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The Ratl 5-3’ exoribonuclease together with its partner Rail have important
roles in Saccharomyces cerevisiae RNA polymerase Il transcription termination.
Rtt103 copurifies with Ratl-Rail in S. cerevisiae, but its mechanism of interac-
tion with them is not known. We report here the cryo-EM structure of the

S. cerevisiae Ratl-Rail-Rtt103 ternary complex at 2.9 A resolution. We found
that a short segment of Rtt103 is in close contact with Rail, while the rest of
Rtt103, including its RNA polymerase Il C-terminal domain interaction domain,
shows no interactions with Rail or Ratl. This is in contrast to the observations
on the Komagataella phaffii Ratl-Rail-Rtt103 complex, where only the RNA
polymerase Il C-terminal domain interaction domain of Rtt103 has contacts

with Rail. Our structure reveals that S. cerevisiae Rtt103 Pro261 and Tyr263
have important contacts with Rail, and we show that the P261G/Y263A
mutation of Rtt103 blocks the interaction with Ratl-Rail. Our structure sug-
gests that, in yeast, this segment of Rtt103, which we have named the Rail
interaction segment, likely helps the recruitment of Ratl-Rail to RNA poly-
merase Il for termination.

The 53’ exoribonucleases (XRNs) have important functions in RNA
metabolism, including maturation of ribosomal and small nucleolar
RNAs, RNA degradation, nonsense mediated decay, and other RNA
quality control mechanisms. These enzymes require a 5 monopho-
sphate on the RNA substrate, and therefore they are only active toward
a defined subset of RNA species in the cell.

XRN2 (Ratl in yeast) is also essential for the torpedo or unified
model of transcription termination by RNA polymerase I (Pol I1)"*. After
cleavage of the Pol Il transcript by the pre-mRNA 3’-end processing
machinery, XRN2/Ratl degrades the downstream cleavage product
(which carries a 5 monophosphate), catches up to the polymerase and
helps to displace it from the template®®. Ratl functions together with
the binding partner Rail, which can stimulate its exonuclease activity’®.
Rail and its mammalian homolog DXO also have decapping activity
toward the 5’ cap and capping intermediates as well as various non-
canonical caps’™. The RNA products of Rail/DXO contain a 5 mono-
phosphate, enabling their degradation by the XRNs, and some Rail/
DXO enzymes also possess distributive 5’-3’ exoribonuclease activity™ .

The amino acid sequences of Ratl and XRNs contain two con-
served regions (CR1 and CR2) at the N terminus, which are connected
by a poorly conserved segment of variable length (Fig. 1a). A segment
directly following CR2, though poorly conserved, has close contacts
with CR1, and more importantly, this segment in Ratl mediates the
formation of the Ratl-Rail complex’. Recent structures of Ratl-Rail in
complex with Pol Il have provided molecular insights into how Ratl
interacts with Pol Il and contributes to termination™,

The Ratl-Rail complex was found to copurify with Rtt103 in
Saccharomyces cerevisiae, and synthetic lethality was observed with
the deletion of both Rtt103 and Rail'. While Ratl and Rail have strong
effects on Pol Il termination, Rtt103 has a weaker contribution to this
termination in S. cerevisiae. Rtt103 may also be involved in DNA
damage response”, and Rtt103 deletion, as well as Rail deletion,
leads to higher levels of sub-telomeric transcripts'. These transcripts
are normally degraded, likely by Ratl, suggesting that Rtt103 may
help to recruit the exonuclease for degradation. How Rtt103 interacts
with the Ratl-Rail complex in S. cerevisiae was not known.
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Rtt103 contains a Pol Il CTD interaction domain (CID) at the N
terminus™®~?, which is connected to a helical region by a short linker
(Fig. 1a). The rest of the protein is poorly conserved among its
homologs and does not appear to contain any secondary structures.

We report here the cryo-EM structure of the S. cerevisiae Ratl-Rail-
Rtt103 ternary complex at 2.9 A resolution. We found that a short
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3.2

segment of Rtt103 of about 10 amino acid residues just after the helical
region is in close contact with Rail, while the rest of Rtt103, including
the CID, shows no interactions with Rail or Ratl. This is in sharp con-
trast to the observations on the Komagataella phaffii Ratl-Rail-Rtt103
complex’®, where only the CID of Rtt103 has contacts with Rail. Our
structure reveals that S. cerevisiae Rtt103 Pro261 and Tyr263 have
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Fig. 1| Structure of the S. cerevisiae Rat1-Rail-Rtt103 ternary complex. a Domain
organization of S. cerevisiae and S. pombe Ratl and Rtt103. Conserved region 1 (CR1)
of Ratl is colored in cyan, CR2 in magenta, and the linker between them in gray. A
poorly conserved segment following CR2 that is also observed in our structure is in
yellow. The CTD interaction domain (CID) of Rtt103 is in light blue, and a helical
region in gray. The Rail interaction segment (RIS) of S. cerevisiae Rtt103 is in orange.
b Schematic drawing of the structure of S. cerevisiae Ratl-Rail-Rtt103 ternary
complex. Residues are colored according to panel (a). A putative metal ion in the

active site of Rail is shown as a sphere (pink). ¢ EM density of the Ratl-Rail-Rtt103
complex colored by local resolution. The atomic model is also shown, and several
segments on the surface have no EM density in this final map. d EM density of the
Ratl-Rail-Rtt103 complex after a heterogeneous refinement. Density is observed
for several segments on the surface. All the structure figures were produced with
PyMOL (www.pymol.org) unless otherwise noted. Panels ¢ and d were produced
with UCSF Chimera®.

important contacts with Rail. We introduced mutations at these resi-
dues and showed that they blocked the interaction with Ratl-Rail,
confirming the structural observations. Our structure suggests that
this segment of Rtt103, which we have named the Rail interaction
segment (RIS), likely helps the recruitment of Ratl-Rail to Pol Il for
termination.

Results and discussion
Overall structure of Ratl-Rail-Rtt103 ternary complex
To produce the Ratl-Rail-Rtt103 complex, we first tried to express the
three proteins separately in E. coli and assemble them in vitro.
Although Ratl and Rtt103 could be expressed and purified, Rail was
prone to aggregation during purification, potentially due to misfold-
ing. We then co-expressed the three proteins in insect cells and were
able to purify the ternary complex.

The structure of the S. cerevisiae Ratl-Rail-Rtt103 ternary complex
has been determined by cryo-EM at 2.9 A resolution (Fig. 1b, ¢, Table 1,
Supplementary Fig. 1). Much of the linker between CR1 and CR2 and

Table 1| Cryo-EM data collection, structure refinement and
validation statistics

Saccharomyces cerevisiae Rat1-Rail-Rtt103

complex
Data collection and processing
Magnification 105,000
Voltage (kV) 300
Electron exposure (e/A% 49.3
Defocus range (um) -0.6to-2
Pixel size () 0.413
Symmetry imposed C1
Image stacks (no.) 6718
Initial particles images (no.) 3,614,995
Final particle images (no.) 552,608
Map resolution (A) 2.85
FSC threshold 0.143
Map sharpening B-factor (A2) -123
Refinement
Number of protein residues 115
Number of metal ions 1
Number of atoms 8975
R.m.s. deviations
Bond lengths (A) 0.004
Bond angles (°) 0.536
PDB validation
Clash score 6
Poor rotamers (%) 0
Ramachandran plot
Favored (%) 98.5
Allowed (%) 15
Disallowed (%) 0.0

several loops on the surface of Ratl have no density in the final EM map
(Fig. 1c). However, EM density is visible for some of these residues in
the map after heterogeneous refinement (Fig. 1d), including the tower
domain helix, and the residues are included in the atomic model,
although they have poor fit to the final EM density, as indicated in the
validation report.

Rail is bound to the opposite face from the active site of Ratl,
generally in the same location as observed in the S. pombe Ratl-Rail
complex (see below)’. EM density was observed at the binding site of
one of the metal ions in the active site of Rail’, and a magnesium ion is
placed at this position, although divalent metal ions were not included
in the buffers during purification. Binding of a second metal ion in the
active site is observed in the presence of RNA". No EM density for
divalent metal ions was observed in the Ratl active site.

The Rail-Rtt103 interface

Rtt103 only has interactions with Rail in the current structure (Fig. 1b).
Moreover, only a small segment of Rtt103 was observed to have good
quality EM density, corresponding to residues 259-265 (Fig. 2a), even
though full-length Rtt103 was in the sample. Approximately 550 A2 of
the surface area of these residues are buried in the interface with Rail.
Several additional residues at the N and C termini of this segment,
corresponding to residues 255-258 and 266-270, have EM density in
the map after heterogeneous refinement (Fig. 1d), which contribute
170 A? of buried surface area to the interface. We have named this
region of Rtt103 the Rail interaction segment (RIS), which follows the
helical region of Rtt103 and is connected to it by a short linker (Fig. 1a).
The rest of Rtt103, including the CID, has no observed EM density and
is likely flexible in the current structure.

Residues 259-264 of the RIS adopt an extended conformation and
form a parallel B-sheet with residues 17-19 (beginning of strand 32) of
Rail (Fig. 2b). The side chains of Pro261 and Tyr263 of the Rtt103 RIS
point toward Rail and contribute most to the interaction, burying 121
and 176 A? of surface area, respectively. The Pro261 side chain is
located in a hydrophobic pocket, formed by the side chains of Trp265,
Phe269, Pro299, Cys313, Leu314 and lle317 of Rail. The side chain of
Tyr263 is flanked by Phe269 of Rail on one face and GIn20 and Pro21
on the other. The hydroxyl group of Tyr263 is hydrogen-bonded to the
main-chain carbonyl oxygen of Phe269, with a distance of 2.8 A. The
side chains of RIS residues 11259 and 1le260 are mostly on the surface,
with that of 11e260 being in contact with Pro299 and Val300.

Residues 266-270 of Rtt103 contain three Asp and two Gly resi-
dues and are located next to a region of Rail that is highly enriched in
Lys/Arg residues (Fig. 2c). In fact, residues 269-270 are at the begin-
ning of a highly acidic segment in the sequence of S. cerevisiae Rtt103,
with residues 269-287 being Asp residues (except Gly275 and Asn277).
This highly negatively charged segment might have some favorable,
though nonspecific, interactions with the positively charged surface
patch of Rail. However, the interactions are likely to be weak, as resi-
dues 266-270 are not well ordered in the current structure (Fig. 1c).

Residues 260-264 are highly conserved among Rtt103 homologs
among a collection of yeast species related to S. cerevisiae (Fig. 2d).
Pro261 and Tyr263 are strictly conserved among these homologs, and
residue 260 is hydrophobic (Leu, Ile, Phe). The stretch of electro-
negative residues following the RIS is also seen in many of these
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Fig. 2| The Rail-Rtt103 interface. a EM density of the segment of Rtt103 observed
at high resolution in the current structure. b Detailed interactions between Rtt103
(orange) and Rail (green). ¢ Electrostatic surface of Rail in the interface with

Rtt103. A highly positive surface patch may interact with a stretch of negatively
charged residues in Rtt103. Red: negatively charged; Blue: positively charged.

d Sequence conservation of the Rail interaction segment (RIS) of Rtt103 homo-
logs. Sc: S. cerevisiae, Zr: Zygosaccharomyces rouxii; Kl: Kluyveromyces lactis; Eg:
Eremothecium gossypii; Ca: Candida albicans; Kp: K. phaffii; Sp: S. pombe. Residue
numbers of S. cerevisiae Rtt103 are shown. Pro261 and Tyr263 are highlighted in

red. e Gel filtration profiles of wild-type Rtt103 co-expressed with Ratl-Rail (blue
trace) and P261G/Y263A mutant of Rtt103 co-expressed with Rat1-Rail (red trace).
Insets show SDS PAGE gels for peaks in the gel filtration profiles. Ni: eluates from
the Ni column. Both Ratl and Rtt103 carry a His tag. Peak A: Ratl-Rail-Rtt103
complex, B and D: Ratl-Rail complex; C: Rtt103 alone. Rtt103 alone runs larger
than the Ratl-Rail complex on gel filtration, possibly due to the fact that it is
mostly disordered or it forms aggregates. This experiment was done one time.
Source data are provided as a Source Data file.

homologs. Rail residues in contact with the Rtt103 RIS are also highly
conserved among these yeast species (Supplementary Fig. 2), sug-
gesting that a similar Rail-Rtt103 complex likely exists for these
homologs.

However, Tyr263 is not conserved in the S. pombe Rtt103 homo-
log, and it is replaced by Val (Fig. 2d). This segment of S. pombe Rtt103
likely has much lower affinity for Rail. Interestingly, both Pro261 and
Tyr263 are conserved in K. phaffii Rtt103 (Fig. 2d), although this
interaction was not observed in the reported structure (see below)'.

We next introduced mutations in the Rail-Rttl03 interface to
assess the structural observations. We generated the site-specific
Rtt103 P261G/Y263A mutant, and co-expressed it with Rat1-Rail like for
wild-type Rtt103. While a stable complex was observed on a gel filtra-
tion column with wild-type Ratl, Rail and Rtt103, only the Ratl-Rail
complex was observed with the mutant Rtt103, even though it was
expressed and could be pulled down with Ni affinity chromatography
(Fig. 2e). The mutagenesis data confirm the structural observations

and demonstrate the importance of Pro261 and Tyr263 residues in the
interactions between Rtt103 and Rail.

To assess whether the RIS alone is sufficient to mediate the
interaction with Rail, we expressed and purified residues 243-272 of
Rtt103 as an MBP fusion protein and carried out amylose resin pull-
down experiments. The data showed that wild-type RIS could pull
down purified Ratl-Rail complex, while the P261G/Y263A mutant RIS
could not, even at a large excess (Supplementary Fig. 3). Therefore, the
RIS is sufficient for the interaction between Rtt103 and Ratl-Rail.

Comparison to related structures

Structures of the S. cerevisiae Ratl-Rail complex together with RNA
polymerase Il (Pol 1) were reported recently®. The overall structure of
the Ratl-Rail complex is similar to that reported here, although several
loops on the surface, especially in Ratl, have substantially different
conformations (Fig. 3a). Rttl03 was not included in the protein
expression in this other study. Strand 1 and the beginning of strand 32
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Fig. 3 | Comparisons to related structure. a Overlay of the S. cerevisiae Rat1-Rail-
Rtt103 ternary complex structure reported here (in color) and the S. cerevisiae
Ratl-Rail binary complex structure together with Pol Il (gray)®. The Pol Il struc-
ture is not shown here for clarity, but shown in Supplementary Fig. 4. b Overlay of
Rail in the Rtt103 binding region. Strands 1 and 2 of Rail in the Ratl-Rail-Pol Il
complex are disordered, and the Rtt103 binding site does not exist. ¢ Overlay of
the S. cerevisiae Ratl-Rail-Rtt103 ternary complex structure reported here (in

color) and the S. pombe Ratl-Rail binary complex structure (gray)’. d Detailed
interactions in the Ratl-Rail interface. S. cerevisiae Ratl is shown as an electro-
static surface, and Rail residues in the interface are shown as stick residues (green
for S. cerevisiae Rail and gray for S. pombe Rail). In all panels, the current struc-
ture of S. cerevisiae Ratl-Rail-Rtt103 complex is shown in color, while previously
published structures are in gray.

are disordered (Fig. 3b), suggesting that the Rtt103 binding site does
not exist in this structure. On the other hand, an overlay of the Ratl-
Rail-Rtt103 structure reported here with that of the Ratl-Rail-Pol I
complex shows that the RIS binding site in Rail is accessible in the Pol Il
pre-termination transcription complex (Supplementary Fig. 4).
Structures of the yeast Komagataella phaffii Ratl-Rail-Rtt103
complex, alone and together with Pol II, have also been reported™.
The authors observed a hetero-tetramer of the Ratl-Rail complex,
mediated by a Ratl dimer. A single Rtt103 molecule is bound to this
hetero-tetramer, with the CID primarily contacting one of the Rail
molecules. Therefore, this mode of interaction between Rtt103 and
Rail is entirely different from what we observed for the S. cerevisiae
Rtt103-Rail complex, even though both Pro261 and Tyr263 of
S. cerevisae Rtt103 are conserved in K. phaffii Rtt103 (Fig. 2d). The CID
is bound to the opposite face of Rail, and the binding site for the RIS
is available in this complex (Supplementary Fig. 5a). Moreover, the
Rail binding site in the CID of K. phaffii Rtt103 overlaps with that for
the Pol Il CTD peptide”® (Supplementary Fig. 5b), and therefore
binding of Rail would be mutually exclusive with the binding of Pol Il
CTD in the K. phaffii complex. Further studies are needed to under-
stand the molecular basis why the RIS in K. phaffii Rtt103 does not
have a similar interaction with Rail. We carried out an AlphaFold-

Multimer prediction*** for K. phaffii Rail-Rtt103, which showed a
similar complex as observed here for S. cerevisiae Rail-Rtt103 (Sup-
plementary Fig. 5¢), while no contact was predicted with confidence
between the Rtt103 CID and Rail (Supplementary Fig. 5d).

The Ratl dimer observed in the K. phaffii Ratl-Rail-Rtt103 com-
plex is formed by residues poorly conserved among Ratl homologs, a
helix at the beginning of the linker between CR1 and CR2 and a helix in
the C-terminal extension following CR2 (Supplementary Fig. 6a). Dif-
ferences in amino acid side chains as well as main-chain conformations
in this region may explain why S. cerevisiae Ratl does not dimerize
(Supplementary Fig. 6b). It should also be noted that K. phaffii Ratl is a
monomer in the complex with Pol II, similar to S. cerevisiae Ratl.

The overall structure of the S. cerevisiae Ratl-Rail complex is
similar to that the S. pombe Ratl-Rail complex reported earlier’. With
the structures of Ratl in overlay, only a 2.5° difference is observed for
the orientation of Rail (Fig. 3c). One noticeable difference in the
S. cerevisiae Ratl-Rail interface is that residues 893-935 of Ratl are
ordered, and the C-terminal part of this segment is in the Rail
interface, which should provide additional stability for the Ratl-Rail
complex. The equivalent residues were not included in the S. pombe
Ratl expression construct’, although this segment in S. pombe Ratl
does not appear to have any secondary structures. Moreover, an
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AlphaFold2 prediction of the S. pombe Ratl-Rail complex did
not show a similar feature as well. Therefore, this additional
Ratl segment in the Rail interface may be a feature unique to
S. cerevisiae and closely related organisms.

Rail residues in the interface with Ratl are generally conserved, or
show conservative substitutions, between the S. cerevisiae and S. pombe
homologs (Fig. 3d, Supplementary Fig. 2). Trpl59 of S. pombe Rail is
located in the center of the interface, and the W159A mutation can block
Ratl-Rail interactions’. This residue is replaced by Leul8l in S. cerevisiae
Rail, and in fact the conformation of Trp159 in S. pombe Rail could clash
with S. cerevisiae Ratl (Fig. 3d). Argl86 of S. cerevisiae Rail and its
equivalent Arglé64 of S. pombe Rail are both located in an electro-
negative pocket on the surface of Ratl.

In summary, our structural studies have provided molecular
insights into the S. cerevisiae Ratl-Rail-Rtt103 ternary complex, and the
structural observations are confirmed by our mutagenesis studies.
These results suggest a model where the Rtt103 CID positions this
protein next to Pol II, and the Rtt103 RIS in turn helps to recruit Ratl-
Rail to Pol Il for termination in S. cerevisiae. Direct contacts between
Pol Il and Rat1™", and likely other protein factors, also contribute to
Pol II termination.

Methods

Protein expression and purification

Saccharomyces cerevisiae Ratl, Rail and Rtt103 were co-expressed in
insect cells. N-terminal 6xHis-tagged Rtt103 and untagged Rail (both
full length) were cloned into the pFL vector. C-terminal 6x His-tagged
Ratl (residues 1-981) was cloned into the pFastBac438a vector®.
Trichoplusia ni (Tni) cells (Expression Systems 94-002S) were co-
infected with both viruses at a cell density of 2 x10° cells ml™ and
harvested after 48 h.

For purification, the cells were lysed by sonication in a buffer
containing 20 mM Tris (pH 8.0), 250 mM NaCl, 2mM B-mercap-
toethanol, 5% (v/v) glycerol, 0.1% Triton X-100. The cell lysate was then
centrifuged at 15,000 x g for 40 min at 4 °C. The protein complex was
purified from the supernatant via nickel affinity chromatography
(Qiagen). The elution was then purified with size exclusion chroma-
tography using Superose 6 increase 10/300 column (Cytiva). Protein
composition in the fractions were checked with SDS-PAGE. Fractions
that contain the correct complex components were collected, con-
centrated and stored at -80 °C.

EM sample preparation and data collection

Specimens for cryo-EM analysis were prepared using a Vitrobot plunge
freezer (Thermo Scientific) in the Simons Electron Microscopy Center
at the New York Structural Biology Center (NYSBC). 3.5 pl of the
complex at 0.2 mg ml™ concentration was applied to an UltrAuFoil 300
mesh 1.2/1.3 grid (Quantifoil). The grid was blotted for 2 sec at 20 °C,
95% humidity and then plunged into liquid ethane. The quality of the
grids was screened using a Glacios microscope (Thermo Scientific) at
the Columbia University Cryo-Electron Microscopy Center.

6718 image stacks were collected using a Titan Krios electron
microscope (Thermo Scientific) at the National Center for CryoEM
Access and Training (NCCAT) at the NYSBC, equipped with a K3 direct
electron detector (Gatan), with a total dose of 49.3 e A2 subdivided
into 40 frames. The images were recorded at a nominal magnification
0f105,000x and a calibrated pixel size of 0.413 A, with a defocus range
from -0.6 to -2 pum (Table 1).

Cryo-EM image processing, model building and refinement

Cryo-EM image processing was carried out using CryoSPARC?.
3,614,995 particles were picked and subjected to 2D classification.
After manually selection of the good 2D classes, 536,635 particles were
used to generate an initial 3D volume, and rejected 2D classes were
used to generate 3 junk volumes. The volumes were then used with all

particles for 3D heterogenous refinement. After several rounds,
552,608 particles were subjected to non-uniform refinement, yielding
a map at 2.85 A resolution.

An initial model of the complex was generated with ColabFold®.
The ordered part of each protein was docked and fitted into the EM
density using UCSF Chimera”®. Manual model building was carried out
with Coot”, and real-space refinement was carried out with PHENIX*,
The data processing and structure refinement statistics are summar-
ized in Table 1.

Ratl-Rail-Rtt103 interactions

N-terminal 6x His-tagged Rtt103 wild-type was first cloned to pFast-
Bac438b vector and the P261G/Y263A mutant was made with Gibson
assembly and verified by sequencing. Both C-terminal 6x His-tagged
Ratl (residues 1-981) and Rail were cloned into pFastBac438a vector.
Recombinant Rtt103 wild-type or mutant were co-expressed with Rat1-
Rail and pulled down with Ni-NTA beads similarly as described above.

Analytical gel filtration experiments were carried out on a
Superose 6 Increase 10/300 column, with a buffer containing 20 mM
HEPES (pH 7.4) and 200 mM NacCl. Protein composition in each peak
was examined with SDS PAGE.

N-terminal 6xHis-MBP tagged S. cerevisiae Rtt103 RIS (243-272)
wild-type or P261G/Y263A mutant was cloned into pET-28a vector and
over-expressed in E. coli BL21(DE3) Rosetta cells (Novagen). Recom-
binant MBP-RIS fusion protein was purified with Ni-NTA and gel fil-
tration (Superose 6 Increase 10/300) chromatography similarly as
described above.

Purified Ratl-Rail complex was incubated with or without MBP-
RIS fusion protein on ice for 30 min and then mixed with amylose
beads for 1 h. The beads were then washed with 40 column volumes of
buffer containing 20 mM HEPES and 100 mM NaCl. Proteins bound to
amylose beads were eluted with SDS-PAGE loading dye and then
checked with SDS-PAGE.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The structure of the S. cerevisiae Ratl-Rail-Rtt103 ternary complex has
been deposited at the PDB under accession code 9DSO. The EM map
has been deposited at the EMDB under accession code EMD-
47148. Source data are provided with this paper.
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