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SUMMARY

Upf1 is a crucial factor in nonsense-mediated mRNA
decay, the eukaryotic surveillance pathway that
degrades mRNAs containing premature stop
codons. The essential RNA-dependent ATPase
activity of Upf1 is triggered by the formation of the
surveillance complex with Upf2-Upf3. We report
crystal structures of Upf1 in the presence and
absence of the CH domain, captured in the transition
state with ADP:AlF4

� and RNA. In isolation, Upf1
clamps onto the RNA, enclosing it in a channel
formed by both the catalytic and regulatory domains.
Upon binding to Upf2, the regulatory CH domain of
Upf1 undergoes a large conformational change,
causing the catalytic helicase domain to bind RNA
less extensively and triggering its helicase activity.
Formation of the surveillance complex thus modifies
the RNA binding properties and the catalytic activity
of Upf1, causing it to switch from an RNA-clamping
mode to an RNA-unwinding mode.
INTRODUCTION

Although all mRNAs are ultimately degraded, the constitutive

decay of eukaryotic transcripts proceeds at remarkably different

speeds (reviewed in Moore, 2005). Transcripts of housekeeping

genes usually have a slow rate of decay, while those of cyto-

kines, transcription factors, and replication-dependent histones

decay comparatively rapidly. Rapid degradation also ensues

when ribosomes terminate translation prematurely. The occur-

rence of premature translation termination codons (PTCs or

nonsense codons) is a relatively frequent event in mammalian

cells. It arises from somatic rearrangements at the DNA level,

from errors during transcription or pre-mRNA processing, and

from germline mutations in hundreds of inherited genetic disor-

ders (Culbertson, 1999). In eukaryotes, PTC-containing mRNAs

are detected and rapidly degraded via a surveillance pathway

known as nonsense-mediated mRNA decay (NMD) (reviewed

in Chang et al., 2007; Isken and Maquat, 2007). The NMD

pathway has a specialized role in protecting the cell against

the synthesis of potentially harmful truncated protein products
M

and also amore general role in regulating the expression of about

5%–10% of the transcriptome (He et al., 2003).

The mechanisms by which the NMD machinery discriminates

between premature and normal termination codons are still

poorly understood. Generally, NMD requires active translation

and cis-acting elements at the 30 end of the stop codon to relay

information on whether it is in an aberrant or normal context for

termination (reviewed in Amrani et al., 2006; Rebbapragada

and Lykke-Andersen, 2009). In budding yeast, the ‘‘faux 30

UTR’’ model of NMD postulates that the presence of an

abnormal 30 UTR provides a kinetic advantage for the recruit-

ment of the NMD machinery to stalled ribosomes (Amrani

et al., 2004). In mammals, the recruitment of the NMD

machinery is promoted by the exon junction complex, or EJC

(Le Hir et al., 2001), a complex of proteins deposited on the

mRNA upon splicing (reviewed in Isken and Maquat, 2007).

Although the exact nature and contribution of the cis-acting

elements appears to vary in different model organisms, the

core trans-acting factors are conserved (reviewed in Behm-

Ansmant et al., 2007).

The core components of the NMD pathway are the three up-

frameshift proteins, Upf1, Upf2, and Upf3 (also known as

Smg2, Smg3, and Smg4, respectively), which were originally

discovered in genetic screens in S. cerevisiae and C. elegans

(Leeds et al., 1992; Page et al., 1999). Orthologs of these proteins

have been described in several species, including humans

(Lykke-Andersen et al., 2000; Sun et al., 1998) and flies (Gatfield

et al., 2003). Upf1, Upf2, andUpf3 interact to form a ‘‘surveillance

complex’’ (He et al., 1997; Serin et al., 2001), which is thought to

assemble in a stepwise manner, with Upf2 acting as a bridge

between Upf1 and Upf3 (Chamieh et al., 2008; He et al., 1997).

In the complex, Upf1 exhibits ATPase activity that is essential

for NMD (Bhattacharya et al., 2000; Czaplinski et al., 1995; Sun

et al., 1998). Upf2 and Upf3 are nonenzymatic components of

the surveillance complex that stimulate the activity of Upf1 (Cha-

mieh et al., 2008). In human cells, Upf2 and Upf3 are also

required for Upf1 phosphorylation (Kashima et al., 2006) and

for recruiting Upf1 to the EJC (Buchwald et al., 2010; Chamieh

et al., 2008; Gehring et al., 2003). In addition, Upf1 associates

with the release factors eRF1 and eRF3 and is thus thought to

link the surveillance machinery to translation termination (Cza-

plinski et al., 1998; Ivanov et al., 2008; Kashima et al., 2006).

Evidence from gain-of-function and loss-of function studies

in vivo converge on Upf1 as the key effector of NMD in all organ-

isms studied to date (see reviews).
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Upf1 has a modular domain organization, with a conserved

zinc-knuckle domain (the cysteine-histidine-rich CH domain),

followed by a helicase region that belongs to superfamily 1

(SF1). The CH domain has a cis-inhibitory effect on the ATPase

activity and is also the region that binds Upf2 (Chamieh et al.,

2008; Kadlec et al., 2006). Biochemical assays have indicated

that nucleotide binding to Upf1 reduces RNA binding (Chamieh

et al., 2008; Weng et al., 1998), in contrast to other helicases

(reviewed in Cordin et al., 2006; Fairman-Williams et al., 2010;

Pyle, 2008). Structural studies have also shown that the confor-

mation of Upf1 in the presence of ATP analogs is incompatible

with the mode of RNA binding typically observed in other heli-

cases (Cheng et al., 2007). These results are, however, difficult

to reconcile with the tenet that Upf1 has to bind ATP and RNA

simultaneously to elicit RNA-dependent ATPase activity. In addi-

tion, the mechanisms of allosteric inhibition by the CH domain

and of activation by Upf2-Upf3 are unclear. Structural studies

of Upf1-Upf2 have shown that the CH domain contacts the outer

surface of the helicase at a position that is physically discon-

nected from the amino acids that govern RNA binding and heli-

case activity (Clerici et al., 2009), raising the question of how

this domain can influence the enzymatic properties of Upf1.

Here, we report a mechanistic study that unravels how Upf1

binds to RNA in the transition state of the reaction and how its

ATPase activity is regulated by Upf2.

RESULTS AND DISCUSSION

RNA Binding by Upf1 in the Presence of Nucleotides
We first addressed whether Upf1 can bind RNA and ATP simul-

taneously in the transition state of the hydrolysis reaction, which

is mimicked by ADP:AlF4
� (Wittinghofer, 1997). We analyzed a

construct of human Upf1 encompassing the CH domain and

the helicase region, referred to as Upf1 in the text (Figure 1A).

The construct could be engineered precisely based on sequence

conservation and previous structural information (Figure S1)

Cheng et al., 2007; Clerici et al., 2009). Quantitative analyses

of Upf1 affinity for RNA in the presence and absence of nucleo-

tides were performed by fluorescence anisotropy assays, using

a fluorescein-labeled U15 RNA (Figure 1B). The affinity of human

Upf1 for RNA was highest in the absence of nucleotides (Fig-

ure 1B, red trace), consistent with previous qualitative assays

(Chamieh et al., 2008; Weng et al., 1998). However, the differ-

ences we measured were relatively modest: the presence of

the nonhydrolyzable ATP analog AMPPNP resulted in an 8-fold

reduction in affinity, while the transition-state analog ADP:AlF4
�

caused a 4-fold reduction (Figure 1B, green andmagenta traces,

respectively).

We next used RNase protection assays to assess the extent of

RNA binding in the transition state of the reaction as compared to

the ground state, which is mimicked by ADP:BeF3
� (Gu and

Rice, 2010) (Figure 1C). In the presence of ADP:BeF3
�, Upf1 pro-

tected around 11 ribonucleotides (nt) (Figure 1C, lane 6). A similar

protection pattern was also observed with AMPPNP (Figure 1C,

lane 9) (Chamieh et al., 2008). In the presence of ADP:AlF4
�, Upf1

protected 9–10 nt (Figure 1C, lane 3). The shift in protection

pattern from the ground state to the transition state might reflect

a translocation step per nucleotide hydrolysis cycle. As a com-
694 Molecular Cell 41, 693–703, March 18, 2011 ª2011 Elsevier Inc.
parison, the DEAD-box protein Dbp5 showed a similar pattern

in the presence of ADP:AlF4
�, ADP:BeF3

�, and AMPPNP (Fig-

ure 1C, lanes 1, 4, and 7), in agreement with the notion that

DEAD-box proteins function by local strand separation rather

than by translocation (Del Campo et al., 2009). A construct of

human Upf1 lacking the CH domain (referred to as Upf1DCH)

(Figure 1A) also showed a shift in the protection pattern between

ADP:BeF3
� and ADP:AlF4

� (Figure 1C, compare lanes 5 and 2).

However, the nucleotide fragments were smaller with Upf1DCH

than with Upf1 and accumulated to a significantly lesser extent

(Figure 1C, compare lanes 2, 5, and 8with lanes 3, 6, and 9) (Cha-

mieh et al., 2008), suggesting that Upf1 binds RNA less exten-

sively in the absence of the CH domain.

We conclude that Upf1 is capable of binding RNA and ATP

concomitantly, and it likely undergoes nucleotide-induced confor-

mational changes in the cycle of ATP binding and hydrolysis. A

major aspect of its regulation is exerted by the CH domain, which

enhances the extent of RNA binding by the helicase. To under-

stand the underlying mechanisms, we determined the structures

of the transition-state complexes of Upf1DCH and Upf1.

Conformation of Human Upf1DCH
The structure of human Upf1DCH was determined at 2.7 Å reso-

lution and refined to an Rfree of 21.0% and an Rwork of 17.2%with

good stereochemistry (data collection and refinement statistics

in Table 1). The overall architecture of human Upf1DCH has

been previously described for the AMPPNP-, ADP-, and

phosphate-bound structures (Cheng et al., 2007). As with other

helicases, Upf1DCH consists of two RecA domains that are

responsible for nucleotide andRNAbinding (in yellow, Figure 2A).

The RecA1 domain of Upf1 has an a-helical insertion known as

domain 1C (in red), which packs against the outer surface of

RecA1. Upf1 has an additional b-barrel domain (domain 1B, in

orange) that is connected to RecA1 by two a helices (in gray,

Figures 1A and 2A). These two helices are not conserved in other

helicase structures and are referred to as the ‘‘stalk’’ since they

protrude from RecA1. In the absence of nucleotides, a malonate

ion binds at the pocket between the two RecA domains, typically

occupied by the g-phosphate of ATP. The conformation of the

two RecA domains of Upf1DCH in this malonate-containing

crystal form is more open than that previously reported for the

AMPPNP- and the phosphate-bound structures (Figures 2A

and S2). Comparison of the Upf1DCH structures shows that

domain 1C is quite rigid, while the relative orientation of domain

1B changes, highlighting the difference in conformational flexi-

bility of the regulatory domains.

In the Absence of the CH Domain, RNA Binds at
a Channel on the Surface of Upf1DCH
The structure of human Upf1DCH bound to RNA and ADP:AlF4

�

was determined at 2.4 Å resolution and refined to an Rfree of

23.1% and an Rwork of 19.5% with good stereochemistry (data

collection and refinement statistics in Table 1). The final model

includes six ribonucleotides of a U15 RNA used in crystallization,

with the additional phosphate of the seventh ribonucleotide (Fig-

ure 2B). The model also includes ADP and an aluminum fluoride

moiety in square planar geometry, consistent with the transition-

state nucleotide analog ADP:AlF4
� (Gu and Rice, 2010).



Figure 1. RNA Binding Properties of Upf1

(A) Schematic representation of the domain arrangement of human Upf1 full

length (fl) and the constructs used in this study. The helicase region (Upf1DCH)

features twoRecAdomains (in yellow) andadditional regulatorydomains:domain

1B (in orange), domain 1C (in red), and the ‘‘stalk’’ (in gray). Upstream of the heli-

case region, Upf1 contains another regulatory domain: the CHdomain (in green).

The domain organization of Upf1 is conserved across species (Figure S1).

(B) Quantitative measurements of RNA binding affinities of human Upf1 in

solution by fluorescence anisotropy. The data were fitted to a binding
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The two RecA domains face each other to sandwich the nucle-

otide analog (at the ‘‘bottom’’ of the molecule) and form an

extended surface to bind RNA (at the ‘‘top’’ of the molecule).

Binding of ADP:AlF4
� is achieved with interactions that are

essentially identical to those observed with AMPPNP (Figures

2B and S2B, insets). RNA binds in an extended conformation

with the 50 end at the RecA2 domain and the 30 end at the

RecA1 domain, similar to that observed for other helicases (re-

viewed in Cordin et al., 2006; Fairman-Williams et al., 2010;

Pyle, 2008). Comparison of the Upf1DCH structures in the pres-

ence and absence of RNA and nucleotide analogs shows

a conformational change in the relative position of the two lobes

that are formed by RecA2 on one side and by RecA1 and domain

1C on the other (Figures 2A and 2B). Closure of the two lobes is

required to form the composite RNA binding surface, which

spans across the two RecA domains (Figure 2B). In addition,

there is a conformational change in the position of domain 1B.

In the absence of RNA, domain 1B collapses on the RNA binding

surface, partially occluding the binding pockets at the 50 end via

a loop region (residues 349h–355h, where h refers to H. sapiens

numbering) (Figure 2A). In the transition-state complex, domain

1B flips out of the RNA binding site, moving away from the heli-

case core by about 35�. Furthermore, the 349h–355h loop is

disordered (Figure 2B). Thus, domain 1B changes from an inhib-

itory conformation to a conformation in the transition-state

complex that neither hinders nor promotes RNA binding. Indeed,

domain 1B does not contact RNA, which is bound in a relatively

shallow and solvent accessible channel.

Conformational Changes of the Upf1 Helicase Structure
in the Presence of the CH Domain
To investigate how the CH domain influences the extent of RNA

binding by the helicase, we solved the structure of the transition-

state complex of Upf1. Since attempts to crystallize human Upf1

were unsuccessful, we proceeded by taking advantage of the

high sequence conservation of Upf1 orthologs. Yeast and human

Upf1 share more than 45% sequence identity (Figure S1) and

have similar RNA binding properties in fluorescence anisotropy

measurements and in RNase protection assays (Figure S3). The

structure of S. cerevisiae Upf1 was determined at 2.4 Å resolution

and refined to an Rfree of 24.1% and an Rwork of 19.7% with good

stereochemistry (data collection and refinement statistics in
equation describing a single-site binding model to obtain the dissociation

constants (KD, indicated on the left of the curves). The best fit was plotted

as a solid line. The KDs and their corresponding errors (also indicated by the

error bars on the plot) are the mean and standard deviation of a minimum of

four independent experiments. The KD of Upf1 for RNA was the lowest in

the absence of nucleotide and showed a modest increase upon addition of

nucleotides.

(C) RNase protection assays of Upf1 and Upf1DCH in presence of different

nucleotides. ADP:BeF3
� and AMPPNP mimic ATP, while ADP:AlF4

� mimics

the transition state of the nucleotide in the ATPase cycle. The DEAD-box

ATPase Dbp5, which does not undergo translocation, was used as a control

for the different nucleotide-bound states. The fragments of Upf1 and

Upf1DCH accumulated in presence of ADP:AlF4
� were smaller than those

accumulated with ADP:BeF3
� and AMPPNP. Note that the fragments accu-

mulated with Upf1DCH were smaller than those obtained with Upf1. The

asterisks (*) indicate the pattern generated by multiple molecules of Upf1

closely binding to the 60-mer RNA (see also Figure S3).

olecular Cell 41, 693–703, March 18, 2011 ª2011 Elsevier Inc. 695



Table 1. Crystallographic Statistics

Data Collection

Data Set Upf1DCH Upf1DCH-RNA-ADP:AlF4
� Upf1-RNA-ADP:AlF4

�

Beamline SLS PXII SLS PXII SLS PXII

Space group P213 P212121 P21

Unit cell parameters (Å) a = 146.1 a = 77.1, b = 101.9, c = 112.3 a = 64.1, b = 114.1, c = 65.7, b = 110.24�

Wavelength (Å) 0.98 0.98 1.00

Resolution Range (Å)a 84.3–2.7 (2.9–2.7) 49.2–2.4 (2.5–2.4) 53.3–2.4 (2.5–2.4)

Unique reflections 28,118 35,441 33,993

Multiplicity 13.4 6.2 2.2

Completeness (%)a 99.8 (98.7) 99.8 (98.5) 98.1 (98.8)

I/s(I)a 32.2 (4.4) 14.5 (3.3) 8.3 (3.2)

Rsym (%)a 5.6 (63.5) 9.1 (58.8) 9.3 (29.9)

Refinement

Resolution Range 84.3–2.7 49–2.4 41–2.4

Rfree (%) 21.4 23.3 24.3

Rwork (%) 17.3 19.3 19.7

Rmsd bond (Å) 0.009 0.007 0.002

Rmsd angle (�) 0.785 1.02 0.667

B-factor protein (Å2) 62.5 41.7 21.6

B-factor ligands (Å2) - 39.2 25.8

Ramachandran Values

Favored (%) 97.3 97.2 98.4

Allowed (%) 2.7 2.8 1.6

Outliers (%) 0 0 0
a Values in parentheses correspond to the highest-resolution shell.
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Table 1). The final model (Figure 2C) contains a molecule of

ADP:AlF4
� and eight bases of the U15 RNA used in crystallization,

with the additional phosphate of the ninth ribonucleotide. Besides

the architecture of the helicase region described above, Upf1 also

includes the CH domain (in green, Figure 2C). The CH domain is

organized into two structural modules, the first of which contains

two zinc knuckles and the second of which contains one zinc

knuckle (Kadlec et al., 2006). The zinc ions are coordinated via

different combinationsof histidineandcysteine residuesandserve

a structural role in maintaining the fold of the CH domain.

In the transition-state complex of Upf1, the CH domain inter-

acts with the helicase region: the one-zinc-knuckle module inter-

acts with RecA2 and the two-zinc-knuckle module contacts the

stalk. The two RecA domains, the stalk helices, and domain 1C

have the same relative orientation as observed in the structure

of the transition-state complex of Upf1DCH (Figures 2C and

2B). In contrast, domain 1B undergoes a significant conforma-

tional change, shifting by about 20� toward domain 1C (Fig-

ure 3A, left panel). This change in relative orientation is likely

due to steric hindrance by the CH domain, which would other-

wise clash with the conformation of domain 1B observed in the

Upf1DCH structure (Figure 3A, right panel).

The CH Domain Promotes the Extension of the RNA
Binding Channel of Upf1
The interactions thatmediate RNA binding are similar when com-

paring the Upf1 and Upf1DCH structures (Figure 3). However, in
696 Molecular Cell 41, 693–703, March 18, 2011 ª2011 Elsevier Inc.
the presence of the CH domain, the RNA binding channel is

two ribonucleotides longer and is also less exposed to solvent

due to the positioning of regulatory domains. Domain 1B is

positioned to directly interact with the 30 end of the RNA (Fig-

ure 3A, left panel, and Figure 3B). Specifically, the base of U7

is sandwiched between the side chains of Asp297y and

Lys354y (where y refers to the yeast S. cerevisiae numbering)

and the base of U8 packs against Tyr316y. In addition, the back-

bone phosphates of U7 and U8 are contacted by residues of

RecA1. The phosphate of U9 is contacted by domain 1C at

Arg537y, a conserved residue whose mutation in human Upf1

has been shown to decrease RNA binding in vitro (Cheng

et al., 2007). Domain 1C shields one side of the RNA 30 end
and also packs against domain 1B. The CH domain approaches

and shields one side of the RNA 50 end, but does not contact it

directly.

We conclude that the CH domain exerts an allosteric effect on

nucleic acid binding by docking onto the helicase core in a posi-

tion where it promotes or stabilizes the RNA binding conforma-

tion of domain 1B. The structural analysis explains the increase

in the extent of RNase protection of Upf1 in the presence of

the CH domain (Figure 1C) (Chamieh et al., 2008). It is also

consistent with previous studies indicating that the ATPase

active site in the RecA domains, the integrity of the CH domain,

and the presence of domains 1B and 1C are all essential for NMD

in yeast (Bhattacharya et al., 2000; Cheng et al., 2007; Sun et al.,

1998; Weng et al., 1996). The implication from these results is



Figure 2. Conformational Flexibility of the

ATPase and Regulatory Domains of Upf1

(A) Crystal structure of human Upf1DCH (left

panel). The two RecA domains (in yellow) are ar-

ranged with a large cleft in between, resulting in

an open conformation as compared to AMPPNP-

bound Upf1DCH (right panel) (Cheng et al.,

2007). This and all other structure figures were

generated using PyMOL (http://www.pymol.org).

(B) Crystal structure of human Upf1DCH in

complex with six ribonucleotides of a U15 RNA

and ADP:AlF4
�, mimicking the transition state of

the ATP hydrolysis reaction. The molecule is

shown in the same orientation as that in (A), after

optimal superposition of the RecA1 domains.

The RecA domains mediate all the contacts with

the ligands without contributions from the addi-

tional domains (domain 1C in red, domain 1B in

orange, and the stalk helices in gray). RNA and

ADP:AlF4
� are in stick representation in black.

The inset shows a stereo view of the interaction

of ADP:AlF4
� with the RecA domains. Side chains

of nucleotide-interacting residues are in stick

representation, while the magnesium ion and

water molecules are depicted as gray and blue

spheres, respectively.

(C) Crystal structure of yeast Upf1 in complex with

eight ribonucleotides of a U15 RNA and ADP:AlF4
�.

The molecule is shown in the same orientation as

the corresponding transition-state structure of

human Upf1DCH in (B), after optimal superposi-

tion of the RecA1, RecA2, and 1C domains. The

CH domain is shown in green with the zinc ions

as black spheres. The inset shows a stereo view

of the ADP:AlF4
� interaction.
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that the cis-inhibitory role of the CH domain on the ATPase

activity of Upf1 (Chamieh et al., 2008) is a consequence of its

modulation of the extent of RNA binding.

Upf2 and the RecA2 Domain of Upf1 Compete
for Binding to the CH Domain
Comparison of Upf1 in the transition-state complex and in

complex with Upf2 (PDB coordinates 2WJV) (Clerici et al.,

2009) reveals a striking difference in the overall architecture of

Upf1: the CH domain is placed in almost diametrically opposite

positions in the two structures (Figure 4), although its overall

fold remains identical (rmsd of 1.3 Å upon superposition of
Molecular Cell 41, 693–70
90% of all a carbon atoms) (Figure S4).

The first question is whether these

conformations are physiologically rele-

vant or the result of crystal packing

artifacts.

In the Upf1-RNA-ADP:AlF4
� complex,

there is no ordered electron density for

the 13-residue linker that would connect

the last residue of the CH domain

(Thr212y) to the first residue of the stalk

(Ile225y). The two ordered ends of the

CH and helicase regions are located on

the same side of the molecule at
a distance of 30 Å from each other, which can be spanned by

the disordered and flexible linker. No other alternative in the

crystal lattice fulfills this criterion. The interaction of the CH

domain with RecA2 and the stalk buries a large surface area of

approximately 1500 Å2 and is mediated by a set of conserved

residues. In particular, Ile693y in RecA2 fits into a hydrophobic

pocket formed on the surface of the CH domain by Val96y,

Phe131y, and Ile169y (Figure 4, inset of top panel).

In the Upf1-Upf2 complex, the interaction of the CH domain

with RecA1 buries a surface area of approximately 1200 Å2

(Clerici et al., 2009). The linker between the CH domain and

the helicase region is also disordered (residues 281h–285h).
3, March 18, 2011 ª2011 Elsevier Inc. 697
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Figure 3. Allosteric Effect of the CH Domain

to Promote RNA Binding by Domain 1B

(A) Detailed views of the RNA binding sites of the

Upf1 and Upf1DCH transition-state complexes

(left and right panels, respectively) shown in the

same orientation and colors as Figure 2. The CH

domain of Upf1 does not contact the RNA directly,

but impinges on the position of domain 1B,

enabling it to bind two additional nucleotides at

the 30 end of the RNA. The arrows indicate the

movement of domain 1B toward 1C in the Upf1

transition-state complex (left panel) as compared

to the Upf1DCH transition-state complex (right

panel). The distance between the two domains in

each complex highlights the difference in position

of domain 1B with respect to domain 1C.

(B) Schematic representation of the contacts

between RNA and Upf1 proteins. The residues

are numbered according to yeast Upf1 and colored

by domain as in Figure 1A. Ribonucleotides 1–6

engage in similar interactions with Upf1 and

Upf1DCH. The ribonucleotides at the 30 end are

only present in the Upf1-RNA-ADP:AlF4
� complex

(shaded).
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The same conformation is observed in two different crystal forms

with different lattice contacts and is also consistent with small-

angle X-ray scattering data in solution (Clerici et al., 2009).

Thus, the structures likely reflect biologically relevant conforma-

tions where the CH domain docks onto two different positions of

the helicase depending on the bound state of Upf1.

Analysis of the structures reveals that binding of Upf2 occurs on

the same surface of the CHdomain as that used for the interaction

with RecA2 in the transition-state complex. Upf2 has a bipartite

modeof interaction, bindingonesideof theCHdomainvia abhair-

pin (Upf2 residues 1167h–1198h) and the other side with an a helix

(Upf2 residues 1102h–1128h) (Clerici et al., 2009). At the helical

interface, Leu1117h fits into the hydrophobic pocket formed on

the surface of the CH domain by Val157h, Phe192h, and Ile233h
(corresponding to Val96y, Phe131y, and Ile169y in yeast) (Figure 4,

inset of bottom panel). Thus, a hydrophobic residue of Upf2

(Leu1117h) and a hydrophobic residue of RecA2 (Ile693y) compete

for binding to the same pocket of the CH domain.

Upf2 Binding Switches Upf1 from an RNA-Clamping
to an Unwinding Mode
The prediction from the structures is that binding of the CH

domain to Upf2 or to RecA2 is mutually exclusive, suggesting

a mechanism by which Upf2 binding would sterically displace
698 Molecular Cell 41, 693–703, March 18, 2011 ª2011 Elsevier Inc.
the CH domain by about 120� from a posi-

tion proximal to the RNA (where it exerts

its allosteric effect) to a distal position

that is physically disconnected from the

RNA and nucleotide binding sites (where

it is inert). This mechanism is intriguing in

the context of previous biochemical

studies, where Upf2-Upf3 appeared to

abate the cis-inhibitory effect of the CH

domain on Upf1 ATPase activity (Cha-
mieh et al., 2008). To test thismechanism,weengineered amuta-

tion in human Upf1 (Phe192h to glutamic acid, F192E) with the

reasoning that disruption of the hydrophobic pocket in the CH

domain should interfere with the allosteric regulation. RNase

protection assays with Upf1 F192E showed an accumulation of

fragments similar to those generated with Upf1DCH (Figure 5A,

compare lanes 3 and 1). The protection pattern was reduced

with respect to wild-type Upf1 and was similar to the effect of

adding Upf2 (Figure 5A, compare lanes 3, 2, and 5). Upf2 had

no effect when added to Upf1DCH or Upf1 F192E (Figure 5A,

lanes 4 and 6). In this and all other assays, we used a construct

of Upf2 encompassing residues 761h–1227h (referred to as Upf2

in the text). This fragment of Upf2 includes both the folded

domain that binds Upf3 (residues 761h–1054h) (Kadlec et al.,

2004) as well as the natively unfolded Upf1 binding region (resi-

dues 1105h–1207h) (Clerici et al., 2009). An SDS-PAGE gel of

the purified proteins used in the assays is shown in the lower

panel of Figure 5B.

We next assessed the ATPase activity of human Upf1 proteins

in the presence and absence of Upf2. The low basal RNA-depen-

dent ATPase activity of Upf1 was enhanced upon addition of

Upf2, as previously shown (Figure 5B, red traces) (Chamieh

et al., 2008). The ATPase activity of Upf1 F192E and Upf1DCH

was higher than that of Upf1 and was not stimulated upon the



Figure 4. The Same Surface of the CH

Domain Is Involved in Allosteric Regulation

and Upf2 Binding

On the left, the structures of yeast Upf1-RNA-

ADP:AlF4
� and of human Upf1-Upf2 (Clerici et al.,

2009) are shown in the same orientation after

optimal superposition on RecA1. Coloring is as in

Figure 1A, with Upf2 in blue. The CH domain lies

on the opposite sides of the helicase domain in

the two structures. The insets on the right show

a close up of the hydrophobic surface on the CH

domain that interacts with RecA2 in the transi-

tion-state complex (upper panel) and with Upf2

(lower panel). The inset of the lower panel shows

the CH domain of the Upf1-Upf2 complex in the

same orientation as in the RNA-bound structure

(upper panel). The orientation of the insets (right)

relative to the corresponding structures (left) is

indicated.
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addition of Upf2 (Figure 5B, blue and green traces, respectively).

Finally, we measured the helicase activity of Upf1 by assessing

the ability of wild-type and mutant proteins to unwind a DNA-

RNA hybrid. A 75-mer RNA strand was annealed with a
32P-labeled complementary DNA oligonucleotide (21 nt) to

form a 21-base-pair DNA-RNA hybrid with a 50 single-stranded
RNA extension (Figure 5C). Upf1DCH displayed a remarkably

higher unwinding activity than that of Upf1, as shown by the

accumulation of the labeled single-stranded DNA (Figure 5C,

sections 1 and 2) (Chamieh et al., 2008). The Upf1 F192E mutant

and the Upf1-Upf2 complex both exhibited high levels of

unwinding activity, comparable to that of Upf1DCH (Figure 5C,

compare sections 3, 4, and 1). Thus, Upf1DCH, Upf1 F192E,

and Upf1-Upf2 bind RNA less extensively and have substantial

catalytic activity that we attribute to a common structural/func-

tional feature, i.e., the inability of the CH domain to exert its allo-

steric effect on RNA binding. This arises because the CH domain

has either been artificially truncated (Upf1DCH) or contains

a mutation that prevents its docking to the RecA2 domain

(Upf1 F192E) or because Upf2 sequesters the CH domain to

an inert position on RecA1 (Upf1-Upf2).

Conclusions
All RNA helicases known to date contain two conserved RecA

domains that bind RNA and ATP. ATPase activity is elicited
Molecular Cell 41, 693–70
when the two RecA domains are poised

in a characteristic closed conformation

that positions the active-site residues in

the appropriate geometry for catalysis to

occur. However, a great diversity is

hidden in this apparent simplicity. RNA-

dependent ATPases can unwind nucleic

acids, remodel ribonucleoprotein parti-

cles by removing proteins, or clamp onto

RNA rather than translocating along

them. They can bind RNA and ATP syner-

gistically or independently and can couple

this binding to large or minor conforma-
tional changes. In addition, they bind different regulators that

can either inhibit or promote ATPase activity and/or recruit the

helicase at a specific site of action. In the context of these

different mechanisms, how does Upf1 function?

Previousbiochemical andstructural resultsonUpf1argued that

binding of ATP is detrimental to RNA binding (Chamieh et al.,

2008; Cheng et al., 2007; Weng et al., 1998). Although we find

adecrease inRNAbinding affinity in thepresence of ATPanalogs,

the dissociation constants are of the same order of magnitude. In

addition to the RecA domains, Upf1 has regulatory domains (the

CH domain, domains 1B and 1C) that modulate RNA binding,

either directly or indirectly. In the absence of Upf2, theCHdomain

is positioned on RecA2, where it contributes to RNA binding indi-

rectly by impinging against domain 1B and pushing it toward

domain 1C. Domain 1B, in turn, clamps onto the 30 end of the

RNA, interacting with two additional bases, ribonucleotides 7

and 8 (Figure 6). In this conformation, the ATPase and helicase

activitiesare low,particularly comparedwithwhenUpf2 ispresent

or with a construct of Upf1 that lacks the CH domain.

Upf2 binds Upf1 by wrapping around the CH domain, with

a high-affinity interaction (via a b hairpin on one side of the CH

domain) and a low-affinity interaction (via an a helix on the oppo-

site side) (Clerici et al., 2009). In the RNA-bound conformation of

Upf1, the b hairpin binding site on the CH domain is accessible,

indicating that Upf2 would be able to approach Upf1 at the
3, March 18, 2011 ª2011 Elsevier Inc. 699



Figure 5. Disruption of the RecA2-CH

Domain Interaction Triggers Upf1 Activity

(A) RNase protection pattern of Upf1 F192E in

comparison with Upf1DCH and Upf1. The mutated

Phe192h in humanUpf1 corresponds to Phe131y in

yeast (shown in Figure 4). Fragments accumulated

with Upf1 F192E were similar to those accumu-

lated with Upf1DCH and smaller than the frag-

ments generated by Upf1. Addition of Upf2

reduced the extent of protection by Upf1 but had

no effect on Upf1DCH and Upf1 F192E.

(B) RNA-dependent ATPase assays performed

with g-32P-labeled ATP and human Upf1, Upf1

F192E, or Upf1DCH, either alone or in presence

of Upf2 (upper panel). The data represent mean

values from four independent experiments, while

the error bars denote the standard error. The

ATPase activity of Upf1 F192E was higher than

that of Upf1 (and comparable to that of Upf1DCH)

and showed no further enhancement upon addi-

tion of Upf2. The lower panel shows an SDS-

PAGE analysis of the purified proteins used in

biochemical assays. The asterisk (*) indicates a

crosslinked species of yeast Upf1 (likely due to

nonspecific disulfide bonds).

(C) Time course of the ATP-dependent unwinding

activity of human Upf1 proteins. Positions of the

DNA-RNA duplex and the single-stranded DNA

are indicated. The asterisk (*) denotes the position

of the 32P label. No unwinding was observed in the

presence of ADP. Upf1DCH, Upf1 F192E, and the

Upf1-Upf2 complex showed higher unwinding

activity than Upf1, consistent with the removal of

the CH domain from its inhibitory position.

Molecular Cell

Upf1-RNA Structures
high-affinity binding site. Thea helix binding site on theCHdomain

is instead buried, as it is the surface that contacts RecA2. Thus,

binding of Upf2 is mutually exclusive with the position of the CH

domain observed in the RNA-bound state, suggesting that Upf2

binding displaces the CH domain from RecA2 by steric

hindrance (Figure 6, central panel). In the Upf1-Upf2 structure,

the CH domain is indeed displaced to the opposite site of the

helicase, on RecA1 (Clerici et al., 2009). Such a large domain
Figure 6. Upf1 Activation Mechanism

Model recapitulating how the RNA binding and ATPase/unwinding activity are m

nucleotide as a black circle. In the absence of Upf2 (left panel), Upf1 has exten

RNA-unwinding properties. Upon Upf2 binding, the CH domain is displaced and

30 end. As a result, the RNA-unwinding activity is increased (right panel). The cen

700 Molecular Cell 41, 693–703, March 18, 2011 ª2011 Elsevier Inc.
movement is compatible with the presence of a flexible linker

connecting the CH domain to the helicase region of Upf1. The

effect of Upf2 on RNA binding and catalytic activity can be reca-

pitulated by engineering a mutation in the CH domain that inter-

feres with RecA2 binding or by creating a Upf1 protein that lacks

the CH domain altogether. The RNA-bound structure of Upf1 in

the absence of the CHdomain shows that the six ribonucleotides

that bind across the RecA domains are involved in the same
odulated in an NMD cycle by Upf2. The RNA is shown as a ladder and the

ded RNA interactions (via the RecA1, RecA2, 1B, and 1C domains) and low

domain 1B changes to a conformation where it does not clamp on the RNA

tral panel represents a plausible intermediate.
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interactions observed when the CH domain is present. However,

domain 1B is in a conformation that does not support additional

interactions with the 30 end of the RNA. Consistently, RNA

binding by Upf1DCH is less extensive than when the CH domain

is present. In turn, displacement of the CH domain triggers the

helicase activity of Upf1. We speculate that the presence of

the clamping interactions of domain 1B with the 30 end of the

RNA might either restrain the translocation of the RNA across

the RecA domain and/or interfere with the conformation of struc-

tural elements responsible for unwinding (Figure 6).

Thismechanismshifts the focusofUpf2 frombeing theadaptor

between Upf1 and Upf3 to the activator of Upf1. In general, the

principal role ofUpf2 inUpf1 activation is consistentwith epistatic

studies in yeast (Maderazo et al., 2000) and with the essential

roles of Upf1 and Upf2 in mice (Medghalchi et al., 2001; Wei-

schenfeldt et al., 2008), zebrafish (Wittkopp et al., 2009), and flies

(Metzstein and Krasnow, 2006; Avery et al., 2011). This mecha-

nism for Upf1 activation is also predicted to function in the

Upf3-independent NMD pathway reported in human cells

(Chan et al., 2007). However, evidence from tethering assays

for a Upf2-independent NMD pathway has also been reported

(Gehring et al., 2005). It is possible that with certain targets

Upf1 activation is achieved with the low amounts of Upf2 still

present after RNAi knockdowns or with the recruitment of an

alternative activator. The latter possibility is particularly intriguing

in the context of other decay pathways that are unrelated toNMD

but that share the requirement for Upf1. Understanding whether

and how Upf1 might switch its RNA binding properties from

a clamping mode to an unwinding mode in Staufen-mediated

mRNA decay (Kim et al., 2005), in the degradation of replica-

tion-dependent histones at the end of S phase (Kaygun and

Marzluff, 2005), and in the downregulation of miRNA targets

(Jin et al., 2009) is an open question for future studies.
EXPERIMENTAL PROCEDURES

Protein Purification

Human Upf1 (115–914) and Upf1DCH (295–914) were expressed as recombi-

nant His-tagged proteins using E. coli BL21-Gold (DE3) pLysS cells (Strata-

gene) grown in TB medium and induced overnight at 18�C. The cells were

lysed in buffer A (20 mM Tris-HCl [pH 7.5], 10% glycerol, 1 mM MgCl2, 1 mM

ZnCl2) supplemented with 20mM imidazole, 1 MNaCl, and protease inhibitors

(Roche). The proteins were purified by Ni2+- affinity chromatography. After

cleavage of the His-tag with Tobacco Etch Virus (TEV) protease, the protein

was further purified over a HiTrap Heparin Sepharose HP column (GE Health-

care) to remove nonspecifically bound nucleic acids. Size-exclusion chroma-

tography on a Superdex 200 column (GE Healthcare) was performed as a final

step of purification in buffer A, 100 mM NaCl, 1 mM DTT (gel filtration buffer).

The F192Emutation was engineered with the Stratagene QuikChange kit, veri-

fied by DNA sequencing, and purified using the above protocol. Yeast Upf1

(residues 54–851) and Upf1DCH (221–851) were expressed as recombinant

GST-tagged (TEV-cleavable) proteins in conditions similar to those described

above. The cells were lysed in buffer A supplemented with 1 M NaCl, 1 mM

DTT, and protease inhibitors. The proteins were purified by affinity chromatog-

raphy on Glutathione Sepharose resin (Clontech). The affinity tags were

removed by TEV cleavage, and the proteins were further purified by ion-

exchange and size-exclusion chromatography as described above. Human

Upf2 (761–1227) was purified by Ni2+- affinity chromatography, followed by

His-tag cleavage and further purification on a Heparin Sepharose column to

remove nucleic acid contaminants. Size-exclusion (Superdex 200 column)

chromatography was performed as a final step.
M

Crystallization and Structure Determination

Crystals of humanUpf1DCH in the absence of RNA and nucleotide were grown

at 20�C by sitting-drop vapor diffusion from drops formed by equal volumes of

protein (at 10 mg/ml in gel-filtration buffer) and of crystallization solution

(50 mM sodium citrate [pH 6.0] and 1.5 M sodium malonate). Crystals were

cryoprotected with 3 M sodium malonate prior to data collection.

HumanUpf1DCH and yeast Upf1 weremixedwith a 1.5-foldmolar excess of

U15 RNA and a 10-fold molar excess of ADP:AlF4
� and incubated at room

temperature for 30 min. Crystals of the human Upf1DCH-RNA-ADP:AlF4
�

complex were grown at 4�C by sitting-drop vapor diffusion from drops formed

by equal volumes of complex (at 9 mg/ml in gel-filtration buffer) and crystalli-

zation solution (100 mM sodium acetate [pH 4.6], 20 mM CaCl2, and 15%

MPD). The reservoir solution supplemented with 15% MPD served as a cryo-

protectant. Crystals of the yeast Upf1-RNA-ADP:AlF4
� complex were also

grown by sitting-drop vapor diffusion at 4�C from a crystallization solution con-

taining 50mMMES (pH 6.0), 200mMammonium acetate, and 20%PEG 3350.

30% PEG 400 was used as a cryoprotectant. Data were collected at the PXII

beamline of the Swiss Light Source (SLS) (Villigen, Switzerland) and processed

using XDS (Kabsch, 1993). The structures were solved by molecular replace-

ment with the program PHASER (McCoy et al., 2007), using parts of the 2.9 Å

resolution Upf1-Upf2 structure as search models (PDB entry 2WJV). Refine-

ment was carried out with Phenix (Afonine et al., 2005). The model was built

using COOT (Emsley and Cowtan, 2004) and validated with the program

Molprobity (Davis et al., 2007).

Fluorescence Anisotropy

Fluorescence anisotropy measurements were performed with a 50-6-carboxy-
fluorescein (6-FAM)-labeled U15 RNA at 20�C in 50 ml reactions on a Genios

Pro (Tecan). The RNA was dissolved to a concentration of 10 nM and incu-

bated with Upf1 at different concentrations in buffer A supplemented with

100 mM NaCl. The nucleotides were added to a final concentration of 1 mM.

The excitation and emission wavelengths were 485 nm and 535 nm, respec-

tively. Each titration point was measured three times using ten reads with an

integration time of 40 ms. The data were analyzed by nonlinear regression

fitting using the Origin software.

Biochemical Assays

RNase protection assays were carried out at pH 6.5, as described previously

(Bonneau et al., 2009). Protected RNA fragments were separated on a 22%

(w/v) denaturing PAGE and visualized by phosphorimaging. ATPase reactions

were performed according to the protocol in Chamieh et al., (2008), with

1.5 pmol of the Upf1 proteins and a 1.5-fold molar excess of Upf2 where indi-

cated. Reactions were incubated for the indicated times at 30�C, and the

generated 32Pi was counted using the Cerenkov method.

For the unwinding assays, we used a DNA-RNA hybrid (described in the text)

as a substrate. The DNA template encoding the RNA was a kind gift fromMarc

Boudvillain (Centre de Biophysique Moleculaire, CNRS, Orléans, France).

Transcription of the RNA and 50-labeling of the DNA with g-32P ATP were

carried out as in Chamieh et al., (2008). For the assays, 1 nM of DNA-RNA

hybrid was incubated with 50 nM of the enzyme in helicase buffer (50 mM

MES [pH 6.0], 50 mM potassium acetate, 0.5 mM DTT, and 2 mMmagnesium

acetate). Aliquots were taken at various times, mixed with four volumes

of quench buffer (10 mM EDTA, 0.5% SDS, 150 mM sodium acetate, 5%

Ficoll-400), resolved by an 11% PAGE, and visualized by phosphorimaging.
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The coordinates and the structure factors have been deposited in the Protein

Data Bank with accession codes 2XZP (Upf1DCH), 2XZO (Upf1DCH-RNA-
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� complex).
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