 ], it is tempting to speculate that as part of the Upf1-2 / 3
complex, Upf1 is not stably attached to the RNA. Conversely,
Nmd4 stabilizes Upf1 bound to RNA allowing in turn Upf1
to tether Dcp2 to the RNA. In contrast to Upf2, Dcp2 only
binds the external face of the CH domain and this binding
mode is compatible with the structure of yeast Upf1-CH-HD
bound to RNA and ADP [ 16 ]. Dcp2 alone does not promote
Upf1-RNA binding (Fig. 5 ). In contrast, Nmd4 promotes Upf1
RNA-binding likely by stabilizing Upf1 closed conformation.
Therefore, we provide evidence of two distinct states of Upf1
regarding its binding to RNA during the stepwise NMD path-
way: a poor affinity to RNA in the presence of Upf2 and its
stable binding to RNA when bound to the components of the
NMD-decapping complex. If the negative effect of Upf2 on
Upf1 binding to RNA is conserved in human, it is tempting
to believe that Upf1 also contributes to stabilize the associa-
tion of the decay factors with the RNA target during the late
phases of NMD. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf160#supplementary-data
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Figure 6. Proposed model for Upf1-2 / 3 and Upf1-decapping complex sequential formation during NMD in yeast. Upf1 is recruited to the target mRNA 

vicinity adjacent to the terminating ribosome, facilitated either through self-association or interaction with the ribosome within the Upf1-2 / 3 complex. A 

piv otal conf ormational shift ensues, f acilitating Upf1 RNA-binding and the assembly of the Upf1-decapping comple x, in which Nmd4 strongly stabiliz es 
Upf1 and Dcp1 / Dcp2 onto the mRNA to initiate mRNA degradation. 
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These biochemical snapshots of Upf1-containing com-
plexes offer a more precise view of the cascade of Upf1-
dependent events leading to PTC-containing mRNA decay
(Fig. 6 ). The delayed process of release factors recruitment
and ribosome recycling upon premature translation termina-
tion, favor the recruitment of Upf1 to the terminating ribo-
some [ 80–82 ]. This contact is facilitated by the promiscuous
Upf1 binding to RNA enriched onto mRNA 3 

′ UTR [ 2 , 83–
85 ]. This step coincides with Upf1-dependent recruitment of
the Upf2 / Upf3 heterodimer [ 45 , 86 ] that also contributes to
delay translation termination [ 87 ]. In the Upf1-2 / 3 complex,
Upf1 would no longer be strongly bound to RNA [ 67 , 79 ].
Next, a molecular switch that remains to be characterized dis-
places Upf2 / 3 thus allowing assembly of the Upf1-decapping
complex [ 45 ]. Contact with the nearby RNA and assembly
of the decapping complex may contribute to detaching Upf2
from Upf1, as Upf1’s interaction with Upf2 is incompatible
with RNA and Dcp2 binding (Fig. 5 ). In the Upf1-decapping
complex, Upf1 stably bound to RNA in the presence of its
cofactors, anchors the major decay factors Dcp1–Dcp2 estab-
lishing the irreversible step toward RNA degradation. 

The in vitro approaches employed in this study allowed
zooming in on important molecular interactions between
Upf1, its NMD partners, the decay machinery and the RNA.
These insights pave the way for more extensive structural
studies and improve our understanding of conserved NMD
mechanisms in eukaryotes. However, this experimental strat-
egy faces several limitations such as the difficulty to produce
high yields of full-length isoforms for each protein and thus
to include all NMD factors, such as Upf3. So, if our strategy
allows describing important interactions, we cannot exclude 
complementary or alternative interactions between NMD fac- 
tors. Although we expressed multiple recombinant protein 

isoforms, we may have missed additional contacts offered by 
full-length and post-translationally modified proteins. Other 
factors that we did not include in our reconstitution may have 
important roles, such as the decapping cofactor Edc3, which 

facilitates the association of Upf1 with Dcp2 in vivo and ac- 
tivates Dcp2 [ 45 , 47 , 48 , 88 ], or the protein kinase Hrr25,
which likely transiently interacts with Upf1 and may partici- 
pate in post-translational modifications [ 45 ]. Moreover, NMD 

is a highly dynamic process and transitions between successive 
complexes from translation termination and RNA decay as 
well as the modulation of enzymatic activities are challenging 
to catch in vitro . For example, identifying the molecular de- 
terminant that controls the switch between the Upf1-2 / 3 de- 
tector complex and the Upf1-decapping complex will be key 
to understanding the NMD pathway. 
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