SMG6 is the catalytic endonuclease that cleaves
mRNAs containing nonsense codons in metazoan
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ABSTRACT

Messenger RNAs harboring nonsense codons (or premature translation termination codons [PTCs]) are degraded by a conserved
quality-control mechanism known as nonsense-mediated mRNA decay (NMD), which prevents the accumulation of truncated
and potentially harmful proteins. In Drosophila melanogaster, degradation of PTC-containing messages is initiated by
endonucleolytic cleavage in the vicinity of the nonsense codon. The endonuclease responsible for this cleavage has not been
identified. Here, we show that SMG6 is the long sought NMD endonuclease. First, cells expressing an SMG6 protein mutated at
catalytic residues fail to degrade PTC-containing messages. Moreover, the SMG6-PIN domain can be replaced with the active
PIN domain of an unrelated protein, indicating that its sole function is to provide endonuclease activity for NMD.
Unexpectedly, we found that the catalytic activity of SMG6 contributes to the degradation of PTC-containing mRNAs in
human cells. Thus, SMG6 is a conserved endonuclease that degrades mRNAs terminating translation prematurely in metazoa.
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INTRODUCTION

In eukaryotes, premature translation termination induced
by the presence of nonsense codons (or premature trans-
lation termination codons [PTCs]) leads to the assembly of
a so-called “surveillance complex” on the mRNA, which
targets the transcript for degradation (Conti and Izaurralde
2005; Lejeune and Maquat 2005; Behm-Ansmant and
Izaurralde 2006; Rehwinkel et al. 2006). The surveillance
complex consists of a distinct set of nonsense-mediated
mRNA decay (NMD) effectors, including the evolutionarily
conserved proteins UPF1, UPF2, and UPF3 (Conti and
Izaurralde 2005; Lejeune and Maquat 2005; Behm-Ansmant
and Izaurralde 2006; Rehwinkel et al. 2006). Additional
NMD effectors in metazoa include SMG1, a phosphatidy-
linositol 3-kinase-like kinase that phosphorylates UPF1,
and the SMG5-7 proteins, which trigger its dephosphory-
lation (Hodgkin et al. 1989; Cali et al. 1999; Page et al.
1999; Denning et al. 2001; Pal et al. 2001; Yamashita et al.
2001; Anders et al. 2003; Chiu et al. 2003; Ohnishi et al.
2003; Fukuhara et al. 2005).
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Current models for NMD suggest that UPF1 and SMG1
are recruited by ribosomes terminating translation pre-
maturely through interactions with the eukaryotic release
factors eRF1 and eRF3 (Czaplinski et al. 1998; Kashima
et al. 2006). In the presence of UPF2 and/or UPF3,
presumably bound to the mRNA, SMGI1 phosphorylates
UPF1, which then recruits SMG5, 6, and 7 (Denning et al.
2001; Pal et al. 2001; Yamashita et al. 2001; Anders et al.
2003; Chiu et al. 2003; Ohnishi et al. 2003; Fukuhara
et al. 2005). These three related proteins bind phosphory-
lated UPF1 through a common 14-3-3-like domain (Fukuhara
et al. 2005). SMG5 and SMG7 provide a molecular link
between the surveillance complex and the general mRNA
decay machinery, thereby coupling UPF1 phosphorylation
to mRNA degradation (Unterholzner and Izaurralde 2004).
The role of SMG6 remained unclear. This protein is re-
quired for NMD (Hodgkin et al. 1989; Page et al. 1999;
Gatfield et al. 2003; Paillusson et al. 2005; Luke et al. 2007)
and is characterized by a C-terminal PilT N-terminus
(PIN) domain, which exhibits nuclease activity on single-
stranded RNA in vitro (Glavan et al. 2006).

We have shown previously that the first step in the decay
of nonsense-codon-containing mRNAs in Drosophila mel-
anogaster is an endonucleolytic cleavage occurring in the
vicinity of the PTC (Gatfield and Izaurralde 2004). The
identity of the endonuclease responsible for this cleavage
has remained elusive. Here we show that SMG6 is the long
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sought NMD endonuclease. The catalytic activity resides on
its C-terminal PIN domain, which is also present in other
proteins with nuclease activity. We show further that an
SMG6 protein carrying a catalytically active PIN domain
derived from an unrelated protein restores NMD in cells
depleted of endogenous SMG6. This indicates that the sole
function of the SMG6-PIN domain is to provide endonu-
clease activity. Finally, and contrary to expectation, we
show that the catalytic activity of SMG6 is required for the
degradation of PTC-containing mRNAs in human cells.
Together, these results definitively demonstrate that SMG6
functions as an endonuclease in the NMD pathway.

RESULTS AND DISCUSSION

A catalytically active SMG6-PIN domain
is required for NMD

We have shown previously that SMG5 and SMG6 share a
C-terminal PIN domain, present in proteins with nuclease
activity (Glavan et al. 2006). The SMG5-PIN domain lacks
key catalytic residues, whereas the SMG6-PIN domain has
the canonical triad of acidic residues crucial for catalysis
and exhibits nuclease activity on single-stranded RNA in
vitro (Glavan et al. 2006). We hypothesized that SMG6
could be responsible for the endonucleolytic cleavage of
nonsense mRNAs in D. melanogaster (Glavan et al. 2006).

To test this hypothesis, we designed a complementa-
tion assay in which endogenous SMG6 was depleted
from D. melanogaster S2 cells using a specific siRNA
(SMG6-siRNA). An siRNA complementary to the bacterial
B-galactosidase mRNA served as a negative control (-
Gal-siRNA). Depleting SMG6 inhibits NMD (Gatfield et al.
2003). We then asked whether we could restore NMD by
expressing wild-type SMG6 or a variant in which two
aspartic residues required for catalysis were substituted
with asparagines (D881N, D918N; SMG6 mut). Transcripts
encoding SMG6 proteins were made resistant to the siRNA
by introducing mutations disrupting base-pair interactions
with this siRNA without altering the protein sequence.

We used three different NMD reporters in this study
(Fig. 1A). One reporter is based on a fusion between the
open reading frames (ORFs) of Renilla luciferase and green
fluorescent protein (R-Luc-GFP). The natural R-Luc stop
codon is interpreted as a nonsense codon in this fusion and
triggers NMD (R-Luc-GFP-PTC). The reduction in mRNA
abundance is reflected by the corresponding decrease in R-
Luc activity (Fig. 1B).

The additional reporters were described before and
derive from the D. melanogaster alcohol dehydrogenase
(Adh) or the prokaryotic chloramphenicol acetyl trans-
ferase (CAT) genes, respectively (Fig. 1A; Gatfield et al.
2003; Gatfield and Izaurralde 2004; Behm-Ansmant et al.
2007). Nonsense codons at positions 64 and 72 of the Adh
and CAT OREFs, respectively (Adh-PTC or CAT-PTC),
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trigger NMD, leading to a strong reduction of mRNA
levels relative to the expression of the corresponding wild-
type transcripts (Fig. 2; Gatfield et al. 2003; Gatfield and
Izaurralde 2004; Behm-Ansmant et al. 2007).

Transfection of SMG6-siRNA into S2 cells suppresses
NMD, so the levels of the PTC-containing reporters
increased (Figs. 1C,D, 2A,B). When compared to the
corresponding wild-type reporters, the up-regulation of
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PTC-containing mRNA reporters ranged between 2.5- and
sevenfold (Figs. 1C,D, 2A,B). The expression of the siRNA-
resistant version of SMG6 (SMG6 wt) restored NMD in a
concentration-dependent manner, indicating that the
effects of the SMG6-siRNA are specific (Figs. 1C,D,
2A,B). In contrast, the SMG6 mutant failed to rescue
NMD (Figs. 1C,D, 2A,B; SMG6 mut). Furthermore, this
mutant inhibits NMD in a dominant negative manner
when overexpressed (Fig. 1C,D; Glavan et al. 2006). The
expression levels of wild-type and mutant SMG6 proteins
were comparable (Fig. 2C, lanes 2,3). Together these results
indicate that a catalytically active SMG6-PIN domain is
required for NMD. In agreement with this, an SMG6
protein carrying the PIN domain of SMG5, which lacks
two of the three active-site aspartates (Glavan et al. 2006),
did not restore NMD (data not shown).

The sole function of the SMG6-PIN domain
is to provide endonuclease activity

If the sole function of the SMG6-PIN domain were to
provide endonuclease activity, then any active PIN domain
could potentially substitute for that of SMG6. We therefore
investigated whether we could replace the SMG6-PIN
domain with the PIN domain of NOBI, which has a simi-
lar fold and was shown to be catalytically active (Fatica et al.
2003, 2004). An SMG6 protein carrying the NOBI-PIN
domain (SMG6-PINNOBY) rescued NMD in cells depleted
of endogenous SMG6 (Fig. 3A-C). Similar results
were obtained with the three reporters (Fig. 3A-C). Again
in this hybrid protein, substitution of two catalytic residues
with asparagines (NOBI residues D87 and D105, at
equivalent positions as D881 and D918 in the SMG6-PIN
domain) was sufficient to abolish NMD activity (Fig. 3A-C;

FIGURE 1. Mutations of catalytic residues in the SMG6-PIN domain
abolish NMD. (A) Schematic representation of the NMD reporters
used in this study. The position of the nonsense codon (PTC) is
indicated. (B) S2 cells were transfected with a mixture of two
plasmids: one expressing the R-Luc-GFP reporter with or without
PTC as indicated; and another expressing Firefly luciferase (F-Luc) as
a transfection control. R-Luc activity (gray bars) and RNA levels
(orange bars) were normalized to those of the F-Luc control and set to
100 for the wild-type reporter. Mean values and SD from three
independent experiments are shown. The right panel shows Northern
blot analysis of representative RNA samples. (C,D) S2 cells were
transfected with the indicated siRNAs plus the mixture of plasmids
described in B. Increasing amounts of plasmids encoding siRNA-
resistant versions of wild-type or mutant SMG6 proteins were
included in the transfection mixtures, as indicated. Alternatively,
SMG5 wt or a variant carrying the SMG6-PIN domain were also
tested. R-Luc activity was normalized to that of the F-Luc and set to
100 for the wild-type reporter (black bars). Mean values and SD from
three independent experiments are shown. The dashed line indicates
NMD levels in control cells (treated with B-Gal-siRNA). (D) Northern
blot analysis of representative RNA samples. Reporter mRNA levels
were normalized to that of the F-Luc mRNA. For each condition, the
normalized values of the wild-type reporter were set to 100.
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FIGURE 2. A catalytically active SMG6-PIN domain is required for
NMD. (A,B) S2 cells were transfected with the indicated siRNAs plus a
mixture of two plasmids: one expressing the Adh or CAT reporters
with or without PTC as indicated, and another expressing a truncated
version of Adh (AdhA) as a transfection control. Plasmids encoding
SMGS proteins or siRNA-resistant versions of SMG6 were included in
the transfection mixtures, as indicated. Reporter mRNA levels were
normalized to that of the AdhA mRNA. For each condition, the
normalized values of the wild-type reporter were set to 100 (black
bars). Mean values and SD from three independent experiments are
shown. The right panels show Northern blot analysis of representative
RNA samples. (C) Recombinant SMG5, SMG6, and NOBI1 proteins
have an HA-tag, so that their expression could be analyzed by Western
blotting using an anti-HA antibody. Cotransfected Renilla luciferase
(fused C-terminally to a V5 epitope) served as a loading control.

SMG6-PINNOBI-muty "girilar results were obtained when a
single catalytic residue (NOBI residue D15) was substituted
with asparagine (data not shown). Overexpressing NOB1
alone did not affect reporter expression, indicating that the
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so it positions the PIN domain in the
vicinity of the PTG, so that the mRNA is
cleaved at this position. We speculate
that the ability of the SMG6-PIN
domain to cleave PTC-containing mRNAs

30

SMG6-PINNOB!
NOB1 wt
SMG6 wt

SMG6-PINNOE!
NOB1 wt

SMG6 wt  SMG6-PINNOBTsmG6-PINNOBT NOB1 wt

M CAT-wt
O CAT-PTC

SMG6-siRNA

\»5"?&‘*

o
s

SMG6-siRNA SMG6-siRNA

B-Gal-siRNA
p-Gal-siRNA

NOB1

Relative mRNA levels
SMG6-PINNOE1

SMG6 wt
NOBA1 wt
SMG6 wt
a| smGe-PINNOB1
NOB1 wt

smGe-PINNOB!

—| SMG6-PIN

=
)

W Adh-wt
O Adh-PTC

SMG6-siRNA
100 -

B-Gal-siRNA
p-Gal-siRNA

SMG6-siRNA SMG6-siRNA

-
S
1

Adh
0 mRNA
Adha
mRNA

Relative mRNA levels

SMG6 wt
SMGE-PINNOB1 |
SMG6-PINNOR!
NOB1 wt
SMG6 wt
SMG6-PINNOB1
smaGe-PINNOR!
NOB1 wt

Q\
O N
Q*“iko%
&F&
)

0'\
S
Ny
& &
<

3

P

-
o

FIGURE 3. The sole function of the SMG6-PIN domain is to provide endonuclease activity.
(A) S2 cells were transfected with the indicated siRNAs and a mixture of plasmids as described
in Figure 1B. Increasing amounts of plasmids encoding siRNA-resistant versions of wild-type
or mutant SMG6 proteins were included in the transfection mixtures, as indicated.
Alternatively, full-length NOB1 was tested. R-Luc activity and mRNA levels were analyzed
as described in Figure 1C,D. (B,C) S2 cells were transfected with the indicated siRNAs plus the
Adh or CAT reporters as described in Figure 2A,B. Plasmids encoding NOBI or siRNA-
resistant versions of wild-type or mutant SMG6 proteins were included in the transfection
mixtures, as indicated. Reporter mRNA levels were analyzed as described in Figure 2A,B.

protein does not degrade RNAs unspecifically (Fig. 3A-C;
NOBI1 wt). Taken together these results indicate that the
role of the SMG6-PIN domain in NMD is to provide
endonuclease activity.

The linker region of SMG6 is dispensable for NMD

The C-terminal PIN domain of SMG6 is connected to a
central 14-3-3-like domain through a low-complexity
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may be influenced by the length of the
linker region. To investigate the role
of this region we generated an SMG6
protein deleted for these sequences
(amino acids 676-728). This protein
restored NMD in cells depleted of endog-
enous SMG6 (Fig. 4A—-C; SMG6Alinker),
indicating that the linker region is not
necessary for NMD.

Next, we replaced the linker region
with an unrelated large bacterial protein
NusA (498 amino acids). The resulting
hybrid protein was active in NMD (Fig.
4A—C; SMG6-NusA). Thus, altering the
linker region between the 14-3-3-like
and the PIN domains of SMG6 has no
detectable effect on NMD efficiency.

The accumulation of decay
intermediates correlates with SMG6
catalytic activity

We have shown before that endonucleo-
Iytic cleavage of PTC-containing mRNAs
generates 5’ and 3’ decay intermediates,
which are rapidly degraded from the
newly generated ends by the exosome
and XRNI, respectively (Gatfield and
Izaurralde 2004). Thus, the 5’ decay
intermediate can only be detected in
cells in which exosome activity is in-
hibited (Gatfield and Izaurralde 2004;
Behm-Ansmant et al. 2007). This can be
achieved by depleting SKI8, a protein
required for exosome recruitment and
function (Gatfield and Izaurralde 2004;
Houseley et al. 2006; Behm-Ansmant et al. 2007). Con-
versely, the 3" decay intermediate can only be detected in
cells depleted of XRN1 (Gatfield and Izaurralde 2004;
Behm-Ansmant et al. 2007).

By depleting SKI8 or XRN1 we could investigate whether
the accumulation of 5 and 3’ decay intermediates is
inhibited in cells lacking a catalytically active form of
SMG6. Furthermore, it was of interest to examine whether
the position of the cleavage site was altered in cells
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FIGURE 4. The SMG6 linker region is dispensable for NMD. (A) S2 cells were transfected
with the indicated siRNAs plus the R-Luc-GFP reporter as described in Figure 1B. Increasing
amounts of plasmids encoding siRNA-resistant versions of wild-type or mutant SMG6
proteins were included in the transfection mixtures. R-Luc activity and mRNA levels were
analyzed as described in Figure 1C,D. (B,C) S2 cells were transfected with the indicated siRNAs
plus the Adh or CAT as described in Figure 2A,B. Plasmids encoding siRNA-resistant versions
of wild-type or mutant SMG6 proteins were included in the transfection mixtures, as
indicated. Reporter mRNA levels were analyzed as described in Figure 2A,B.

expressing SMG6 proteins in which the distance between
the 14-3-3-like and PIN domains was altered by deletion of
the linker region or insertion of the NusA protein.

In cells depleted of SKI8 or XRN1, the 5" or 3’ decay
intermediates, respectively, accumulated as shown before
(Fig. 5A,B, lanes 22,36, asterisks; Gatfield and Izaurralde
2004; Behm-Ansmant et al. 2007). The decay intermediates
were not detected in cells depleted of SKI8 or XRN1, when

=
5

©| sMG6Alinker

T
=

above, with an increase in levels of the
decay intermediates and a decrease in
those of the full-length PTC reporter
(Fig. 5A,B, lanes 24,38).

Similarly, in cells lacking endogenous
SMG6 and depleted of either SKI8 or
XRNI, the expression of an SMG6
protein carrying the NOB1-PIN domain
led to the accumulation of the decay
intermediates and the corresponding
decrease of the full-length transcript
(Fig. 5A,B, lanes 25,39), whereas
expressing SMG6 fused to a catalytically
inactive NOBI1-PIN domain strongly
reduced decay intermediate levels and
increased those of the full-length tran-
script (Fig. 5A,B, lanes 26,40).

Expressing SMG6Alinker or SMG6—
NusA in cells depleted of SKI8 and
SMG6 or XRN1 and SMG6 restored
NMD and the accumulation of the de-
cay intermediates. The electrophoretic
mobility of the decay intermediates was,
however, comparable to that observed
in control cells (Fig. 5A,B, cf. lanes 27,28
and lane 22, cf. lanes 41,42 and lane 36),
suggesting that the position of the
endonucleolytic cleavage is not influ-
enced by the protein sequences con-
necting the 14-3-3-like and the PIN
domains of SMG6. Nonetheless, there
must be some constraints on the re-
cruitment and positioning of the SMG6-
PIN domain during the assembly of the
surveillance complex because, when this
domain was inserted in the SMG5 protein, it did not rescue
NMD in cells depleted of endogenous SMG6 (Figs. 1C,D,
2A,B; SMG5-PINSMS),

In summary, the accumulation of the decay intermediates
depends on the catalytic activity of SMG6 and correlates with
the degradation of the full-length transcript (Fig. 5A,B), in-
dicating that the intermediates are generated from the full-
length mRNA undergoing endonucleolytic cleavage by SMG6.

www.rnajournal.org 2613



Huntzinger et al.

A

S
°PTC  STOP
Adh-PTC + A(n)
5’probe 3’probe
Control XRN1 knockdown SKI8 knockdown
< < < < < <
Z z z Z 4 z
x x x x x x
e ? ? 9 9 9
T T T T w ©
o ; [} " ] . [} . S . o !
% _ SMG6-siRNA % _SMG6-siRNA 7 SMG6-siRNA & _ SMG6-siRNA & _SMG6-siRNA 3 _ SMG6-siRNA
L L LK “““l
Adh
mRNA
L
1234567 8 9 10 11 12 13 14 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 30 40 41 42

F-Li .

e DL LLLL A LELLELECTET T LU L L L Ll L T L D s L e T
(e -——l_< (. F'!-'-I-< ] -—’1_< 18 vv_‘s.< 18 F-.-'l-< 1y q——_‘s.(
258887 'E323:87% 'E553:87% 'E35B:3¢ £588:87 'E283:8%
o O ZEL 2 o 0% ZEE 2 o B ZES 2 e O 2EE 2 e ®ZZES 2 PR
O ZZ 35¢ 0OSZZ23¢ 0OS ZZ2 9¢ O=SZZ 49 o OSZZ 9o O ZZ24d0
Snaa go =Snaa@go =ngago =naago =naggo Snadgo
] © o s = 2] © © == ] © o S = " © o= = ”n © o 5 = 2] © o s =

0O Zn COZn OO Zn 0oz n COZn 0COZn
== == == == == ==
[ 7] w n wn w n wn [ 7]
WT PTC WT PTC WwT PTC
PTC STOP
R-Luc-GFP-PTCe[ _R-Luc | GFP__|—A(n)
5’probe 3’probe
Control XRN1 knockdown SKI8 knockdown
< < < < < <
=z 4 4 =z =z =z
[ [ [ [ [ [
¢ ¢ 9 9 [ 9
s © © © © ©
Q sMGesiRNA 9  smGesiRNA 9 smMGe-siRNA @ sMG6siRNA Q@ sMGe-siRNA 9 sMGE-siRNA
R-Luc e e ER g " ' . ""‘ ey - B e 2 %
mRNA
$one ... e
123 4567 8 910 11 12 13 14 1516 17 18 19 20 21 22 23 24 25 26 27 28 20 30 31 32 33 34 35 36 37 38 39 40 41 42
F-Luc

:

ETN " |
'5%t8 0.8 'S5 %5 53.8F 'S5%t@m.0 § ' 530 0.0 § '5 30 b 85 ' 550 h.8 §
EeQ9fEs Eg9 il Ee99frl Eeg il  Ee99ffl  Egg gl
© O =2 © O = Z © O Z = 2 © O = 2 © O = Z © O = Z
O=EZZ 4o O=ZZ49o O ZZ 9o 0= Z 249 O=ZZ 9o 0= ZZ 49 ¢
=nad§o snaago =voaago =haago =noago =noa S0
2 © o s = ”n © © s = ”n © o s = n © s = ”n ©©o == " © o s =
0O Z®n O0=n [CRCE T QO=n 00 =n QO =0
== = = == = = == ==
[z n ®n n o w® 2K n®n
WT PTC WT PTC WT PTC

FIGURE 5. The accumulation of decay intermediates correlates with the catalytic activity of the SMG6-PIN domain. (A,B) Control S2 cells or
cells depleted of SKI8 or of XRN1 were transfected with the indicated siRNAs and the Adh (A) or the R-Luc-GFP (B) reporters. A plasmid
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versions of wild-type SMG6 or mutants as indicated. The asterisk shows the position of the Adh-PTC or R-Luc-GFP-PTC 5’ and 3’ decay
intermediates. The position of the 5" and 3’ probes used to detect the decay intermediates are indicated on the schematic representation of the

Adh-PTC and R-Luc-GFP-PTC reporters, above the panels.

A catalytically active SMG6-PIN domain is required
for NMD in human cells

The demonstration that SMG6 acts as an endonuclease
raises the question of whether it fulfils the same role in
other organisms for which degradation of nonsense
mRNAs has been shown to occur by exonucleolytic
digestion from both ends of the transcript (Lim and
Maquat 1992; Chen and Shyu 2003; Lejeune et al. 2003;
Conti and Izaurralde 2005; Lejeune and Maquat 2005). In
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particular, the PIN domain of human SMG6 is known to
exhibit nuclease activity in vitro (Glavan et al. 2006), and
SMG6 is required for efficient NMD in human cells
(Gatfield et al. 2003; Paillusson et al. 2005; Luke et al.
2007). This prompted us to investigate the role of the
SMG6-PIN domain in human cells. To this end, we used
two well-characterized NMD reporters: one based on the
B-globin gene (Thermann et al. 1998) and a second
reporter based on the TCR-B minigene (Wang et al.
2002). Using these reporters, we observed that human
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SMG6 carrying alanine substitutions of one (residue
D1251; SMG6 mut-1) or two (residues D1251 and D1392;
SMG6 mut-2) of the three catalytic aspartates inhibited
NMD in a dominant negative manner, leading to an up-
regulation of the PTC-containing reporters within the two-
to threefold range (data not shown). We reported similar
values for PTC-containing transcripts in Drosophila S2
cells overexpressing a catalytically inactive SMG6 mutant
(Glavan et al. 2006).

We next tested the human SMG6 mutants in a comple-
mentation assay similar to that described in Figure 1. The
levels of the PTC-containing 3-globin and TCR-8 mRNAs
were strongly reduced in HeLa cells (down to ~12% and
4% of the wild-type levels, respectively; Fig. 6A,B) as
reported before (Thermann et al. 1998; Wang et al
2002). Depleting SMG6 resulted in increased levels of the
PTC-containing (3-globin and TCR-f reporters (five- and
14-fold increase, respectively; Fig. 6A,B). The expression
levels of the corresponding wild-type mRNAs were not
significantly changed (Fig. 6A,B). Expressing an siRNA-
resistant version of wild-type SMG6 in cells depleted of
endogenous SMG6 fully restored NMD (Fig. 6A,B). In
contrast, the SMG6 proteins carrying mutations in catalytic
residues failed to rescue NMD in cells depleted of endo-
genous SMG6 (Fig. 6A,B; SMG6 mut-1, SMG6 mut-2),
although their expression levels were comparable to those
of the wild-type (Fig. 6C). We conclude that, as in
Drosophila S2 cells, degradation of PTC-containing mRNAs
in human cells requires an active SMG6-PIN domain.

Concluding remarks

Taken together, our results provide compelling evidence
that SMG6 is the long sought NMD endonuclease in D.
melanogaster. SMG6 also contributes to the degradation of
NMD targets in human cells (Gatfield et al. 2003; Paillusson
et al. 2005; Luke et al. 2007), raising the question of its
precise role in the NMD pathway, particularly in relation to
SMG5 and SMG?7, which are thought to trigger mRNA
degradation by recruiting the general mRNA decay
machinery (Unterholzner and Izaurralde 2004). One pos-
sibility is that SMG6 and the SMG5-SMG7 complex
represent alternative decay pathways for NMD substrates
in mammals (Luke et al. 2007). Regardless of the precise
contribution of SMG6 to the degradation of PTC-containing
mRNAs, our results show that metazoans have evolved a
specific endonuclease that rids cells of mRNAs that termi-
nate translation prematurely.

MATERIALS AND METHODS

DNA constructs and NMD assays in D. melanogaster
S2 cells

The R-Luc-GFP reporter was constructed by inserting the GFP
sequences (amplified from pEGFPCI, Clontech) into the Xhol site
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FIGURE 6. A catalytically active SMG6-PIN domain is required for
human NMD. (A) HeLa cells were transfected with the indicated
siRNAs plus a mixture of two plasmids: one expressing the B-globin
reporter with or without PTC, and another expressing GFP-NXF1 as
transfection control. Plasmids expressing siRNA-resistant versions of
human SMG6 wild-type or mutants were included in the transfection
mixtures, as indicated. These proteins are fused to yellow fluorescent
protein (YFP). The levels of B-globin-wt or B-globin-PTC were
analyzed by Northern blot and normalized to those of GFP-NXF1
mRNA. For each condition, the normalized values of the wild-type
reporter were set to 100 (black bars). Mean values and SD from three
independent experiments are shown. The right panels show Northern
blot analysis of representative RNA samples. (B) A similar experiment
as described in A was repeated using the TCR- reporter with or
without PTC. RNA samples were analyzed as described in A. (C) The
expression of YFP-SMG6 wild-type or mutants was analyzed by
Western blotting using an anti-GFP antibody. Cotransfected
pEGFPCI1-NXF1 plasmid served as a transfection control. (Lane 1)
Untransfected cells. (Lane 2) Cells transfected only with the
pEGFPCI1-NXF1 plasmid.
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of vector pAc5.1-R-Luc-V5, downstream from the R-Luc ORF.
The 5’ oligos used to amplify EGFP ¢cDNA did, or did not, include
an in-frame stop codon. The NMD reporters Adh-PTC and CAT-
PTC were as described before (Gatfield et al. 2003; Gatfield and
Izaurralde 2004; Behm-Ansmant et al. 2007). Plasmid pAc5.1-
AdhA (Behm-Ansmant et al. 2007) served as a transfection
control.

D. melanogaster SMG5 and SMG6 cDNAs were cloned into a
vector allowing the expression of AN-HA-peptide fusions
(pAc5.1B-AN-HA; Glavan et al. 2006). The SMG6-PIN domain
was deleted by mutagenesis using oligos that introduce a unique
Notl site to generate a pAc5.1B-AN-HA-SMG6APIN plasmid.
NOBI1 ¢DNA (CG2972) or the SMG5-PIN domain were amplified
by PCR from a D. melanogaster S2 cell cDNA library and cloned
into the unique Notl site of pAc5.1B-AN-HA-SMG6APIN con-
struct in frame with the linker region. Protein mutants were
generated by site-directed mutagenesis using the QuickChange
mutagenesis kit from Stratagene, and the appropriate oligonucle-
otide sequences.

The SMG6 linker region (amino acids 676-728) was deleted
by mutagenesis using oligos that introduced a unique Notl site
at this position to generate pAc5.1B-AN-HA-SMG6Alinker. A
fragment encompassing the NusA ¢cDNA was amplified by PCR
and cloned into the unique Notl site of pAc5.1B-AN-HA-
SMG6Alinker to generate pAc5.1B-AN-HA-SMG6-NusA. To sub-
stitute the SMG5-PIN domain with the PIN domain of SMG6, we
first delete the SMG5-PIN domain by mutagenesis using oligos
that introduced a unique Notl site. The SMG6-PIN domain was
amplified by PCR and cloned into this unique site in frame with
the SMG5 linker region. All constructs were fully sequenced to
confirm the presence of the mutations and the absence of
additional mutations.

Transfections of S2 cells were performed in six-well plates using
Effectene transfection reagent (Qiagen). The transfection mixtures
contained 0.5 g of R-Luc-GFP reporter plasmids, 0.25 g of the
F-Luc transfection control, and various amounts of plasmids
expressing AN-HA-protein fusions as indicated in the figures.
When the Adh or CAT reporters were used, the transfection
mixtures contained 0.2 g of wild-type or NMD reporters, 0.8 pg
of pAc5.1-AdhA plasmid, and 25 ng of plasmids expressing AN-
HA-protein fusions. The following siRNAs were used: {3-Gal
siRNA (5'-GCCAGUGAUACAGCGAA; Dharmacon) and SMG6-
siRNA (5'-UGAUUGAACAGGCCAUUAAUU). The siRNAs were
transfected at a final concentration of 75 nM.

To deplete SKI8 or XRN1, D. melanogaster S2 cells were treated
with a dsRNA targeting the first 700 nt of SKI8 or XRN1 ORFs,
respectively. Thirty micrograms of dsRNA were used per six-well
dish containing : 2 X 10° cells. Cells were treated with the dsRNA
on days 0 and 4, transfected on day 6, and harvested on day 9.

RNA samples were isolated 4 d after transfection using TriFast
(Peqlab Biotechnologies) and analyzed as described before (Gatfield
et al. 2003; Gatfield and Izaurralde 2004; Behm-Ansmant et al.
2007). Firefly and Renilla luciferase activities were measured 4 d
after transfection using the Dual-Luciferase Reporter Assay System
(Promega).

DNA constructs and NMD assays in Hela cells

Human NMD reporters and the pEYFP-CI1-SMG6 expression
plasmid have been described before (Thermann et al. 1998; Wang
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et al. 2002; Gatfield et al. 2003; Unterholzner and Izaurralde
2004). The pEGFPCI1-NXF1 (Gatfield et al. 2003; Unterholzner
and Izaurralde 2004) plasmid served as a transfection control.
SMG6 catalytical residues (D1251 and D1392) were substituted
with alanines by site-directed mutagenesis using the QuickChange
mutagenesis kit from Stratagene.

Transfections of human HeLa cells were performed in six-well
plates, using Lipofectamine 2000 transfection reagent. The siRNAs
were transfected at a final concentration of 70 nM together with a
mixture of three plasmids: one expressing the reporters (0.5 ug of
B-globin with or without PTC, or TCR-B with or without PTC),
one expressing the transfection control (0.25 ug, pEGFPCI-
NXF1), and a third plasmid (1 pg) expressing recombinant
proteins or the corresponding empty vector. The following target
sequences were used: SMG6 5 -AAGCCAGTGATACAGCGAATT,
and the control 3-Gal siRNA (see above). Cells were harvested 3 d
after transfection. Total RNA was isolated using TriFast (peqlab
biotechnologies) and analyzed as described before (Gatfield et al.
2003).

Western blotting

For Western blots total cell extracts were prepared by addition of
protein sample buffer to cells 3 d (S2 cells) or 48 h (HeLa cells)
after transfection. Proteins were separated by SDS-polyacrylamide
gel electrophoresis and transferred to nitrocellulose membranes.
Western blotting was performed with a rabbit polyclonal anti-HA
antibody (1:1000; Invitrogen), anti-V5 antibodies (1:5000 Invi-
trogen), and rabbit polyclonal anti-GFP antibodies (1:5000) using
the CDP-Star chemiluminescent immunoblot system (Western-Star
kit from Tropix), as recommended by the manufacturer.
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