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Abstract

The ribonuclease XRNZ2 is an essential player in RNA metabolism. In Caenorhabditis elegans,
XRN2 functions with PAXT-1, which shares a putative XRN2-binding domain (XTBD) with
otherwise unrelated mammalian proteins. Here, we characterize structure and function of an
XTBD - XRN2 complex. Although XTBD stably interconnects two XRN2 domains through
numerous interacting residues, mutation of a single critical residue suffices to disrupt XTBD —
XRN2 complexes /n vitro, and recapitulates paxt-1 null mutant phenotypes /n vivo. Demonstrating
conservation of function, vertebrate XTBD-containing proteins bind XRN2 /n vitro, and human
CDKN2AIPNL (C2AIL) can substitute for PAXT-1 in vivo. In vertebrates, where three distinct
XTBD-containing proteins exist, XRN2 may partition to distinct stable heterodimeric complexes,
likely differing in subcellular localization or function. In C. elegans, complex formation with the
unique PAXT-1 serves to preserve the stability of XRN2 in the absence of substrate.

Introduction

Ribonucleases (RNases) are key enzymes in RNA metabolism, central to both RNA
processing and degradation. The nuclear 5’—3’ exoribonuclease XRN2 functions in
ribosomal and small RNA processing1-6, transcriptional termination7,8, clearance of
aberrant pre-mRNA9 and tRNA10, degradation of miRNAs11, and other pathways
(reviewed in 12,13). Accordingly, XRNZ2 is conserved across eukaryotes, and essential for
viability of yeast and worms14,15. The paralagous XRN1 plays a central role in mRNA
degradation16, and both enzymes prefer 5° monophosphorylated, single-stranded RNAS as
substrates17-20.

In yeast, XRN2 (Ratlp) occurs in a complex with Railp (Ratl interacting protein)18,21,
which promotes XRN2 activity through unknown mechanisms21,22. However, the metazoan

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research,
subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms

Author for correspondence: H. Gr. (helge.grosshans@fmi.ch).

Accession Codes

The atomic coordinates have been deposited at the Protein Data Bank, with accession codes 5FIR.

Author Contribution

H.R. and H.Gr. designed research. H.R. designed and performed /n vitro and in vivo experiments. H.Gu. and H.R. did crystallographic
structure determination and analyses. 1.K. set up CRISPR, injected worms, and assisted in crossing worm lines. H.R., H.Gr. and H.Gu.
wrote the manuscript. All authors supported editing the manuscript.


http://www.nature.com/authors/editorial_policies/license.html#terms

s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Richter et al.

Results

Page 2

Railp orthologues Dom3z (DXO) do not bind to their respective XRN2s21. In C. elegans,
XRN2 forms instead a complex with the novel protein PAXT-1 (Partner of XRN-Two)23.
Loss of PAXT-1 causes a reduction in XRNZ2 levels, and, when worms are grown at a
relatively high temperature of 26°C, developmental arrest, which can be prevented by
increased xrn-2 gene dosage23. As paxt-1 mutations cause reduced XRN2 protein but not
MRNA levels, PAXT-1 may stabilize the XRN2 protein23.

Although PAXT-1 is 375 amino acids long, its N-terminal 121 amino acids suffice for XRN2
co-immunoprecipitation, XRN2 accumulation, and animal viability23. This portion of
PAXT-1 contains a predicted domain of unknown function, DUF3469, and although PAXT-1
is not well conserved outside nematodes, DUF3469 occurs also in unrelated vertebrate and
ciliate but not yeast proteins23. Although it is not known whether these proteins bind XRN2,
three of them, mammalian NKRF (NRF) and CDKN2AIP (CARF), and ciliate Tanl were
observed in XRN2 complexes3,24,25. Hence, DUF3469 may function as an XRN-Two-
binding domain (XTBD)23.

Here, we sought to elucidate XTBD structure and function. We identify a core XTBD that
binds XRN2, present its crystal structure in complex with XRN2, and identify a single
XTBD amino acid that makes crucial and conserved contributions to complex formation /n
vitroand in vivo. \We demonstrate that XTBDs are generic XRN2 binders /in vitro, and that,
despite limited sequence similarity, human CDKN2AIPNL (C2AIL) can substitute for C.
elegans PAXT-1 in vivo. Finally, we provide evidence that PAXT-1 buffers cellular RNase
activity by preserving XRN2 stability in the absence of substrate.

Conserved Binding Interface of an XTBD — XRN2 Complex

Previously, we showed that the N-terminal amino acids 1-121 of C. elegans PAXT-1, which
contain the XTB domain, suffice for XRN2 binding in vivo23. However, Pfam annotates the
boundaries of XTBD as residues 7-93 (http://pfam.xfam.org/family/xtbd). Hence, we sought
to determine the XTBD core element experimentally. Based on HHPred secondary structure
predictions26 and disorder analysis by PSIPRED Protein Analysis Workbench27 and
DisEMBL28, we decided to examine recombinant proteins comprising residues 1-121, 1—
96, and 1-75, respectively. We found that all three polypeptides bound recombinant XRN2
equally well and comparably to full-length PAXT-1 (Supplementary Fig. 1a). Thus, the
functional XTBD is 75 amino acids long, substantially smaller than previously annotated.

To obtain structural information on XTBD, we expressed and purified an XRN2 —
PAXT-11_75 complex. To obtain high-quality diffracting protein crystals, we deleted a zinc-
finger-containing loop (residues 258-294), a predicted disordered region in the middle of the
protein (residues 418-531), and the glycine-rich C-terminus (residues 788-975) of XRN2,
yielding XRN2AZLC, Following bacterial co-expression of XRN2AZLC and PAXT-11_7s,
purification and crystallization, we determined the structure of the 83 kDa complex at 2.85
A resolution. The macromolecular complex crystallized in space group P2;2121 with six
XTBD-XRN2AZLC heterodimers in the crystallographic asymmetric unit and a solvent
content of ~64%. We performed molecular replacement and model building with the help of
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phased anomalous difference Fourier electron density maps obtained from seleno-
methionine derivative crystals; Table 1 summarizes data collection and refinement statistics.
The final XTBD-XRN2AZLC structure consists of residues 4-25, 35-148, 153-409, and
534-787 for XRN2AZLC (chain A) and 1-73 for XTBD (chain B), which show clear
electron density.

Previous work utilized sequence conservation to assign domains to XRN family proteins,
namely CR1 (conserved region 1; residues 1-409) and CR2 (residues 543-713), which are
connected by a non-conserved disordered region and extended by a poorly conserved C-
terminus, respectively21 (Fig. 1a). To facilitate description and functional dissection of
XRN2, we will use an alternative annotation system, namely a nuclease core segment 1
(NCS1,; residues 1-310), a nuclease core segment 2 (NCS2; 311-612), a PAXT-1 binding
segment (PBS; 613-705), a C-terminal segment 1 (CTS1; 706-787) and a C-terminal
segment 2 (CTS2; 788-975) (Fig. 1a,b).

The structure of XRN2AZLC s highly similar to that of S. pombe Ratl (Protein Data Bank
(PDB) 3FQD 21) with a root-mean-square deviation (r.m.s.d.) of 1.46 A over 580 aligned
Ca atoms (53% sequence identity). It also superimposes very well onto the exonuclease
cores of D. melanogasterand K. lactis XRN1s with r.m.s.d. values of 1.51 A (503 aligned
Ca atoms, 44% sequence identity, PDB 2Y35 20) and 1.36 A (475 atoms, 42% identity,
PDB 3PIE; ref. 29), respectively.

The crystal structure confirms PAXT-11_75 as the core XTBD. It binds to a large groove on
XRN2, which is formed by NCS2 and PBS. XRN2 residues 645-681 form a long loop
protruding from the globular core of the PBS and fold around the base of a large a-helix
(residues 108-139), known as the tower domain21 (Fig. 1b and Supplementary Fig. 1b).
XTBD folds into a globular four-helix bundle (H1-H4) connected by three loops (L1-L3)
(Figure 1C). H1-H3 form an antiparallel helical array and H4 folds back on top of H2—-H3 at
a 90° angle. H1 is short, comprising only six residues, whereas helices H2-H4 are much
longer (10-15 residues). The four-helical bundle is mainly stabilized by hydrophobic helix-
helix interactions together with additional polar interactions between side chains located on
neighboring helices. A peculiarity is L3, connecting H3 and H4, which is in a completely
linear conformation (Supplementary Fig. 1c). Although a DALI search30 against PDB
identified many structures with a topologically similar arrangement of three to four a-
helices, either as single units or as part of a larger helical array, these differed substantially
in their helix-to-helix angles and therefore represent only distant hits with low Z-scores (Z <
4.5) and rather large r.m.s.d. values (> 3.0 A). Hence, it seems that the four-helical bundle of
XTBD represents a structurally unique arrangement for XRN2 binding with no closely
related protein structure present in the PDB.

XTBD Tyrosine 56 is Critical for Complex Formation

Crystal packing analysis suggests that the XTBD-XRN2AZLC complex exists as a single
heterodimer and SEC MALS (size-exclusion chromatography coupled to multi-angle light
scattering) experiments confirm this: The XTBD-XRN2AZLC complex elutes as
monodisperse heterodimer with a measured mass of 80.9 kDa (calculated mass: 83.0 kDa)
(Supplementary Fig. 2a). Analysis of the protein-protein interface by PISA31 and EPPIC32
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reveals a solvent-accessible area on either protein of ~1000 A2 upon complex formation. 24
residues of XTBD interact with 36 residues of XRN2AZLC in a hydrophobic and polar
manner, and these interface residues are highly conserved as shown by ConSurf
analysis33,34 of both proteins (Fig. 2a). The hydrophobic character of the interface is
mainly formed by XTBD residues on L1, H3, and L3 (Trp14, 1le37, Cys41, Leu52, Cys54,
Tyr56, Leu60) and contributes to interaction with XRN2AZLC residues Val553, Phe560,
Pro591, Pro650, 116652, Asp653, Pro656, Pro677, and Phe678 (Fig. 2b and Supplementary
Fig. 2b). The formation of 13 hydrogen bonds and three salt bridges provides additional
binding energy (Fig. 2c,d and Supplementary Fig. 2c). Although the XTBD - XRN2
interface is relatively small at ~1000 A2, the complex is very stable and resists disruption by
high salt washes (data not shown) and high dilution (Supplementary Fig. 2a).

To further dissect the XTBD-XRN2AZLC interaction, we leveraged the structural
information to design PAXT-1 interface point mutant proteins, which we co-expressed with
XRN2. We examined complex formation by purifying the PAXT-1 proteins through their
Hisg-tags by Immobilized Metal Affinity Chromatography (IMAC). The PAXT-1 point
mutations Trp14-to-Ala and Cys41-to-Gly, respectively did not compromise XRN2 co-
purification (Fig. 2e; Supplementary Data Set 1). Less XRN2 co-purified with
PAXT-1_Cys54-to-Gly but this mutation also decreased the amount of PAXT-1 purified (Fig.
2e and Supplementary Fig. 2e). Cys54-to-Gly may thus disrupt protein integrity, although
we note that the level of PAXT-1_Cys54-to-Gly in bacterial lysates was comparable to that
of wild-type PAXT-1 (Supplementary Figure 2e). By contrast, the Tyr56-to-Ala mutation
completely abrogated interaction of XTBD with XRN2 without affecting PAXT-1 levels or
purification (Fig. 2e and Supplementary Fig. 2e,f), highlighting Tyr56 as a key interface
residue.

Since numerous side chains contribute to the total binding energy of the interface, loss of
binding through a single point mutation appears surprising. However, it is explained by the
crucial role of Tyr56 in shaping the unique linear conformation of the loop L3. With all
seven residues of XTBDs;.57 engaged in XRN2 binding (Supplementary Fig. 2b), L3
contributes 33% (338 A?) buried surface area (BSA) and four hydrogen bonds to the XTBD
— XRN2 interface, whereas the other 17 interacting residues together contribute the
remaining 698 A2 BSA and nine hydrogen bonds. Mutation of Tyr56 to alanine abrogates
the key constraint for the 5157 conformation by eliminating the phenol ring that is normally
sandwiched between Leu45 (XTBD, H3) and Pro656 (XRN2AZLC), forminga CH — 7 —
interaction with Pro656 (XRN2AZLC) (Fig. 2¢). Through its hydroxyl group, Tyr56 also
forms a hydrogen bond (2.8 A) with the backbone carbonyl of Asp653 (XRN2AZLC) (Fig.
2¢). A second constraining residue, XTBD_Cysb4, is in hydrophobic interaction with
Pro656 (XRN2AZLC) and additionally forms a weak hydrogen bond (3.8 A) with the
backbone carbonyl of Leu675 (XRN2AZLC) (Supplementary Fig. 2c). Together, Cys54 and
Tyr56 promote formation of an isolated p-bridge between backbone atoms of XTBD_Glu55
and XRN2_Asp658 (Fig. 2d). Mutation of Tyr56 to alanine and Cys54 to glycine removes
the constraining side chains for this stretch and induces backbone flexibility, thus
compromising all interactions between XTBD_51 — 57 and XRN2. The resulting loss of one
third of BSA explains the severe consequences of these mutations. By contrast Trpl4-to-Ala
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or Cys41-to-Gly have only limited effects on the BSA and thus no major effect on complex
formation /n vitro.

To validate the importance of XTBD_Tyr56 for XRN2 binding under physiological
conditions, we utilized genome editing35,36 to create the Tyr56-to-Ala point mutation in
endogenous PAXT-1. Strikingly, when we grew the resulting paxt-1(xe29) worms at 26°C,
they arrested as L1 larvae, just like paxtZ(0)animals (Fig. 2f). Also, just like in paxt-1(0)
animals23, accumulation of XRN2 was reduced and PAXT-1 undetectable by western
blotting (Fig. 2g and Supplementary Fig. 2d; Supplementary Data Set 1). Formally, we
cannot exclude that destabilization of PAXT-1 through the Y56A mutation causes these
effects. However, the protein is stable /77 vitro (Fig. 2e), as is a human XTBD protein with an
analogous mutation in human cells (see below). Moreover, loss of XRN2 destabilizes
PAXT-1 in viva23. Hence, we propose that PAXT-1 depletion /n vivois a secondary
consequence of its inability to bind XRN2. At any rate, our data identify Tyr56 as a critical
residue for PAXT-1-mediated stabilization of XRN2 /n vitro and in vivo, and explain the
structural basis of this importance. They also explain the high degree of conservation of this
residue: In XTBDs, this position is always held by residues with aromatic side chains (Tyr,
Phe, Trp; Fig. 1a and Supplementary Fig. 3b), which can occupy the XRN2 Pro656 pocket
via a stacking interaction.

XTBD Is a Generic XRN2 Adapter

Although different XTBD-containing proteins occur in complexes with XRN2 3,23-25,
these interactions were generally examined through co-immunoprecipitation, leaving it
unclear whether they are direct and mediated by XTBDs. The fact that the interaction
surfaces of both XRN2 and XTBD are highly conserved (Fig. 2a; Supplementary Figure 3b,
c) supports a conserved and direct interaction. To test this notion experimentally, we
produced recombinant XRN2 and the XTBD-containing proteins CDKN2AIP and
CDKN2AIPNL (C2AIL in the following) from Danio rerio (zebrafish) in £. coliand
determined their interactions. Whereas CDKN2AIP is a tumor suppressor that can activate
p53 (ref. 37-39), C2AIL is as yet uncharacterized. When purifying the N-terminally-Hisg-
tagged XTBD-proteins, XRN2 co-purification was readily detectable in both cases (Fig. 3a;
Supplementary Data Set 1). Similarly, human XRN2 co-purified with human Hisg-C2AIL
(data not shown).

To confirm specificity of the interaction between human C2AIL and XRN2, we mutated
C2AIL_Tyr82, which corresponds to PAXT-1_Tyr56 (data not shown). We transfected
human HEK293T cells with either wild-type or Tyr82-to-Ala mutant human FLAG-HA-
C2AIL and immunoprecipitated the respective protein through an anti-FLAG antibody.
Western blotting revealed robust co-immunoprecipitation of endogenous XRN2 with wild-
type but not mutant FLAG-HA-C2AIL (Fig. 3b and Supplementary Data Set 1). Finally, D.
rerio XRN2 formed a stable, chimeric complex with human C2AIL by SEC (Fig. 3c). We
conclude that XTBD constitutes a generic XRN2-binding domain whose mode of interaction
with XRN2 is conserved across animal phylogeny.
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Human C2AIL Can Substitute for C. elegans PAXT-1 in vivo

To validate our insights into XTBD conservation from /n vitro and cell-based studies /n vivo,
we expressed a codon-optimized and flag-tagged human cZail single-copy transgene in
paxt-1(0) mutant C. elegans. Endogenous C. elegans XRN2 co-immunoprecipitated with
FLAG-Hs_C2AIL from worm lysates as confirmed by western blot (Fig. 3d and
Supplementary Data Set 1) and mass spectrometry (data not shown). This confirms the
formation of a chimeric complex in vivo.

Although PAXT-1 is dispensable at lower temperatures, paxt-1(0) animals arrest as L1-stage
larvae when grown at 26°C, a phenotype that expression of PAXT-1_1-121 rescues23.
Strikingly, the /4s_cZailtransgenic worms similarly continue development into adulthood and
go on to produce F2 progeny (Fig. 3e). Hence, not only the molecular but also the
developmental function of PAXT-1 can be taken over by human C2AIL, despite only ~35%
sequence identity between their XTBDs, but consistent with the good correlation of the
C2AIL homology model with the XTBD structure (Supplementary Fig. 3a).

XTBD- or Substrate-Binding Stabilize XRN2

Previously we examined the influence of PAXT-1 on the enzymatic activity of XRN2 23 and
found greater activity of the PAXT-1 — XRN2 complex than XRN2 alone over extended
periods of time. However, initial velocities remained unchanged in the presence or absence
of PAXT-1 23, and examination of Michaelis-Menten enzyme kinetics also failed to provide
evidence for modulation of XRN2 activity by PAXT-1 (Supplementary Fig. 4a). Since
XRN2 protein but not mMRNA levels are reduced in C. elegans lacking PAXT-1 23, PAXT-1
thus appears to have a stabilizing rather than stimulatory effect on XRN2. To test this
hypothesis experimentally, we monitored unfolding of recombinant XRN2 and its complex
in vitro and determined the melting temperature T, (Fig. 4a). We found a striking shift in
Tm of 24°C, from Ty, &~ 31°C for XRN2 to T, ~ 55°C for the PAXT-1-XRN2 complex,
demonstrating a pronounced stabilizing activity of PAXT-1 towards XRN2. The activity
largely resides in the XTBD as the Ty, values of PAXT-1 — XRN2, PAXT-1 — XRN2AZLC
and XTBD — XRN2AZLC complexes differed little at 55°C, 54°C, and 53°C, respectively.

At 31°C, the T, of XRN2 alone is close to the temperature at which pax¢-1(0) larvae arrest
development (26°C), suggesting that XRN2 destabilization /77 vivo may occur through its
unfolding and subsequent degradation. To examine the consequences of temperature
increases on XRN2 activity /in vitro, we tested it at two temperatures within, or close to, the
physiological range of C. elegans. 25°C, the default temperature of previous activity assays,
and 30°C. From the melt curve, we estimated that 45% of XRN2 would be unfolded at 30°C.
Nonetheless, and contrary to our expectation, we found that XRN2 activity was consistently,
and over extended times, higher at 30°C than 25°C (Fig. 4b).

Although an increase in temperature accelerates enzymatic reaction, according to Arrhenius’
equation we would expect at most a modest effect with the narrow temperature window that
we used. Hence, we considered that XRN2 might be unexpectedly stable under the
conditions of the assay, possibly due to substrate binding. To test this, we examined XRN2
thermal stability in the absence and presence of the 30mer RNA substrate used for catalytic
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assays. This revealed a stabilizing effect of the substrate, which increased the T, by 2°C to
~33°C (Fig. 4c). Although the effect was small relative to that seen for PAXT-1, it is above
the 1°C threshold previously proposed to be relevant40, and it occurred reproducibly at two
different substrate concentrations (data not shown). Moreover, it was highly specific, as
inclusion of tRNA, which is not a good XRN2 substrate due to high secondary structure and
paired 5’ terminal nucleotides18,20, did not increase thermal stability of XRN2. We
conclude that substrate binding can stabilize XRN2.

To test if the stabilizing effect of substrate binding explained the unexpectedly robust
activity of XRN2 at 30°C, we pre-incubated either XRN2 alone or a PAXT-1 — XRN2
complex in buffer for five minutes at this temperature before adding substrate. Whereas the
PAXT-1 — XRN2 complex exhibited robust activity under these conditions, activity of XRN2
alone was compromised (Fig. 4d and Supplementary Fig. 4b). Hence, PAXT-1 can preserve
activity of XRN2 in the absence of substrate.

XRN2 Stability Depends on Structural Integrity of the PBS

Discussion

To understand the interaction of XRN2 with substrate, we superimposed the XRN1 — RNA
substrate complex (PDB 2Y35; 20) onto the XTBD — XRN2 structure. This revealed a
crucial role of the PBS-protruding loop in substrate binding, as its Trp670 base-stacks with
three unpaired 5’-terminal nucleotides and His60 of a-helix 2 (Fig. 4e). Moreover, Trp670 in
XRNZ2, like Trp540 in XRN1 20, acts in concert with the N-terminal a-helix 1 to restrict
sterically access to the active site to single stranded RNA. A sulfate ion from the
crystallization buffer of the XTBD — XRN2 complex occupies the precise position of the 5
phosphate of the XRN1-RNA substrate complex (Fig. 4e), confirming conservation of the
mode of substrate binding.

From the structures of the two complexes it is thus evident that both substrate and PAXT-1
bind to the PBS. To determine whether this might affect PBS structure, we compared the
PBSs from these two complexes to that of K. /actis XRN1, which was crystallized in the
absence of both substrate and additional proteins (PDB 3PIF; 29). Strikingly, whereas the
PBS is fully structured in XRN2 — XTBD and Drosophila XRN1 — RNA complexes, it is
heavily disordered in the structure of K. /actis XRN1 and the domain could not be entirely
built in the crystallographic model (Fig. 4f). Hence, although not a proof, these structures are
consistent with the notion that stabilization of XRN2 is achieved through maintenance of the
integrity of the PBS, which both XTBD- and substrate-binding can accomplish (Fig. 4f).

Based on the recurring identification of XTBD- (DUF3469-) containing proteins in
complexes that also contain XRN2 3,23-25, we previously hypothesized that it mediate
XRN2-binding23. Here, we have tested this notion and demonstrate that a core XTBD,
substantially smaller than initially predicted, mediates binding to XRNZ2. Chimeric
interactions between XTBD-containing proteins and XRN2 from different species in vivo
and /n vitro confirm the generality of this finding. Although XRN2 and its paralogue XRN1
are highly similar, including in the PAXT-1 binding groove (Supplementary Fig. 1e), binding
of PAXT-1 to XRN1 is disfavored: the NCS2 of XRN1 extends further into the groove than
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that of XRN2, suggesting a steric clash with XTBD (Supplementary Fig. 1e). This is
consistent with co-immunoprecipitation experiments, which revealed a specific interaction
of PAXT-1 with XRN2, but not XRN1 23. Hence, XTBD is a generic and specific XRN2
binding domain. Interestingly, its binding to XRN2 is entirely distinct from that of Railp
(Supplementary Figure 1d; 21 ), which may explain the distinct functions of the two
proteins, promotion of XRN2 activity by Railp 21,22 versus XRN2 stabilization by PAXT-1
(23. and this study).

Although PAXT-1 is the only XTBD-containing protein in C. elegans, many vertebrates have
three such predicted XTBD proteins, CDKN2AIP, C2AIL, and NKRF 23. Outside their
XTBDs, these proteins exhibit little sequence homology, and their cellular functions appear
distinct: Mammalian NKRF was identified as a transcriptional repressor41, CDKN2AIP
appears to function as an activator of p5337-39, and C2AIL currently has no known
function. However, the strong interactions that we observe between XTBDs and XRN2
imply that all of these proteins will exert at least part of their functions with or through
XRNZ2. The ability to uncouple these proteins from XRN2 through a single point mutation
now enables testing of this notion for each of these proteins.

The stable and heterodimeric binding between XRN2 and XTBD also implies that vertebrate
XRNZ2 exist in multiple separate and non-interconvertible complexes, potentially
diversifying XRN2 functions. Different binding partners may endow XRN2 with distinct
catalytic activities, facilitate differential regulation of XRN2 through distinct subunits, or
recruit XRN2 to distinct cellular locations. Experiments on human U-2 OS osteosarcoma
cell lines rovide circumstantial evidence for the latter, as XRN2 immunofluorescence
staining is observed in both nucleus and nucleoplasms, whereas NKRF locates to the
nucleolus, from which the nucleoplasmic CDKN2AIP appears excluded42. As the
phosphorylation status of NKRF may modulate the interaction between NKRF and XRN2
43, it will be interesting to see whether it also affects localization of NKRF and/or XRN2.

According to such a model of functional specialization of XRN2 complexes, XTBD serves
to bridge XRN2 with specific protein domains that provide additional functionalities. As a
complex of XRN2 with full-length PAXT-1 did not crystallize, we do not know what such
functions could be in the case of the PAXT-1 C-terminal sequence, which is conserved
across nematodes. Speculatively, it may modulate XRN2 activity or block access of specific
substrates to the XRN2 active site. This is because the structure of the XRN2-XTBD
complex implies that the PAXT-1 C-terminus would be located right in front of the XRN2
nuclease cleft, and because analysis by PSIPRED 27 and DisEMBL 28 suggests it to be
structured (data not shown). Since we have thus far been unable to observe regulation of
XRN2 activity by PAXT-1 /n vitro, such functions might require specific substrates or
conditions that remain to be identified. Alternatively, the PAXT-1 C-terminus might
modulate PAXT-1 stability or binding to XRN2.

Supporting a more specialized role of the PAXT-1 C-terminus, it is dispensable for C.
elegans viability23. Together with the fact that the heterologous human C2AIL can
substitute for PAXT-1 /n vivo, this then implies functions of XTBD beyond that of a passive
XRNZ2 adapter. We propose stabilization of XRN2 by promoting folding of its PBS segment
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to be such a function. The T, is a measure of a protein’s thermal stability and depends on
numerous molecular parameters such as the amino acid composition, surface
hydrophaobicity, number of hydrogen bonds and labile secondary structures such as loops44.
Upon XTBD-binding, 13 hydrogen bonds are formed, a hydrophobic patch covered and the
flexibility of the PBS loop reduced. Decreased thermal stability of XRN2 in the absence of
XTBD in vitro may then reflect decreased half-life /in vivod5-47, as even partially unfolded
proteins exhibit increased susceptibility to proteolysis47,48. This then explains how
PAXT-1/XTBD binding increases XRN2 levels /n vivo.

Although PAXT-1 is expressed throughout C. elegans development23, its loss causes defects
only at specific stages: when paxt-1(0) mutant animals are shifted to the restrictive
temperature of 26°C during the fourth larval (L4) stage, they will continue development
through adulthood and produce F1 progeny, which, however, will arrest at the L1 stage23.
This delayed effect does not simply reflect slow depletion of XRN2, as L1 stage arrest of
F1s also occurs if parental animals were already shifted to 26°C during their L1 stage23.
Moreover, although animals may conceivably be more dependent on XRN2 activity during
some developmental stages than others, developmental arrest can be induced in virtually any
stage upon direct inactivation of XRN2 15. Hence, we speculate that it is the stability of
XRNZ2 that varies with development stage. Specifically, with substrate binding conferring
some stability to XRN2, the stabilizing activity of PAXT-1 may be more important when
substrate levels are low. Thus, a key function of PAXT-1 may be to preserve, rather than
promote XRN2 activity, guarding enzyme not bound by substrate against decay to retain a
constant pool of active protein.

Online Methods

Experimental replicates and sample sizes

Experiments were performed in experimental replicates as follows: Fig. 2e - n=3, Fig. 2f -
n=3, Fig. 2g - n=3, Fig. 3a - n=2, Fig. 3b - n=2, Fig. 3d - n=2, Fig. 3e - n=3, Fig. 4a - n=3,
Fig. 4b - n=2, Fig. 4c - n=2, Fig. 4d - n=3. For enzymatic and unfolding assays in Figure 4
and Supplementary Figure 4, replicate experiments were carried out on separate occasions
but utilized the same sample preparations. All other experiments used biological replicates.

Animal experiments

Experiments were not blinded; no statistical calculations were performed.

Protein Expression and Purification

Expression constructs were cloned into a modified bis-cistronic pPCOLADuet™ vector from
Novagen. XTBD-containing constructs were cloned into the first multi-cloning site (MSC),
and thus N-terminally extended by a Hexahistidine (Hisg) tag followed by a tobacco etch
virus protease (TEV) cleavage site, whereas the XRN2 constructs in the second MSC remain
untagged. All constructs were expressed in £. coliBL21 (DE3). Cells were lysed by
sonication and the lysate cleared by centrifugation. Immobilized metal affinity
chromatography (IMAC) slurry (Qiagen) was used to bind the Hisg-tag of the target protein.
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Next, protein was eluted through cleavage by TEV (home made)50. IMAC was repeated and
the unbound fraction collected, diluted, and subjected to a Mono Q™ 5/50 GL (GE
Healthcare) anion exchange column. Positive fractions were pooled, filtered with a Millex-
GV 0.22 um filter and loaded onto a Superdex™ 200 HiLoad™ 16/600 (GE Healthcare)
column. Finally the target fractions were collected and concentrated using Millipore®
Amicon® Ultra Centifugal Filter Concentrators with suitable pore size.

Incorporation of seleno-methionine was done as described by Molecular Dimensions’
SelenoMethionine media kit, using £.coli B834(DE3).

Crystallization, Data Collection, and Structure Solution

Protein crystallization was carried out at 20°C using the sitting-drop vapor diffusion method
with a Phoenix robot (Art Robbins) dispensing 300 nl drops (100 nl crystallization buffer
and 200 nl protein solution). XRN2AZLC-XTBD crystals, obtained in 2 M ammonium
sulfate, 0.1 M Bis-TRIS pH 6.5 or 0.1 M TRIS pH 8.5 were harvested and flash-cooled in
liquid nitrogen after cryoprotection with 3.2 M ammonium sulfate, 0.1 M Bis-TRIS pH 6.5
or 0.1 M TRIS pH 8.5. Highest resolution data was obtained with a seleno-methionine
derivative crystal diffracting to 2.85 A (,=0.97796, T=100 K) at the SLS PX-11 beamline
(Villigen, Switzerland) and belonged to space group P2;212; with six XRN2AZLC_XTBD
heterodimers in the asymmetric unit. Diffraction data was integrated and scaled using the
XDS program package51 and the structure was solved by the molecular replacement method
with PHASER 52 using an XRN2 homology model consisting of the exonuclease core as
search model. Phases from this solution were calculated and used for automatic model
building with BUCCANEER 53. The XRN2AZLC_XTBD structure was further improved by
the crystallographic simulated annealing routine followed by grouped B-factor refinement in
PHENIX 54 and several rounds of manual rebuilding in COOT 55 and refinement in
PHENIX and BUSTER (Bricogne G., Blanc E., Brandl M., Flensburg C., Keller P., Paciorek
W., Roversi P, Sharff A., Smart O.S., Vonrhein C., Womack T.O. (2011). BUSTER version
2.11.5 Cambridge, United Kingdom: Global Phasing Ltd.; www.globalphasing.com/buster/).
Non-crystallographic symmetry restraints were used throughout the structure solution and
refinement process. NCS copies of XRN2AZLC and XTBD are highly similar with RMSD
values between 0.456 to 0.597 A (Ca) for XRN2AZLC (chain A related to all other
XRN2AZLC chains present in the asymmetric unit) and 0.313 to 0.741 A (Ca) for XTBD
(chain B related to all other XTBD chains present in the asymmetric unit). Model building
and validation was carried out with the help of anomalous difference Fourier electron
density maps to locate seleno-methionine positions. The final structure was validated using
COOT (Ramachandran plot statistics: Allowed 99.6%, outliers: 0.4%) and the wwPDB
Validation Server (http://wwpdb-validation.wwpdb.org/validservice). Atomic coordinates
and structure factors for the XRN2AZLC — X TBD complex have been deposited in the PDB
with entry code 5FIR. Structural images for figures were prepared with PyMOL
(www.pymol.org; Version 1.3r1).
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Sequence Logo

The profile hidden Markov model (HMM) of DUF3469 from Pfam was exported and
uploaded to Skylign.org 49. For concise representation, the following parameters were set:
a) Alignment Processing to “Create HMM - remove mostly-empty columns”, b) Fragment
Handling to “Alignment sequences are full length” and c) Letter Height to “Information
Content - Above Background”. The resulting logo was exported without showing the gap
parameters.

Thermal Shift Assay

In a 20 pl reaction, 2 ug of assayed protein was mixed with Protein Thermal Shift™ Dye and
— Buffer from Applied Biosystems to a final concentration of 1x. In the presence of RNA
substrate, however, 1 pug of protein was used instead to reduce the otherwise high
concentrations of RNA. Purified yeast tRNA (Ambion™) or a 30mer XRN2 substrate,
identical to that used in the kinetic assays (see below) were used when examining the effect
of substrate binding. The reaction was prepared in a 96 well MicroAmp® optical microplate
at 4°C and sealed with MicroAmp® Optical Adhesive Film. After centrifugation for 25 s at
1,000 g the plate was read in a StepOnePlus™ real-time PCR system using a melt curve
program from 25 — 99°C. No normalizing quencher was used and reactions were run in
triplicates. Raw data was exported and plotted using Microsoft Excel. The sigmoidal part of
the curve was fit to the Boltzman equation (equation 1) using non-linear regression by
maximizing R2 and varying T, and C, and the melting point T, calculated as the inflection
point. The resulting function was normalized to 1 and plotted (see below). Raw-data was
also normalized to 1 and plotted as dashed lines. In addition, XRN2, XRN2 + tRNA, and
XRN2 + RNA curves and values were re-scaled by a factor of 1.9, 1.3, and 1.8, respectively
for concise representation.

Fpout — F,
F (T):Fm+%

e (equation 1)

where Fpyre is baseline fluorescence, Fpogt is maximal fluorescence, T is temperature in °C,
T is melting temperature in °C and C is enthalpy.

Real-time Exonuclease Activity Assay and Kinetic Analysis

The Kkinetic assay was performed as described in 56 with the following modifications: The
RNA-DNA duplex substrate, where the RNA is FAM-labeled whereas the DNA carries a
quencher, was diluted with fourfold excess of unlabeled 5’ phosphorylated /et-7, which
increased the dynamic range of the gPCR system. 300 fmol enzyme was assayed with
varying concentrations of total substrate (sum of RNA-DNA duplex and let-7) in an excess
from 5 to 200 fold. Each kinetic reaction was run in triplicates and gave 1 data point. After
each data point was normalized to its baseline, the initial linear phase from 0 to 180 s was
fitted by linear regression. The slope of this function equals the velocity at the corresponding
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substrate concentration [S]. Furthermore the average of three velocities was plotted over [S]
and fitted to the Michaelis — Menten-model (equation 2) with the least-square method.

v— vaaz : [S]
Ky +[S]  (equation 2)

where V is velocity, Vmax is maximal velocity, [S] is substrate concentration and Ky, is the
Michaelis- Menten- constant.

A 50x substrate excess is used in Figure 4b. Preincubation time in Figure 4d is 5 min at
30°C.

Standard procedures were used to culture the Bristol N2 wild-type, mutant and transgenic
strains 57. HW1091: paxtI-(xe5)is the null mutation described by 23. Generation of HW
1641: paxt-1(xe5) I; xeSi203[Ppaxt-1..C.elegans co_human_ CZAIL FLAG
operon_GFP_tbb-2-3'UTR, unc-119(+)] Il and HW 1644: paxt-1(xe29[1.8597012-8597014
=TAT -> GCT, 1:8597041 A -> T] (expressing PAXT-1_Y56A and containing a silent
mutation to facilitate screening for genome editing events) are described in detail below.

Genome Editing of C. elegans Using CRISPR-Cas9

A suitable site for a 20 nt long sgRNA was identified by considering availability of a PAM
site to create a double strand break on the paxt-1 gene. Two complementary oligonucleotides
were hybridized and cloned by Gibson assembly58 into pIK111, a derivative of the
PUG6::sgRNA backbone59,60. Furthermore, a 100 nt DNA single stranded repair oligo was
designed with the desired point mutation and a silent mutation at the SgRNA binding site. A
CRISPR co-conversion mix, also containing Peft-3::Cas9..tbb-23- y1r (ref. 36), the SgRNA
and oligonucleotide to recreate the sgt-1(sc1) mutation (analogous to 35) was injected into
N2 animals61. Roller progeny were cloned and their progeny were analyzed for desired
mutations by PCR.

Rescue Experiments Using MosSCI

The paxt-1 promoter, H. sapiens C2AIL (codon-optimized + two artificial introns) coding
sequence and tbb-23” UTR sequences were cloned into pCFJ150 by Gateway cloning. An
operon_GFP sequence between C2A/L and the tbb-2 3’'UTR was included to permit
visualization of transgene expression without altering the sequence of the encoded protein.
The resulting plasmid was inserted into the 775605 site by MosSCI (refs. 62,63), yielding
xels203[Ppaxt-1.:C.elegans co_human_ CZAIL _FLAG operon GFP_tbb-2-3'UTR,unc-11
9(+)] Il animals. The integrants were outcrossed to wild-type N2 and crossed into the
paxt-1(xe5) mutant. Rescue of the paxt-1(0) mutant phenotype was examined as reported23.
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Cell Culture and Transient Transfection of HEK293T Cells

HEK?293T cells were available in our lab, checked for mycoplasma contamination and
grown in DMEM-F12 (Gibco™) supplemented with 10% (v/v) FCS and 25 U/ml Penicillin-
Streptomycin (Gibco™) at 37°C. Prior to transfection (described in 64) using the PEI
method, 2-108 cells were plated on a 6 cm dish per construct and grown for one day. Each
transfection was run in 2 technical duplicates with plasmids derived from pIRESneo
(Addgene plasmid #10822) to encode N-terminally FLAG-HA-tagged wild-type or Tyr82-
to-Ala mutated hsa_C2AIL. pSD44 harboring GFP was used as mock control. It is modified
from the pRRLSIN.cPPT.PGK-GFP.WPRE (Addgene plasmid #12252) backbone,
containing the SV40 enhancer/early promoter driving expression of a puromycin selectable
marker. Cells were harvested 72 h after transfection.

Western Blot and Co-Immunoprecipitation Experiments

Worm lysates were prepared by douncing harvested worms with 150 pestle strokes in
extraction buffer (50 mM HEPES, pH 7.4, 50 mM KCI, 5 mM MgCly, 0.1% w/v Triton
X-100, 10% wiv Glycerol) finalized with 7 mg protease inhibitor (Roche complete EDTA-
free), 2ul 1 M DTT and 10 pl 200 mM PMSF per ml extraction buffer. The lysate was
cleared by centrifugation at 16,000 g for 20 min and protein concentrations of the lysates
were measured using Bradford reagent (Bio-Rad Protein Assay). Subsequently, 100 ug of
lysate were loaded and separated by a Bis-TRIS SDS-PAGE 4 — 12% gradient gel
(NUPAGE® L.ife Technologies). Proteins were then blotted on a PVDF membrane using
standard procedures. Antibodies against XRN2 15, PAXT-1 23 and FLAG-tag (Monoclonal
ANTI-FLAG® M2-Peroxidase, Sigma, Cat.-Nr. A8592) were used in a 1:500, 1:500 and
1:2000 dilution, respectively. Horseradish peroxidase-conjugated antibodies (GE Healthcare,
Little Chalfont, UK) were used for detection, except for FLAG (see above). For IP
experiments, 3 mg lysate was incubated with 40 ul magnetic anti-FLAG bead slurry (Sigma.
Cat # M8823) in 1 ml finalized extraction buffer for 2 h on the rotating wheel at 4°C. Then
beads were washed 4 times with 600 pl extraction buffer followed by 1 h elution on a
vertical shaker (4°C) with 40 pl of 1 ug / pl FLAG peptide.

Immunoprecipitation of FLAG-HA-tagged Hs_C2AIL was performed using Anti-FLAG M2
Magnetic Beads (Sigma. Cat # M8823) as described64. For this, 2-106 transfected HEK293T
cells per IP and construct were washed with 4 ml cold PBS, harvested and lysed in 500 pl
lysis buffer (50 mM TRIS pH 7.5, 150 mM NacCl, 1% v/v TritonX-100, 1 mM EDTA, 1x
EDTA-free Roche cOmplete Protease Inhibitor Cocktail) and incubated for 30 min on ice.
Subsequently, the lysate was cleared by centrifugation at 16,000 g for 10 min. Per IP, 40 pl
of bead slurry (see above) was washed twice with cold TBS (50 mM TRIS pH7.4, 150 mM
NaCl), added to the lysate and filled to 1 ml final volume with TBS. After 2 h of incubation
on the rotating wheel, beads were washed three times with 400 pl TBS and boiled at 70°C
for 10 min in 40 ul SDS loading buffer for western blot analysis detecting the transgene with
anti-HA antibody (1:1000 dilution; clone 3F10, Roche). Human XRN2 was detected as
described23.
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Microscopy

Stereoscopic images were taken with a M205 A stereo microscope (Leica, Solms,
Germany).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Architecture of the XTBD — XRN2AZLC Complex. (a) Schematic of the PAXT-1 domain,

XRNZ2 functional segments and protein constructs used in this study. Hatched and dotted
areas within NCS1 and NCS2 mark the zinc-finger and disordered loop, respectively. Curly-
brackets relate the functional segments to the previously assigned domains of XRN
nucleases; i.e., conserved regions 1, 2 (CR1, CR2) and the C-terminus. The blow-up shows a
sequence logo49 of XTBD. (b) Overall structure of the XTBD — XRN2AZLC complex as
cartoon model with transparent surface for XRN2AZLC, Colors for XRN2AZLC and for
XTBD correspond to those in (a). (c) Cartoon representation of XRN2 (blue, orange, cyan)
in complex with the XTBD (yellow). Seleno-Methionine residues are shown as sticks with
corresponding anomalous difference Fourier peaks in magenta (5 o).
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e Co-expression with XRN2
PAXT-1 point mutants
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<
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PO F1
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Tyr56 Is Critical for Stability of the Highly Conserved XTBD-XRN2AZLC Interface. (a)
Surface representation of XRN2AZLC and XTBD structures highlighting conservation of the
protein — protein interface (XTBD rotated 180° with respect to XRN2AZLC). Position-
specific conservation scores computed by Consurf33,34 are displayed from white (weak to
average conservation, Consurf levels 1-6) to red (most conserved, level 9). The dashed-
dotted line on XRN2AZLC represents the projection of bound XTBD. Dashed lines on
XTBD indicate residues analyzed in detail. (b-d) Representation of XTBD residues Cys54
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and Tyr56 and their interaction with XRN2AZLC residues, zooming in on (c) interactions of
the critical Tyr56 and (d) the side chain arrangement of Cys54 and Tyr56. Hydrogen bonds
are indicated by gray dotted lines. (e) Gel showing results of Ni-NTA-mediated pull-down of
Hisg-PAXT-1 and its point mutant variants, respectively, co-expressed with XRN2. (f)
Stereomicroscropic images of C. elegans grown as indicated schematically. The
paxt-1(xe29) allele encodes PAXT-1_Y56A and was obtained by genome editing of
endogenous paxt-1. (g) Western blot of 100 g lysate from worms of the indicated genotype
grown at 26°C using antibodies specific to the indicated endogenous proteins.
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XTBD is a generic XRN2 binder. (a) Gel showing results of Ni-NTA-mediated pulldown of
D. rerio Hisg-C2AIL and D. rerio Hisg-CDKN2AIP, respectively, each co-expressed with D.
rerio XRN2 (aa 1-803) in E. coli. The dashed line indicates splicing of two non-adjacent
lanes from a single gel. (b) Western blot of anti-FLAG immunoprecipitates and input lysates
from HEK293T cells expressing wild-type transgenic human FLAG-HA-tagged C2AIL
(FLAG-HA-C2AIL, “WT"), a Tyr82-to-Ala mutant variant thereof (“mut”), or GFP as mock
). (c) SEC elution profiles of C. elegans XRN2 alone (blue line), and complexes

control (“-
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of PAXT-1 — XRN2 (orange), XTBD — XRN2AZLC (yellow) and H. sapiens C2AIL — D.
rerio XRN2 (aa 1-803, purple line). (d) Western blot of anti-FLAG immunoprecipitates and
input lysates from paxt-1(0) mutant C. elegans expressing human FLAG-tagged C2AIL
(Hs_FLAG-C2AIL) from an integrated single-copy integrated transgene. ‘—* denotes non-
transgenic wild-type animals used as negative control. (e) Stereomicroscropic images of
paxt-1(0) mutant C. elegans carrying the Hs_ FLAG-C2AIL encoding transgene or no
transgene and grown as indicated by the scheme (above pictures).
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Figure 4.
XTBD or RNA substrate, respectively, stabilize XRN2 by promoting PBS folding. (a), (c)

Graphs showing unfolding of (a) XRN2 alone and its indicated complexes, and (c) XRN2 in
the presence of an RNA substrate or tRNA, respectively. Results for XRN2 alone and XRN2
— PAXT-1 from (a) are included for comparison. (a), (c) Data points of the sigmoidal part of
each melt curve and their fits to the Boltzman equation, normalized to 1 and scaled, are

indicated. Squares represent melting points (Ty,). (b) Plot of activity over time of XRN2 and
its complex, respectively, at 25°C and 30°C, respectively. “Mock’ is the negative control (no
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enzyme) at 30°C. (d) Plot of activity of XRN2 alone and its complex with or without
preincubation at 30°C. (e) Representation of XRN2 substrate binding, inferred by
superposition of XRN2AZLC (gray/red/cyan) in complex with XTBD (yellow) on D.
melanogaster XRN1 in complex with substrate (PDB 2Y 35 20). For the latter, only substrate
is shown, in stick model. An mF,-DF; map of the XTBD-XRN2AZLC complex (calculated
in absence of SO42") is overlaid and displayed at the SO,2 position only (5.5 o). (f)
Comparison of the PBSs of C. efegans XRN2 (cyan) in complex with XTBD (yellow,
surface representation), D. melanogaster XRN1 (purple; PDB 2Y35 20) in complex with a
tri-nucleotide substrate (stick-model), and K. /actis XRN1 (orange; PDB 3PIF 29) by
superposition (fgp) or individual representation (bottom). Disordered regions within the K.
lactis PBS are marked in orange dashed lines.
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Table 1

Data collection and refinement statistics

XTBD-XRN2AZLC

Data collection
Space group
Cell dimensions

a b c(A)

a, B v (°)
Resolution (A)
Roym OF Rinerge
1ol
Completeness (%)
Redundancy
Refinement
Resolution (A)
No. reflections
Ruork | Riree
No. atoms

Protein

Ligand/ion

Water
B-factors

Protein

Ligand/ion

Water
R.m.s. deviations

Bond lengths (A)

Bond angles (°)

21212y

170.21, 200.77, 202.99
90, 90, 90
50.00-2.84 (2.91-2.84) *
0.126 (1.261)
7.1(0.75)

94.6 (84.5)
32(3.1)

49.39-2.84
155484
0.185/0.238

33362
135
53

85.9
122.9
56.4

0.011
1.18

One crystal was used for for data collection and refinement.

*
Values in parentheses are for highest-resolution shell.
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