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Abstract

A key step in ribosome biogenesis is the nuclear export of pre-ribosomal particles. Nmd3, a highly
conserved protein in eukaryotes, is a specific adaptor required for the export of pre-60S particles.
Here we used cryo-electron microscopy (cryo-EM) to characterize Saccharomyces cerevisiae
pre-60S particles purified with epitope-tagged Nmd3. Our structural analysis indicates that these
particles belong to a specific late stage of cytoplasmic pre-60S maturation in which ribosomal
proteins uL16, uL10, uL1111, eL40 and eL41 1 are deficient, but ribosome assembly factors
Nmd3, Lsgl, Tif6 and Rehl 1 are present. Nmd3 and Lsgl 1 are located near the peptidyl-
transferase center (PTC). In particular, Nmd3 recognizes the PTC in its near-mature conformation.
In contrast, Rehl 1 is anchored to the exit of the polypeptide tunnel, with its C terminus inserted
into the tunnel. These findings pinpoint a structural checkpoint role for Nmd3 in PTC assembly,
and provide information about functional and mechanistic roles of these assembly factors in the
maturation of the 60S ribosomal subunit.

The assembly of eukaryotic ribosomes is a complex process that requires several hundred
assembly factors located in different cellular compartments1 3. One key step is the export of
nascent premature subunits through the nuclear pore complex to the cytoplasm for the final
steps of maturation34. The nuclear export of both pre-40S° and pre-60S particles®’ is
dependent on the Crm1 (Xpo1) pathway and is further regulated by the Ran GTPase cycle®.
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Nmd3 is a highly conserved protein in all eukaryotes that functions as a specific adaptor
protein for pre-60S export®10. Nmd3 contains a nuclear-export-signal sequence at its C
terminus that is responsible for the recruitment of Crm1 to pre-60S particles®-12, Besides
Nmd3, a few other adaptor proteins, including Arx1 (refs. 13,14), Rrp12 (ref. 15), Ecm1
(ref. 16), Bud20 (ref. 17) and the Mex67-Mtr2 complex!819, are also part of the nuclear
export machinery for pre-60S particles, but they function in a Crm1-independent manner.

The nuclear recruitment of Nmd3 to pre-60S particles is dependent on the departure of
Nog2, an assembly factor whose binding site overlaps with that of Nmd3 (refs. 20-22). The
cytoplasmic release of Nmd3 from pre-60S particles requires the loading of the late
ribosomal protein uL16 and is promoted by the GTPase Lsg1 (refs. 23,24). Previous low-
resolution cryo-EM?2 and UV cross-linking?? data indicated that Nmd3 binds at the
intersubunit face of the 60S subunits adjacent to the binding site of uL16, consistent with
reported genetic interactions between Nmd3 and uL 16 (refs. 24,25). Given the highly
specific role of Nmd3 in pre-60S export, it was suggested that the binding of Nmd3 might be
the last checkpoint for nuclear assembly?. Furthermore, Nmd3 remains associated with
pre-60S particles for nearly all cytoplasmic maturation events2®, which further supports the
idea of a critical role for Nmd3 in quality control of 60S subunit production.

Although the functional role of Nmd3 is well recognized, its structure, its atomic contacts
with 60S subunits, and the underlying molecular mechanism for its removal have remained
unclear. In the present study, we purified pre-60S ribosomal particles from S. cerevisiae
through epitope-tagged Nmd3 and used cryo-EM to obtain a 3.07-A structure of the Nmd3
particles. Our structural analysis indicates that four assembly factors—Nmd3, Lsg1, Tif6
and Rehl—are present in a pre-60S complex that typifies a certain cytoplasmic stage lacking
a few late-binding proteins. These structural observations highlight the final steps of the
cytoplasmic maturation of pre-60S particles, and also provide mechanistic insights into the
molecular roles of these factors.

Structural overview of the pre-60S Nmd3 particles

We purified pre-60S particles using epitope-tagged Nmd3 and then subjected them to mass
spectrometry (Supplementary Table 1) and single-particle cryo-EM analysis (Supplementary
Fig. 1). Classification of particles revealed only one predominant structure for the Nmd3
particles (Supplementary Fig. 2), which was solved at a nominal resolution of 3.07 A (Fig. 1
and Supplementary Fig. 1). Starting from the crystal structure of the yeast ribosome?”, we
were able to build an atomic model for the pre-60S structure (Table 1). The overall
conformation of 25S rRNA in the Nmd3 particles is very close to its mature form, but four
regions differ considerably from the crystal structure?’. These include two long, flexible
helices (the L1 stalk and H38), a central helix (H69) and the base of the PO stalk (H43-H44)
(Supplementary Fig. 3). The L1 stalk, together with the already assembled ribosomal protein
L1, is in an inward position (Fig. 1 and Supplementary Fig. 3a,c), in contrast to the one seen
in Nog2 particles?l. H38 bends toward H69, with its terminal loop ending right below the
central protuberance (CP) (Supplementary Fig. 3c,e). The conformational difference
exhibited by H43-H44 is likely due to the fact that the PO stalk is not fully assembled in
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Nmd3 particles'926, because the density at the expected position of PO is nearly absent. This
is consistent with our mass spectrometry data, which showed that both PO and Yvh1 were
present in low abundance in the Nmd3 particles (Supplementary Table 1).

In terms of ribosomal proteins, uL16, uL10, uL11, eL40 and eL41 were clearly missing
from the Nmd3 particles (Supplementary Fig. 3a,b). eL41, as a single a-helical protein,
binds at the subunit interface, with a stronger association with the 40S subunit?. Therefore,
its absence is not surprising. The deficiency of uL16, uL11 and eL40, which are all late
ribosomal proteins assembled in the cytoplasm?, correlates well with observed structural
differences at H38 and the PO stalk base, because they are located on the 60S subunit next to
H38 and H44, respectively. Notably, the absence of uL16 in the Nmd3 particle complex
confirms the previously determined binding order of uL16 and Nmd3 during the assembly of
pre-60S particles?3. Therefore, these observations indicate that the Nmd3 particles purified
in this study were a collection of late-stage cytoplasmic pre-60S particles25,

Assembly factors in Nmd3 particles

Mass spectrometry data suggested the presence of over a dozen factors in the Nmd3
particles?! (Supplementary Table 1). However, only four of them could be identified in the
structure: Lsgl, Nmd3, Tif6 and Rehl. In the unsharpened map, a large piece of additional
density is seen at the intersubunit face, occupying the position immediately above H69 (Fig.
1a). This density mass could be readily attributed to Lsgl, as its size matches that of a
typical GTPase domain. However, because of the substoichiometric occupancy and the
structural flexibility of Lsgl, this mass is highly fragmented in the sharpened map. We
therefore reclassified the particles according to the local density of Lsgl using a ‘signal-
subtraction’ method?8. As a result, we started to see slightly better resolution of some
secondary features (Supplementary Fig. 4a), but we still could not build a model to
quantitatively analyze Lsgl. Nevertheless, the map suggests that Lsgl contains a sequence
extension that reaches out to contact Tif6 (Supplementary Fig. 4d and Supplementary Video
1). Notably, the binary interaction between Lsgl and Tif6 was reported in a previous
proteomics study?2®.

In contrast to that of Lsgl, the sequence assignment of Nmd3 and Tif6 in the map is
straightforward, as both of them are well resolved (Fig. 1b and Supplementary Fig. 1g,i).
Unexpectedly, we found that the polypeptide exit tunnel (PET) is occluded by an a-helix
(Supplementary Fig. 5a). Interestingly, this fragment belongs to the C-terminal helix of
Reh1, rather than to either of the two previously discovered tunnel-probing factors, Nogl
(ref. 21) and Reil (ref. 30), as inferred from the agreement between the side chains of Rehl
and the map density (Supplementary Fig. 5b—i). This observation is consistent with previous
findings that Reh1 and Reil have partially redundant roles3%:31 and that Arx1 and Alb1 are
not present in Reh1 particles®L. However, only the tunnel portion of Reh1 (residues 377-
432) is resolved in the map; the remaining sequences are untraceable. Nevertheless, this
indicates that the PET in pre-60S particles is continuously blocked during the maturation
steps from the nucleoplasm to the cytoplasm by Nogl, Reil and Rehl in sequential order.
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Nmd3

The resolved density of Nmd3 allowed us to build an atomic model for residues 155-402.
Most of the residues in this range are resolved at side chain resolution; at a minimum,
backbone atoms could be reliably assigned, except for an a-helix (residues 167-182)
(Supplementary Fig. 1g). This structure makes it clear that Nmd3 can be divided into four
domains (Fig. 2). The N-terminal ~150 residues, although not well ordered in the map, show
clear separation from the remaining density, indicating that they probably fold into a
separate zinc-finger-containing domain32 and apparently interact with the GTPase domain of
Lsgl (Supplementary Fig. 4c and Supplementary Video 1). Residues 155-310 constitute the
major RNA-binding domain (RBD) and can be further divided into two subdomains (RBDI
and RBDII). RBDI is composed of a five-stranded p-sheet and two a-helices in the order
Bl-al-p2-p3-a2-p4-p5 (Fig. 2b,c). In particular, B4 and B5 form a long p-hairpin with the
terminal loop situated in the PTC (Fig. 1c). RBDII is organized in a symmetric arrangement
(B-a-p-p-p-a.-P) of two short a-helices on a B-sheet backbone (Fig. 2c). The third domain
(residues 310-400) is a typical oligonucleotide-binding domain (OB) (Fig. 2b), like those
commonly seen in ribosomal proteins and translation factors33. The C-terminal ~100
residues, which include both the nuclear localization sequence and the nuclear export signal,
are less ordered, which could be partially due to the presence of the affinity tag at the C
terminus. Nevertheless, on the basis of the unsharpened map, it can be assumed that the C-
terminal domain also binds to 25S rRNA and is responsible for pulling the terminal loop of
H38 toward the CP (Supplementary Fig. 4a,b).

of Nmd3 with the 2 25S rRNA

Nmd3 is deeply embedded inside the tRNA corridor on the 60S subunit and completely fills
the space from the PTC to the tRNA exit site (Fig. 1 and Supplementary Fig. 6). This
location of Nmd3 is reminiscent of the unrelated bacterial assembly GTPase EngA, which
binds to an equivalent position on the 50S subunit3*, thus implying a certain extent of
functional conservation of ribosome assembly in prokaryotes and eukaryotes.

RBDI is surrounded by helices in the proximity of the PTC, including H69, H70, H71, H80,
H90, H92 and H93 (Fig. 3). Three contact sites (C1-C3) are responsible for mediating the
interaction between RBDI and 25S rRNA. The C1 contact is formed between the C-terminal
end of the a1 helix (His181-His184) and the backbone phosphates of H69 (G2250-A2252)
(Fig. 3b). Notably, this interface is not resolved in side chain resolution, but apparently this
local interaction accounts for the observed conformational difference of H69 relative to the
mature 60S subunit (Supplementary Fig. 3c,f). Contact C2 is formed between the a2 helix
and the helical junction of H69-H71 and H93 (Fig. 3d). Specifically, Asn205 stabilizes a
potential noncanonical base pair between A2971 (H93) and C2308 (H71) (Fig. 3d). A large
conformational change of A2971 compared with the mature 25S rRNA (Fig. 3e) could be
attributed to the interaction from the C2 site. Contact C3, in contrast, is formed by multiple
interactions between surface residues of the f-sheet and the backbone of H80 (Fig. 3f). The
most intriguing observation was that the p4—5 hairpin loop exactly covers the nascent
peptide entrance of the PTC (Fig. 3a). His234 from the tip of this hairpin loop could
potentially form specific hydrogen bonds with the bases of G2922, U2923, U2924 and
C2876 (Fig. 3c).
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Similarly to what was observed for RBDI, the two short a-helices in RBDII participate in
rRNA recognition (Fig. 4a). The backbone of Gly268 (a1-RBDII) probably interacts with
the sugar backbone of G2236 (H68) (Fig. 4b). The side chain of Arg303 (a2-RBDII) stacks
with the base of G2418 (H74) and U2965 (H93) (Fig. 4c), resulting in a large
conformational difference for the base of G2418 (Fig. 4d). In addition, a p-hairpin of RBDII
stabilizes the junction of H69 and H68, resulting in a base flip of U2269 (Fig. 4e).

Interactions of Nmd3 with L1 1 and L42

In contrast to the OBs in ribosomal proteins, the OB of Nmd3 does not recognize 25S rRNA.
Instead it interacts with two ribosomal proteins, eL42 and uL1 (Fig. 5). The uL1 stalk is in
an inward position; this conformation of the L1 stalk was also observed in nucleoplasmic
pre-60S particles bound with Sdal (ref. 21,35). Because it is an intrinsically flexible
component of the 60S subunit, uL1 is not resolved at side chain resolution, but the map is
good enough for reliable fitting of a previous atomic model of uL1 (PDB 4V91)3%. It is
apparent that one side of the OB has a very strong interaction with uL1 (Fig. 5b). A p-strand
in the insertion sequence between two neighboring OB strands parallels the C-terminal
strand of eL42 (Fig. 5¢), which is a late binder that assembles in the cytoplasm. Therefore,
Nmd3 might facilitate the incorporation of eL42 into cytoplasmic pre-60S particles. It
should be noted that the C-terminal residues of eL42 beyond Gly94 are flexible (full length:
106 residues), which suggests that eL42 has yet to be fully accommodated (Fig. 5d).

The C-terminal tail of Reh1 1is in the PET

The presence of the Rehl C-terminal helix in the PET suggests that Reh1 and Reil do not
coexist in pre-60S particles3! (Supplementary Fig. 5a,b). The carboxy-terminal halves of
these two factors are highly homologous, especially their very C termini (Supplementary
Fig. 5¢). Although the orientation of the C-terminal helix of Rehl is very similar to that of
Reil (Supplementary Fig. 5b), the side chains of selected positions on Rehl provide
unambiguous assignments of Reh1 residues in the density within the tunnel (Supplementary
Fig. 5d-i). Inside the PET, the C terminus of Rehl makes contact with a number of
ribosomal proteins, including uL29, uL22, eL.39 and uL4 (Supplementary Fig. 7). A major
difference between Rehl and Reil is found at the tunnel exit (Fig. 6): Reh1 interacts with
H7 and extends toward uL29, whereas Reil extends away from H7 and toward eL22.

DISCUSSION

Role of Nmd3 in quality control of PTC assembly and pre-60S nuclear export

In the structure of Nmd3 particles, nearly all of the 25S rRNA elements are in their mature
state, which suggests that, as in pre-rRNA processing, conformational maturation of rRNA
occurs almost exclusively in the nucleus. Nmd3 binds to late nucleoplasmic pre-60S
particles and directly recruits the export receptor Crm1. Therefore, it is conceivable that
association with Nmd3 marks the final nuclear step of assembly of pre-60S particles, and
that Nmd3 might have a role in structural proofreading*37. In pre-60S particles bound with
Nog2, the PTC, H69-H71 and rRNA helices from the CP are dramatically different from
those in the mature 60S subunit?!. As suggested by biochemical data2?, the binding site of
Nmd3 indeed largely overlaps with that of Nog2 on pre-60S particles (Supplementary Fig.

Nat Struct Mol Biol. Author manuscript; available in PMC 2017 August 14.


http://www.rcsb.org/pdb/explore.do?structureId=4V91

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ma et al.

Page 6

8). Because of the specific recognition of the nearly mature 25S rRNA helices around the
PTC by the RBD of Nmd3, complete remodeling of the PTC (including the neighboring
H68-H71) after the release of Nog2 has to take place to prepare the binding sites for Nmd3.
In this context, the binding of Nmd3 to the functional center of the 60S subunit is not trivial,
as it could be conveniently used as a means of quality control before nuclear export.

Therefore, our structural observations provide direct evidence supporting the proposal that
Nmd3 is involved in the quality control of nascent ribosomal subunits®. The persistent
association of Nmd3 with cytoplasmic pre-60S particles?® further strengthens this view.
Blockage of the tRNA passageway and the entrance of the polypeptide tunnel by Nmd3 may
help prevent the undesired association of premature 60S subunits with other cytoplasmic
factors /in vivo. In our structure, Lsgl binds at the intersubunit face of H69, which could
impede premature association with the 40S subunit. Together with the anti-association role
of Tif6 (ref. 38), this suggests that multiple mechanisms might exist to keep defective
subunits from engaging in translation.

Another observation from the structure of the 60S—-Nmd3 complex is that Nmd3 directly
interacts with two flexible rRNA helices (H38 and the L1 stalk) (Fig. 1a), which leads to
centripetal rearrangements of those helices. Notably, this sequestering of the peripheral
components might facilitate the passage of pre-60S particles across the hydrophobic ‘FG
network’39,

Functional implication of the C termini of Nog1, Reil 1 and Rehl in 60S-subunit maturation

An unexpected observation from our structural data is the insertion of the C terminus of
Rehl into the PET, which makes for an interesting comparison with Nogl and Reil (refs.
21,30). In late nuclear pre-60S particles, the C-terminal extension of Nogl also completely
blocks the tunnel. Given the early entry of Nog1l into pre-ribosomal particles, it is likely that
the C-terminal extension of Nog1 is involved in the assembly of the tunnel itself. Notably,
Nog1l remains on pre-60S particles until the early stages of cytoplasmic maturation, at which
point its departure is promoted by the ATPase remodeling enzyme Drgl (ref. 40). The
release of Nogl is required for binding of Reil (ref. 40), which again entirely blocks the
tunnel. Therefore, it seems that the PET is completely blocked throughout the nucleoplasmic
and cytoplasmic stages of pre-60S maturation by three consecutive tunnel-probing factors,
Nogl, Reil and Rehl. The physiological importance of these observations could be two-
fold. First, these factors might test-drive the tunnel as a form of quality control. Second, the
presence of their C termini along the entire path of the tunnel might help prevent potential
translation inhibitors—for example, the tunnel-targeting antimicrobial peptides produced by
insects and mammals#142—from accessing the tunnel.

Furthermore, the binding site of Reh1 that overlaps with that of Reil in the tunnel suggests a
role for Reh1l in releasing Reil from late cytoplasmic pre-60S particles. Although Reil was
thought to release Arx1 (refs. 43,44), pre-60S particles immunoprecipitated with N-
terminally Flag-tagged Reil were found to contain a high level of Arx1 (ref. 31). It is
possible that another cytoplasmic factor, in conjunction with Jjjland Ssa26:4%:46 is required
for Arx1 and Reil to be released simultaneously30. Our structural data suggest that Reh1
might be that factor. Consistent with this hypothesis, pre-60S particles pulled down by N-
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terminally Flag-tagged Reh1 from both wild-type and AreiZ cells did not contain either Reil
or Arx1 (ref. 31).

Model for cytoplasmic maturation of pre-60S particles

Pre-60S particles immediately after nuclear export contain, in addition to Nmd3, a set of
other assembly factors including Nog1, RIp24, Arx1, Albl, Tif6, Mrt4, Nugl and Nsa2, as
well as export factors Mex67, Bud20 and Mtr2 (refs. 1,47). In our structure, all of these
factors are absent except for Tif6. This indicates that the majority of particles in our sample
had already undergone many of the steps of cytoplasmic maturation (Fig. 7). Specifically,
Nog1l and RIp24 had been released by the AAA* ATPase Drgl (ref. 40), and the subsequent
release of Arx1 and Albl by Reil (refs. 30,43,44) had also occurred. Although the stalk
proteins PO, P1 and P2 are not yet fully assembled in our structure, Mrt4 is absent,
suggesting that Yvh1 had already carried out its function to release Mrt4 in our sample (refs.
19,48,49).

Our structure represents a snapshot of cytoplasmic 60S subunits just before the assembly of
uL 16 (state Il in Fig. 7). The fact that only a predominant population was present in our
cryo-EM particles indicates that the incorporation of uL16 is likely to be a rate-limiting step
for late cytoplasmic maturation. This could be a conserved mechanism across species, as
structures of bacterial late-stage 45S assembly intermediates are deficient in uL16 as
well5951, yL16 has a loop that resides in the ribosomal P site. It was shown that the integrity
of this P loop is required for the release of Tif6 and Nmd3 (ref. 52). Interestingly,
superposition of uL16 with Nmd3 on the 60S subunit showed that the P-site loop of uL16 is
very close to the tunnel-covering loop of the Nmd3 RBD (Supplementary Fig. 8g). This
suggests that the loading of uL16 could potentially destabilize the binding of Nmd3 or that a
certain rearrangement of these two loops could take place, because Nmd3 also binds to
uL16-containing mature 60S subunits22. More intriguingly, when we overlaid Sdo1 (refs.
53,54), the factor that functions together with Efl1 to release Tif6 (refs. 26,55-57), we noted
an apparent incompatibility with Nmd3 on the 60S subunit (Supplementary Fig. 8f),
indicating that the binding of Sdol and the subsequent release of Tif6 would require the
prior departure of Nmd3. However, this is in conflict with previous genetic data showing that
the release of Tif6 probably occurs before the departure of Nmd3 (ref. 26). Nevertheless,
two lines of evidence also support our structural observation. First, the timing of Sdol
loading onto the late cytoplasmic pre-60S particles is currently unknown, but it appears that
Sdol binds after uL16 incorporation, because mutations in the P-site loop of uL16 decrease
the affinity of Sdo1 for the ribosome 77 vitro®® and the release of Tif6 /n vivo®®. Second, a
recent cryo-EM study of 60S subunits bound with the ribosome-maturation protein SBDS
(the higher eukaryotic homolog of Sdol) and elF6 (the higher eukaryotic homolog of Tif6)
revealed a specific interaction between SBDS (domain 1) and the P-site loop of uL16
(Supplementary Fig. 8h)23,

In summary, our structural data enabled us to reexamine the order of the two last
cytoplasmic maturation events after uL16 loading, the release of Nmd3 (by Lsgl) and of
Tif6 (by Sdol and Efl1) (Fig. 7). In particular, the revised order, which places Tif6 as the last
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remaining factor on nascent 60S subunit, is in accordance with the hypothesis that Tif6
mediates a continuum between ribosome assembly and translation initiation®0.

Methods, including statements of data availability and any associated accession codes and
references, are available in the online version of the paper.

ONLINE METHODS

Purification of pre-60S Nmd3 particles

Pre-60S particles were purified by tandem affinity purification®l. The C-terminally tagged
Nmd3-TAP strain SC1121 (SC0000; MATa, ura3-52, leu2-3, 112, YHR170w:: TAP-
KIURA3) was obtained from EUROSCARF (http://www.euroscarf.de). Cells were cultured
in 3 L of YEPD medium at 30 °C to an ODgg of 1.0, collected by centrifugation and
washed with lysis buffer (50 mM Tris-HCI, pH 7.5, 100 mM NaCl, 10 mM MgCl,, 0.075%
(v/v) NP-40). Resuspended cells were disrupted ten times with glass beads in lysis buffer
containing complete protease inhibitor cocktail (1 pill per 50 ml; Roche). Cell lysates were
centrifuged at 13,000 r.p.m. for 1 h at 4 °C with a JA 25.50 motor (Beckman Coulter).
Supernatants were collected and applied to a column containing 1gG Sepharose beads (GE
Healthcare) and incubated for 2 h at 4 °C. The beads were then washed several times with
lysis buffer, and proteins were eluted via the addition of 1 ml of TEV cleavage buffer (50
mM Tris-HCI, pH 7.5, 100 mM NaCl, 10 mM MgCl,) containing the TEV protease. The
cleavage reaction continued for 2 h at 16 °C. The elution was collected and concentrated.
The composition of the pre-60S particles was analyzed by mass spectrometry
(Supplementary Table 1).

Cryo-EM specimen preparation

Image proce

The pre-60S sample was diluted to a concentration of ~100 nM. Prior to sample freezing,
holey carbon grids (Quantifoil R2/2) were coated with a thin layer of freshly prepared
carbon and glow-discharged with a plasma cleaner. Cryo-grids were prepared with an FEI
Vitrobot Mark IV at 4 °C and 100% humidity, and inspected with a 300-kV FEI Titan Krios
transmission electron microscope (FEI Falcon 11 direct electron detector). Micrographs were
collected at a magnification of 75,000%, which rendered a pixel size of 1.08 A at the object
scale, and with the defocus ranging from —1.5 to —2.5 ym. Data collection was done under
low-dose conditions by the semiautomatic software AutoEMation Il (written by J.L.). For
each micrograph stack, 20 frames were collected, with a total dose of 40 electrons per pixel.

ssing

Motion correction at the micrograph level was done with MotionCorr (http://
cryoem.ucsf.edu/software/driftcorr.ntml). Micrograph selection, automatic particle picking
and normalization were done with SPIDER®2. The contrast transfer function parameter was
estimated with the CTFFIND3 program®3 in the RELION package®. Further image
processing, including 2D and 3D classification, refinement and post-processing, was done
with RELION 1.3. A total of 2,285 micrographs were collected and 278,881 particles were
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picked for cascade 2D and 3D classification with a binning factor of two. About 50% of
particles were removed during two rounds of 2D classification, and 127,787 particles were
subjected to three rounds of 3D classification (Supplementary Fig. 2). After the final round
of 3D classification, a total of 84,240 particles were applied for high-resolution refinement
(without binning). Final refinement was done with a dose-reduced data set, using only a total
dose of 20 electrons per pixel. During the final refinement, a soft-edged mask was applied
from the 1.8° step, resulting in a 3.4-A map (gold-standard FSC 0.143 criteria). After
refinement, the map was sharpened using the post-processing options of RELION with a soft
mask and B factor of =30 A2 applied, which resulted in an overall resolution of 3.07 A. The
local resolution was estimated using ResMap® in RELION.

To improve the local density of Lsgl, we further classified the final data set (84,240
particles) using a signal-subtraction method?®. Specifically, we first created an artificial
‘Lsgl-free’ pre-60S map using the refined density map of the Nmd3 particles by masking
out the Lsgl density from the final map. Then, we prepared a data set of modified particles
by subtracting the 2D projections of the Lsgl-free pre-60S structure from the respective raw
Nmd3 particles. These modified particles, which supposedly should be dominated by density
from Lsgl, were subjected to further rounds of 3D classification (with a large soft mask of
Lsgl and also with local search restrictions applied). Nevertheless, the final structure from a
subset of the original particles (around 40,000 particles) only marginally improved the
density appearance of Lsgl (Supplementary Fig. 4a), with the consequence of decreased
overall resolution (3.7 A).

Atomic model building and refinement

The amino acid sequence of Nmd3 (UniProt P38861) was subjected to secondary-structure
prediction using PSIPREDS6, We first built a polyalanine model using Coot®” and then
performed sequence assignment using the information from predicted secondary structures
and side chain densities in the map. For model building of the pre-60S subunit, the 3.0-A
crystal structure of the yeast ribosome (PDB 3U5D and PDB 3U5E)27 was fitted into the
density map using Chimera®8. For the rRNAs, the structure of the 5.8S, 5S and 25S rRNAs
(PDB 3U5D) were adjusted manually with Coot. Modeling of the L1 stalk was also
facilitated by the coordinates of L1-stalk RNA (G2440-U2509) from a crystallography
study59 (PDB 305H). For ribosomal proteins, the crystal structures were first fitted as rigid
bodies and optimized with Coot. The coordinate of protein uL1 was taken from a previous
cryo-EM study38 (PDB 4V/91). The atomic-model refinement was done via real-space
refinement (phenix.real_space_refine)’? in Phenix’! and also by Fourier space refinement in
REFMAC2. The atomic model was cross-validated according to previously described
procedures’3, and model statistics are summarized in Table 1. In the final model, we were
able to build residues 155-402 for Nmd3, residues 377-432 for Rehl, and residues 1-227
for Tif6. Notably, a few flexible components of the 25S rRNA, including H38 (1,000-1,050)
and the L1 stalk (2,443-2,506), were removed from the final model because they were
highly fragmented in the final sharpened map. Structural analysis and figure preparation
were done with PyMOL’# and UCSF Chimera.
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Figure 1.
The structure of the pre-60S Nmd3-TAP ribosomal particle. (a,b) Low-pass-filtered (a) and

B-factor-sharpened (b) cryo-EM density maps of the pre-60S particle, shown as surface
representations. Lsgl, Nmd3, the N-terminal domain of Nmd3 (Nmd3-N; violet in a) and
Tif6 are indicated by color-coding. Ribosomal proteins are shown in purple in b and c. (c) A
representation of the final atomic model. The dashed circle indicates the PTC. SB, PO stalk
base.
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Figure 2.
The structure of Nmd3. (a) Schematic illustration of Nmd3 domain organization. ZFD, zinc-

finger-containing domain; NLS, nuclear localization sequence; NES, nuclear export signal.
(b) The atomic model of Nmd3, with individual domains (RBDI, RBDII and OB) indicated
by color-coding. The orientation of Nmd3 on the pre-60S particle is shown in the illustration
on the lower left. (c) Domain topology of Nmd3.
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Figure 3.
Interaction of Nmd3 RBDI with 25S rRNA. (a) Binding position of Nmd3 on the pre-60S

particle. Different Nmd3 domains are indicated by color-coding. The orientation is
represented in the illustration on the lower left. (b) Zoomed-in view of the interaction
between the a1 helix of RBDI and H69. (c) H234 is situated in the PTC and interacts with
G2922, U2923, U2924 and C2876 of 25S rRNA. (d) Zoomed-in view of the interaction
between the a2 helix of RBDI and H71-H93. It is likely that A2971 of H93 forms a
noncanonical base pair with C2308 of H71. (e) Conformational difference between A2971
in the pre-60S map and in its mature state. Coordinates of the mature state (tan) are from the
crystal structure of the yeast 80S ribosome (PDB 3U5E)?’. (f) Extensive interactions
between the p-sheet surface of RBDI and H80.
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Figure 4.
Interaction of Nmd3 RBDII with 25S rRNA. (a) Overview of the interaction between RBDII

and 25S rRNA. The orientation is represented in the illustration on the lower left. (b) The al
helix of RBDII interacts with H68. (c) R303 from the a2 helix of RBDII stacks with G2418
of H74 and U2965 of H93. (d) Conformational difference between G2418 in the pre-60S
map and in its mature state. Coordinates of the mature state (tan) are from the crystal
structure of the yeast 80S ribosome (PDB 3U5E)?’. (€) Interactions of the B-strand elements
of RBDII with the junction of H68—H69.
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Figureb.
Interaction of the Nmd3 OB with uL1 and eL42. (a) Overall orientation of Nmd3 relative to

ribosomal proteins uL1 and eL42. (b) Schematic of the extensive interaction between uL1
and the Nmd3 OB, highlighting a perfect shape match at the interface. (c) An insertion loop
on the Nmd3 OB interacts with eL42 (marked with an asterisk). (d) The C-terminal residues
of eL42 beyond Gly94 are flexible (full length: 106 residues).
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Tunnel exit site

Figure®6.
The C terminus of Rehl inserts into the PET. (a) The atomic model of the Nmd3 particle

viewed from the tunnel exit. The orientation of Reh1 is shown in the illustration on the left

(surface representation). (b) Same as a, except that here the atomic model is superimposed
on the aligned model of Reil (PDB 5APN)30,
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Ssail/Ssa2

Alb1 M

Mature 60S

Figure7.
The model for the final cytoplasmic stages of pre-60S maturation. The map features two

parallel pathways for the maturation of two functional centers of the 60S subunit, the PTC-
CP region and the tunnel exit region. Three states of pre-60S particles are shown (I, 1l and
I11). State | represents a stage following the release of Nog1/RIp24 and the binding of Reil.
State Il is the one reported in the present work.
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Table 1

Statistics of structural determination and model refinement

Pre-60S ribosomal particle
(EM D-9569, PDB 5H4P)

Data collection
Electron microscope
Voltage (kV)
Electron detector
Electron dose (e7/A2)
Pixel size (A)

Defocus range (um)

Reconstruction and model refinement

Particles for final refinement

Resolution of unmasked map (A)

Resolution of masked map (A)

Map-sharpening B factor (A2)

R factor

Fourier shell correlation
Model composition

Peptide chains

Residues

RNA chains

RNA bases
R.m.s. deviation

Bond length (&)

Bond angle (°)
Ramachandran plot

Favored (%)

Outliers (%)
Validation (protein)

MolProbity score

Clashscore

Good rotamers (%)
Validation (RNA)

Correct sugar puckers (%)

Good backbone conformations (%)

Titan Krios
300
Falcon Il camera
~20
1.08
15-25

84,240
3.4
3.07
-30
0.3198
0.7245

44
9,809

3,377

0.0053
0.9611

88.80
2.47

2.01 (99th percentile)
1.74 (100th percentile)
85.91

98.76
73.85
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