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ABSTRACT

The RNA helicase UPF1 is a key component of
the nonsense mediated mRNA decay (NMD) path-
way. Previous X-ray crystal structures of UPF1 eluci-
dated the molecular mechanisms of its catalytic ac-
tivity and regulation. In this study, we examine fea-
tures of the UPF1 core and identify a structural ele-
ment that adopts different conformations in the vari-
ous nucleotide- and RNA-bound states of UPF1. We
demonstrate, using biochemical and single molecule
assays, that this structural element modulates UPF1
catalytic activity and thereby refer to it as the regu-
latory loop. Interestingly, there are two alternatively
spliced isoforms of UPF1 in mammals which differ
only in the lengths of their regulatory loops. The loop
in isoform 1 (UPF1,) is 11 residues longer than that of
isoform 2. We find that this small insertion in UPF1,
leads to a two-fold increase in its translocation and
ATPase activities. To determine the mechanistic ba-
sis of this differential catalytic activity, we have deter-
mined the X-ray crystal structure of the helicase core
of UPF1, in its apo-state. Our results point toward
a novel mechanism of regulation of RNA helicases,
wherein alternative splicing leads to subtle structural
rearrangements within the protein that are critical to
modulate enzyme movements and catalytic activity.

INTRODUCTION

Gene expression in eukaryotes is a complex, multi-step pro-
cess that is subject to stringent regulation at every stage.
This regulation can be mediated at the level of DNA (dif-
ferential transcription) or protein (translation and selec-
tive degradation) or at an intermediate step, at the level of
mRNA. Post-transcriptional gene regulation occurs at sev-
eral stages in the lifetime of an mRNA, such as process-
ing, export, translation and degradation [reviewed in (1) and
(2)]. Each of these processes is a complex multi-step event
involving the dynamic assembly, remodeling and disas-
sembly of messenger ribonucleoprotein particles (mRNPs)
(3). Such events are often facilitated by a group of ATP-
dependent enzymes called RNA helicases, which utilize the
energy derived from ATP binding or hydrolysis to alter
the conformation of RNA, and thereby, unwind RNA du-
plexes or remodel RNPs (4). RNA helicases are ubiqui-
tously present in eukaryotes and are involved in every step
of mRNA metabolism, from transcription to degradation
(5). Due to their pervasiveness, in part, and functional im-
portance, many RNA helicases are essential for cell viability
and are stringently regulated by intra- and inter-molecular
mechanisms (6). While many RNA helicases actively un-
wind RNA duplexes or remodel RNPs, some function as
place-holders, to stabilize the interaction of a protein or
protein complex with RNA [(7-11), reviewed in (12)]. As
such, all RNA helicases can be defined as RNA-dependent
ATPases, referring to their ability to hydrolyze ATP in the
presence of RNA.
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Although there exist six superfamilies of nucleic acid-
dependent ATPases (SF1 to SF6), all eukaryotic RNA heli-
cases are members of the SF1 or SF2 superfamilies (13,14).
They share a conserved core architecture, consisting of
two RecA-like domains, which form a nucleotide-binding
pocket and a composite RNA-binding surface. Addition-
ally, many RNA helicases have auxiliary domains that are
folded independently of the RecA core and exert a regula-
tory effect on the catalytic activity of the helicase [reviewed
in (6)]. The mechanisms by which RNA helicases mediate
unwinding of duplexes or remodeling of RNPs vary de-
pending on their sub-family—DEAD box helicases of the
SF2 superfamily act by local strand-separation of RNA du-
plexes, whereas DExH helicases of the SF2 superfamily as
well as the SF1 superfamily of helicases are thought to me-
diate their effect by translocation on the nucleic acid [re-
viewed in (15) and (4)]. Interestingly, translocating helicases
have a preferred directionality; while all DExH helicases
translocate in the 3'-5’ direction, RNA helicases of the SF1
superfamily translocate in the 5'-3’ direction (13).

RNA helicases of the SF1 superfamily are also referred
to as UPF1-like helicases due to their similarity with the
prototype member, UPF1. UPF1 is a central component
of the nonsense mediated mRNA decay (NMD) pathway,
which involves the step-wise assembly and disassembly of
several protein factors to mediate target mRNA degrada-
tion (16). In the NMD pathway, UPF1 employs its cat-
alytic activity to remodel mRNPs containing premature ter-
mination codons (9,17-20). In addition to the two con-
served RecA domains, UPF1 contains a number of addi-
tional domains located at different positions within its pri-
mary structure (21). The helicase core is flanked at the N-
terminus by a cysteine-histidine rich (CH) domain and at
the C-terminus by a stretch of unstructured amino acids
rich in serine-glutamine (SQ) motifs (Figure 1A). Addition-
ally, UPF1 contains two subdomains 1B and 1C that are in-
serted within the sequence of the helicase core (Figure 1A).
Subdomain 1B adopts a B-barrel fold and is connected to
the RecAl domain by two long ‘stalk’ helices, while the all
a-helical 1C subdomain packs against RecAl (Figure 1B)
(21-23). Previous biochemical and structural data indicate
that each of these additional domains plays a role in regu-
lating the catalytic activity of UPF1. The CH domain was
found to repress catalytic activity of UPF1 (24). It interacts
with the RecA2 domain of UPF1 and indirectly positions
domain 1B to clamp down on the 3’ end of the bound RNA
and inhibit translocation of the RNA relative to the protein
(22). This inhibition is relieved upon binding of the con-
served NMD factor UPF2 to the CH domain, which elic-
its a large conformational change and switches the helicase
from a ‘clamping’-mode to an ‘unwinding’-mode (23). In
addition to the CH domain, the SQ motifs at the C-terminus
of UPF1 interact with the helicase core and inhibit its cat-
alytic activity, possibly by retaining the helicase in a ‘weak’
RNA-binding state or by constraining the small conforma-
tional changes that are associated with ATP binding, hy-
drolysis and exchange (25). Lastly, deletion of the subdo-
main 1C was found to abolish RNA-binding and ATPase
activity of UPF1, establishing that this domain is integral
to the RNA-dependent ATPase activity of UPF1 (21). The
position of 1C at the very 3’ end of the RNA suggests that it
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functions as a ratchet, conferring directionality to the RNA
threading process.

In this study, we examine known structures of the UPF1
helicase core and identify a structural element within
domain 1B that undergoes considerable conformational
changes upon nucleotide and RNA binding. Using a com-
bination of biochemical assays, we demonstrate that this
element, referred to as the regulatory loop, modulates the
catalytic activity of UPF1, possibly by interfering with the
translocation of the helicase on RNA. Interestingly, UPF1
exists as two alternatively-spliced isoforms in mammals,
which differ only in the length of this regulatory loop. Iso-
form 1 (UPF1,) contains an insertion in domain 1B which
extends its regulatory loop to 22 residues, while isoform 2
[UPF1,, the more abundant species, (26)] has a 11-residue
long loop, similar to those found in lower eukaryotes (Fig-
ure 1A and Supplementary Figure S1A, residue numbers
are that of UPF1,). Although the UPF1, isoform has been
extensively characterized using structural and biochemical
tools, very little is known about the catalytic activity and
regulation of the isoform UPF1,. We find that insertion
of 11 amino acids within the regulatory loop considerably
alters the RNA-binding and catalytic activity of UPF1 in
vitro. In order to elucidate the basis of this differential cat-
alytic activity, we have determined the X-ray crystal struc-
ture of the UPF1; helicase core in its apo-state. Our struc-
tural and biochemical studies suggest an elegant mechanism
for the regulation of catalytic activity by introducing sub-
tle structural changes through alternative splicing of mam-
malian UPFI.

MATERIALS AND METHODS
Cloning, expression and purification

Human UPFl, and UPFI,ACH were purified as
previously described (22). The UPFlAloop and
UPFIACHAloop mutants were generated by one-step
PCR amplification, using pET28a-UPF1, and pET15b-
UPFI1,ACH as templates and the following primers:
5-GAATCGCCTACTTCACTGGTTCTGGAAGTCG
GCTCATGCAGGG-3' and 5-CCCTGCATGAGCCGA
CTTCCAGAACCAGTGAAGTAGGCGATTC-3'.

The UPF1; and UPFI;ACH plasmids were also
generated as above, using pET28a-UPF1, and pETI15b-
UPFI1,ACH as a template and the following primers:
5-GATCTGGTGATTATCTGGCTGCGTGACATGC
GGCTCATG-3 and 5-GATAATCACCAGATCTTCG
TTGCCAGAGTCAGTCTTGGG-3'.

Both UPF1; and UPF1Aloop were further sub-cloned
from the pET28a plasmid into a modified pET vector con-
taining an N-terminal 6X-His-Thioredoxin fusion tag, fol-
lowed by a 3C protease cleavage site. The resultant fusion
proteins were expressed and purified by Ni**-affinity and
ion-exchange (IEX) chromatography in a manner identi-
cal to UPF1,, except for an additional step of tag-cleavage
by 3C protease (1:100 w/w ratio of protease to target pro-
tein). The proteins were concentrated and flash-frozen in
liquid nitrogen directly after IEX chromatography. Proper
folding of the proteins was confirmed by analytical size-
exclusion chromatography. The UPF1Aloop protein used
for stopped-flow analysis was additionally subjected to
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Figure 1. A conserved loop in domain 1B of UPF1 modulates its catalytic activity. (A) Schematic representation of the domain organization of human
UPF1, full length (fl) and constructs used for the biochemical assays shown below. The helicase core comprises two RecA domains (in yellow) and the
subdomains 1B (in orange) and 1C (in red). Additional regulatory domains, the CH domain (in green) and the SQ domain are present N- and C-terminal
to the helicase core, respectively. The residue numbers of all UPF1 constructs used in this study correspond to that of the more abundant, short isoform
(UPF15;). The position and the residues of the UPF1 regulatory loop are indicated. Amino acids in bold denote those replaced by the GSGS linker in
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preparative size-exclusion chromatography, as described in
(22). The UPF1;ACH and UPF1ACH Aloop proteins were
purified in a manner identical to UPF1, ACH.

A fragment of UPF2 containing the third MIF4G do-
main in addition to the UPF1-binding site (UPF2 761-
1227) was expressed and purified as described in (22)

Crystallization and structure determination

Crystals of UPF1; ACH were grown by the sitting-drop va-
por diffusion method, by mixing together equal volumes of
protein and reservoir solution (1.4 M sodium malonate, 50
mM sodium citrate pH 6.2). Crystals were cryoprotected by
step-wise soaking in increasing concentrations of sodium
malonate, up to a final concentration of 3 M and flash
frozen in liquid N, prior to data collection.

Diffraction data were collected at 100 K on beamline 14.1
of the BESSY II storage ring (Berlin, Germany) and were
processed by the program XDS (27). The structure was de-
termined by molecular replacement with Phaser (28) us-
ing the RecA domains and domain 1C of UPF1,ACH as
a search model, while domain 1B was built de novo. Itera-
tive model building and refinement were performed using
Coot and Phenix, respectively (29,30). The final model was
validated with the program Molprobity (31).

ATPase assay

6 pmol of the UPF1 proteins were pre-incubated with 2
g poly-U RNA, 40 nmol MESG (2-amino-6-mercapto-7-
methylpurine ribonucleoside) and 0.5 U purine-nucleoside
phosphorylase (EnzChek Phosphate Assay kit, Invitrogen)
in 1x ATPase buffer (50 mM MES pH 6.5, 50 mM potas-
sium acetate, 5 mM magnesium acetate, 2 mM DTT) at
30°C for 20 min. The reaction was initiated by the addition
of ATP to a final concentration of 1 mM. Generation of 2-
amino-6-mercapto-7-methylpurine from MESG and phos-
phate (released from ATP hydrolysis) was detected by mea-
suring absorbance at 360 nm on an Infinite M1000 Pro
(Tecan). The reaction was allowed to proceed for 20 min and
monitored during this period by measurement of 43¢ at 60-
s intervals. Wherever indicated, 7.5 pmol of UPF2 (1.25x
of UPF1) were added to the reaction mixture. To determine
the significance of the differences observed in ATPase activ-
ity, unpaired t-tests were performed and used to determine
the two-tailed P values. The significance threshold was set
at 0.05.
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Fluorescence anisotropy assay

Fluorescence anisotropy measurements were performed
with a 5-6-carboxy-fluorescein (6-FAM)-labeled 26-mer
RNA at 25°C in 40 pl-reactions in a Victor plate reader
(PerkinElmer). The RNA was dissolved to a concentration
of 5 nM and incubated with the UPF1 proteins at differ-
ent concentrations in binding buffer (20 mM HEPES pH
7.5, 150 mM NaCl, 1 mM MgCl,, 5% glycerol and 2 mM
DTT). Where indicated, ATP was added to a final concen-
tration of 10 wM. The excitation and emission wavelengths
were 485 and 535 nm, respectively and each titration point
was measured three times. The data were analyzed by non-
linear regression fitting as described in (32) using GraphPad
Prism (GraphPad Software, Inc.). Unpaired ¢-test derived P
values were calculated to determine the significance of the
differences in K4 between UPF1, and UPF1, or between
UPF1;ACH and UPF1,ACH, in the absence and presence
of ATP. The significance threshold was set at 0.05.

Stopped flow assay

The kinetics of interaction of UPF1;, UPFIl, and
UPF1Aloop with ATP were investigated by fluores-
cence stopped-flow, performed in a stopped-flow apparatus
(SX-20MV) using a fluorescent non-hydrolyzable ATP
analogue, mant-ATPyS. The fluorescence of mant-ATPyS
was excited at 290 nm by FRET from aromatic residues
in the proximity of the ATP binding pocket of UPF1 and
measured at 90° after passing through a 409 nm cut-off
filter (KV 408). Increasing amounts of mant-ATPyS
(0.5-10 uM, final concentrations) were successively titrated
into a fixed amount of UPF1 (0.1 wM final concentration).
Experiments were performed by rapidly mixing equal
volumes (70 wl) of the protein and labeled nucleotide in
buffer containing 20 mM Tris pH 7.5, 150 mM NaCl, 1
mM MgCl, and 1 M ZnCl, and monitoring the change
in fluorescence over a period of 20 s. For measurements
in the presence of RNA, a 1.5-fold molar excess of Ujs
RNA was added to the protein solution and incubated at
room temperature for at least 30 min. All other steps were
carried out in a manner identical to the measurements in
the absence of RNA. At least six replicates were performed
in every case. Data were visualized using the software
Pro-Data Viewer. Data analysis is described in detail in the
Supplementary Information (Supplementary Figure S1).

UPF1Aloop. The insertion of 11 residues within the regulatory loop of UPF1; is indicated by (X);;. (B) X-ray crystal structures of apo- (left panel) and
AMPPNP-bound UPF1, ACH (middle panel) and of UPF1, ACH in its transition state, bound to RNA and ADP:AIF4~ (right panel). The domains are
colored according to the schematic in (A). RNA and nucleotides are shown as black sticks. The 11-amino acid regulatory loop in domain 1B (colored
blue) occupies part of the RNA-binding surface in the apo- and AMPPNP-bound structures, but is disordered in the transition-state structure. This and
all other structure figures have been generated using PyMOL (http://www.pymol.org). (C) RNA-dependent ATPase assay of UPF1;, UPF1,, UPF1,ACH
and UPF1Aloop performed using an enzyme-coupled phosphate-detection assay. The data points and error bars represent mean values and standard
deviations from three experiments, respectively. The symbols ns, ** and *** denote unpaired ¢-test derived P values of >0.05,0.001 and <0.001 respectively.
Enhancement of ATPase activity upon deletion of the CH domain is shown for comparison. (D) Stopped-flow analyses of binding of mant-ATPyS to
UPF1;, UPF1; and UPF1Aloop, in the presence and absence of RNA. The plot shows the concentration dependence of kypp values for UPF1:mant-ATP
association in each case. The data points represent values derived from fitting an average of at least six time-course replicates while the error bars denote the
standard error of mean (SEM). The table presents the rate constants of association and dissociation (ko and k), along with their SEM, and the resultant
equilibrium dissociation constant (Ky). Unpaired z-test derived P values suggest that the differences in Ky between UPF1; and UPF1, and between UPF1,
and UPF1Aloop, both in the presence and absence of RNA, are not significant (P > 0.05 in every case). (E) ATP-dependent unwinding assays with UPF1
proteins, using a RNA:DNA hybrid substrate with a 5-RNA overhang. Positions of the duplex, the single-stranded nucleic acid and of the 32P label (*)
are indicated.
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Nucleic acid unwinding assay

The substrate used in the unwinding assay was identical
to that described in ref (22). Briefly, a 75-mer RNA strand
(5-GGGACCGGAUGAGCGGUAUUGAGUUUGA
AUUUAUCGAUGGUAUCAGAUCUGGAUCCU
CGAGAAGCUGCGGGUACC-3') was hybridized to a
21-mer DNA (5-GGAGCTCTTCGACGCCCATGG-
3) to yield a RNA:DNA hybrid with a 54-nucleotide
overhang. The duplex was labeled with 3?P at the 5'-end
of the DNA strand. Reactions were carried out at 30°C
under conditions described in (33), with 22.5 fmoles of the
labeled duplex and 4.5 pmole of each UPF1 protein per
reaction. Reactions were resolved by 12% native PAGE and
visualized by phosphorimaging.

RT-PCR

RNA was extracted from ~1 x 10° cells using RNATri
(Bio&Sell) and 0.5 g of total RNA was used for reverse
transcription with the UPF1 reverse primer (sequence given
below). To detect the mRNA corresponding to the two
isoforms of human UPF1, we designed primers specific to
sequences in exons 7 and 8, which flank the alternative 5'-
splice site and, upon amplification, would generate products
of 166 and 133 bp for human UPF1; and UPF1, isoforms,
respectively. The primer sequences are as follows: forward
5-GGGACCTGGGCCTTAACAAGAAGAGA-3  and
reverse 5-ATCCCTTTCCACAGGGGCGCAAGGT-
3’. Plasmids expressing the human UPF1;ACH and
UPF1,ACH proteins were used as positive controls.
For quantification of mRNA levels of the two isoforms
low-cycle PCRs were performed with the *P-labeled
forward primer (sequence given above), products were
resolved by denaturing-PAGE and analyzed using a
Phosphoimager and the ImageQuantTL software (GE
Life Sciences). The mRNA preparations of different
mouse tissues were analyzed as described above, us-
ing the human-specific forward primer (sequence given
above, identical to the mouse sequence in this region)
and the following mouse-specific reverse primer: 5'-
ATCCCCTTCCACAGGGGCGCCAGAT-3'.

Single molecule experiments

Recombinant proteins used for single molecule experiments
were cloned in a pET28a (Novagen) derivative plasmid and
expressed in Escherichia coli BL21 (DE3) cells grown in
LB medium and induced overnight at 16°C. The proteins
were CBP-tagged at the N-terminus and His-tagged at the
C-terminus. After cell harvest and lysis, proteins were puri-
fied on Nickel columns (Ni-NTA, Qiagen) and further puri-
fied on a calmodulin affinity column (Agilent technologies)
before dialysis and storage at —80°C. Buffer composition for
purifications can be further found in (24) and (34).

The DNA substrate used in the single-molecule studies
corresponds to a 1239 bp hairpin with a 4-nt loop, a 76-
nt 5'-biotinylated ssDNA tail and a 146 bp 3’-digoxigenin-
labelled dsDNA tail previously described (34,35). We used
a PicoTwist magnetic tweezers instrument (Www.picotwist.
com) to manipulate individual DNA hairpin molecules.
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The DNA hairpins were attached by the 5'-biotinylated ex-
tremity to streptavidin-coated magnetic beads (Dynabeads
MyOne streptavidin T1, Thermofisher Scientific) and by
a 3'-digoxigenin modified extremity to an anti-Dig-coated
glass surface. The glass coverslip was treated with anti-
digoxigenin antibody (Roche) and passivated with 1x Pas-
sivation Buffer [1x PBS pH 7.5, 0.2% pluronic surfactant,
5 mM EDTA, 10 mM sodium azide, and 0.2% of BSA
(Sigma-Aldrich)]. The beads were trapped in the magnetic
field generated by a pair of magnets located above the re-
action chamber. Experiments were conducted at 37°C. The
helicase buffer was 20 mM Tris—HCI pH 7.5, 75 mM potas-
sium acetate, 3 mM magnesium chloride, 2% BSA, 0.5
mM DTT and 2 mM ATP. The enzyme concentration was
the lowest possible to observe helicase activity in single-
molecule conditions. During the helicase assays, DNA hair-
pins were maintained at a constant force of 10 pN.

In order to calculate processivity, we exclusively se-
lected the bursts starting in the first 50 bp of the hairpin.
UPF1,ACH reached the end of the 1.2 kb DNA hairpin in
27 unwinding bursts out of 29, and only two bursts were
aborted. We calculated a processivity factor, fp, as the ratio
of the number of enzymes reaching the hairpin apex over
the total number of bursts. Assuming that the helicase has
a constant probability of detaching in time and sequence,
we extrapolated an average processivity of 17 4 8 kb (34).

To calculate the velocity of unwinding and translocation,
we analyzed the instantaneous rates of each enzyme at a 10
pN force, and generated histograms of distances travelled at
each rate. In (34), the unwinding and translocation veloci-
ties corresponded to the histograms maximum values. How-
ever in this work, we selected the local rate derivative as an
average velocity measure for both isoforms during unwind-
ing and translocation, to avoid the bias generated by UPF1
low velocity and high number of pauses during unwinding
(peak close to 0 in the histogram of unwinding rates).

RESULTS

A flexible loop in domain 1B affects the catalytic activity of
UPF1

To date, several X-ray crystal structures of different states
of the UPF1, isoform have been determined. These include
structures of a human UPF1, construct encompassing the
CH and helicase domains (referred to as UPF1, in this
study, Figure 1A) bound to its activator, UPF2, (23) as
well as that of yeast UPF1 in its transition state, bound
to RNA and ADP-aluminum tetrafluoride (ADP:AIF,™)
(22). Additionally, structures of the human UPF1, helicase
core (referred to as UPF1,ACH) in its apo-, transition-
and nucleotide-bound states are available (21,22). Together,
these structures provide insight into the conformational
changes associated with RNA- and nucleotide binding of
UPF1 and its activation by UPF2.

We analyzed the X-ray crystal structures of the differ-
ent states of UPF1,ACH and observed that, in addition to
lobe closure between the two RecA domains, domain 1B un-
dergoes considerable movement upon nucleotide and RNA
binding while domain 1C is relatively rigid. In particular, an
11-residue conserved loop (amino acids 347-357, shown in
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blue) within 1B adopts strikingly different conformations in
the different structures of the helicase (Figure 1B). In apo-
UPF1,ACH, part of this loop folds into an over-wound 3
helix (36), while in the ATP- (AMPPNP-) bound state, it
adopts an extended conformation (Figure 1B, left and mid-
dle panels). In both these conformations, the loop occludes
part of the RNA-binding surface of UPF1 and appears to
impede RNA binding (Supplementary Figure S1B). Inter-
estingly, this loop is disordered in the transition state of
UPF1,ACH and no longer occupies the RNA-binding sur-
face (Figure 1B, right panel). Due to a possible role of the
loop in modulating RNA binding in different states of the
helicase, we refer to this loop as the ‘regulatory’ loop. The
conformational flexibility of the regulatory loop is probably
due to large movements in domain 1B which either position
the loop in close proximity to the helicase core, where it is
well-ordered or render it solvent accessible and as a result,
disordered.

Since the conformation of the regulatory loop appears
to be coupled to the nucleotide- and RNA-bound state of
UPF1, we wished to determine if it impacts the catalytic ac-
tivity of UPF1. To this end, we generated a mutant UPF1
protein, where residues 347-354 in domain 1B have been re-
placed by a 4-residue GSGS linker. We reasoned that the
GSGS linker is long enough to connect the flanking -
strands without compromising the overall fold of domain
1B, but not sufficiently long to exhibit the conformational
flexibility observed with the native regulatory loop. This
mutant protein, referred to as UPF1Aloop (Figure 1A), was
found to be identical to UPF1, in terms of its oligomeric
state and thermal stability, suggesting that shortening the
loop in domain 1B does not perturb the overall fold of the
protein (Supplementary Figure S1C). In order to discern
the effect of the regulatory loop on the catalytic activity of
UPF1, we performed RNA-dependent ATPase assays with
UPF1,, UPF1,ACH and UPF1Aloop proteins in the pres-
ence of poly-(U) RNA. As reported earlier, UPF1, has a
low basal ATPase activity, which is greatly stimulated upon
deletion of the CH domain (Figure 1C, compare yellow
and green traces) (22,24). We observed that deletion of the
regulatory loop also led to an increase in ATPase activity
compared to UPF1,, albeit to a lower extent than that for
UPF1,ACH (Figure 1C, compare yellow and blue traces).

Previous studies show that the affinity of UPF1, for RNA
is reduced in the presence of ATP and that deletion of
residues 351-355 or 352-354 within the regulatory loop
abolish this effect (21). This raises the question of whether
the regulatory loop might have a role in coupling the bind-
ing of ATP and RNA to the helicase core. To investigate
this, we carried out stopped-flow binding kinetic experi-
ments of the UPF1 proteins with a fluorescently labeled
non-hydrolyzable ATP analogue, mant-ATPyS, in the pres-
ence and absence of U;s RNA. A time-course for the bind-
ing of mant-ATPyS to UPFI,, as determined by moni-
toring mant fluorescence, is shown in Supplementary Fig-
ure SI1D. The data were fitted to a 1:1 binding model in
every case to obtain an apparent rate constant, kap, (de-
scribed in Supplementary Figure S1). A plot of kapp as a
function of mant-ATP concentration yielded a linear de-
pendence and was used to determine the rate constants of
association (ko) and dissociation (ko), and the equilib-
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rium dissociation constant, Ky, in each case (Figure 1D).
We observed that binding of RNA to UPF1, did not sig-
nificantly alter its affinity for ATP (K4 of 0.9 pM and 0.5
M in the presence and absence of RNA, respectively). The
marginal difference in Ky can be attributed to the higher
kon of ATP in the absence of RNA. A similar trend was ob-
served with the UPF1Aloop protein, where despite a small
decrease of ko and kop, the overall Ky for ATP binding
remained unchanged upon addition of RNA (Figure 1D,
right panel). Interestingly, we observed no differences in the
ATP-binding affinities of the UPF1, and UPF1Aloop pro-
teins, suggesting that although the regulatory loop partic-
ipates in ATP-driven conformational changes, it does not
affect binding of ATP to the helicase core.

Auxiliary domains of helicases occasionally act as a ‘pin’
to separate strands of a nucleic acid duplex or as a ‘ratchet’
to impose directionality of nucleic acid unwinding. The pin
or ratchet domains do not affect the rate of ATP hydroly-
sis by the helicase per se, but influence the mechanism of
helicase activity. In the SF1B DNA helicase, RecD2, dele-
tion of the pin domain uncouples ATPase and helicase ac-
tivities (37). The mutant protein is capable of hydrolyzing
ATP but is no longer capable of unwinding a DNA du-
plex. Likewise, deletion of the ratchet domain in the heli-
case Hel308 (DExH DNA helicase) leads to a loss in DNA-
unwinding activity without a concomitant loss of ATPase
activity (38). To determine if the regulatory loop observed
in the UPF1, ACH structures mimics a pin or a ratchet do-
main, we carried out ATP-dependent helicase assays using
a RNA:DNA hybrid substrate. Since UPF1 binds single-
stranded (ss) RNA and unwinds nucleic acids in the 5'-3' di-
rection in vitro, the hybrid was designed to have a 5 ssSRNA
overhang of 54 nucleotides [Figure 1E, described in (22)].
The ATP-dependent unwinding activity of UPF1Aloop on
this substrate was found to be significantly higher than that
of UPF1,, as shown by the accumulation of labeled ssDNA
(Figure 1E, compare right and middle panels). Remarkably,
a substrate with a 3’ ssRNA overhang was not unwound by
either of the two proteins, indicating that deletion of the reg-
ulatory loop does not affect the directionality of unwinding
by UPF1 (Supplementary Figure S1E). In light of our ob-
servations, we deduce that the regulatory loop does not act
as a classical pin or ratchet domain but rather plays a role
in modulating UPFT1 catalytic activity.

The two isoforms of UPF1 differ in their RNA-binding and
catalytic activities

As mentioned earlier, mammalian UPF1 exists as two iso-
forms that are generated by the presence of an alternative
5" splice site in intron 7 of the UPF1 gene. Other meta-
zoans and lower eukaryotes such as flies, worms and yeast
contain only one UPF1 isoform, possibly due to the ab-
sence of an alternative 5’ splice site at an equivalent posi-
tion in the gene (Supplementary Figure S2A). Although the
shorter isoform (UPF1,) is the more abundant one (26),
the relative amounts of the longer isoform (UPF1,) ap-
peared to vary considerably among different human cell
types and across different mouse tissues (Figure 2A). The
difference between the two isoforms lies in the length of
their regulatory loops; the regulatory loop of UPF1, con-
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Figure 2. Mammalian UPF1 exists as two splice isoforms that differ in catalytic and RNA binding activity. (A) Quantitative RT-PCR analysis of mRNA
levels corresponding to the two UPF1 isoforms in different mouse tissues and human cell-lines. The right panel is an ethidium bromide-stained agarose
gel of the products obtained after RT-PCR analysis of the human cell-line samples. The left panel shows a quantification of the mRNA levels of the UPF1
isoforms (derived from analysis of radioactive PCR products). Biological duplicates of mRNA samples from mouse tissue were used for this analysis. The
data represent the mean of at least five experiments and error bars (in grey) denote the standard deviation from the mean. (B) Schematic representation of
the UPF1ACH constructs used in biochemical assays shown below. The regulatory loop of UPF1; is indicated and the 11-amino acid insertion specific to
isoform 1 is denoted in bold. The construct UPF1ACH Aloop contains the same deletion as UPF1 Aloop in Figure 1. (C) RNA-dependent ATPase assay of
the UPF1 isoforms and UPF1Aloop proteins carried out using an enzyme-coupled phosphate-detection assay. Each column represents the ATPase activity
of the indicated protein (or protein mixture) at the end point of the reaction (20 minutes), normalized against the activity of UPF1,. The data represent
mean values and standard deviations from three experiments. A time-course of all the reactions is shown in Supplementary Figure S2C. The ATPase
activities of UPF1; and UPF1, have been compared in the absence and presence of UPF2 and to the activities of their corresponding ACH constructs
(left, middle and right stacks). Unpaired t-test derived P values are indicated. (D) Quantitative measurements of RNA-binding affinities of UPF1 isoforms,
with and without the CH domain, in the absence and presence of ATP (top and bottom panels, respectively) by fluorescence anisotropy assays. The Kgs
and their corresponding errors are the mean and SEM of at least 3 independent experiments. Error bars on the traces denote standard deviation from the
mean. Unpaired #-test derived P values suggest that the difference in Ky between UPF1; and UPF1; in the absence of ATP is not significant (ns, P > 0.05)
while the difference in the presence of ATP is very significant (**P = 0.004). Similarly, the difference in Ky between UPF1; ACH and UPF1,ACH in the
presence of ATP is extremely significant (***P < 0.001).
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Table 1. X-ray crystallographic data collection and refinement statistics

Data collection

Beamline . BESSY II BL 14.1
Wavelength (A) 0.918

Space group i P23

Unit cell parameters (A) a=146.9
Resolution range (A) 19.62-3.34 (3.61-3.34)
Unique reflections 15480 (1512)
Multiplicity 6.7 (6.9)
Completeness 99.2 (98.9)
Mean I/sigma(I) 13.9(2.3)
R-merge 0.099 (0.802)
CCip2 0.999 (0.757)
Refinement

Reflections used for Rpee 777

Riree (%0) 31.3

Ryork (%) N 29.2

RMS bonds (A) 0.003

RMS angles (°) 0.76

Average B factor (Az) 111.92
Ramachandran values

Favored 96.0

Allowed 4.0

Outliers 0

*Values within parentheses correspond to the highest resolution shell.

tains 11 amino acids, whereas that of UPF1; contains 22
amino acids due to insertion of an additional 11 amino
acids upon usage of the alternative 5 splice site (Figure
2B). Although the catalytic activity of UPF1, has been ex-
tensively studied by structural and biochemical means, not
much is known about UPF1;. Since deletion of the regula-
tory loop enhanced the catalytic activity of UPF1, we won-
dered if, conversely, the presence of a longer regulatory loop
would have a strong inhibitory effect on its activity. To test
this hypothesis, we generated UPF1 constructs containing
the 22-residue long regulatory loop, with and without the
CH domain (referred to as UPF1, and UPF1;ACH, Fig-
ures 1A and 2B, respectively). Both proteins were similar
to their corresponding shorter isoforms and loop-deletion
mutants in terms of their oligomeric state and thermal sta-
bility (Supplementary Figures SIC and S2B). We compared
the ATPase activities of UPF1; and UPF1, and found that
a longer regulatory loop did not inhibit the catalytic activ-
ity of the helicase (Figure 1C, compare purple and yellow
traces). In fact, UPF1; showed a marginally higher ATPase
activity than UPF1,. ATP-dependent helicase assays with
UPF1, and UPF1, also showed that the unwinding activ-
ity of UPF1 was not inhibited by a longer regulatory loop
(Figure 1E, compare left and middle panels). As observed
with UPF1,, the affinity of UPF1; for ATP is not signifi-
cantly modulated in the presence of RNA (Figure 1D, pur-
ple traces), suggesting that the longer regulatory loop also
does not influence binding of ATP to the helicase core.

We next proceeded to determine if the catalytic activ-
ity of UPF1; is regulated by intra- and inter-molecular
interactions, in a manner similar to UPF1,. To this end,
we compared the ATPase activities of UPF1; and UPF1,
with the corresponding constructs lacking the CH domain
(UPF1;ACH and UPFI1,ACH, respectively). We found
that, consistent with a role for auto-inhibition by the CH
domain, UPF1;ACH shows about 4-fold higher activity
than UPF1; (Figure 2C, compare left and right stacks). As
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in the case of UPF1,, repression of UPF1, by its CH do-
main is relieved upon addition of UPF2 (Figure 2C, com-
pare left and middle stacks). Our observations suggest that
regulation of UPF1 catalytic activity by the CH domain and
activation by UPF2 is not perturbed by the longer loop of
UPF1,.

Contrary to our expectations of stronger inhibition of
catalytic activity by the long regulatory loop, we find that
activated UPF1; shows significantly higher ATPase activ-
ity than activated UPF1, (Figure 2C, compare first two
columns in the middle and right stacks). Furthermore, the
ATPase activity of UPF1;ACH is identical to that of the
UPF1ACH Aloop mutant (Figure 2C, compare second and
third column in the right stack), indicating that deletion or
elongation of the regulatory loop mediates similar effects
on the activity of UPFI.

A previous study by Cheng et al. reported that the RNA-
binding affinity of UPF1 is reduced in the presence of ATP
and that deletion of four residues (351-354) within the reg-
ulatory loop abolishes this effect (21). We sought to de-
termine whether presence of a longer regulatory loop in
UPFI1 would also mediate a similar effect on its RNA-
binding affinity. To address this, we performed fluorescence
anisotropy assays with UPF1; ACH and UPF1, ACH using
a fluorescein-labeled 26-mer RNA, in the presence and ab-
sence of ATP. As previously reported, UPF1, ACH shows
a significant (18-fold) reduction in RNA-binding affinity in
the presence of ATP while UPF1; ACH shows only a mod-
est 5-fold decrease (Figure 2D, compare cyan and green
traces) (21,22). A similar trend was observed when compar-
ing constructs encompassing the CH domain; UPF1, shows
a 16-fold reduction in RNA-binding affinity in the pres-
ence of ATP in comparison to the 5-fold decrease exhibited
by UPF1, (Figure 2D, compare purple and yellow traces).
However, perturbing the length of the regulatory loop did
not affect the length of RNA bound by UPF1 in the pres-
ence or absence of nucleotides, as observed in RNase pro-
tection assays (Supplementary Figure S2D and data not
shown). Our results suggest that deletion or elongation of
the regulatory loop modulates the RNA-binding affinity as
well as the catalytic activity of UPF1 in a similar manner.

Recently, Fiorini et al reported the behavior of
UPF1,ACH in single molecule conditions using a mag-
netic tweezers approach, and observed that this helicase
is able to unwind and translocate slowly over long RNA
and DNA substrates with a processivity > 10 kb (34). To
assess whether the elongation of the regulatory loop has
an impact on the properties of single molecules of UPF1,
we compared the unwinding and translocation activities of
UPF1,ACH and UPF1,ACH onto a long DNA hairpin.
Briefly, the magnetic tweezers setup we used consists of a
1239 bp DNA hairpin tethered to a glass surface through
its 3’-end and a biotinylated magnetic bead through its
5’-end inside a microfluidic chamber. A constant force
was applied to the ends of the hairpin using a pair of
magnets placed above the chamber. The extension of single
molecules of DNA inside the chamber was tracked over
time using video-microscopy (39). Addition of UPF1,ACH
to the chamber in saturating concentrations of ATP led
to saw-tooth tracks as described in ref (34) (Figure 3,
right panel), during which the helicase slowly unwound
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Figure 3. UPF1; ACH unwinds nucleic acid with a higher translocation speed than UPF1, ACH. Single molecule helicase activity of the two UPF1 iso-
forms. Experimental traces over 2600 seconds show the activity of UPF1; ACH (left) and UPF1, ACH (right) in saturating concentration of ATP, at a
constant force of 10 pN. Both isoforms unwound the 1239 bp double strand DNA substrate (step 1), reached the apex (2), then translocated over the single
strand DNA toward the 3’ end (3) until complete hairpin closure (4). The term Vy refers to the speed of unwinding of the hairpin, while V1 denotes the
speed of translocation on single-stranded DNA, after the hairpin has reannealed behind the helicase.

the DNA hairpin (step 1) until it reached the apex (step
2), then translocated toward the 3’-end while the hairpin
progressively closed behind it (step 4) (schematic of each
step is shown in Figure 3, left panel). These events were
interrupted by frequent short pauses, leading to irregular
events. In similar conditions, UPF1;ACH exhibited a
comparable unwinding and translocation activities with
a remarkable processivity estimated to more than 10 kb
(Figure 3, left panel). Both isoforms also displayed faster
speed during the rezipping phase as previously observed
for UPF1,ACH (34). However, UPF1; ACH was two times
faster than UPF1,ACH with a weighted average rate of
2.4 bp/s during unwinding (1.0 bp/s for UPF1,ACH),
and 4.6 bp/s during rezipping (2.4 bp/s for UPF1,ACH)
(Figure 3 and Supplementary Figure S3). This result
correlates perfectly with the higher ATP consumption rate
of UPF1;ACH compared to UPF1,ACH (Figure 2C and
Supplementary Figure S2C). Therefore, the recording of
numerous and independent translocation events of single
molecules of UPF1 revealed that its two natural isoforms
possess different translocation speeds.

Functional differences between the two UPF1 isoforms can
be attributed to the conformation of their regulatory loops

In order to elucidate the mechanistic basis of modulation
of catalytic activity by the regulatory loop, we determined
the structure of apo-UPF1;ACH at 3.3 A resolution. The
final model was refined to an R 0f 31.3% and an Ry of
29.2% with good stereochemistry (data collection and re-
finement statistics in Table 1). The domains of UPF1; ACH
are colored as in Figure 1B, with the exception of the reg-
ulatory loop which is in cyan (Figure 4A). Nine of the 22
residues within the regulatory loop are ordered, of which
6 are unique to isoform 1 (Figure 4A, inset). The over-

all architecture of the helicase core of apo-UPF1;ACH is
very similar to that of apo-UPF1,ACH, with a root mean
square deviation (r.m.s.d.) of superposition of 1.1 A over
96% of the Ca atoms (Figure 4B). There is a slight move-
ment of domain 1B of UPF1;ACH by about 10° toward
the helicase core. However, despite the overall similarity of
the two structures, there are significant differences in their
regulatory loops. First, the regulatory loop of UPF1,ACH
is well ordered and folded into a 3;( helix, whereas that
of UPF1;ACH is partially disordered and in an extended
conformation. Additionally, an aspartate residue (Aspss;)
within the 3j( helix interacts with an arginine (Arggy) of
the RecA2 domain (Supplementary Figure S4A). As a con-
sequence, the 3;( helix of UPF1; is positioned toward the
helicase core. Since the amino acid at an equivalent posi-
tion in the UPF1, sequence is a leucine, the interaction of
the regulatory loop with the helicase core is lost in this case.
Therefore, the extended loop of UPF1, points away from
the helicase core and is oriented toward the solvent (Fig-
ure 4B, inset). Our structural observations suggest that the
longer regulatory loop of UPF1,; has a higher intrinsic flex-
ibility than that of the regulatory loop of UPF1,.

DISCUSSION

Based on our structural and biochemical observations, we
propose a model for the differential catalytic activity of
the two isoforms of UPF1. In the more abundant isoform,
UPF1,, the short regulatory loop is relatively rigid and
collapses onto the RNA binding pocket and partially oc-
cludes the 5’ binding site of the RNA. The loop is dis-
placed from this position by a movement of domain 1B and,
as a result, is disordered in the transition-state of UPFI.
The RNA-binding pocket in apo-UPF1, ACH is a relatively
open, shallow surface with a distance of approximately 39
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Figure 4. Conformational flexibility of the regulatory loop of UPF1;. (A) Crystal structure of human UPF1; ACH. The RecA domains, domains 1B and
1C are colored according to the schematic in Figure 1A. The long regulatory loop in cyan lies in an extended conformation close to the RNA binding
surface, without significantly blocking RNA binding (Supplementary Figure S4B). The inset shows the 2F, — F, electron density of the ordered region of
the regulatory loop, contoured at 1. (B) Structural superposition of the RecAl domains of UPF1; ACH (colored yellow, with a cyan regulatory loop)
and UPF1, ACH (colored gray, with a blue regulatory loop). The loops connecting strands 4 and 5 of domain 1B in both structures have been removed for
clarity. The relative orientations of the RecA domains and domain 1C are almost identical, while domain 1B of UPF1; ACH undergoes a small movement.
Superposition of domains 1B of the two structures shows a considerable divergence in the positions and fold of the regulatory loops (inset). The shorter
regulatory loop of UPF1, ACH (in blue) is well ordered and folded into a 3¢ helix which is positioned toward the helicase core while the partially disordered
longer loop of UPF1{ ACH (in cyan) is highly flexible and oriented toward the solvent. (C) Model representing the differential effects of the regulatory loop
in the two UPF1 isoforms and their impact on catalytic activity of the helicase. The domains are colored as above, while RNA, ATP and the transition-state
of the nucleotide are denoted by black lines, black circles and grey triangles, respectively. The short regulatory loop of UPF1, is more rigid and occupies
part of the RNA binding surface in the apo- and AMPPNP-bound states of UPF1. Therefore, it poses as a barrier to translocation of UPF1 upon ATP
hydrolysis and has to be displaced from the RNA-binding pocket in each cycle (top panel). In contrast, the longer regulatory loop of UPF1 is flexible and
does not effectively block RNA binding in the presence of ATP or impede translocation (bottom panel). As a consequence, this loop does not have to be
removed from the RNA-binding surface each time to allow ATP-dependent translocation of UPFI, resulting in a more active helicase. The CH and 1C
domains have been omitted from this model for clarity.
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A between the two edges of the pocket. Upon ATP binding,
the pocket is slightly compacted (~32 A in width) due to a
small movement of the RecA domains toward each other. It
should be noted here that, unlike DEAD-box helicases that
adopt distinct conformations in their apo- and RNA/ATP
bound states, SF1 helicases are maintained in a closed con-
formation with pre-formed RNA and ATP binding pock-
ets. We reason that the difference in RNA-binding affinity
of UPF1; in the presence and absence of ATP is due to con-
striction of the RNA-binding pocket, which is further exac-
erbated by the presence of the regulatory loop (Figure 4C,
top left and middle panels). This would explain why dele-
tion of even four of the 11 residues of the inhibitory loop
abrogates the difference in RNA-binding affinity in the pres-
ence and absence of ATP (21). It is well established that the
nucleic acid unwinding and mRNP remodeling activities of
UPF1 are a consequence of its ATP-dependent transloca-
tion on the nucleic acid (34). Since translocation of UPF1
on RNA in the 5'-3' direction entails a relative movement
of RNA toward the RecA2 domain, it seems likely that the
regulatory loop must be forced out of the RNA binding
pocket to facilitate this event (Figure 4C, top right panel).
We speculate that displacement of the regulatory loop from
the RNA-binding pocket might represent the rate-limiting
step in the translocation process. As a consequence, perma-
nent removal of the regulatory loop in the UPF1Aloop mu-
tants leads to a stimulation of the catalytic activity of UPF1.

The less abundant isoform, UPF1;, presents a differ-
ent scenario due to its longer and more flexible regula-
tory loop. In the apo state, the regulatory loop is mostly
positioned away from the RNA binding surface and only
marginally blocks RNA binding (Supplementary Figure
S4B). We speculate that the regulatory loop also does not
inhibit RNA binding in the ATP-bound state, as no drastic
reduction in RNA-binding affinity is observed in the UPF1,
isoform in the presence of ATP. We propose that UPF1, has
a higher catalytic activity as the regulatory loop does not
impede translocation of the helicase on RNA and does not
have to be displaced from the RNA binding pocket in every
cycle of ATP hydrolysis (Figure 4C, bottom panels). In this
respect, the UPF1; isoform is similar to the UPF1Aloop
protein.

In conclusion, we present here a new mode of regula-
tion of UPFT1 activity by a loop in its subdomain 1B. We
further demonstrate that the regulatory loop is responsible
for the differential catalytic activity of the two UPFI iso-
forms. Our study presents a novel mode of regulation of
RNA helicases, where catalytic activity is regulated at the
post-transcriptional level via subtle structural changes gen-
erated by alternative splicing. The existence of two UPF1
splice isoforms with different catalytic activities has inter-
esting implications in the function of this helicase in mul-
tiple mRNA degradation pathways. Intriguingly, the more
active isoform appears to be less abundant across different
mammalian tissues. It would be interesting to determine if
the two isoforms target the same set of NMD substrates
and are functionally redundant in cells or if each isoform
is specific for a certain class of mRNA substrates. Further-
more, it is unclear if a difference in catalytic activity would
result in differential NMD efficiency in cells. In a previous
study, Nicholson et al. showed that both isoforms of UPF1,
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when exogenously expressed, are equally competent in res-
cuing NMD in UPF1-knock out cells (26), but it remains
to be seen if this prevails across a wide-range of tissues and
cell types. Our studies also suggest that both isoforms of
UPF1 are regulated in an identical manner by inter- and
intra-molecular interactions with UPF2 and the CH do-
main, respectively. However, it is not known if additional
factors preferentially bind and regulate a specific isoform.
The differential regulation of the two isoforms might dic-
tate their usage in different cellular processes. The precise
function and regulation of each UPF1 isoform in cells re-
mains a topic for future studies.

DATA AVAILABILITY

The coordinates and structure factors of apo-UPF1;ACH
have been deposited in the Protein Data Bank (PDB) with
the accession code 6EJS.
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Supplementary Data are available at NAR online.
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