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Abstract

Upf1, Upf2, and Upf3 are the principal regulators of Nonsense-mediated mRNA Decay (NMD), a 

cytoplasmic surveillance pathway that accelerates the degradation of mRNAs undergoing 

premature translation termination. These three proteins interact with each other, the ribosome, the 

translation termination machinery, and multiple mRNA decay factors, but the precise mechanism 

allowing the selective detection and degradation of nonsense-containing transcripts remains 

elusive. Here we have determined the crystal structure of the N-terminal mIF4G domain from 

Saccharomyces cerevisiae Upf2 and identified a highly conserved region in this domain that is 

essential for NMD and independent of Upf2’s binding sites for Upf1 and Upf3. Mutations within 

this conserved region not only inactivate NMD, but also disrupt Upf2 binding to specific proteins, 

including Dbp6, a DEAD-box helicase. Although current models indicate that Upf2 functions 

principally as an activator of Upf1 and a bridge between Upf1 and Upf3, our data suggest that it 
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may also serve as a platform for the association of additional factors that play roles in premature 

translation termination and NMD.

Graphical abstract

INTRODUCTION

Nonsense-mediated mRNA decay (NMD) is one of three conserved eukaryotic surveillance 

pathways ensuring mRNA quality control in the cytoplasm1; 2; 3; 4. NMD is activated by 

mechanistic differences between normal and premature translation termination and utilizes 

three conserved factors (Upf1, Upf2, and Upf3)5; 6; 7 to couple nonsense codon recognition 

to the release factors (eRF1 and eRF3), the ribosome, and the mRNA decapping 

complex8; 9; 10; 11; 12; 13; 14. Upf1, the central regulator of NMD2, encompasses an N-

terminal zinc knuckle CH domain and a functional helicase core domain exhibiting RNA 

binding and ATPase activities15; 16. The Upf1 CH domain binds to the C-terminal region of 

Upf2, the largest component of the Upf1-Upf2-Upf3 surveillance complex17. The N-

terminal two-thirds of Upf2 include three domains that adopt the same fold as the middle 

domain of eukaryotic initiation factor eIF4G (mIF4G, Fig. 1A)18; 19; 20; 21. The third of 

these mIF4G domains (mIF4G-3) interacts with the central RNA Recognition Motif (RRM) 

from Upf320. Accordingly, Upf2 is thought to act as a scaffolding protein that bridges Upf1 

and Upf315; 17; 22. Other factors are necessary for NMD in higher eukaryotes5 and appear to 

regulate the activity or availability of the Upfs. Thus, in humans, the SMG-1 and SMG-5 to 

9 proteins, as well as the PP2A phosphatase, act as NMD enhancers by regulating UPF1’s 

phosphorylation status23; 24; 25 and the exon-junction complex (EJC) interacts with the 

human UPF3b isoform26; 27.

Although multiple mechanistic models have been proposed for NMD in lower and higher 

eukaryotes2; 28; 29; 30; 31; 32; 33, little is known about the precise role of the three Upf proteins 

in the individual steps of NMD: recognition of prematurely terminating mRNAs, targeting of 

an mRNA and its nascent polypeptide for accelerated degradation, and disassembly of the 

prematurely terminating mRNP complex. The most elaborate details uncovered to date 

pertain to Upf1:Upf2 interaction and the possible role of this interaction in activating Upf1’s 

ATPase and helicase activities that are essential for NMD. Prior to interacting with Upf2, 

Upf1 adopts a closed conformation that appears to optimize its RNA binding capabilities 

while simultaneously minimizing its ATPase and helicase activities15; 34. Upf2 interaction 

with the Upf1 CH domain35 triggers a major conformational change of the CH domain, 

opening the structure of Upf1 while simultaneously reducing its RNA-binding activity and 
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stimulating its ATPase and helicase activities34. These effects are comparable to the 

consequences of deleting the Upf1 CH domain15; 34. While these results provide some 

insights into the function of Upf2’s Upf1-interaction domain, they leave unresolved the role 

of a large fragment of Upf2, namely the N-terminal half encompassing the first and second 

mIF4G domains. Previous study has highlighted the critical role of the whole N-terminal 

domain and particularly the region spanning residues 30–50 of yeast Upf2 mIF4G1 domain 

for NMD36. Very recently, it was also shown that the deletion of the human UPF2 mIF4G-1 

or mIF4G-2 domain, or both, completely inhibits NMD without affecting UPF2 protein 

stability or cellular localization or UPF1 and UPF3 recruitment19. However, tethering of 

these truncated UPF2 proteins to PTC-containing mRNA partially restores NMD, suggesting 

that the mIF4G-1 and mIF4G-2 UPF2 domains are important for recruitment of UPF2 to 

PTC-containing mRNAs19. Here, we have pursued structural and functional analyses of the 

role of the Upf2 mIF4G-1 domain in yeast NMD. Its crystal structure led to the 

characterization of a highly conserved region within this domain that is essential for NMD, 

and to the identification of proteins whose association with Upf2 is dependent on conserved 

residues within this domain. Our results suggest that Upf2 may have previously 

unanticipated mechanistic roles in NMD beyond serving as an activator of Upf1 activity or a 

bridge between Upf1 and Upf3.

RESULTS

Crystal structure of the S. cerevisiae Upf2 N-terminal domain

To investigate the biochemical and structural roles of the Upf2 N-terminal region in NMD, 

we cloned and expressed in E. coli two fragments from Saccharomyces cerevisiae Upf2 

(hereafter designated ScUpf2). One construct corresponds to the first N-terminal mIF4G 

domain (amino acids 1-360) while the other spans the three predicted Upf2 mIF4G domains 

(amino acids 1-820, Fig. 1A). Although both ScUpf2 fragments could be purified to 

homogeneity in large quantities, neither yielded diffracting crystals. The larger fragment 

proved to be very unstable and two species of lower molecular weight (25 and 35 kDa) were 

observed on SDS-PAGE after one day of storage at 4°C (data not shown). Analysis of these 

bands by mass spectrometry following trypsin digestion revealed that the 25 kDa band 

corresponded to the second and third mIF4G domains while the 35 kDa band corresponded 

to the first mIF4G Upf2 domain (amino acids 1-310, hereafter named ScUpf2 mIF4G-1). 

This prompted us to clone, express, and purify the ScUpf2 mIF4G-1 fragment. This domain 

yielded crystals from which we could collect datasets up to 1.45 Å resolution. Although this 

structure could not be solved by classical methods (see Materials and Methods for details), 

the high resolution datasets proved to be crucial for ab initio structure determination using 

the ARCIMBOLDO program (37; see Table 1 for dataset and refinement statistics). Indeed, 

this approach, which combines 16-residue α-helix location with PHASER38, and density 

modification and auto-tracing with SHELXE39 in a supercomputing frame, yielded an 

electron density map from the correct positioning of only two α-helices (Fig. S1). The high 

quality of this map allowed building of the model of the entire ScUpf2 mIF4G-1 domain, 

which was refined against both the 1.45 Å resolution and the 1.65 Å resolution datasets. As 

the statistics and electron density maps were of significantly better quality for the 1.65 Å 

resolution dataset, only this model will be discussed.
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A highly conserved and functionally essential region in the Upf2 mIF4G-1 domain

ScUpf2 mIF4G-1 is an all α-helical protein composed of 11 α-helices (hA and h1 to h10) 

belonging to the large HEAT repeat family (Fig. 1B). This domain adopts a typical mIF4G 

fold composed of 5 pairs of anti-parallel helices stacked against each other to form a 

solenoid structure. An additional helix (hA) is located at the N-terminus of the domain and 

folds back onto it on the convex face of the solenoid. The concave and convex faces of the 

solenoid are formed by the first (odd number) and second (even number) helices of each 

repeat, respectively. Compared to canonical HEAT repeats that comprise approximately 40 

amino acids40; 41, the size of the ScUpf2 HEAT repeats increases from the N- to the C-

terminal end of the mIF4G-1 domain: repeats 1 and 2 are ~40 residues long, while repeats 3, 

4, and 5 are 55, 65, and 90 residues long, respectively. The overall structure of this yeast 

mIF4G1 domain is similar to that of the recently determined corresponding domain from 

human UPF2 (2.68Å RMSD over 224 Cα, 19% sequence identity; Fig. 1C;19). In human 

UPF2 mIF4G-1, helix hA is much longer than the corresponding helix from ScUpf2 and an 

additional helix (h8i) is inserted between helices h8 and h9 (Fig. S2). In addition, the region 

corresponding to residues 25 to 28 from ScUpf2 folds as an α-helix (hB) in human UPF2. 

Deeper structural comparison reveals that the relatively high rmsd value between both 

structures results from a narrowed angle between two halves of the mIF4G-1 domain. 

Indeed, superimposition of the first half of both mIF4G-1 domains revealed a 10° rotation of 

the C-terminal half (formed by helices h6 to h10 in ScUpf2) relative to the N-terminal half 

(formed by helices hA and h1 to h5 in ScUpf2) in human UPF2 compared to yeast Upf2, 

resulting in a more compact overall structure of the human UPF2 mIF4G-1 domain (Fig. 

1C). Whether this is due to crystal packing constraints needs to be further investigated by 

solution approaches.

We next mapped the sequence conservation score of eukaryotic Upf2 proteins at the surface 

of the ScUpf2 mIF4G-1 domain (Fig. 1D). This analysis revealed two highly conserved 

regions located at the opposite ends of the domain. One patch is formed by residues covering 

the C-terminal end of helix h9 to the N-terminal end of helix h10. Residues from this region 

are strongly conserved in fungi, but differ from residues present at these positions in 

metazoa (Fig. S2), suggesting that this region may not be critical for NMD in all eukaryotic 

organisms. The second conserved patch is much larger and is formed by several residues 

strictly conserved from fungi to metazoa (Fig. 1D and Fig. S2). It is located at the N-

terminal end of the domain and is formed by residues from the linker preceding helix h1 and 

from solvent exposed residues from helices h1 to h3. This patch is centered on helix h1 and 

also contains Asp31 and Ser32, and Lys35 and Arg36, all of which were previously shown 

to be important for NMD in yeast36. Mapping of the electrostatic potential at the surface of 

the ScUpf2 mIF4G-1 domain revealed that this conserved N-terminal region is enriched in 

basic residues (Fig. 1E).

We addressed the role of the latter conserved region in yeast NMD by mutating strongly 

conserved residues to generate three upf2 alleles (Fig. S2). First, we introduced charge 

inversion along helix h1 by replacing Lys35 and Arg36 as well as Lys42, Lys43 and Lys45 

with glutamic acid, creating the K35E/R36E and K42E/K43E/K45E alleles (Fig. 2A). We 

also mutated Lys67 and Glu71 from helix h3 to alanine to generate the K67A/E71A allele. 

Fourati et al. Page 4

J Mol Biol. Author manuscript; available in PMC 2016 May 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The effects of these mutations on NMD in vivo were studied by monitoring the abundance 

of two nonsense-containing NMD reporters, the CYH2 pre-mRNA and the ade2-1 mRNA, 

in upf2Δ cells that had been transformed with single-copy plasmids expressing each of the 

three alleles (Fig. 2B). As previously demonstrated17, deletion of the UPF2 gene in S. 
cerevisiae led to stabilization and markedly increased abundance of both the ade2-1 mRNA 

and CYH2 pre-mRNA without affecting the NMD-immune CYH2 mRNA (Fig. 2B). 

Expression of an untagged or a HA-tagged plasmid-borne version of wild-type full-length 

UPF2 in the upf2Δ strain complemented those cells’ NMD deficiency and led to reductions 

of the CYH2 pre-mRNA and ade2-1 mRNA (Fig. 2B), yielding levels comparable to those 

observed in wild-type cells17. In contrast, expression of the three HA-tagged full-length upf2 
alleles in the upf2Δ strain did not complement the UPF2 deletion and resulted in the 

accumulation of both the ade2-1 mRNA and CYH2 pre-mRNA (Fig. 2B). These defects in 

NMD are not due to instability of the respective Upf2 protein mutants as all three are 

expressed at approximately the same level as wild-type Upf2 (Fig. S3). The three mutants 

exhibited different levels of NMD inhibition, with the strongest effects (approximately six-

fold increase in the levels of the two reporter transcripts compared to wild-type protein) 

obtained with the K42E/K43E/K45E and K35E/R36E mutants (Fig. 2B). A smaller but still 

substantial effect (approximately three- to four-fold increase in the levels of the two reporter 

transcripts) was observed with the K67A/E71A mutant (Fig. 2B). mRNA stabilizing effects 

of other alleles of K35 and R36 have been observed elsewhere36.

Since Upf2 has been shown to be associated with polysomes and 80S ribosomes13; 42; 43, we 

compared the distributions of wild-type Upf2 (full-length and [1–360] domain) and those of 

the three Upf2 mutants in polysome profiles (Fig. S4A). We did not observe any differences 

in Upf2 localization between the wild-type and mutant proteins, further indicating that the 

mutant proteins are properly folded and that NMD inhibition is not due to defects in the 

recruitment of these Upf2 mutants to the ribosome. Furthermore, we observed that the Upf2 

[1–360] domain is sufficient for association to polysomes (Fig. S4B).

Collectively, these experiments have identified highly conserved residues from Upf2 helices 

h1 and h3 that are essential for NMD activity. These residues are located within a highly 

conserved patch, which also encompasses four residues (Asp31, Ser32, Lys35, and Arg36) 

previously shown to be important for NMD36.

Interactions with DEAD-box helicases by the ScUpf2 mIF4G-1 conserved region

Members of the HEAT-repeat protein family often act as scaffolds that recruit different 

protein partners. This is particularly true for proteins encompassing mIF4G domains, such as 

the translation initiation factor eIF4G44, the nuclear cap-binding protein CBP8045; 46, the 

mRNA export factor Gle147, the splicing factor CWC2248, the Not1 subunit of the Ccr4-Not 

deadenylase49, the SLBP-binding protein SLIP150, and Upf220. For instance, the human 

UPF2 mIF4G-3 domain, which is structurally related to the ScUpf2 mIF4G-1 domain (rmsd 

of 3.3 Å over 181 Cα atoms and 11% sequence identity), interacts with the RRM domain 

from Upf320. Since crystal structures of these proteins and their bound partners were 

available, we compared the structures of some of these complexes with our structure of the 

ScUpf2 mIF4G-1 domain (see Fig. S5 and Fig. 3A). This analysis revealed that the UPF3 
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RRM domain, Caf1, and the SBM motif from Dbp5 bind at the center of the convex face on 

top of the mIF4G domain (UPF2 mIF4G-3, Not1, and SLIP1 mIF4G domains, respectively; 

Fig. S5A–C). CBP20 also interacts in the center of the mIF4G domain from CBP80, but on 

the opposite side of this domain relative to the UPF3 binding site on the UPF2 mIF4G-3 

domain (compare panels A and D from Fig. S5). The regions from the ScUpf2 mIF4G-1 

domain that structurally match with these interacting regions from the above mentioned 

complexes are not conserved within Upf2 orthologues, indicating that the Upf2 mIF4G-1 

domain is unlikely to recruit partners through these regions. Interestingly, the eIF4A, 

eIF4AIII and Dbp5 helicases interact through their RecA2 domains with the N-terminal part 

of the mIF4G domain from eIF4G, CWC22 and Gle1, respectively. Superimposition of the 

structure of eIF4A–eIF4G (Fig. 3A), eIF4AIII CWC2248 and Dbp5-Gle1 complexes onto 

the ScUpf2 mIF4G-1 domain reveals that the eIF4G, CWC22 and Gle1 residues contacting 

respectively eIF4A, eIF4AIII and Dbp5 RecA2 domains are located within the helices that 

structurally match ScUpf2 helices h1 to h3, i.e., they correspond to the functionally 

important conserved region of the ScUpf2 mIF4G-1 domain.

Based on these observations, we immunoprecipitated full-length HA-tagged wild-type or 

mutant Upf2 from S. cerevisiae cell lysates and identified the associated proteins by mass 

spectrometry (Tables 2 and S2). As expected, immunoprecipitation of wild-type Upf2 

yielded significant enrichment of Upf1 and Upf3 (44-fold and 14-fold, respectively, Table 

S2). Additionally, proteins involved in ribosome biogenesis and assembly represented a 

major class of proteins associated with full-length Upf2 (Table S2). Our 

immunoprecipitations did not, however, recover Hrp1, a protein that Wang et al. had 

identified as a Upf2-interactor36. Surprisingly, a comparison of the sets of proteins co-

immunoprecipitated with wild-type or mutant Upf2 revealed that Upf2’s association with 

Upf3 was impaired in the K67A/E71A mutant (Table 2A). The interaction between Upf2 

and Upf3 is known to be mediated via the C-terminus of Upf2. However, it is possible that 

introduction of the K67/E71A mutation in the N-terminus can alter the stability of this 

interaction by a mechanism that is not clear. Two proteins were also found to be specifically 

associated with wild-type Upf2, but not with the three mutant proteins (Table 2B): Dbp6, an 

essential putative ATP-dependent DEAD-box RNA helicase required for 60S ribosomal 

subunit assembly as well as Rpc19, a subunit of both RNA polymerases I and III. Given the 

propensity of mIFG4 domains to interact with DEAD-box helicases, we focused on Dbp6 

and used an in vitro binding assay to confirm the Upf2 interaction with Dbp6 (Fig. 3B). 

Purified GST-Dbp6 (from E. coli) and yeast lysates expressing HA-Upf2 were incubated and 

subjected to immunoprecipitation using anti-HA beads. Purified GST (from Sigma) and a 

yeast strain expressing the HA tag alone were used as controls for background binding. 

Analysis of the immunoprecipitates showed co-immunoprecipitation of GST-Dbp6 with 

wild-type HA-Upf2, consistent with the mass spectrometry data (Fig. 3B). Even though the 

Upf2 N-terminal mutants did not manifest co-immunoprecipitation of Dbp6 by mass 

spectrometry (data not shown), GST-Dbp6 was found to co-immunoprecipitate with the N-

terminal mutant proteins in vitro, albeit at lower abundance (Fig. 3B). Furthermore, the 

association of wild-type Upf2 or its variants with Dbp6, was still observed after RNase 

treatment, implying that these interactions are unlikely to be RNA-mediated (data not 

shown). We further tested whether Dbp6 has a readily detectable role in NMD. However, 
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when compared to otherwise wild-type cells, those harboring a disruption of the DBP6 gene 

did not change the levels of the CYH2 pre-mRNA, suggesting that any function Dbp6 might 

have in NMD is not rate-limiting for mRNA decay (data not shown).

DISCUSSION

Despite extensive studies within the last two decades, the mechanism by which NMD 

distinguishes nonsense-containing mRNAs and activates their accelerated decay remains 

elusive2. The Upf1, Upf2, and Upf3 proteins are central to NMD and, they interact with each 

other17, the ribosome13; 42, the eRF1 and eRF3 translation termination factors9; 11; 51; 52; 53, 

and the mRNA decay machinery10; 14. Upf1 plays a pivotal role in NMD and its ATPase and 

RNA helicase activities are regulated by phosphorylation and dephosphorylation events in 

metazoa24; 25, as well as by intra- and intermolecular interactions15; 34; 54; 55, some of which 

are mediated by Upf2. Beyond its role in activating Upf1, Upf2 also serves as a scaffolding 

protein that bridges Upf1 and Upf317. While it is clear that the C-terminal half of Upf2 is 

responsible for interaction with Upf1 and Upf3, a limited number of residues located at the 

N-terminal part of the Upf2 protein have also been shown to be important for NMD 

activity36, but their functional significance has been unknown.

Here, we have analyzed the structure and function of the N-terminal mIF4G-1 domain of S. 
cerevisiae Upf2 and identified a highly conserved region on helices h1 and h3. Not only is 

this domain essential for NMD36 (Fig. 2B), but its function may well be independent of the 

activities of Upf1 and Upf3. This conclusion comes from observations that this domain does 

not encompass the known binding sites for Upf1 and Upf317; 20; 35, and exhibits 

polyribosomal and 40S ribosomal subunit association independently of the remainder of 

Upf2 (Fig. S4B–C). A comparison of our Upf2 mIF4G-1 structure with other mIF4G 

domains indicated that this domain may exert part of its activity by interacting with protein 

partners (Fig. 3A and Fig. S5). Co-immunoprecipitation studies coupled to mass 

spectrometry analyses revealed that the DEAD box helicase Dbp6 and the Rpc19 protein 

interact with wild-type Upf2, but were incapable of interacting with any of the Upf2 mutant 

proteins. In vitro binding assays using purified Dbp6 indicated weakened interactions with 

the three mutant Upf2 proteins, suggesting that the respective mutated residues might 

contribute to the structure of an interaction site.

The Dbp6 DEAD-box helicase is of particular interest for several reasons. First, mIF4G 

domains are known to interact with and regulate the activity of DEAD-box 

helicases44; 47; 48; 50; 56. Second, the mIF4G region involved in helicase binding structurally 

matches the highly conserved patch from Upf2 mIF4G-1 (Fig. 3A), which we have shown to 

be important for NMD (Fig. 2). Third, beyond the NMD-specific Upf1 helicase, other 

helicases have been reported to participate in NMD or to interact with NMD factors. Dbp2, a 

DEAD-box helicase which, like Dbp6 is involved in ribosome biogenesis, manifests a two-

hybrid interaction with Upf110 and functions in the NMD pathway57. Recently, p68/DDX5, 

the human Dbp2 orthologue, was shown to interact with human UPF3 and to enhance the 

NMD-dependent degradation of its own mRNA, as well as mRNAs encoding DDX17 

(another DEAD-box helicase highly similar to DDX5) and SMG-5, which are all 

characterized by long 3′-UTR regions58. Furthermore, the C-terminal fragment from human 
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UPF2 (encompassing the mIF4G-3 domain and the region involved in UPF1-CH binding) 

was shown to interact with eIF4AI in a yeast two-hybrid assay59. Collectively, these results 

are consistent with the notions that mIFG4 domains are scaffold proteins that appear to have 

intrinsic DEAD-box helicase binding properties and that the RNA surveillance and ribosome 

biogenesis pathways have complex interrelationships60. Based on these observations we 

hypothesized that the physical interaction between Upf2 and Dbp6 might have a functional 

implication. However, we did not observe any effect of Dbp6 disruption on NMD. Further 

work is needed to understand the biological significance of Upf2-Dbp6 interaction.

Recently, a structure derived by cryo-electron microscopy revealed the first molecular 

architecture of the human UPF-EJC complex, with UPF2 adopting a ring-like structure 

compatible with being a central scaffold that interacts with UPF1 and UPF361. In this 

complex, the UPF2 ring structure is closed by the proximity of the UPF2 mIF4G-1 domain 

and the subcomplex formed by the UPF1 CH and UPF2 C-terminal domains35. Mass 

spectrometry analysis of different glutaraldehyde cross-linked human UPF-EJC complexes 

identified UPF2 peptides (residues 112–137, 146–163, 334–348 and 370–379, 

corresponding to 1–16, 27–29, 210–227 and 249–258 from ScUpf2) that are protected upon 

UPF1 binding. These results suggest that the UPF2 N-terminal domain might contact the 

UPF1 CH domain directly, a conclusion supported by earlier co-immunoprecipitation studies 

demonstrating that deletion of residues 94–133 from human UPF2 weakened its interaction 

with UPF122. Melero and colleagues were able to fit known coordinates of the EJC, UPF1-

UPF2, and UPF3-UPF2 mIF4G-3 complexes, as well as low homology models for the UPF2 

mIF4G-1 and mIF4G-2 domains, into their cryo-EM map61. More recently, Clerici et al have 

docked their new mIF4G1 and mIF4G2 structures from human UPF2 into this cryo-EM 

map19. This revealed that these two mIF4G domains are responsible for the positioning of 

the EJC in the UPF-EJC complex, in agreement with their proposed scaffolding role. This 

interaction was shown to be dispensable for triggering NMD, which is not surprising since 

the EJC or its equivalent has not been identified in S. cerevisiae and this complex is also not 

required for splicing-dependent NMD in S. pombe62. However, in this model, residues from 

UPF2 mIF4G-1 domain that are protected from glutaraldehyde cross-linking upon UPF1 

binding are not oriented towards UPF1 but face the solvent. Hence, we have reconsidered 

this model, taking into account: 1) the flexibility of the mIF4G-1 domain and in particular of 

the long h9 and h10 helices (Fig. 1C); and 2) the information derived from mass 

spectrometry analysis of different glutaraldehyde cross-linked human UPF-EJC complexes 

as constraints. In our fit, which exhibits a correlation coefficient of 0.85 (Fig. 4A), the UPF2 

mIF4G-1 domain is rotated by almost 180° compared to the fit proposed by Clerici et al 

(Fig. 4B). This illustrates the difficulty to fit with certainty coordinates of protein domains 

into medium resolution cryo-EM maps (16 Å). In our model, the UPF2 mIF4G-1 domain 

contacts the UPF1 CH-UPF2 C-terminal complex through helix hA while the long helices 

h9 and h10 are oriented towards the UPF2 mIF4G-2 domain and the EJC. The interaction of 

the Upf2 mIF4G-1 domain with Upf1 is supported in yeast as we have observed that the N-

terminal fragment of Upf2 encompassing amino acids 1-360 could not associate with 

polysomes in the absence of Upf1 (Fig. S6), suggesting that the Upf2 N-terminus may come 

in contact with Upf1 at the interface of the ribosome at a PTC. Importantly, in our model the 

highly conserved patch in the Upf2 mIF4G-1 domain is solvent exposed and fully accessible 
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for possible interactions with additional factors (Fig. 4A). This model, and unanticipated 

observations such as the failure to recover Upf3 in co-immunoprecipitation experiments with 

the upf2 K67A/E71A mutant, clearly implies that multiple steps of complex mRNP 

remodeling accompany NMD.

In conclusion, the crystal structure of the first mIF4G domain from S. cerevisiae Upf2 has 

led to the identification of a highly conserved patch that is important for NMD in yeast. This 

region appears to be involved in interactions with protein partners, including Dbp6, a 

DEAD-box helicase. The functional importance of this interaction remains to be established, 

but connections between other RNA surveillance pathways and ribosome biogenesis have 

recently been highlighted60. Collectively, the importance of all these N-terminal Upf2 

residues for NMD function indicates that Upf2 may well have an important mechanistic role 

in NMD beyond serving as an activator of Upf1 activity and a bridge between Upf1 and 

Upf315; 17; 20; 34; 35; 36; 61.

MATERIAL AND METHODS

Cloning, expression and purification of Upf2 proteins

The sequence encoding C-terminally His-tagged Upf2 [1–310] was amplified from yeast 

Saccharomyces cerevisiae S288C genomic DNA with oligonucleotides oMG27/oMG32 (see 

Table S1) and inserted into the pET21-a vector to yield plasmid pMG567. The DNA 

sequence encoding C-terminally His-tagged Upf2 [1–360] from Saccharomyces cerevisiae 
was synthesized chemically by GenScript and cloned into pET21-a, yielding plasmid 

pMG464. The sequence encoding C-terminally His-tagged Upf2 [1–820] was amplified 

from yeast Saccharomyces cerevisiae S288C genomic DNA with oligonucleotides oMG27/

oMG31 (see Table S1) and inserted into pET21-a to yield plasmid pMG422.

The Upf2 [1–310] domain was expressed in E. coli BL21(DE3) Codon+ (Novagen) in 1L of 

2YT medium supplemented with ampicillin at 100 μg/mL and chloramphenicol at 25 μg/mL. 

At OD600=0.8, protein expression was induced at 20°C for 20h by adding 50μg/mL IPTG. 

Cells were harvested by centrifugation and resuspended in 30 mL of Buffer A (20 mM Tris 

HCl pH 7.5, 200 mM NaCl). Cell lysis was performed by sonication. This domain was 

purified on a NiNTA column (Qiagen), and then on a Superdex™ 200 16/60 size exclusion 

column (GE Healthcare) in buffer A (20 mM Tris HCl pH 7.5, 200 mM NaCl).

The Upf2 [1–360] domain was expressed using the same conditions as the Upf2 [1–310] 

domain. The protein was purified on a Ni-NTA column (Qiagen), followed by a heparin 

column (GE Healthcare), and finally on a Superdex™ 200 16/60 size exclusion column (GE 

Healthcare) in buffer B (20 mM Sodium Acetate pH 5.6, 200 mM NaCl).

The Upf2 [1–820] domain was expressed in E. coli BL21(DE3) (Novagen) in 1L of 2YT 

medium supplemented with ampicillin at 100 μg/mL. At OD600=0.8, protein expression was 

induced at 20°C for 20h by adding 50μg/mL IPTG. The protein was purified on a Ni-NTA 

column (Qiagen), and then on a Superdex™ 200 16/60 size exclusion column (GE 

Healthcare) in buffer A.
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Crystallization, structure determination and refinement

The purified Upf2 [1–310] domain was concentrated to 20 mg/mL and crystallization trials 

were carried out in 200 nL drops with a 1:1 protein/precipitant ratio using a Cartesian 

crystallization robot (Genomics Solutions). Crystals were obtained within 24h to 48h at 

18°C. Crystal 1 was obtained in 100mM Tris-HCl pH 8.5 and 30% PEG 400. Crystal 2 was 

obtained in 100 mM NaCl, 100 mM Bicine pH9 and 30% PEG MME 550. Both crystals 

were directly flash-frozen in liquid nitrogen prior to data collection.

Diffraction datasets were collected on beamline Proxima-1 at Synchrotron SOLEIL (Saint-

Aubin, France). Statistics for data collection are given in Table 1. The structure of the Upf2 

[1–310] domain from S. cerevisiae could not be solved by molecular replacement (due to the 

lack of a good homology model), anomalous diffusion (only one Methionine residue present 

in the sequence of this N-terminal domain), or isomorphous replacement (despite extensive 

trials). To solve this structure, we then used the ARCIMBOLDO program37, which is 

particularly suited for proteins with a high alpha-helical content and high resolution data, 

two requirements fulfilled by the ScUpf2 mIF4G-1 domain.

Diffraction data in the space group P21 was available from two isomorphous crystals, 

diffracting to high resolution limits of 1.65 Å and 1.45 Å, respectively. Data was merged 

despite a somewhat high R(int) of 22% in order to maximize completeness. The structure 

was solved ab initio with the program ARCIMBOLDO37 that combines fragment location 

with PHASER38 and density modification and auto-tracing with SHELXE39 in a 

supercomputing frame, distributing calculations over a condor grid63 with a pool of 240 

cores at the supercomputer CALENDULA in Leon, Spain (http://www.fcsc.es). An ideal 

helix of 16 alanines was used as a search model for molecular replacement. Locating two 

such helices proved sufficient to achieve phasing from one of the partial solutions. Further 

pursued phasing, iterative density modification and main chain auto-tracing with SHELXE 

improved the starting correlation coefficient from 7.9% to 41.6% and expanded the initial, 

optimized 31 amino acids to 226 of the 310 residues of the final model (Fig. S1). This 

subsequently allowed the tracing of missing residues including side chain building and 

refinement of the entire structure. This model was completed by iterative cycles of manual 

rebuilding using the molecular modeling program COOT64 followed by refinement with the 

program PHENIX65 in the 40-1.65 Å resolution range. In the final model, the Upf2 

regions 1Met-Pro24, 29Lys-Leu310 and five His residues from the C-terminal His6 tag could 

be modeled in the electron density as well as 167 water molecules and one chloride ion. 

Structure refinement parameters and geometry are listed in Table 1. The atomic coordinates 

and structure factors have been deposited into the PDB under the accession code 4LUN.

Flexible fitting of Upf2 mIF4G-1 domain in cryo-EM maps of UPF-EJC complex

To further investigate Upf2 mIF4G-1 domain function in the context of the UPF-EJC 

complex, a flexible fitting approach was performed in the 16 Å resolution cryo-EM map of 

the human UPF-EJC complex61. First, PDB models of the complexes of UPF1 core domain 

(helicase + CH) bound to the C-terminus of UPF235, UPF3b-EJC complex26, UPF2 

mIF4G-3 domain in complex with the RRM domain of UPF320, and the recently deposited 

models of human mIF4G1 and mIF4G219 were independently manually docked in the 
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electron density of the human UPF1-UPF2-UPF3-EJC complex (EM databank code: 

2048;61) using CHIMERA66. A rigid body fitting of each domain was then applied using 

CHIMERA66. This initial full complex model complies with the model already proposed by 

Melero et al61. Then, the human mIF4G-1 domain structure solved recently was 

automatically docked in the electron density obtained by cryo-EM with the SITUS 

package67. The same approach was used with the yeast mIF4G-1 domain model obtained in 

the present study to take into account the possible flexibility of helices h9 and h10 in 

mIF4G-1 domains. The different solutions obtained were carefully checked to determine if 

the domain orientation was compatible with the position of the other domains in the 

complex. In parallel, information from previous mass spectrometry experiments61 was used 

as a constraint to sort the different solutions. One of the docking solutions of the yeast model 

helped to better position the human mIF4G-1 model. Finally, the reconstructed complete 

human model docked in the electron density was further refined using iModfit68, an 

algorithm that can perform a flexible fitting approach with conserved secondary structure 

elements. The final model fitted in the human UPF1-UPF2-UPF3-EJC complex electron 

density map is characterized by a correlation coefficient of 0.85.

Assessment of NMD activity by northern blotting

Plasmids harboring individual HA-tagged or genomic UPF2 alleles were introduced into a 

upf2Δ strain (HFY115) and the resulting cells were grown in synthetic complete (SC) 

medium lacking leucine. The ability of each upf2 allele to promote NMD was determined by 

analyzing the steady-state levels of the nonsense-containing CYH2 pre-mRNA and the 

ade2-1 mRNA. Total RNA isolation and northern analysis were performed as described 

previously10. Random primed DNA probes made from the 0.6 Kb EcoRI-HindIII CYH2 
fragment, the 2.0 Kb BgIII-BgIII ADE2 fragment, or the 0.5 Kb EcoRI-EcoRI SCR1 
fragment were used to detect the CYH2 pre-mRNA, ade2-1 mRNA, and the SCR1 RNA, 

respectively. Transcript-specific signals were determined with a FUJI BAS-2500 analyzer.

Western blotting

Cells representing 4 OD600 units were harvested and resuspended in 200 μL of sample buffer 

as described previously69. Samples were resolved by 8% SDS-PAGE, transferred to 

Immobilon-P (Millipore) membranes, and incubated with anti-HA antibody (Sigma). Blots 

were stripped and reprobed with monoclonal anti-Pgk1 antibody (Molecular Probes).

Polysome analysis

Cells were grown at 30°C in SC medium lacking leucine to an OD600 of 0.7. Cell extracts 

were prepared in Buffer C (10 mM Tris pH 7.4, 100 mM NaCl, 30 mM MgCl2, 50μg/ml 

cycloheximide, 200μg/ml heparin) by glass bead lysis and fractionated on 7%–47% sucrose 

gradients. Protein was precipitated from individual fractions with trichloroacetic acid (TCA), 

resuspended in Laemmli buffer, and subjected to western blot analysis using anti-HA 

antibody (Sigma) and anti-Rpl3 antibody (a kind gift from J. Warner).
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Ribosomal subunit purification and analysis

Ribosomal subunits were prepared as described previously13. Briefly, cell extracts from 

strains expressing Upf2 and its derivatives were centrifuged at 120,000g for 10 h at 4°C on 

34 mL 15%–40% sucrose gradients that contained 10 mM Tris-HCl, pH 7.4, 10 mM MgCl2, 

30 mM NH4Cl, and 1 mM DTT. Fractions corresponding to the 40S and 60S peaks were 

concentrated separately in Amicon filters (EMD Millipore) and were analyzed by western 

blotting using anti-HA antibody (Sigma), anti-Rps6 antibody (Cell Signaling), and anti-Rpl3 

antibody.

Immunoprecipitation

Cell extracts were prepared from strains harboring HA-tagged Upf2 and its derivatives. Cells 

(100 mL) were grown at 30°C in SC medium lacking leucine to an OD600 of 0.8. Cells were 

collected by centrifugation, washed with ice-cold water, and resuspended in 1 mL of IP 

buffer (Pierce). Cells were broken mechanically with glass beads and 100 μL of extract was 

incubated with 20 μL of anti-HA magnetic beads (Pierce) for 1 hour at 4°C. The beads were 

washed 3 times with IP buffer containing 150 mM NaCl and washed once with cold water. 

Bound proteins were eluted under reducing condition as per the manufacturer’s instructions 

(Pierce). Samples were analyzed on SDS-PAGE followed by western blotting using anti-HA 

antibody (Sigma).

In vitro binding assay

The sequence encoding N-terminally GST-tagged Dbp6 was amplified from yeast 

Saccharomyces cerevisiae S288C genomic DNA with oligonucleotides oMG63/oMG56 (see 

Table S1) and inserted into the pGEX-6P1 vector using BamHI/XhoI restriction enzymes to 

yield plasmid pMG601. GST-Dbp6 was expressed in E. coli BL21-codon+ (Novagen) in 1L 

of 2YT medium supplemented with Ampicillin at 100 μg/mL and Chloramphenicol at 25 

μg/mL. At OD600=0.8, protein expression was induced at 20°C for 20h by adding 50μg/mL 

IPTG. Cells were harvested by centrifugation and resuspended in 40 ml of Buffer A 

supplemented with protease inhibitors and DNase A. Cell lysis was performed by 

sonication. The protein was purified on a glutathione-Sepharose resin (GE Healthcare), 

followed by a HiTRAP monoQ column (GE Healthcare) and then a Superdex 200 10–30 

size exclusion column.

Cell extracts were prepared from yeast strains harboring HA-tagged Upf2 and its derivatives. 

Cells (100mL) were grown at 30°C in SC medium lacking leucine to an OD600 of 0.8, 

collected by centrifugation, washed with ice-cold water, and resuspended in 1 mL of IP 

buffer (Pierce). Cells were broken mechanically with glass beads and 100 μL of extract was 

incubated with purified GST-Dbp6 for 1 hour at 4°C. Binding was followed by incubation 

with anti-HA magnetic beads (Pierce) for 1 hour at 4°C. The beads were washed 3 times 

with IP buffer containing 150 mM NaCl and washed once with cold water. Bound proteins 

were eluted under reducing condition as per the manufacturer’s instructions (Pierce). 

Samples were analyzed on SDS-PAGE followed by western blotting using anti-HA antibody 

(Sigma) or anti-GST antibody (Sigma).
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Mass spectrometry

For mass spectrometry, immunoprecipitated, reduced samples were resolved on SDS-PAGE 

gels for a brief period of time followed by excision of a single gel slice containing all the 

immunoprecipitated proteins. The gel slice containing the sample was subjected to in-gel 

trypsin digestion. Chromatographed peptides were then identified on an LTQ Orbitrap Velos 

mass spectrometer and were searched against the Mascot server (Matrix Science, London; 

version 2.4.0). Comparative data analyses and filtering were performed using Scaffold 4 

(Proteome Software).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• What is the role of Upf2 N-terminal domain in nonsense mediated mRNA decay 

pathway?

• Determination of the structure of mIF4G-1 domain from yeast Upf2.

• Upf2 mIF4G-1 domain harbours a highly conserved region mandatory for 

NMD.

• This region seems to be involved in protein recruitment.
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Figure 1. Structure of the S. cerevisiae Upf2 mIF4G-1 domain
A. Schematic representation of the Upf2 protein with domain boundaries from yeast or 

human proteins indicated above or below, respectively. Human UPF2 domain limits are 

those described by Clerici et al19. Approximate location of mutated residues is indicated by 

a red star. Low complexity regions are indicated by lines. Structured domains are depicted 

by squares. B. Ribbon representation of Upf2 mIF4G-1 domain crystal structure. Each 

antiparallel helical hairpin is represented by different colors. The first helix of the hairpin is 

depicted with dark color while the second helix is in light color. The missing loop 

connecting helices hA to h1 is depicted by a grey dashed line. C. Superimposition of human 

UPF2 (yellow) and ScUpf2 (same color code as panel B) mIF4G-1 structures. Only the N-

terminal half of these two domains was considered for superimposition. D. Mapping of the 

sequence conservation at the surface of the ScUpf2 mIF4G-1 domain. Coloring is from grey 

(low conservation) to cyan (highly conserved). The conservation score was calculated using 

the CONSURF server70 and using an alignment made from the sequences of 20 Upf2 

orthologues. E. Mapping of the electrostatic potential at the surface of the Upf2 mIF4G-1 

domain. Positively (15 kBT/e−) and negatively (−15 kBT/e−) charged regions are colored in 

blue and red, respectively. The electrostatic potential was calculated using the PBEQ Solver 

server71. The same orientation is used for all panels.
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Figure 2. Effect of Upf2 mutants on NMD
A. Residues mutated in this study are shown as sticks on the structure of Upf2 mIF4G-1 

domain. The same color code as Figure 1B is used.

B. Plasmids (pRS315) carrying different UPF2 alleles were individually transformed into 

upf2Δ cells (HFY115) and the resulting strains were analyzed for NMD activity. Total RNA 

was isolated from each strain and the steady-state levels of the CYH2 pre-mRNA and the 

ade2-1 mRNA were analyzed by northern blotting, using random-primed probes specific for 

CYH2, ADE2 or SCR1 transcripts, with the latter serving as a loading control. The relative 

CYH2 pre-mRNA and ade2-1 mRNA levels in each of the upf2 mutant strains compared to 

the strain harboring the genomic wild-type UPF2 gene were determined. Data shown in the 
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graph were the average of three independent experiments. Mutants were generated from HA-

tagged UPF2.
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Figure 3. Upf2 interacts with DEAD-box helicase Dbp6 in vitro
A. Structure of the eIF4G–eIF4A (pink) complex superimposed onto the structure of the 

ScUpf2 mIF4G-1 domain. The surface of the ScUpf2 mIF4G-1 domain is colored by 

conservation score as in Fig. 1D. For clarity, the eIF4G protein is not shown. B. Western blot 

analyses of anti-HA immunoprecipitation assays utilized anti-HA and anti-GST antibodies 

on input, flow-through (FT), wash, and eluate fractions. In vitro binding assays were 

performed with GST-DBP6 purified from E. coli and yeast cell lysates expressing HA-Upf2 
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and its variants. Asterisk denotes the HA-Upf2 band. The lower band denotes a cross-

reacting protein in the HA-Upf2 eluate.
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Figure 4. Models of the UPF-EJC complex
A. Fit of the independent structures in the UPF-EJC cryo-EM map (16 Å resolution) 

generated for this study. The cryo-EM map (contoured at a threshold of 1.5) is colored in 

grey and shown in transparency. The different domains from UPF2 are indicated with 

different blue colors. The conserved and functionally important region from the UPF2 

mIF4G-1 domain is circled by red dotted lines. Residues corresponding to positions mutated 

in this study are colored in red. A CHIMERA session allowing the visualization of this fit 

into the cryo-EM map can be downloaded as supplementary files associated to this paper. B. 

Representation of the fit proposed by Clerici et al19. Same orientation, threshold for cryo-

EM map and color code as panel A.
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Table 1

Data collection and refinement statistics

Crystal 1 Crystal 2

Data collection

Space group P21 P21

Cell dimensions a=42 Å, b=51.6 Å, c=72.5; β=100° a=41.9 Å, b=51 Å, c=72.1 Å, β=99.9°

Resolution (Å) 38-1.45 (1.53-1.45) 50-1.65 (1.75-1.65)

Total number of reflections 175,373 107,467

Total number of unique reflections 53,617 36,059

Rsym
a 0.091 (0.467) 0.052 (0.626)

I/σ/ 5.6 (2) 14.6 (2.3)

Completeness (%) 99 (98.4) 98.4 (95.9)

Redundancy 3.3 3

Refinement

Resolution (Å) 40-1.65

Rwork/Rfree (%)b 19.1/23

R.m.s. deviations

Bond lengths (Å) 0.006

Bond angles (°) 0.993

a
Rsym=ΣhΣi|Ihi - <Ih>|/ΣhΣiIhi, were Ihi is the ith observation of the reflection h, while <Ih> is the mean intensity of reflection h.

b
Rfactor=Σ ‖Fo| - |Fc‖/|Fo|. Rfree was calculated with a small fraction (5%) of randomly selected reflections.
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Table 2

Mass spectrometric analysis of proteins that co-immunoprecipitate differentially between wild-type HA-Upf2 

and the three HA-Upf2 mutants

A. Co-immunoprecipitation of Upf1 and Upf3 with Upf2

HA-Upf2
(Wild type)

HA-Upf2
(K42E/K43E/K45E)

HA-Upf2
(K67A/E71A)

HA-Upf2
(K35E/K36E)

Upf1 44 41 37 30

Upf3 14 12 0 7

B. Proteins co-immunoprecipitating with wild-type Upf2 but not the three Upf2 mutant proteins.

Molecular Function Protein Systematic name Average fold enrichment Molecular weight

Ribosome biogenesis and assembly Dbp6 YNR038W 5.2 70,361

Transcription Rpc19 YNL113W 2.6 16,151

C. Proteins co-immunoprecipitating only with the three Upf2 mutant proteins but not wild-type Upf2.

Molecular Function Protein Systematic name Average fold enrichment Molecular weight

Ribosome biogenesis and assembly Dbp8 YHR169W 7.3 47,878

Proteins enriched at least 2 fold over HA-only (control) in three independent experiments have been listed. The average fold enrichment of HA-
Upf2 was observed to be 77 fold. In A, numbers denote the fold enrichment of Upf1 or Upf3 over HA-only (control).
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