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Las1 is a recently discovered endoribonuclease that collaborates
with Grc3–Rat1–Rai1 to process precursor ribosomal RNA (rRNA),
yet its mechanism of action remains unknown. Disruption of the
mammalian Las1 gene has been linked to congenital lethal motor
neuron disease and X-linked intellectual disability disorders, thus
highlighting the necessity to understand Las1 regulation and func-
tion. Here, we report that the essential Las1 endoribonuclease re-
quires its binding partner, the polynucleotide kinase Grc3, for
specific C2 cleavage. Our results establish that Grc3 drives
Las1 endoribonuclease cleavage to its targeted C2 site both in vitro
and in Saccharomyces cerevisiae. Moreover, we observed Las1-
dependent activation of the Grc3 kinase activity exclusively to-
ward single-stranded RNA. Together, Las1 and Grc3 assemble into
a tetrameric complex that is required for competent rRNA process-
ing. The tetrameric Grc3/Las1 cross talk draws unexpected paral-
lels to endoribonucleases RNaseL and Ire1, and establishes Grc3/
Las1 as a unique member of the RNaseL/Ire1 RNA splicing family.
Together, our work provides mechanistic insight for the regulation
of the Las1 endoribonuclease and identifies the tetrameric Grc3/
Las1 complex as a unique example of a protein-guided program-
mable endoribonuclease.
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Nucleases are found throughout all walks of life and are in-
volved in numerous biological processes, including DNA

replication and repair, RNA processing and maturation, and cell
defense and death (1). Despite their long history, new nucleases
continue to be discovered. For example, the discovery of the
ability to program CRISPR-associated nucleases at specific sites
by guide RNAs has led to an explosion in gene editing (2, 3).
Another recently identified nuclease is the endoribonuclease
Las1 (Las1L in mammals), which plays a vital role in eukaryotic
ribosome assembly (4). Mutations in the LAS1L gene have been
linked to a congenital motor neuron disease (5) and X-linked
intellectual disability disorders (6), highlighting the need to
further understand the activity of this essential enzyme.
Ribosome assembly begins within the nucleolus of the cell with

the transcription of the pre-ribosomal RNA (rRNA) by RNA Pol
I, which is transcribed as a long polycistronic precursor, known as
the 35S pre-rRNA in Saccharomyces cerevisiae (Sc) (7, 8). The
35S pre-rRNA includes the 18S, 5.8S, and 25S rRNA as well as
two external sequences [5′- and 3′-external transcribed spacers
(ETSs)] and two internal sequences [internal transcribed spacers
(ITS1 and ITS2)]. Removal of these four spacer sequences is a
complex process requiring numerous exonucleases and endonu-
cleases (9). Cleavage within ITS1 separates the 40S and 60S
maturation pathways, whereas the subsequent removal of the
ITS2 is an important step in the 60S maturation pathway. The
first step in the removal of ITS2 is the separation of the pre-
cursors of the 5.8S and 25S rRNA by cleavage at the C2 site,
which lies along the tip of domain V of the ITS2 (9).
Las1 was recently identified as the long-sought-after endonu-

clease, which specifically cleaves at the C2 site and generates the

7S pre-rRNA with a terminating 2′,3′-cyclic phosphate and the
26S pre-rRNA with a hydroxyl group at the 5′-end (Fig. 1A) (4).
Las1 contains an N-terminal α-helical higher eukaryotes and
prokaryotes nucleotide-binding (HEPN) domain, found in vari-
ous RNases, such as the CRISPR effector C2c2, and the IFN-
induced RNaseL (10, 11). HEPN endonucleases contain a con-
served RΦxxxH catalytic motif (where Φ is commonly N, D, or
H, and x is any residue) that generates products with a terminal
2′,3′-cyclic phosphate (10). Although it is now established that
Las1 is the C2 endoribonuclease, there are numerous out-
standing questions about the role of this enzyme in ribosome
assembly. Specifically, it remains unknown how this enzyme
targets the C2 site, what regions of Las1 and the ITS2 are re-
quired for recognition of the C2 site, and how the activity of this
enzyme is regulated.
Following cleavage at the C2 site by Las1, the 5′-OH of the

26S pre-rRNA is phosphorylated by the polynucleotide kinase
Grc3 (Nol9 in mammals), which provides the signal for the
exonuclease Rat1 and its cofactor Rai1 to remove the 5′-end of
the 26S pre-rRNA and generate the 25S rRNA (4). Grc3 is
closely related to Clp1, another eukaryotic 5′-polynucleotide
kinase, which plays an important role in mRNA processing and
tRNA splicing (12–14). Grc3 and Clp1 share a conserved poly-
nucleotide kinase (PNK) domain, and although both have been
shown to phosphorylate DNA and RNA in vitro, their in vivo
substrates appear to be RNA (12, 15, 16). The conserved
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PNK domains of Grc3 and Clp1 are flanked by distinct N- and
C-terminal domains (12); however, the function of these additional
domains in Grc3 is unclear. Clp1 interacts with Pcf11, another
protein involved in mRNA processing, through a well-conserved
patch within its PNK domain (17). It has been proposed that
Grc3 interacts with its binding partner Las1 through an analo-
gous fashion to Clp1 and Pcf11; however, the molecular details
of the Grc3/Las1 interaction are unknown (4).
Las1 and Grc3 have been shown to form a stable complex both

on and off preribosome particles, and the complex is stable even
under high-salt conditions (4, 18, 19). The Grc3/Las1 interaction is
well conserved across eukaryotes, and the two proteins are de-
pendent on one another for their stabilization (18, 20). Aside from
stability, it is unknown why Grc3 and Las1 are so tightly associ-
ated, thus raising the question as to whether complex assembly is a
requirement for enzymatic activity. To gain mechanistic insight
into the endoribonuclease activity of Las1 and the polynucleotide
kinase activity of Grc3, we reconstituted C2 cleavage in vitro and
characterized the assembly of the Grc3/Las1 complex. These
studies reveal functional cross talk between Las1 and Grc3; both
enzymes are dependent on one another for higher-order assembly,
nuclease and kinase enzymatic activities, recognition and cleavage
of the C2 site, and efficient ribosome production.

Results
Grc3 Drives Las1 Cleavage to the C2 Site. To investigate the role of
Las1 in cleavage of the C2 site, we purified recombinant Sc Las1
(Fig. S1) and performed in vitro Las1 cleavage assays using a
model RNA substrate of Sc ITS2 harboring the C2 site (9, 21).

Las1 exhibited very weak cleavage activity that was not detect-
able under the experimental conditions examined with the
endonuclease-deficient Las1R129E/H134A variant (Fig. 1B, lanes 1–5
versus 6–10; Fig. 1C). Interestingly, in the presence of Grc3,
Las1 was programed to efficiently cleave RNA at a specific position
(Fig. 1B, lanes 11–15; Fig. 1C). We observed a single prominent
cleavage product, indicating that Grc3-directed Las1 cleavage occurs
near the base of our ITS2 model substrate. This specific nuclease
activity was attributed to Las1 because the observed cleavage product
was absent with the endonuclease-deficient Grc3/Las1R129E/H134A

variant (Fig. 1B, lanes 11–15 versus 16–20). Therefore, one role of
Grc3 is to specifically direct Las1 to the C2 site for cleavage.

Specificity of the C2 Site. After identifying the requirement for both
Las1 and Grc3, we sought to probe other requirements for speci-
ficity of the C2 site. HEPN-containing endoribonucleases are metal-
independent enzymes (10) and the efficiency of Grc3/Las1 cleavage
of our ITS2 model RNA was unaltered in the presence of excess
EDTA (Fig. 1D, lane 3). Following C2 cleavage, Las1 generates a
5′-OH terminus that is targeted by Grc3 polynucleotide kinase ac-
tivity (4). When we repeat our nuclease assay in the presence of
ATP, we observe a shift in the cleaved RNA product indicative of
5′-phosphorylation (Fig. 1D, lane 4). Correspondingly, this shift was
absent in the presence of the nonhydrolyzable analog AMPPnP
(Fig. 1D, lane 5). Interestingly, Grc3 also phosphorylates the 5′-OH
of our intact C2 RNA mimic (Fig. 1D, upper band in lane 4) sug-
gesting that, although there is specificity for nuclease activity,
Grc3 nonspecifically phosphorylates the 5′-OH of RNA under the
experimental conditions examined.
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Fig. 1. Grc3 drives Las1-mediated RNA cleavage. (A) Cartoon of the 35S pre-rRNA illustrating the location of the C2 cleavage site. (B) In vitro cleavage assays
of Las1 variants (5–20 μM) and Grc3/Las1 variants (2.5–20 μM) incubated with ITS2 model RNA (10 μM) in storage buffer. The black dot marks the C2 cleavage
product. (C) Quantification of RNA cleavage product generated from a concentration series of Las1 alone (blue) and Las1 bound by Grc3 (green). (D) Grc3/Las1
(10 μM) was mixed with 10 μM model ITS2 RNA in the absence and presence of excess nucleotides (1 mM) and EDTA (5 mM) where indicated. The black and
red dots highlight the unphosphorylated and 5′-phosphorylated RNA cleavage product, respectively. (E) Grc3/Las1 (40 μM) was incubated with 10 μM
ITS2 model RNA. An RNA ladder is shown to assess size of RNA cleavage products. The asterisk marks the 9-nt RNA product characterized by mass spec-
trometry analysis. (F) Grc3/Las1 (2.5–20 μM) was incubated with 10 μM modified ITS2 model RNAs illustrated below. A black arrowhead marks the C2 cleave
site mapped by mass spectrometry analysis (Fig. S1). Modified nucleotides are colored in red. Numbers in brackets are the nucleotide residues from the Sc ITS2.
(G) Quantification of RNA cleavage product generated from Grc3/Las1 (20 μM) incubated with modified RNA substrates. The mean and SD were calculated
from three replicates. *P < 0.04, **P < 0.002, and ***P < 0.001 were calculated by two-tailed Student’s t tests.
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To unambiguously identify the C2 cleavage site within our
model RNA substrate, we mapped the Grc3/Las1-mediated
cleavage product. In the presence of Grc3, Las1 cleaved fol-
lowing residue 9 of our C2 mimic, as we observed a band of 18 nt
in length and a corresponding smaller faint band (Fig. 1E).
MALDI-TOF mass spectrometry of the cleavage reaction gave
rise to ions at m/z 2853 and m/z 1426 that correspond in mass to
the singly and doubly charged forms of the first 9 nt of our
ITS2 substrate (5′-GUCGUUUUA-3′) with a terminal 2′,3′-cyclic
phosphate (Fig. S1). This cleavage position corresponds to the
bulge arising from a single unpaired adenine residue (Sc ITS2
A140) within the tip of domain V of the ITS2 (Fig. 1F) (22).
These results are in agreement with previous studies on the
5′- to 3′-exonuclease Rat1, which suggested that the C2 cleavage
event occurs between Sc ITS2 A140 and G141 (23, 24).
To probe the importance of the ITS2 sequence and RNA sec-

ondary structure for Grc3/Las1 substrate recognition, we com-
pared cleavage efficiency against modified substrates. The two
tandem G–C base pairs adjacent to the cleavage site were pre-
viously shown to be essential for ITS2 processing in vivo (21, 22);
therefore, we focused on modifying other residues surrounding the
cleavage site. Replacing the bulged adenine residue (A140) with a
cytosine residue led to a significant reduction in cleavage (Fig. 1F,
lanes 6–10; Fig. 1G), whereas removal of the bulged adenine
residue completely abrogated C2 cleavage (Fig. 1F, lanes 11–15;
Fig. 1G). Replacement of the tandem A–U base pairs with G–C
base pairs also abrograted C2 cleavage (Fig. 1F, lanes 16–20; Fig.
1G). Moreover scrambling the RNA sequence of the ITS2 stem
led to a reduction in Grc3/Las1 endoribonuclease activity, whereas
disruption of the base pairs within the stem completely abrogated
C2 cleavage (Fig. 1F, lanes 21–25 and 26–30; Fig. 1G), indicating
that the stem secondary structure, and to a lesser extent the stem
sequence, is required for Grc3/Las1-directed cleavage. This marks
the strict necessity of the ITS2 RNA stem structure, sequence, and
bulge for C2 recognition by the Grc3/Las1 complex.

Grc3/Las1 Form a Superdimer. Despite the prominent role for
Grc3 in regulating Las1 endoribonuclease function, little is

known about the molecular organization of the Grc3/Las1 complex.
For structural analyses, we purified recombinant Chaetomium
thermophilum (Ct) Grc3110-748/Las1 lacking the Grc3 protease-labile
N terminus, which we found is dispensable in vitro and in vivo (Fig.
2A and Fig. S2). To determine the molecular mass and stoichi-
ometry of the Ct Grc3110-748/Las1 complex, we performed size ex-
clusion chromatography coupled to multiangle light scattering
(SEC-MALS) to reveal a molecular weight of 249 kDa (Fig. 2B),
corresponding well with an arrangement of two Grc3/Las1 dimers
(226 kDa) and excluding the possibility of another type of stoichi-
ometry. We refer to this higher-order assembly as the Grc3/
Las1 superdimer (Fig. 2C). We also determined that Sc Grc3/
Las1 assembles into a tetramer, suggesting that this higher-order
assembly is conserved across species (Fig. S3).
To further test the superdimer hypothesis, we performed single-

particle analysis on negative-stain electron microscope images
of the Ct Grc3110-748/Las1 complex. Reference-free classification
confirmed the presence of distinct twofold symmetric views of
the complex (Fig. 2D). A low-resolution (∼20-Å) map recon-
structed without imposing symmetry (Fig. S2) and with C2 symmetry
revealed a curved pretzel-like particle with approximate dimen-
sions of 130 × 70 × 22 Å (Fig. 2E). Overall, the structure includes
sufficient density to accommodate two copies of Grc3 and Las1.
Grc3 is ∼200 residues larger than the related polynucleotide ki-
nase Clp1, and there is no structure with significant homology to
the coiled-coil region of Las1, making it impossible to un-
ambiguously position Grc3 and Las1 within the map at this reso-
lution; however, these data provide structural insight into the
organization of the Grc3/Las1 superdimer.

Las1 Endoribonuclease Domain Drives Higher-Order Assembly. To
probe the structural organization of the Grc3/Las1 superdimer,
we performed yeast two-hybrid experiments. Las1 is a multido-
main enzyme with an N-terminal HEPN domain (residues 1–179;
Las1HEPN) and a C-terminal coiled-coil domain (residues 180–
502; Las1CC) with unknown function (Fig. 3A). As shown pre-
viously, the Las1 C terminus (residues 450–502) encoding two
conserved tryptophan residues (W488 and W494) retained the
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Fig. 2. Grc3/Las1 form a superdimer. (A) SDS/PAGE analysis of the recombinant Chaetomium thermophilum (Ct) Grc3110-748/Las1 complex. (B) SEC-MALS of
the Ct Grc3110-748/Las1 complex. (C) Cartoon schematic illustrating the molecular weight of the Ct Grc3110-748/Las1 complex with 1:1 versus 2:2 stoichiometry.
The superdimer refers to the association of two heterodimers. (D) Single-particle analysis of negatively stained Ct Grc3110-748/Las1 complex. Selected
reference-free class averages. (E) Orthogonal views of the 3D projection map of Ct Grc3110-748/Las1 generated by imposing C2 symmetry.
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ability to bind Grc3 (Fig. 3B) (4). Unexpectedly, truncation of
the Las1 C terminus (residues 1–472) did not abrogate
Grc3 binding, suggesting a second Grc3-binding site within Las1.
We determined that the Las1 HEPN domain also maintained
Grc3 binding (Fig. 3B). Taken together, Las1 forms a stable
complex with Grc3 through two discontinuous sites comprising
Las1HEPN and the Las1 C terminus.
To shed light onto the driving force of Grc3/Las1 assembly, we

coexpressed the minimal Las1 C-terminal sequence necessary for
Grc3-binding and stability (Las1 residues 469–502; Las1pep) with
full-length Sc Grc3 in the presence and absence of the Sc
Las1HEPN domain. The Las1 HEPN domain stably associates with
Sc Grc3/Las1pep even under high-salt conditions (Fig. S4). We
purified both the Sc Grc3/Las1HEPN+pep and Grc3/Las1pep com-
plexes by affinity chromatography followed by gel filtration and
assessed their molecular mass by SEC-MALS (Fig. 3C). We found
that the Las1 HEPN domain is required for higher-order assem-
bly, whereas the C-terminal coiled-coil domain (residues 180–468)
is dispensable. We also purified Las1HEPN in the absence of
Grc3 and observed two distinct peaks by SEC-MALS corre-
sponding to the Las1HEPN monomer–dimer equilibrium (Fig. 3 C
and D). Collectively, these data suggest that the propensity for
Las1 HEPN dimerization is one of the key factors favoring for-
mation of the Grc3/Las1 superdimer.
We also observed a reproducible shoulder for the Grc3/

Las1pep complex (Fig. 3 C and D), suggesting that Grc3/Las1pep

has a weak propensity to associate in the absence of the HEPN
domain. To identify the Grc3 region(s) responsible for oligo-
merization, we expressed and purified the N-terminal domain,
central PNK domain, and C-terminal domain from Sc and Ct
Grc3; however, only Ct Grc3 PNK yielded stable protein. We
measured the molecular weight of Grc3 PNK in solution over a
concentration series (1–12 mg/mL) by small-angle X-ray scat-
tering (SAXS). From a low to high protein concentration, the
measured molecular weight ranged from the size of a PNK
monomer (28 kDa) to that of a dimer (56 kDa) (Fig. 3E).
Consistent with this notion, we observed both monomeric and

dimeric Ct Grc3 PNK in solution by SEC-MALS (Fig. 3 D and
F). Therefore, the Las1 HEPN domain drives higher-order as-
sembly through homodimerization, whereas the Grc3 PNK do-
main participates in further stabilizing the superdimer interface.

Higher-Order Assembly Facilitates Grc3/Las1 Cross Talk. After de-
termining that Grc3/Las1 assemble into a superdimer, we postu-
lated that this higher-order assembly facilitates cross talk between
the Las1 endoribonuclease and the Grc3 polynucleotide kinase. To
assess the existence of functional interdependence, we performed in
vitro endoribonuclease and kinase assays. The endoribonuclease
activity of Grc3/Las1 is abolished when Las1 is restricted to its
C-terminal Grc3-binding peptide (Grc3/Las1pep); however, this ac-
tivity is rescued with the addition of the Las1 HEPN domain (Grc3/
Las1HEPN+pep) (Fig. 4 A and B). Together, this reveals that the
Las1 coiled-coil domain is dispensable for RNA cleavage in vitro.
We interpret this to mean that Grc3 acts as a scaffold to help prime
Las1HEPN for competent homodimerization and directs nuclease
activity toward the C2 site. Furthermore, we also generated a
kinase-deficient Grc3D283A/Q286A variant by mutating two residues
within the Walker B motif, analogous to a kinase-deficient mutant
of Clp1 (12). The kinase-deficient Grc3D283A/Q286A/Las1 superdimer
had reduced endoribonuclease activity compared with wild-type
Grc3/Las1 (Fig. 4 A and B). This implies that, beyond providing a
scaffold, the Grc3 kinase actively relays a signal to Las1 that is
necessary for efficient C2 cleavage.
This raised the question of whether Grc3/Las1 cross talk also

influences 5′-phosphorylation following incision at the C2 site.
Therefore, we carried out both ATP hydrolysis and phosphoryla-
tion assays with our Grc3/Las1 variants. We used a 21-nt RNA
substrate for these assays that could not be cleaved by Las1 to
avoid the potential for multiple phosphorylation events by Grc3
(Fig. S5A). We found that the ATPase activity of Grc3/Las1 is
greatly stimulated in the presence of both single- and double-
stranded RNA (Fig. 4C). However, in the presence of Las1, the
Grc3 kinase exclusively phosphorylates single-strand RNA (Fig.
4D) and kinase activity was largely abolished when its Las1 binding
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Fig. 3. Las1 HEPN domain drives higher-order assembly. (A) Cartoon diagram of full-length and truncated Sc Las1 used for yeast two-hybrid. The Las1 HEPN
and coiled-coil (CC) domains are shown in blue and cyan, respectively. The “W” (red) indicates the two tryptophan residues that have been proposed to be
important for binding Grc3. (B) Yeast two-hybrid analysis using full-length Grc3 as bait and Las1 and assorted truncations as prey. Bait and prey transformants
were mated and then plated on SD/−Trp/−Leu and SD/−Trp/−Leu/−His plates at 30 °C for 3 d. Growth on the SD/−Trp/−Leu/−His plates indicates an in-
teraction. (C) SEC-MALS of Sc Grc3/Las1HEPN+pep (purple), Grc3/Las1pep (red), and Las1HEPN (blue). (D) SEC-MALS–derived and calculated molecular weights for
Sc Grc3/Las1HEPN+pep, Sc Grc3/Las1pep, Sc Las1HEPN, and Ct Grc3 PNK. (E) Molecular weight of Ct Grc3 PNK domain in solution determined by SAXS. The
molecular weight of the PNK domain increases from a monomer to a dimer with increasing protein concentration. The dotted lines mark the theoretical mass
of the PNK monomer and dimer. (F) SEC-MALS of Ct Grc3 PNK domain.
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partner was restricted to its C-terminal peptide (Grc3/Las1pep) (Fig.
4 C and E). We surmise this to be a functional consequence due to
the loss of the superdimer as supplementing the reaction with the
Las1 HEPN domain (Grc3/Las1HEPN+pep), which not only re-
covered higher-order assembly (Fig. 3C) but also rescued the
ATPase and kinase activity by Grc3 (Fig. 4 C and E and Fig. S5B).
These data suggest the possibility that Grc3 forms a composite ki-
nase active site between two protomers or the superdimer imposes
allosteric regulation, which is supported by detection of Grc3/
Las1pep kinase activity of the monomeric complex at higher protein
concentration (Fig. S5C). These results reveal that a Grc3 dimer is
required to reconstitute a competent kinase, and thus, the Grc3/
Las1HEPN+pep is the minimal functional unit for C2 cleavage and
phosphorylation in vitro. However, this does not exclude the pos-
sibility that the Las1 C-terminal coiled-coil domain may play a role
in binding other processing factors, such as the Rix1 complex (20).
To assess whether Grc3 requires endonuclease-active Las1, we

measured the kinase activity of Grc3 in complex with the
endoribonuclease-deficient Las1 variant (Grc3/Las1R129E/H134A).
Intriguingly, Grc3 ATPase activity was no longer stimulated by

RNA and showed a comparable reduction in 5′-phosphorylation
activity as the kinase-deficient Grc3 variant (Grc3D283A/Q286A/
Las1) (Fig. 4 C and E). Taken together, the presence of RNA
transduces a signal from the Las1 endoribonuclease to Grc3,
thereby stimulating its polynucleotide kinase activity. The Grc3/
Las1 cross talk ensures high specificity and efficiency during pre-
rRNA processing at the C2 site and is wholly dependent on the
assembly of the superdimer.

Grc3 C Terminus Stabilizes Binding to the Las1 Endoribonuclease.
Aside from the PNK active site, we postulated that other re-
gions of Grc3 may be important for facilitating Grc3/Las1 cross
talk, and we observed that charged residues are enriched at the C
terminus of Grc3 (Fig. 5A). To investigate the role of the basic
residues within the C-terminal tail, we generated a series of Grc3
C-terminal variants and assessed their functional consequence in
vivo. Removal of the last 5 residues (Grc31-627) had no effect on
viability, whereas truncation of either the last 10 (Grc31-622) or
20 (Grc31-612) residues had a similar functional consequence to
removing the entire C-terminal domain (Grc3ΔCTD) (Fig. 5B).
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Fig. 4. Superdimer facilitates Grc3/Las1 cross talk. (A) Nuclease assay of Sc Grc3/Las1, Grc3/Las1pep, Grc3/Las1HEPN+pep, endonuclease-deficient Grc3/Las1R129E/H134A,
and kinase-deficient Grc3D283A/Q286A/Las1 variants (2.5–20 μM) with model ITS2 RNA (10 μM). (B) Quantification of C2 RNA product generated from 10 μM Grc3/
Las1 variants with model ITS2 RNA (10 μM). The mean and SD were calculated from three replicates. *P < 1 × 10−2; **P < 6 × 10−4; and n.s., not significant, were
calculated by two-tailed Student’s t tests. (C) ATPase activity of Grc3/Las1 variants (0.5 μM) with 1 mM ATP in the absence and presence of single- or double-
stranded 21-nt RNA substrate (4 μM). The mean percent ADP and SD was calculated from three replicates. *P < 3 × 10−3; **P < 2 × 10−7; ***P < 1 × 10−12; and n.s.,
not significant, were calculated from two-tailed Student’s t tests. (D) RNA phosphorylation activity of wild-type Grc3/Las1 (2 μM) with a labeled single-stranded (ss)
or double-stranded (ds) 21-nt RNA substrate (15 μM). Positive controls include T4 polynucleotide kinase (T4). (E) Quantified phosphorylation activity of Grc3/
Las1 variants (2 μM) with single-stranded 21-nt RNA. Mean and SD were calculated from three replicates.
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Mutagenesis of three conserved C-terminal arginines (R620S,
R625S, and R626S) identified R625 as a major player in main-
taining cell viability (Fig. 5B). These Grc3 variants have a
functional defect because there was no change in their expres-
sion levels in vivo (Fig. S6A) and the Grc3 C-terminal trunca-
tions could be stably expressed and purified for in vitro kinase
assays. We measured ATP hydrolysis and 5′-phosphorylation
activity of Grc31-612 in complex with Las1. Grc31-612/Las1 had a
significant reduction in ATP hydrolysis and phosphorylation
activity compared with wild-type Grc3/Las1 (Fig. 5 C and D and
Fig. S6B). Likewise, Grc31-612/Las1 was completely deficient in
C2 cleavage activity, reinforcing the importance of the Grc3 C
terminus for pre-rRNA processing (Fig. 5E).
We speculated that the C terminus was necessary for proper

assembly of the Grc3/Las1 superdimer, so we performed SEC-

MALS to assess the stoichiometry of the Grc3 C-terminal trunca-
tion in complex with Las1. Unexpectedly, the Grc31-612/Las1 variant
had a calculated molecular mass of 234 kDa, corresponding well to
the superdimer (257 kDa), indicating that the C terminus is not
required for higher-order assembly in vitro (Fig. S6C). We further
truncated the C terminus of Grc31-592 and found that Las1HEPN

could not be retained throughout the purification and the complex
dissociates on a size exclusion column (Fig. S6D). Together, these
data suggest that the C terminus of Grc3 is involved with proper
organization of the Las1 HEPN domains within the Grc3/
Las1 complex.
To ascertain the functional consequence of disrupting the C

terminus of Grc3 in vivo, we monitored pre-rRNA processing by
Northern blot analysis. Interestingly, both truncations and point
mutations at the C terminus led to an accumulation of the 35S,

A

B

E

G

F

C D

Fig. 5. The C terminus of Grc3 is critical for Grc3/Las1 function. (A) Multiple sequence alignment of the C terminus of Grc3/Nol9 from different homologs of
Saccharomyces cerevisiae (Sc), Chaetomium thermophilum (Ct), Schizosaccharomyces pombe (Sp), Homo sapiens (Hs), and Mus musculus (Mm). The alignment
was done in Tcoffee and colored with Jalview. The well-conserved arginine and lysine residues are highlighted in red. Arginines targeted for mutagenesis are
marked by an arrowhead. (B) Yeast growth assay of Grc3 C-terminal mutants. TetO7-Grc3 transformants were plated on YPD plates in the absence and
presence of 20 μg/mL doxycycline and incubated at 30 °C for 3 d. (C) ATPase assay of Grc3/Las1 variants (0.5 μM) with 1 mM ATP in the absence and presence of
a 21-nt single-stranded RNA substrate (4 μM). Percent ADP and SD were derived from three replicates. *P < 5 × 10−3 was calculated by a two-tailed Student’s
t test. (D) RNA phosphorylation activity of Grc3 variants (2 μM) bound by equimolar Las1 with a labeled single-stranded RNA substrate (15 μM). *P < 2 × 10−3;
**P < 4 × 10−5, calculated by a two-tailed Student’s t test. (E) Nuclease assay of model ITS2 RNA (10 μM) with Sc Las1 (2.5–20 μM) associated with full-length
equimolar Grc3 and Grc31-612. The mean and SD of C2 RNA product was calculated from three replicates. *P < 2 × 10−4; **P < 8 × 10−5 was determined by two-
tailed Student’s t test. (F) Northern blot analysis of tetO7-Grc3 strains transformed with plasmids encoding Grc3 C-terminal mutants. The position of the
Northern blot probes and the C2 cleavage site (red arrow) is shown on the cartoon schematic of the Sc pre-rRNA processing pathway. (G) Polysome profile
analysis of wild-type and C-terminal–truncated Grc3 (residues 1–622 and 1–612). The black arrowheads mark ribosome halfmers.
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27S, and 7S precursor rRNA (Fig. 5F). The accumulation of 27S
pre-rRNA underscores the importance of the Grc3 C terminus
for C2 cleavage, whereas the abundance of the 7S confirmed
previous findings suggesting a processing role for Las1 at the
3′-end of the 7S pre-rRNA (25). We also measured synthesis of
ribosome particles by polysome profile analyses. Truncation of
the C terminus of Grc3 resulted in a reduction in 60S particles
and the formation of halfmers, indicative of a defect in formation
of the 60S ribosomal particle (Fig. 5G). These data emphasize
the essential role of the superdimer in mediating cross talk be-
tween Las1 and Grc3 during ribosome assembly.

Discussion
Recognition of the C2 Endonuclease Site. Our results provide the mo-
lecular details for understanding how the Grc3/Las1 superdimer
recognizes the C2 site. The ITS2 is predicted to fold into six helical
domains in either a ring or hairpin conformation (9), and the
C2 cleavage site is found within the short conserved region that lies at
the tip of domain V (Fig. 6A). We unambiguously mapped the
cleavage site to an unpaired adenine (residue 140 of yeast ITS2) that
lies immediately 5′ to the well-conserved tandem G–C base pairs
previously shown to be critical for C2 cleavage (21, 22). This bulge
may act as a marker for the C2 site because the presence of a bulge
appears to be a universal feature of the ITS2 whereas the nature of
the unpaired nucleotide is variable (26, 27). Our study suggests that
the superdimer is the key factor for recognizing the RNA stem
structure and surrounding RNA sequence. Consequently, Grc3 is
critical in organizing a competent Grc3/Las1/ITS2 complex that
promotes sequence and structure-specific Las1 cleavage at the C2 site.

Model of C2 Cleavage by Grc3/Las1 Superdimer. Based on our re-
sults, we propose the following model for Grc3/Las1-directed
C2 cleavage and phosphorylation (Fig. 6B). Grc3 and Las1 form
a constitutive superdimer composed of a dimer of Grc3/Las1.
The Las1 HEPN endonuclease domain drives higher-order as-
sembly; however, the PNK domain of Grc3 also participates in
dimerization. Recognition of the C2 site requires formation of
the superdimer as Las1 alone displays inefficient RNase activity.
Several other HEPN endonucleases, including Ire1, RNaseL,
C2c2, and Csm6, also require dimerization of their HEPN do-
mains for function, suggesting that dimerization of the HEPN
domain may be a common requirement for endonuclease activity
(11, 28–31).
Following C2 cleavage, the 5′-OH at the end of the 26S pre-

rRNA is phosphorylated by Grc3. We suggest that a conforma-
tional change within the superdimer repositions the cleaved

RNA into the kinase-active site. Grc3 polynucleotide kinase
activity is also dependent on formation of the superdimer, as
Grc3 is inactive in the absence of the Las1 HEPN domain. The
requirement for dimerization of the PNK domain of Grc3 for
kinase activity suggests a similar mechanism to protein kinases
such as the eIF2α kinase family, which rely on dimerization-
induced allostery (32). Intriguingly, we also found that there is
functional cross talk between Las1 and Grc3. The endonuclease-
deficient Las1 mutant is deficient in polynucleotide kinase ac-
tivity, suggesting that activation of Grc3 kinase activity requires
an active Las1 endonuclease domain. Cross talk between an
endonuclease and a polynucleotide kinase has also been ob-
served between the mammalian tRNA splicing endonuclease
complex (TSEN) and the Clp1 polynucleotide kinase. Clp1 is
required for the integrity and nuclease activity of the TSEN
complex; however, in contrast to Grc3, kinase activity of Clp1 is
not dependent on the TSEN complex (13, 14, 33). Another ex-
ample of molecular cross talk has been observed in mammalian
polynucleotide kinase phosphatase, where mutations that ablate
phosphatase activity also block kinase activity, ensuring that
5′-phosphorylation of damaged DNA does not occur before
removal of 3′-adducts (34–36).

Functional Requirement for a Constitutive Grc3/Las1 Superdimer. The
demanding rate of ribosome production during a generation of
yeast requires a highly active RNA Pol I with transcription rates of
pre-rRNA at 40–60 nt/s (37, 38). To support this high production,
pre-rRNA processing enzymes must be precisely and efficiently
activated. An obligate Grc3/Las1 superdimer would aid in pro-
ductive ITS2 processing by facilitating a quick response to the
presence of 27S pre-rRNA. Although our work provides the basis
for understanding cleavage and phosphorylation of the C2 site,
there are many remaining questions about ITS2 processing. One of
the major outstanding questions is when is the C2 site accessible for
cleavage by the Grc3/Las1 superdimer. Several remodeling events
have been suggested to be required to trigger C2 cleavage, including
removal of early assembly factors and assembly of the peptidyl
transferase center and polypeptide exit tunnel (recently reviewed in
ref. 39). It is unclear how Grc3/Las1 function in concert with other
ribosome assembly factors that have been shown to interact with
Grc3 and Las1 including the Rix1 complex, Rat1, and Rai1 (4, 20).
It also remains unknown how the 2′,3′-cyclic phosphate is removed
from the 7S-pre-RNA following Las1 cleavage (4).

Grc3/Las1 Is a Unique Member of the Ire1/RNaseL Family.Our results
reveal many unexpected similarities between Grc3/Las1 and two

Fig. 6. Model of Grc3/Las1-directed C2 cleavage and phosphorylation. (A) Cartoon model of Sc ITS2, which was adapted from ref. 9. (B) Grc3/Las1 assembles
into a constitutive superdimer, which is competent for C2 cleavage. Grc3/Las1 recognizes the sequence and secondary structure found at the tip of domain V
and directs Las1 cleavage at the C2 site generating the 26S pre-rRNA with a 5′-OH. A conformational change repositions the 5′-OH into the Grc3 active site,
thus stimulating Grc3 ATP hydrolysis and subsequent transfer of the γ-phosphate onto the 5′-end. This 5′-phosphate is the signal for Rat1-Rai1–mediated
ITS2 degradation.
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other eukaryotic HEPN endoribonucleases, Ire1 and RNaseL.
Ire1 is an ancient protein kinase–endoribonuclease conserved
among eukaryotes that is activated during endoplasmic reticulum
stress (28, 40). Meanwhile, RNaseL is a conserved pseudoki-
nase–endoribonuclease that plays an essential role during the
antiviral response (29, 30, 41). Both Ire1 and RNaseL form the
Ire1/RNaseL family due to their similar mechanism in RNA
cleavage and the combination of kinase and HEPN/kinase ex-
tension nuclease (KEN) domains (28). Ire1, RNaseL, and Grc3/
Las1 share parallels that are paramount for productive endor-
ibonuclease activity. All three endoribonucleases encode the
conserved RΦxxxH motif linked to their RNA cleavage activity
(10). Furthermore, they are functionally linked to a kinase do-
main that is critical for organizing a register of the HEPN/KEN
homodimer productive in RNA cleavage activity. A unique fea-
ture of these endoribonucleases is the dependence of higher-
order assembly to support functionality. In all three cases, as-
sembly is supported by both the endoribonuclease and kinase
domains. However, unlike Ire1 and RNaseL, which dimerize in
the presence of a stress signal, Grc3/Las1 is a constitutive
superdimer. This marks an important difference that has strong
implications for its regulation. Consistent with this notion,
Grc3 and Las1 are encoded on two distinct polypeptides,
whereas Ire1 and RNaseL are a single polypeptide chain. Be-
cause Grc3 and Las1 are intimately dependent on the other for
their stability (18), this provides an alternative mechanism for
controlling the activity of Grc3/Las1. Taken together, Grc3/
Las1 marks a unique subclass to Ire1/RNaseL endoribonucleases
that support a similar mode of RNA cleavage, but is regulated
through a signal-independent mechanism.
In conclusion, the evolutionarily conserved Grc3/Las1 complex is

finely tuned to initiate ITS2 processing by coupling cleavage and
phosphorylation to prime the 26S pre-rRNA for subsequent pro-
cessing by Rat1/Rai1. The Grc3/Las1 superdimer is programmed for
site-specific cleavage of the C2 site, representing a unique example
of a “programmable endonuclease.” The Grc3/Las1 superdimer may
prove useful as yet another tool in the arsenal of sequence-specific
RNA endonucleases such as the CRISPR effectors. However, in
contrast to the CRISPR RNA-guided endonucleases, the Grc3/

Las1 complex is guided by protein–RNA interactions and could
potentially be used to target RNAs for degradation by 5′- to
3′-exonucleases. Finally, as mutations in Las1L have been linked
with neurological dysfunction, these studies lay the groundwork
for understanding the functional significance of Las1 in vivo.

Methods
Detailed methods are available in SI Methods.

Protein Expression and Purification. Grc3 and Las1 were coexpressed in
Escherichia coli LOBSTR cells and purified by Talon affinity resin (Clontech)
followed by size exclusion chromatography. All Grc3/Las1 variants used for
SEC-MALS, enzymatic assays, and negative-stain electron microscopy are
listed in Table S1.

Yeast Analyses. Yeast two-hybrid experiments, growth assays, Northern blots,
and polysome profile assays were all carried out as described previously (18),
and detailed methods are provided in SI Methods. Plasmids generated for
yeast analyses are listed in Table S2, and all yeast strains used in this study
are listed in Table S3. Probes used for Northern blots are listed in Table S4.

Nuclease and Phosphorylation Assays. RNA cleavage products were resolved
on 15% polyacrylamide (8 M urea) gels in 1× Tris–borate–EDTA buffer. ATP
hydrolysis was measured using a Kinase Glo Kit (Promega), and RNA phos-
phorylation was resolved on a 15% polyacrylamide (8 M urea) gel in 0.5×
Tris–borate–EDTA buffer using a labeled RNA substrate.
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