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Nmd3 is a structural mimic of eIF5A, and activates
the cpGTPase Lsg1 during 60S ribosome biogenesis
Andrey G Malyutin1,†, Sharmishtha Musalgaonkar2,†, Stephanie Patchett2, Joachim Frank1,3,4,* &

Arlen W Johnson2,**

Abstract

During ribosome biogenesis in eukaryotes, nascent subunits are
exported to the cytoplasm in a functionally inactive state. 60S
subunits are activated through a series of cytoplasmic maturation
events. The last known events in the cytoplasm are the release of
Tif6 by Efl1 and Sdo1 and the release of the export adapter, Nmd3,
by the GTPase Lsg1. Here, we have used cryo-electron microscopy
to determine the structure of the 60S subunit bound by Nmd3,
Lsg1, and Tif6. We find that a central domain of Nmd3 mimics the
translation elongation factor eIF5A, inserting into the E site of the
ribosome and pulling the L1 stalk into a closed position. Additional
domains occupy the P site and extend toward the sarcin–ricin loop
to interact with Tif6. Nmd3 and Lsg1 together embrace helix 69 of
the B2a intersubunit bridge, inducing base flipping that we suggest
may activate the GTPase activity of Lsg1.
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Introduction

The ribosome is a remarkably intricate and dynamic machine whose

assembly requires the precise processing and folding of its RNA

along with the incorporation of numerous ribosomal proteins.

Because the mature ribosome and its attendant translation factors

are responsible for decoding the cell’s genome during mRNA trans-

lation, the correct assembly of this complex machine is critical for

faithful gene expression.

The eukaryotic ribosome comprises a large (60S) and a small

(40S) subunit. Their synthesis begins with rRNA transcription in the

nucleolus where initial assembly of the SSU processome promotes

co-transcriptional processing and folding to form the 90S particle

(Dragon et al, 2002; Grandi et al, 2002; Woolford & Baserga, 2013;

Gerhardy et al, 2014; Kornprobst et al, 2016). An early cleavage

event releases the pre-40S from the assembling pre-60S subunit

(Osheim et al, 2004; Ko�s & Tollervey, 2010; Karbstein, 2013;

Woolford & Baserga, 2013; Gerhardy et al, 2014; Henras et al,

2015). The two subunits then follow independent paths of addi-

tional assembly events, nuclear export, and final maturation in the

cytoplasm (Tschochner & Hurt, 2003; Zemp & Kutay, 2007; Panse &

Johnson, 2010; Thomson et al, 2013). Export of the 60S subunit in

eukaryotes is strictly dependent on Nmd3, a highly conserved

protein whose C-terminal leucine-rich nuclear export signal recruits

the export receptor Crm1 (Ho et al, 2000; Gadal et al, 2001; Thomas

& Kutay, 2003; Trotta et al, 2003). Additional factors, including

Arx1 and the mRNA export factor Mex67-Mtr2, also contribute to

export in yeast (Bradatsch et al, 2007; Yao et al, 2007; Hung et al,

2008). Although hundreds of transiently interacting factors, many of

which are essential proteins, orchestrate the cascade of assembly

events from the nucleolus to the cytoplasm (Nissan et al, 2002;

Fromont-Racine et al, 2003; Strunk & Karbstein, 2009; Kressler et al,

2010; Thomson et al, 2013; Woolford & Baserga, 2013), the majority

of these factors are released prior to nuclear export (Gerhardy et al,

2014). Thus, the complexity of the pre-ribosomal particles that enter

the cytoplasm is significantly reduced.

The final maturation of 60S subunits in the cytoplasm involves

the release and recycling of trans-acting factors and the incorpora-

tion of the remaining ribosomal proteins (reviewed in Zemp & Kutay,

2007; Panse & Johnson, 2010; Karbstein, 2013), resulting ultimately

in their functional activation. These events can be ordered into a

pathway that reveals a hierarchical dependence on ATPase- and

GTPase-driven maturation steps (Lo et al, 2010). The final known

steps in cytoplasmic maturation include assembly of the P stalk

(Kemmler et al, 2009; Lo et al, 2009) and subsequent release of the

ribosome anti-association factor, eIF6 (Tif6 in yeast), and the nuclear

export factor Nmd3. The GTPase Efl1, a paralog of the translation

elongation factor EF2, together with the protein Sdo1, promote the

release of Tif6 (Senger et al, 2001; Weis et al, 2015). Because Tif6
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sterically blocks association of the 40S subunit (Russell &

Spremulli, 1980; Gartmann et al, 2010), it must be removed

to allow assembly of translationally active 80S ribosomes

(Raychaudhuri et al, 1984). We and others have proposed that this

release event represents a quasi-functional “test drive” of the

nascent 60S subunit in which protein mimics of translation factors

assess functionality of newly made subunits prior to their release

into the translating pool (Bussiere et al, 2012; Weis et al, 2015).

Although Nmd3 functions in nuclear export, it remains associated

with pre-60S particles until late in cytoplasmic maturation. Its

release depends on the assembly of uL16 (Rpl10) into the subunit to

complete the peptidyl-transferase center (Bussiere et al, 2012) and

assembly of eL40 (Fernández-Pevida et al, 2012). In addition,

depletion of Sdo1 or Efl1 leads to accumulation of both Tif6 and

Nmd3 on subunits (Lo et al, 2010; Finch et al, 2011), suggesting that

Nmd3 is released in concert with or after Tif6. Thus, at the time of

release of Nmd3 by the GTPase Lsg1 (Hedges et al, 2005), all known

assembly events on the 60S subunit have been completed.

Although molecular genetic studies have identified the functions

of many individual ribosome biogenesis factors and the order of

events, the way these factors collaborate to assemble ribosomes

has only begun to be unraveled by recent structural studies. High-

resolution cryo-electron microscopy (EM) of native nuclear pre-

ribosomal particles has revealed the architecture of several

assembly intermediates, delineating the structures and binding sites

for numerous trans-acting factors (Bradatsch et al, 2012; Bussiere

et al, 2012; Greber et al, 2012; Leidig et al, 2014; Kornprobst et al,

2016; Murray et al, 2016; Wu et al, 2016). These structures display

remarkable complexity of interactions among transacting factors

and the pre-60S subunit, as well as unexpected insights to RNA rear-

rangements that must occur during ribosome assembly (reviewed in

Greber, 2016). Among the factors on the nuclear pre-60S subunit is

the essential nuclear GTPase Nog2 (also named Nug2) as well as

numerous shuttling factors that are exported with the pre-60S

subunit, including eIF6 and Arx1. Structures have also been deter-

mined for complexes of eIF6 and Arx1 reconstituted with mature

60S subunits (Klinge et al, 2011; Greber et al, 2016). However, thus

far, these structures have lacked the export adaptor, Nmd3. UV

cross-linking studies have suggested that Nmd3-rRNA contacts over-

lap with the Nog2 binding site (Matsuo et al, 2014). Thus, recruit-

ment of Nmd3 is thought to be regulated by the release of Nog2 as a

checkpoint for nuclear export (Matsuo et al, 2014). While the struc-

tures of these nuclear pre-ribosomal intermediates have provided

important insights into assembly mechanisms and structural transi-

tions that take place prior to export, less is known about the events

of cytoplasmic maturation of pre-60S particles. However, recent

cryo-EM of partially reconstituted cytoplasmic 60S with eIF6, Sdo1,

and Efl1 identified Sdo1 as a ribosome recycling factor-like protein

that binds in the P site to engage and activate the GTPase activity of

Efl1 (Weis et al, 2015).

Here, we have focused on the late cytoplasmic 60S-Nmd3-Lsg1

complex. Whereas many earlier ribosome biogenesis steps involve

rearrangements of RNA and proteins that are not amenable to recon-

stitution, we reasoned that the 60S-Nmd3-Lsg1 complex, represent-

ing the completed subunit before release of Nmd3, could be

faithfully reconstituted in vitro. We present a three-dimensional

(3D) reconstruction of the yeast proteins Nmd3, Lsg1, and Tif6 in

complex with the 60S subunit, determined by single-particle

cryo-electron microscopy. 60S-Nmd3 and 60S-Nmd3-Lsg1-Tif6

complexes were resolved to 3.1 and 3.3 Å, respectively. Lsg1 is an

active GTPase in this complex and requires the presence of both the

60S subunit and Nmd3. Thus, this reconstituted complex likely

captures the salient features of Nmd3 and Lsg1 binding.

Results

Reconstitution of a 60S-Nmd3-Lsg1-Tif6 complex

We reconstituted complexes of yeast 60S subunits with combina-

tions of Nmd3, Lsg1, and Tif6 from purified components in vitro.

Nmd3 was purified from yeast as a fusion to maltose-binding

protein (MBP). Lsg1 was purified from E. coli with a C-terminal

6xHistidine tag. Lsg1 belongs to the family of circularly permuted

GTPases (cpGTPases) in which the G motifs are reordered (Reynaud

et al, 2005; Anand et al, 2006). Although it has previously been

reported that free human Lsg1 is an active GTPase in vitro (Reynaud

et al, 2005), this had not been shown for the yeast protein. We

found that free yeast Lsg1 protein had no detectable GTP hydrolysis

activity (Fig 1A). The GTPase activity was not stimulated by Nmd3

alone and only modestly stimulated by 60S subunits. However, in

the presence of both 60S subunits and Nmd3, we observed robust

GTPase activity (Fig 1A). Neither Nmd3 nor free 60S subunits had

significant GTPase activity themselves, demonstrating that the

increased GTP hydrolysis by Lsg1 resulted from the stimulation of

the Lsg1 GTPase center by the 60S subunit and Nmd3 together, and

was not an additive effect of the individual components. In the pres-

ence of Nmd3 and 60S subunits, a minimum estimate of the rate of

GTP hydrolysis by Lsg1 was 190 min�1 (Appendix Fig S1), compa-

rable to, but higher than, the turnover rate of 14 min�1 reported for

the bacterial cpGTPase RbgA in the presence of 50S subunits (Achila

et al, 2012). Unlike previously characterized cpGTPases (Achila

et al, 2012; Ash et al, 2012; Matsuo et al, 2014), Lsg1 was also not

stimulated by increased concentrations of potassium, either as free

protein or in the presence of 60S and Nmd3 (Appendix Fig S1B).

Together, these results demonstrate that the reconstituted 60S-

Nmd3-Lsg1 complex is active.

To ensure sufficient occupancy of Lsg1 and Nmd3 on 60S sub-

units for 3D reconstruction, we performed titration experiments,

using the dependence of the Lsg1 GTPase on both Nmd3 and 60S

subunits as a proxy for protein occupancy. We reasoned that

monitoring Lsg1 GTPase activity would report on Lsg1 binding to a

specific site on the 60S subunit and avoid issues that could arise

from non-specific binding. We titrated Lsg1 at two different 60S

subunit concentrations, keeping Nmd3 constant (Fig 1B). At each

60S concentration, GTP hydrolysis approached a maximum as Lsg1

concentration was increased, suggesting that Lsg1 approached satu-

ration. Near-saturation with Lsg1 was achieved at ~10 Lsg1 mole-

cules per 60S subunit. A similar titration of Nmd3 at constant 60S

subunit concentration and two concentrations of Lsg1 showed satu-

ration with Nmd3 at a ratio of ~4 Nmd3 molecules per 60S subunit

(Fig 1C). GTP hydrolysis data in Fig 1B and C were fitted to saturat-

ing-specific single-site binding curves. Parabolic standard slope

saturating curves indicated that both Lsg1 and Nmd3 bind to single

sites in the 60S-Nmd3-Lsg1 complex. Sucrose density gradient

sedimentation of 60S-Nmd3-Lsg1 complexes in the presence of the
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non-hydrolyzable GTP analog guanosine 50-[b,c-imido]triphosphate

(GMPPNP) confirmed that 60S, Nmd3 and Lsg1 co-sedimented as a

stable complex (Fig 1D).

Structure determination of Nmd3-containing complexes

To better understand the function of Nmd3 and Lsg1 in the

assembly of the 60S subunit, we utilized cryo-EM to characterize

the structures of 60S-Nmd3, 60S-Nmd3-Lsg1, and 60S-Lsg1

complexes. Lsg1-containing complexes were prepared in the

presence of GMPPNP. To improve the distribution of particle orien-

tations in ice, 0.5% w/v of glutaraldehyde was added to complexes

prior to freezing.

Refined maps for 60S-Nmd3 and 60S-Nmd3-Lsg1 complexes

contained densities not present on the mature 60S subunits alone.

However, 60S-Lsg1 maps showed no extra density compared to the

mature 60S subunit. Consequently, we focused our effort on the

60S-Nmd3 and 60S-Nmd3-Lsg1 complexes. In the 60S-Nmd3
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Figure 1. Lsg1 and Nmd3 form an active complex with the 60S subunit.

A Percent GTP hydrolysis in reactions containing 125 nM Lsg1, 100 nM Nmd3, or 25 nM 60S alone, or in the indicated combinations, was determined by monitoring the
release of free phosphate as described in Materials and Methods.

B Representative curves for percent GTP hydrolysis by increasing concentrations of Lsg1, as indicated in the figure, without Nmd3 or 60S subunit (green) or reactions
containing 100 nM Nmd3 with 25 nM (black) and 50 nM (blue) 60S.

C Representative curves for percent GTP hydrolysis by 125 nM Lsg1 in reactions containing 25 nM (black) and 50 nM (blue) 60S subunits, and increasing concentrations
of Nmd3.

D Migration of 60S-Nmd3-Lsg1 complex (stoichiometry of 1:4:5) in the presence of GMPPNP after sedimentation through 10–30% sucrose. Fractions were precipitated
with 10% TCA and analyzed on 10% SDS–PAGE. MBP-(TEV)-HIS6-Nmd3 and Lsg1-6His and 60S subunit proteins are indicated.

Data information: Percent GTP hydrolysis values for Lsg1 and Nmd3 titrations in (B) and (C) were fitted to saturating-specific single-site binding curves using the
GraphPad Prism software. All reactions were performed in triplicate. Bars indicate mean and standard deviation.
Source data are available online for this figure.
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complex, a mass of density could be seen between the A site and

the SRL, but only at low thresholds, suggesting a high degree of

flexibility of this domain of Nmd3. This region was better defined in

the presence of Lsg1 and appeared to project toward the position

that Tif6 would occupy on the 60S subunit. Because Tif6 and Nmd3

are both present on the same pre-60S particles in vivo (Lo et al,

2010), we prepared and characterized an additional 60S-Nmd3-

Lsg1-Tif6 (60SNLT) complex in order to determine if Nmd3 made

contacts with Tif6.

It was apparent that both Nmd3 and the L1 stalk existed in multi-

ple conformations in these complexes, with the L1 stalk ranging

from open to closed. In the closed and intermediate states, addi-

tional density could be seen in contact with the L1 stalk. To separate

the various states and improve resolution of Nmd3 and Lsg1, we

used 3D classification with signal subtraction (Bai et al, 2015). The

best maps were achieved with the stalk in the closed state, primarily

due to high representation of this state in our particles. A 60SNLT

map was refined to 3.3 Å resolution from ~19,000 particles

(Appendix Table S1).

To further improve the quality of the Nmd3 density, datasets

from 60S-Nmd3, 60S-Nmd3-Lsg1, and 60SNLT were combined into

a single set after 3D classification of individual runs, resulting in a

total of 226,516 particles. The combined 60S-Nmd3 dataset resulted

in an overall map at 3.1 Å resolution, with interior 60S subunit

regions reaching resolutions better than 3 Å (Appendix Fig S2). See

Appendix Figs S3–S8 and Appendix Table S1 for classification and

refinement strategies.

Comparing the maps for 60S-Nmd3 and 60SNLT to that of a

mature 60S subunit, we were able to assign densities not present on

the mature 60S subunit to Nmd3, Lsg1, and Tif6 (Fig 2A). Although

we reconstituted complexes using Nmd3 with an N-terminal MBP

tag, we did not observe any density for MBP, indicating that MBP did

not adopt any specific position in the reconstituted particle. To gain

greater insight into the function of Nmd3 and its interaction with the

subunit, we sought to assign amino acid sequence to the density.

However, there were no structures for Nmd3-family proteins, and

computer-generated models did not predict structures that corre-

sponded to the observed density. Fortunately, the majority of Nmd3

density in the combined 60S-Nmd3 map that we observed between

uL1 and the A site was of sufficiently high resolution to allow assign-

ment of 254 amino acids, A147 to K401 (Figs 2A and C, and 3A).

The 60SNLT complex was used to build a portion of the remaining

N-terminal residues from 40 to 146. The C-terminal 117 amino acids

of Nmd3, containing the nuclear import and export signals (Hedges

et al, 2006), were not resolved in our structure.

Nmd3 spans the joining face of the 60S subunit from Tif6 to the
L1 stalk

In both 60S-Nmd3 and 60SNLT complexes, the primary state for the

60S subunit was with the L1 stalk in the closed conformation and

Nmd3 spanning the 60S subunit from the uL1 protein on the L1 stalk

through the E site, the P site and extending toward Tif6 at the sarcin–

ricin loop (SRL). The position of Nmd3 in our reconstituted particles

was remarkably similar to that of unidentified densities in the

recently described structure of a Yvh1-containing pre-60S particle

(Sarkar et al, 2016). In that work, density attributed to Nmd3 was

observed spanning from Tif6 to the P site, while additional density

between the L1 stalk and the P site was tentatively attributed to

Lsg1. Based on the structure presented here, we can attribute both of

the unassigned densities in the Yvh1-particle to Nmd3 alone.

Overall, the assigned Nmd3 sequence can be separated into three

domains (Fig 3A). The N-terminal domain is composed of a long

four-stranded beta sheet and two alpha helices, and spans from Tif6

toward the P site (SRL; helices 89, 91, 92, and 95). Although the

extreme N-terminus of Nmd3 (residues 1–39) was not of sufficient

resolution to assign amino acids, this region of Nmd3 appears to

interact directly with Tif6 (Fig 2A). Possibly, the MBP fusion desta-

bilizes the Nmd3-Tif6 interaction, leading to reduced resolution of

the extreme N-terminus of Nmd3. Because we could resolve the

N-terminal domain of Nmd3 only in the presence of Tif6, the inter-

action of Tif6 appears to stabilize the N-terminus of Nmd3. Consis-

tent with this stabilization, the addition of Tif6 modestly enhanced

the Nmd3-stimulated Lsg1 GTPase activity (Appendix Fig S1C).

The second domain of Nmd3, spanning residues 152 through

255, is composed of a five-stranded beta sheet and two alpha

helices, and contains a long flexible loop (Fig 3B). This domain

occupies the ribosomal P site in the closed state of the L1 stalk. In

this state, the flexible loop (V229–V240) is positioned directly above

and covering the peptide exit tunnel. We compared the fold of this

domain to known structures using the DALI server and found that it

adopts a similar fold as that of ribosomal protein eL22 (Z = 5.5,

r.m.s.d. 3.0 Å, PDB: 4uk1, chain H). Thus, we refer to this domain

as eL22-like. Despite the similarity of folds, we do not suggest func-

tional relatedness between eL22 and Nmd3.

At the elbow-like junction of the N-terminal and eL22-like

domains, Nmd3 closely approaches the peptidyl (P) site loop of

uL16 (Fig 2B). This flexible loop of uL16 is required for the release

of Nmd3 from the nascent subunit (Bussiere et al, 2012). Muta-

tions at the base of this loop (R98S, R98C, H123P) are associated

with T-cell acute lymphoblastic leukemia in humans, and they also

impair the release of Nmd3 and Tif6 (De Keersmaecker et al,

2013). This loop of uL16 is stabilized by P site ligands but is

unstructured in our model. Extension of the loop into the P site,

as observed for mature ribosomes in the presence of tRNA or

eIF5A (Schmidt et al, 2016), would be precluded in our structure

due to steric clash with Nmd3. As a consequence, the P site loop

of uL16 is not resolved and must be displaced above the elbow

region at A147 of Nmd3.

The third domain of Nmd3 (aa 256–401) interacts with uL1 of

the L1 stalk and eL42. Thirty of the assigned amino acids of Nmd3

are at the interface with uL1, resulting in a buried surface area of

~577 Å2 (Fig 3C). However, due to poor resolution of uL1 density,

assignment of amino acids of uL1 could not be performed reliably.

Nmd3 shares an interface of 744 Å2 with eL42, composed of 24 resi-

dues of Nmd3 and 21 residues of eL42 (Figs 2C and 3C). This

domain of Nmd3 interface is stabilized by a number of predicted

hydrogen bonds and salt bridges (Appendix Table S2; PDBePISA

server).

A domain of NMD3 resembles eIF5A in both structure and mode
of binding

Euryarchaeal Nmd3 proteins have previously been annotated as

containing an eIF5A-like domain, based on sequence comparison

(Aravind & Koonin, 2000). However, no sequence similarity
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between eukaryotic Nmd3 and eIF5A proteins had been reported.

Our structure shows that the third domain of Nmd3 (aa 256–401)

adopts the same topology as that of eIF5A (Dali: Z = 3.5, r.m.s.d

4.0 Å, PDB: 5gak-q). In addition, we detected limited sequence simi-

larity between residues 289–326 of Nmd3 and 66–97 of eIF5A

(Fig 3B). We will refer to this domain as the eIF5A-like domain of

Nmd3.

eIF5A and its bacterial homolog EF-P are necessary for the rescue

of ribosomes stalled on polyproline-containing sequences and func-

tion by recognizing an empty E site (Doerfel et al, 2013; Gutierrez

et al, 2013; Ude et al, 2013). eIF5A is located in the tRNA path of

the 60S subunit between the E and P sites (Melnikov et al, 2016).

eIF5A interacts with uL1, inducing a closed conformation of the

L1 stalk (Schmidt et al, 2016). This closed conformation is

additionally stabilized by interactions between the N-terminal

extension of eIF5A and eL42 (Fig 3C, lower panel). The position of

Nmd3 in the tRNA path, its interaction with eL42 and uL1, and its

influence on inducing a closed position of the L1 stalk are remark-

ably similar to the interaction of eIF5A with the 60S subunit

(Fig 3C, Movie EV1).

An essential element of eIF5A is the extended b3–b4 loop that

carries hypusine and interacts with the acceptor stem of P site

tRNAs (Wolff et al, 2007). The corresponding loop in Nmd3 (deter-

mined by structural alignment of eIF5a-like domain and eIF5A) is

severely truncated, lacks the corresponding lysine of eIF5A that is

modified to hypusine, and does not protrude beyond the core of the

domain. eIF5A contains an N-terminal extension that emanates from

a tight turn and folds back along the protein toward the L1 stalk

A B

C D

Figure 2. Structure of the 60S-Nmd3-Lsg1-Tif6-GMPPNP complex.

A Cryo-EM reconstruction of yeast 60S subunit (white) in complex with Nmd3 (orange), Lsg1 (green), and Tif6 (yellow). A site, P site, and E site and regions of the
density map shown in detail in panels (C) and (D) are indicated.

B Zoomed view of reconstruction from a class of particles with a deformed H38 (shown in blue). The elbow region of Nmd3 connecting the eL22-like and N-terminal
domains and an unassigned density connecting Lsg1 and Nmd3 are also shown.

C Region extracted from density map in (A) showing the interface region of Nmd3 and eL42.
D Region extracted from density map in (A) showing density for Lsg1 wedged underneath uL14.

Data information: Density contours in (C) and (D) are shown at 4 sigma and Pymol carve level of 2.2 Å.
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(Melnikov et al, 2016; Schmidt et al, 2016). In Nmd3, the corre-

sponding strand projects forward, toward the P site, and contributes

to the five-stranded beta sheet in the eL22-like domain. Interest-

ingly, this strand supports a flexible loop (aa 229–239) that extends

beyond the core of the eL22-like domain, reminiscent of the

hypusine-containing b3–b4 loop of eIF5A. However, this loop of

Nmd3 does not contain a lysine that could be a substrate for

modification.

Nmd3 and the L1 stalk exhibit multiple conformations

Although our highest-resolution maps were from particles with the

L1 stalk in the closed conformation, we observed additional

states of the L1 stalk. We refined several small subsets into low-

resolution densities displaying various conformations of L1 and

Nmd3 using focused classification with signal subtraction to

improve the EM densities by removing particles of alternative

conformations (see Appendix Figs S3–S8 for classification strategies,

Appendix Table S1 for description of classes). Four primary states

were observed for the L1 stalk: closed, open, and two intermediate

positions (Fig 4A). Nmd3 density becomes progressively less

defined as the L1 stalk moves from the closed to the open state and

completely disappears in the open state. The N-terminal domain of

Nmd3 can only be observed in maps with L1 in the fully closed state

and disappears completely as the L1 stalk transitions toward the

open state. In the intermediate positions of the L1 stalk, we were

able to rigid body-fit the uL1-Nmd3 structure of the closed complex

into the densities. In the different states, the L1 stalk appeared to lift

Nmd3 as a single, rigid unit, as both uL1 and Nmd3 maintained the

same relative configuration (Fig 4B). However, it is possible that the

eL22-like domain of Nmd3 could adopt a different relative confor-

mation in the presence of a P-site ligand.

During 60S subunit maturation, Sdo1 binds in the P site to acti-

vate Efl1 for the release of Tif6. We note that in the closed state of

the L1 stalk, the eL22 domain of Nmd3 is fully engaged with the P

site where it would sterically clash with the N-terminal domain of

Sdo1 (Fig 4C). However, the N-terminal domain of Sdo1 could be

accommodated in the P site in the T2 state (Fig 4D). These observa-

tions suggest dynamic movement of Nmd3 and the L1 stalk to allow

Sdo1 binding (see Discussion).

Helix 38 exhibits multiple conformations in the presence
of Nmd3

Density between the eIF5A-like domain of Nmd3 and the central

protuberance (CP) of the large subunit (Fig 2B) was initially attrib-

uted to the C-terminal domain of Nmd3, as the maps showed no

obvious changes in conformation of the Nmd3-bound 60S subunit

relative to the mature subunit. However, after several rounds of

classification (Appendix Fig S8), a subset of particles was isolated

showing a clearly distorted H38 merging into the unassigned density

with a well-resolved RNA-helical motif (Fig 2B). This interaction

between H38 and Nmd3 is consistent with UV cross-linking data

(Appendix Fig S9; Matsuo et al, 2014). In addition to the distortion

of H38, which contributes to the binding pocket of uL16, the density

for uL16 residues 1–32 and 95–124 is poorly resolved, suggesting

A C

B

Figure 3. The structure of Nmd3.

A Linear map of Nmd3 and atomic structure colored on proposed domains. Amino acid positions are given by numbers.
B Sequence and structural alignment of eIF5a (golden) with eIF5a and eL22-like domains of Nmd3.
C Comparison of Nmd3 from the 60S-Nmd3-Lsg1 complex (upper panel, colored as in A) and eIF5A (PDB: 5gak) (lower panel, golden) bound to the 60S subunit. The L1

stalk (light blue), uL1 (pink), and eL42 (green) are highlighted.
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destabilization of uL16 due to the movement of H38 in the presence

of Nmd3.

Lsg1 binds to the joining face of the 60S subunit

In 60S-Nmd3-Lsg1 and 60SNLT complexes, Lsg1 density is found on

the intersubunit surface of the 60S subunit, in close contact with

helices 61, 62, 64, 69, 71, and 92 (Fig 2A). The Lsg1 density showed

little direct interaction with biogenesis factors or ribosomal proteins,

reflecting the paucity of ribosomal proteins on the joining face of

the subunit. Despite the role of Lsg1 in Nmd3 release, we did not

observe a direct connection between the resolved densities of Lsg1

and Nmd3 in our maps. However, an unidentified density above

helix 71 appears to originate within Lsg1 and joins the N-terminal

domain of Nmd3 near the SRL (Fig 2B). Whereas no direct connec-

tion between Lsg1 and Tif6 was observed, residues 473–477 of Lsg1

wedge between the tip of helix 71 and K64 of uL14 (Fig 2D), a bind-

ing partner of Tif6. In our structure, we noticed the absence of eL41,

a short 25-residue-long, helical protein that binds adjacent to H69

and would be positioned beneath Lsg1. eL41 is a non-essential

protein that makes only modest contacts with the 60S subunit. eL41

peptide did not stimulate the GTPase activity of Lsg1 (Appendix Fig

S10A), deletion of RPL41A and RPL41B had no apparent growth

defect, and we did not observe synthetic genetic interaction between

a lsg-R208G, which has a mild temperature-sensitive defect, and

deletion of RPL41A and RPL41B (Appendix Fig S10B). Together,

these results suggest that eL41 does not play a role in Lsg1 function.

The Lsg1 protein density was resolved in the range of 3.3–5 Å

(Appendix Fig S2D), which allowed us to identify secondary struc-

ture elements, as well as to fit and refine an in silico model gener-

ated using I-TASSER server (Fig 5). The model accounts for residues

135 through 503 of Lsg1. Although the N- and C-termini of Lsg1 are

predicted to be largely unstructured and flexible and the densities

are absent in our map, most of the observed density is of sufficient

resolution to confirm the fits of large amino acids. Lsg1 is a circu-

larly permuted GTPase, with the sequence motifs appearing in the

order of G4-G5-G1-G2-G3 (Fig 5A). Nevertheless, the overall struc-

ture of the active site is that of a classical GTPase (Fig 5A and B).

Additionally, the map contains density attributable to GMPPNP,

located in the same pocket as would be expected from other

GTPases. Structurally, the GTPase domain of Lsg1 is closely related

to GTP-bound YlqF (Kim et al, 2008) as determined by the PDBe-

Fold server (Appendix Fig S11). The Q score for the alignment of

residues 184–503 of Lsg1 to GTP-bound states of YlqF (PDB: 3cnn)

is 0.39, the Z-score is 5.6, and the root mean square deviation is

2.75 Å. DALI server structural comparison also confirmed structural

similarity with YlqF (Z = 12.3) and, to a lesser degree, with GTPases

YqeH (Z = 7.4) and EngC (YjeQ) (Z = 6.3).

A

C D

B

Figure 4. The L1 stalk and Nmd3 adopt multiple states.

A Overlap of the four observed states for L1 stalk/Nmd3. T1 (tan) and T2 (purple) are transition states between the fully open (gray) and fully closed (blue).
B Rigid-body docking of uL1-L1-Nmd3 into T2 state, showing the atomic model overlap between the closed (orange) and T2 position (blue).
C, D Model for coordination of Nmd3 action with Sdo1. (C) In the closed conformation of L1 stalk/Nmd3, the eL22-like domain of Nmd3 occupies the P site where it

would clash with domain I of Sdo1. (D) In transition state T2, the clash between Nmd3 and Sdo1 in the P site is greatly reduced, potentially allowing for the
accommodation of Sdo1.
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The G4 motif spans residues N236–L240 and is located near the

guanine base of the ligand (Fig 5C and D). Nucleotide-binding is

stabilized via hydrogen bonding with N236 and D239 of the G4 box.

The G5 motif (SAL) is within the vicinity of the guanosine of the

GMPPNP, but does not appear to interact directly with it. L266 of

the G5 motif and K237 of G4 appear to form a hydrophobic pocket

around the guanine nucleotide, while S264 appears to interact with

O6 of the GNPPNP and D239 of the G4 motif. The G1 motif consists

of residues 343–350 (GYPNVGKS) and creates a pocket for the phos-

phate groups of GMPPNP. We have previously found that mutations

in K349 or S350 inactivate the GTPase in vivo (Hedges et al, 2005).

The main-chain nitrogen and oxygen atoms of the G1 motif make

hydrogen bonds with the phosphate atoms of the ligand. K349 inter-

acts with the nitrogen between b- and c-phosphates and the oxygen

of the c-phosphate. The G2 motif corresponds to residues 369–371

(GKT) within the Switch I region 368–375. The backbone oxygen of

G369 appears to be stabilizing the c-phosphate. We also observe

extra density located above the c-phosphate of GMPPNP, likely

corresponding to a coordinating Mg2+ ion (Anand et al, 2006).

Threonine 371 of G2 interacts with this ion, presumably stabilizing

it above the O3 of the c-phosphate (Fig 5D). The G3 motif DCPG

(aa 387–390) covers the Switch II region (389–391). No direct inter-

action of Switch II with the GMPPNP is observed. We also do not

observe density corresponding to the expected K+ ion that stabilizes

Switch I in this family of GTPases (Anand et al, 2013); however, the

absence of K+ may be due to the use of the GTP analog GMPPNP,

which has been reported to destabilize the coordination shell of the

monovalent ion (Kuhle & Ficner, 2014).

Lsg1 distorts Helix 69

Unlike in 60S-Nmd3 complexes without Lsg1, helix 69 is distorted in

the presence of Lsg1, having undergone a shift of about 6–12 Å from

its canonical position (PDB: 4v88), toward the L1 stalk, and a bend

toward Nmd3. In addition to the distorted position of H69, another

striking feature of Lsg1-containing complexes is the displacement of

A C

DB

Figure 5. The structure of Lsg1.

A Domain view of Lsg1 in the presence of GMPPNP. Sequence motifs G1–G5 and Switch regions are shown in different colors. G1, red; G2, orange among the pink of
Switch I; G3, blue; G4, purple; G5, brown; and Switch II in teal. Residues 135–175 are shown in yellow and marked with “a”. Extra insertion in the cpGTPase domain is
shown in salmon and marked with “b”, and the a-helical domain is shown in tan. Linear sequence map shows all of the domains and G motifs in the corresponding
colors.

B Lsg1 as in (A), but rotated around the horizontal axis and with helix 69 showing flipped-out G2261.
C Density of the GMPNP pocket shown at 4 sigma and Pymol carve level of 2.4 Å.
D Map density around G2261 and opposing residues of Switch I, distances to possible backbone contacts are shown with red dashed lines. Density shown at 4 sigma

and Pymol carve level of 2 Å.
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guanosine 2261 of helix 69, which is flipped out in the presence of

Lsg1 and makes backbone contacts to residues 361 and 362 between

the Switch I and G1 box of Lsg1 (Fig 5B and D). The binding of Lsg1

distorts H69 by pushing U2260 into the helix where it stacks on

A2262, thereby evicting G2261. This interaction may help anchor

Switch I in a GTP-binding conformation. Switch I and the loop

connecting it to the G1 motif are in direct contact with the ribosomal

RNA and are located above helices 69 and 71, making these regions

likely sensors of the correct positioning of Lsg1 on the subunit for

activation of its GTPase.

Relative to YlqF and other cpGTPases, Lsg1 displays an insertion

in the GTPase domain spanning residues 266–338. This is a flexible

subdomain that is not well resolved in our density, located within

close proximity of the tip of helix 69, and potentially helping to

anchor Lsg1 on the 60S subunit (Fig 5A and B). The general shape

of this subdomain can be traced, but the long flexible loops prevent

accurate sequence assignment to this region. Similarly, a beta-strand

and an alpha-helical density, putatively assigned to residues 135–

175, make contact with the tip of helix 69. However, the resolution

of this segment is not sufficient to assign the sequence to the resi-

dues (Fig 5A and B).

The C-terminal a-helical domain of Lsg1 is structurally similar to

the C-terminal domain of YlqF (Appendix Fig S11; Kim et al, 2008).

Many members of cpGTPases families are predicted to contain addi-

tional C-terminal domains, such as a-helical or zinc-binding, that

potentially assist in anchoring Switch II in correct configuration

(Anand et al, 2006). Residues 491–497 of Lsg1 are in close proxim-

ity to the guanine nucleotide and might participate in stabilizing

GTP binding. Residues 410 through 417, 436 through 442, and 467

through 492 are located above the rRNA and likely help in the bind-

ing and stability of Lsg1 on the 60S subunit, as was predicted for the

C-terminal domain of YlqF family proteins.

Discussion

Nmd3 is a molecular mimic of eIF5A

Recent structural analyses have revealed that several ribosome

biogenesis factors interrogate the ligand binding sites of the pre-60S

subunit. These include Nog1 and Rei1, which sequentially probe the

polypeptide exit tunnel from the solvent surface of the subunit

(Weis et al, 2015; Greber et al, 2016; Wu et al, 2016); Sdo1, which

interrogates the P site and inserts into the exit tunnel from the join-

ing face of the subunit; and Efl1, which samples the GTPase-

activating center (Weis et al, 2015; Greber et al, 2016; Wu et al,

2016). Among these, Efl1 is a close paralog of a bona fide translation

factor, suggesting the evolution of molecular mimicry of translation

factors in the biogenesis pathway. This use of molecular mimics

during ribosome biogenesis may allow functional partitioning of

quality control checks during ribosome assembly from translation,

by using biogenesis factors in place of true translation factors. Here,

we have extended our understanding of molecular mimicry in ribo-

some biogenesis by showing that Nmd3 comprises domains that are

related to the elongation factor eIF5A.

Nmd3 is a highly conserved protein found throughout archaea

and eukarya. It is essential in eukaryotes for its role in nuclear

export of the nascent 60S subunit. However, its presence in archaea,

which lack nuclei, suggests that it has an additional function more

basic to ribosome biology. Sequence analysis revealed that

euryarchaeal Nmd3 proteins are fusions of an N-terminal zinc-

binding domain to a C-terminal eIF5A-like domain (Aravind &

Koonin, 2000). However, a function for Nmd3 in archaea has not

been identified and structures for Nmd3 protein family members

have not been reported previously. Eukaryotic Nmd3 proteins

contain an N-terminal zinc-binding domain, but no sequence

homology to eIF5A had been reported. Remarkably, we find that

Nmd3 not only contains a domain corresponding to the entirety of

eIF5A, but this domain also interacts with the ribosome in a manner

similar to eIF5A. The eIF5A-like domain of Nmd3 occupies the tRNA

E site, bound to the L1 stalk and an additional domain of Nmd3

occupies the P site. Thus, while Sdo1 and Efl1 probe the P site, the

GTPase-activating center and the P stalk (Weis et al, 2015), Nmd3

probes the L1 stalk, the E site, and the P site.

In a previous low-resolution cryo-EM reconstruction of a Nmd3-

60S subunit complex (Sengupta et al, 2010), we identified MBP-

Nmd3 as a mass on the joining face of the subunit, adjacent to H69,

a position where we now find Lsg1. The 60S-Nmd3 complex is quite

flexible, existing in a number of states with the N-terminal domain

apparently stabilized by Tif6, which was not present in the previous

work. The conformational heterogeneity of the 60S-Nmd3 particles

used in that work and the lack of robust classification methods at

the time could have influenced the reconstruction. Nevertheless, the

current position of Nmd3 is consistent with recent UV cross-linking

data for Nmd3 (Appendix Fig S9; Matsuo et al, 2014). In addition,

this position of Nmd3 corresponds exactly to unidentified densities

in a recent native pre-60S particle affinity purified with the biogene-

sis factor Yvh1 (Sarkar et al, 2016), densities that we can now attri-

bute to Nmd3. Lastly, we find that Nmd3 and the 60S subunit

together stimulate the GTPase activity of Lsg1. Together, these

results strongly suggest that the present structure of a reconstituted

60S-Nmd3 complex is a faithful representation of the native

complex.

Implications for uL16 loading and Nog1 binding

In one class of particles, we observed a severely distorted H38 such

that the tip of the helix is unwound and interacts with Nmd3 at the

junction of the L22 and eIF5A domains. In the reconstruction from

these particles, the density for uL16 was also less well resolved. A

similar distortion of H38 and loss of resolution of uL16 was

observed in the native Yvh1-pre-60S particle (Sarkar et al, 2016).

Because Nmd3 assembles onto the ribosome prior to the loading of

uL16 (West et al, 2005), the presence of this class of particles raises

the interesting possibility that Nmd3 holds open H38 to facilitate

uL16 loading. Extensive genetic interactions between NMD3 and

RPL10 (encoding uL16) have been noted previously (Karl et al,

1999; Zuk et al, 1999; Hedges et al, 2005). In particular, some muta-

tions in RPL10 can be suppressed by mutations in Nmd3, often in

highly allele-specific interactions. While these interactions have

implicated uL16 as being required for the release of Nmd3 (Hedges

et al, 2005), the mechanism of suppression has not been fully

explored. rpl10-G161D is a temperature-sensitive allele that is

suppressed by nmd3 mutations L291F, A336P, or I279F (Karl et al,

1999). Aspartate at position 161 would introduce a destabilizing

negative charge at the interface of uL16 and 5S rRNA. L291, A336,
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and I279 are all on the solvent surface of Nmd3 at the interface with

the distorted H38 (Fig 2B). Weakening the interaction between

Nmd3 and H38 could facilitate the release of H38, allowing it to

adopt its mature position in the subunit and promote the accommo-

dation of mutant uL16. Thus, we suggest that Nmd3 not only

requires the loading of uL16 for its release but that it may also

promote the loading of uL16.

Interestingly, the position of the N-terminal domain of Nmd3 in

the 60SNLT complex is incompatible with the binding of the GTPase

Nog1, which binds to pre-60S particles in the nucleus prior to Nmd3

loading. Nog1 inserts a helical bundle into the A site of the ribosome

(Leidig et al, 2014; Wu et al, 2016) which would sterically clash

with Nmd3. However, both proteins coexist on late nuclear pre-60S

particles (Kallstrom et al, 2003; Altvater et al, 2012). Thus, the N-

terminal domain of Nmd3 must be highly dynamic, undergoing

large-scale movements during ribosome maturation.

Stimulation of the GTPase activity of Lsg1

The release of Nmd3 from pre-60S subunits in the cytoplasm is

necessary for the production of mature 60S subunits and for the

recycling of Nmd3 to the nucleus, to support continued export of

ribosomes. The release of Nmd3 requires the GTPase Lsg1, but the

mechanism of release and the way in which Lsg1 is activated have

not been described. We found that Nmd3 and mature 60S subunits

together, but not 60S alone, were sufficient to stimulate the GTPase

activity of Lsg1, allowing us to begin to speculate about the mecha-

nism of activation of the GTPase. H69 is a critical element of the 60S

joining face that interacts with h44 of the small subunit and forms

the B2a intersubunit bridge. Lsg1 binds the joining face of the 60S

subunit and embraces H69 to flip out G2261 toward residues of Lsg1

immediately upstream of Switch I. Because Switch I is expected to

coordinate a monovalent cation as a structural cofactor in the active

site, coupling G2261 to Switch I could provide a means of regulating

activation of the GTPase only in the presence of Nmd3 and the 60S

subunit. In cpGTPases Switch II, whose positioning is needed for

stable interaction of GTP in its binding pocket, is directly connected

to the C-terminal domain of the protein. This arrangement is

thought to couple Switch II positioning to proper engagement of the

C-terminus with the ribosome (Anand et al, 2006). Although the C-

terminal regions of Lsg1 resolved in our structure do contact RNA,

no obvious rearrangements of these RNA elements were observed,

focusing attention on helix 69. While a detailed mutational analysis

will be necessary to fully understand activation of Lsg1, it is possi-

ble that H69 is a general activation site for other cpGTPases

involved in large subunit biogenesis. Previously, it was shown that

the GTPase Nog2 is bound in a GTPase-inactive state in pre-

ribosomes before H69 undergoes a 180° rotation, possibly to engage

with Nog2 (Wu et al, 2016). It will be interesting to know whether

RbgA, a homolog of Lsg1 that is required for the loading of uL16,

has a similar binding site to Lsg1 on the pre-50S subunit (Britton,

2009; Achila et al, 2012).

The order of release of Nmd3 and Tif6

Previous genetic analysis led us to conclude that the release of Nmd3

by Lsg1 follows the release of Tif6 by Sdo1 and Efl1 (Lo et al, 2010).

This conclusion was based on the observations that depletion of Efl1

or Sdo1 traps both Nmd3 and Tif6 on subunits, a block that can be

bypassed by mutations in Tif6 (Lo et al, 2010; Finch et al, 2011). In

contrast, depletion of Lsg1 traps only Nmd3 and not Tif6

(Appendix Fig S12), and Lsg1 mutants can be bypassed by mutations

in Nmd3, but not Tif6. Thus, our genetic analysis places the release

of Nmd3 after the release of Tif6 (Lo et al, 2010). However, recent

structural analysis of 60S subunits isolated from dominant negative

Sdo1-expressing Dictyostelium revealed a population of particles

containing Tif6 but not Nmd3, suggesting that Nmd3 was released

prior to Tif6 (Weis et al, 2015). While this may be the case, it is also

possible that under some conditions Tif6 rebinds to mature subunits,

as it was found to be highly enriched in mature 60S subunits contain-

ing the ribosome quality control complex after dissociation of 40S

subunits (Shen et al, 2015). Thus, the presence of Tif6 on 60S may

reflect a role in subunit recycling separate from biogenesis.

How does the 60S-Nmd3-Lsg1-Tif6 complex inform us about the

coordination of the release of Tif6 and Nmd3? In our structures, we

observed the L1 stalk in multiple different positions, ranging from

open to partially closed to fully closed. Nmd3 interaction with Tif6

appears to stabilize Nmd3 and the L1 stalk in the fully closed state.

In this position, the eIF5A domain of Nmd3 is fully engaged with

the E site, and the eL22-like domain of Nmd3 occupies the P site, in

a conformation that is incompatible with Sdo1 binding to that site

(Fig 5C). In addition, this closed state of the L1 stalk is likely

L1 
stalk Nmd3

Tif6

Sdo1

PE APE A PE A

Figure 6. Model for coordination of Nmd3 and Sdo1 binding.
In the fully closed L1 stalk position (left), the eIF5A domain of Nmd3 is engaged with the E site, while the eL22-like domain occupies the P site. This position is stabilized by the
interaction between the N-terminus of Nmd3with Tif6. We propose that breaking the linkage between Nmd3 and Tif6 destabilizes the N-terminus of Nmd3 (middle), allowing
the L1 stalk to retract. Nmd3 is moved out of the P site in the retracted position, allowing Sdo1 to bind (right).
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stabilized through Nmd3 interaction with Tif6. Thus, we suggest

that the linkage between Nmd3 and Tif6 must be broken to permit

the L1 stalk to retract Nmd3 from the P site, allowing Sdo1 to bind

(Fig 6). What breaks the linkage between Nmd3 and Tif6? Because

we have not observed a role for Lsg1 in the release of Tif6, we

suspect that Efl1 may disengage Nmd3 from Tif6 to initiate retrac-

tion of Nmd3 and the L1 stalk. Recruitment of Sdo1 to activate Efl1

would then release Tif6, whereas Nmd3 could be released indepen-

dently, once the linkage with Tif6 is broken. In this model, the

release of Nmd3 and Tif6 is coupled rather than linear dependence

of Nmd3 release on the release of Tif6.

Materials and Methods

Strains and plasmids

Yeast strains and plasmids used in this work are listed in

Appendix Tables S3 and S4, respectively. AJY3842 was made by

amplifying the GFP-His3MX cassette (Longtine et al, 1998) and inte-

grating into AJY3827. AJY3845 was made by crossing AJY1705

(Hedges et al, 2005) and AJY3827. AJYAJY4073 was made by

sequential integrations into rpl41bΔ::KanMX (Research Genetics).

The His3MX-PGAL1-3xHA cassette (Longtine et al, 1998) was ampli-

fied with homology to the LSG1 locus and integrated into the

rpl41bΔ strain. Because the rpl41aΔ::KanMX strain was incorrect in

our knockout collection from Research Genetics, it was remade in

BY4741 using the KanMX cassette (Longtine et al, 1998). The

KanMX marker was then replaced with clonNAT resistance (Nat)

(Tong & Boone, 2006) to give AJY4066. Finally, rpl41aΔ::Nat was

amplified from AJY4066 and integrated into the rpl41bΔ::KanMX

His3MX-PGAL1-3xHA-LSG1 strain to give AJY4073. pAJ2229

contained wild-type LSG1 under control of its native promoter in

pRS315. pAJ3021 was made by inverse PCR to introduce R208G, a

mildly temperature-sensitive allele of Lsg1. pAJ3283 was made by

cloning TIF6 into pET28b and the amino acid sequence MGSSH

HHHHHSLRRASLGS was added to the N-terminus for purification.

pAJ3420 was made by cloning LSG1 into pET21a, and the amino

acid sequence AAALEHHHHHH was added to the C-terminus for

purification. Vector sequences will be provided upon request.

Purification of 60S subunits from yeast

Yeast strain AJY2781 was grown in 6 l of YPD to OD600 of 0.6. Cells

were washed with Ribo Buffer A (100 mM KCl, 20 mM HEPES-KOH,

pH 7.4, 2.5 mM Mg(OAc)2) and pelleted. Cell pellet was resus-

pended in 1/3rd pellet weight of lysis buffer (Ribo buffer A with

freshly added 1 mg/ml heparin, 2 mM DTT, and protease inhibitors

(PIs) (1 mM PMSF and 1 lM each leupeptin and pepstatin)), and

dispersed in liquid N2. Cells were lysed in Retsch mixer-mill, cooled

with liquid nitrogen. Frozen grindate was thawed and reconstituted

in 2/3rd pellet weight of lysis buffer and cleared by centrifugation at

25,000 g for 25 min. Extract was layered over 2.5-ml sucrose cush-

ions (Ribo Buffer A supplemented with 500 mM KCl, 1 M sucrose,

and 2 mM DTT) and centrifuged for 106 min at 370,000 g in Type

70Ti rotor (Beckman Coulter). The pellet was resuspended in high

salt wash buffer (Ribo Buffer A with 500 mM KCl, 1 mg/ml heparin,

2 mM DTT). Insoluble material was removed by centrifugation, and

the soluble fraction was layered onto 250 ll sucrose cushions, as

above, and centrifuged for 30 min at 541,000 g in a TLA 100.3 rotor

(Beckman Coulter). The pellets were resuspended in subunit separa-

tion buffer (50 mM HEPES-KOH, pH 7.4, 2 mM MgCl2, 500 mM KCl,

and 2 mM DTT). The suspension was incubated on ice for 15 min

and then at 37°C for 10 min after addition of puromycin to 1 mM

final concentration. The sample was then centrifuged through

5–20% sucrose gradients (5–20% sucrose, 50 mM HEPES-KOH, pH

7.4, 5 mM MgCl2, 500 mM KCl, and 2 mM DTT) for 15 h at

71,800 g in an SW32 Ti rotor (Beckman Coulter). Fractions contain-

ing the 60S and 40S peaks were pooled separately and concentrated

using an Amicon Ultra 15 100 K (Millipore), and buffer was changed

to Ribosome storage buffer (Ribo buffer A with 250 mM sucrose and

2 mM DTT). 20 ll of aliquots of subunits was stored at 1 lM each

at �80°C.

Protein purification

Lsg1-6His

One liter of bacterial culture of Codon plus (RIL) cells (Stratagene)

with pAJ3420 was grown to OD600 of 0.5 and induced with 1 mM

IPTG for 4 h at 30°C. Cells were harvested and washed with Lysis

buffer (40 mM Tris, pH 8.0, 500 mM NaCl, and 10% glycerol). The

cell pellet was resuspended in 40 ml Lysis buffer (supplemented

with 5 mM b-mercaptoethanol (BME) and 1 mM PMSF and 1 lM
each leupeptin and pepstatin) and disrupted by sonication. Lysates

were cleared by centrifugation at 20,000 g for 20 min. Imidazole

was added to 10 mM. Clarified lysate was bound to a 1 ml Ni-NTA

column (HisTrap HP, GE Healthcare) by pumping at 1 ml/min. The

column was first washed with 10 ml lysis buffer supplemented with

10 m imidazole and 5 mM BME and then with low salt buffer

(40 mM Tris, pH 8.0, 50 mM NaCl, 10% glycerol, 20 mM imidazole,

and 5 mM BME). Bound protein was eluted with low salt buffer

with 250 mM imidazole. Fractions containing protein were pooled

and bound to 2 ml Source S (GE Healthcare) column pre-

equilibrated with S buffer (40 mM Tris, pH 7.5, 50 mM NaCl, 10%

glycerol, and 5 mM BME). Column was washed with 10 ml S buffer.

Bound proteins were eluted with a 20 ml linear NaCl gradient

(50 mM to 1 M) in S buffer. Fractions containing Lsg1 were pooled

and dialyzed in 20 mM Tris, pH 7.5, 150 mM KOAc, 1 mM DTT,

and 10% glycerol. Dialyzed protein was stored at �80°C.

MBP-(TEV)-HIS6-Nmd3

One liter of BJ5464 with pAJ1381 was grown to OD600 of 0.6 in

selective medium containing 2% glucose. Cells were harvested,

washed, and resuspended in two volumes of extract buffer: 50 mM

Tris, pH 8, 450 mM NaCl, 100 mM KCl, and 10% glycerol plus PIs.

Cells were disrupted by vortexing with glass beads. The crude

extract was clarified by centrifugation first for 10 min at 10,000 g

and then for 20 min at 25,000 g at 4°C. Imidazole was added to

10 mM, and clarified lysate was bound to 1 ml Ni-NTA column

(HisTrap HP, GE Healthcare) by pumping at 1 ml/min. The column

was washed twice with 10 ml of extract buffer containing 10 and

30 mM imidazole, respectively, and the protein was eluted in

0.330 ml fractions of extract buffer supplemented with 250 mM

imidazole. Fractions containing protein were pooled and incubated

for 2 h at 4°C with 1 ml of amylose resin equilibrated in amylose

buffer (20 mM Tris, pH 7.5, 50 mM NaCl, 10% glycerol plus PIs).
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The beads were washed with 5 ml extract buffer and 5 ml amylose

buffer. Bound protein was eluted with amylose buffer supplemented

with 50 mM maltose in 300 ll fractions. Concentration was deter-

mined by Bradford, and protein was stored at �80°C.

6His-Kemptide-Tif6

200 milliliters of bacterial culture of Codon plus (RIL) cells (Strata-

gene) with pAJ3283 was grown to OD600 of 0.5 and induced with

1 mM IPTG for 4 h at 30°C. Cells were harvested and washed with

Lysis buffer (50 mM NaPO4 pH 8.0, 500 mM NaCl, 10% glycerol,

6 mM BME). The cell pellet was resuspended in 10 ml Lysis buffer

(supplemented with PIs) and disrupted by sonication. Lysates were

cleared by centrifugation at 20,000 g for 20 min. Imidazole was

added to 10 mM. Clarified lysate was bound to a 400 ll NiNTA resin

bed (Qiagen) equilibrated with lysis buffer. The column was first

washed with 10 ml lysis buffer supplemented with 10 mM imida-

zole and then with 10 ml supplemented with 30 mM imidazole.

Bound protein was eluted in 300 ll fractions of lysis buffer supple-

mented with 200 mM imidazole. Fractions containing eluted protein

were further purified by gel filtration on 170 ml S200 column in

S200 buffer (20 mM Tris–HCl pH 7.5, 150 mM NaCl, 10% glycerol,

and 6 mM BME). Fractions containing 6His-Kemptide-Tif6 were

pooled and concentrated using Amicon Ultra-15 10K device. Chemi-

cally synthesized Rpl41 peptide was purchased from GenScript.

GTPase assays

Specified amounts of Lsg1, Nmd3, 60S, as indicated in the figure

legends, were mixed in a 20 ll volume in 1× GTPase buffer (20 mM

HEPES-KOH, pH 7.4, 2 mM MgOAc, 50 mM KOAc, 1 mM DTT) and

containing 50 lM GTP. Reactions were spiked with ~1 × 105 cpm of

[c-32P]-GTP to trace the hydrolysis of gamma phosphate. Reactions

were incubated at 30°C for 10 min and stopped by addition of 5 ll of
0.5 M EDTA. 1 ll of each reaction was spotted on a TLC plate (PEI-

cellulose, Sigma-Aldrich). Free phosphate was separated from GTP

by developing the TLC plate for 10 min in 0.8 M LiCl, 0.8 M

CH3COOH. Plates were imaged on a phosphoimager screen and

signal intensities for free phosphate and GTP were analyzed using

ImageJ software. All samples were corrected for non-enzymatic back-

ground hydrolysis. Percent GTP hydrolysis was calculated as (free

phosphate/total phosphate) × 100. Percent GTP hydrolysis values

from Lsg1 or Nmd3 titration assays were fitted to saturating-specific

single-site binding curves using GraphPad Prism software.

Assembly of complexes for cryo-EM

60S subunits (0.1 lM) were mixed with Nmd3 (0.4 lM) alone or

with Lsg1 (1 lM), Tif6 (0.5 lM), and 200 lM GMPPNP in a total

volume of 20 ll in GTPase buffer. The samples were incubated at

30°C for 10 min. Glutaraldehyde was added to a final concentration

of 0.5% w/v, and the samples were incubated for 10 min at 0°C.

Unreacted glutaraldehyde was quenched with addition of Tris, pH

7.4 to final concentration of 75 mM, and incubation at 0°C for

10 min. The samples were immediately flash-frozen and stored in

liquid N2 until needed.

Electron microscopy

Three microliters of each sample was applied to 300 mesh, holey

R1.2/1.3 gold grids that were either prepared in laboratory (Russo

& Passmore, 2014) from Quantifoil carbon grids or acquired

commercially (UltrAuFoil R 1.2/1.3 Quantifoil). Prior to sample

application, the grids were plasma-cleaned for 25 s at 10 W and

4.3 to 1 O2:H2 ratio. 3 ll of aliquots of prepared complexes was

applied to the prepared grids. Grids were blotted for 3–6 s at 4°C

and 100% relative humidity and flash-frozen in liquid ethane on a

Vitrobot Mark IV (FEI, Hillsboro). Images for all but one dataset

were acquired on an FEI Tecnai F30 Polara operating at 300 kV

utilizing Leginon for automated data collection (Suloway et al,

2005). The movies were taken at nominal magnification of 32,000

on a Gatan K2 Summit direct electron detector (Gatan, Pleasanton)

with a pixel size of 1.26 Å. The remaining collection was on a

Titan Krios (FEI, Hillsboro) operating at 300 kV. In this case, the

movies were taken at nominal magnification of 22,500 on a Gatan

K2 Summit direct electron detector with a pixel size of 1.1 Å. For

all images, the dose rate was set at eight counts per physical pixel

per second. A total of 40 frames per stack were recorded at 0.2 s

per frame, for a total exposure time of 8 s and a total exposure

dose of ~40 e� Å�2.

Image processing

Movie stacks were aligned using dosefgpu_driftcorr summing all

of the frames in each stack (Li et al, 2013). CTF estimation was

done using CTFFIND3 (Mindell & Grigorieff, 2003). The remaining

processing steps were done with RELION (Scheres, 2012a,b).

Reported overall resolutions were calculated following the “gold-

standard” protocol employing the FSC = 0.143 criterion (Scheres,

2012a). Appendix Table S5 summarizes the number of images

collected, particles extracted, number of particles used for classifi-

cation and refinement, as well as the final resolution for the

refined maps. For model building, maps were sharpened by

applying a negative B-factor (Appendix Table S5) that was esti-

mated using the automated procedure in RELION.

Subset of data (Appendix Fig S8) was reprocessed with

MotionCor2 (Zheng et al, 2016) (Patch 5 5, Iter = 10, Tol = 0.5,

FmDose = 1.32). The aligned, non-dose weighted images were used

for CTF estimation by Gctf (Zhang, 2016). The remaining processing

steps were done with RELION 2.0 (open beta) (Kimanius et al,

2016). Following the first refinement step, dose weighted particles

were used for further processing.

Model building

To generate an initial model for the 60S-Nmd3-Lsg1-Tfi6 complex,

UCSF Chimera (Pettersen et al, 2004) was used for initial rigid-

body fitting of a 60S map (PDB: 4v88) into the refined volume.

Further model building and correction was done in Coot (Emsley

et al, 2010). In silico model generation by homology for Nmd3

and Lsg1 was attempted with I-TASSER server (Zhang, 2008; Roy

et al, 2010; Yang & Zhang, 2015; Yang et al, 2015). An Lsg1

model that fit best to the density attributed to Lsg1 was used to

build the final structure. Residues 135 through 501 could be

assigned to density. The final Lsg1 model was refined using

MODREFINER (Xu & Zhang, 2011). Initial chain trace for Nmd3

was done in Coot on skeletonized map with baton mode. Density

for residues 371–373 was used as starting point for sequence

assignment.
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Sharpened maps used in model building were also used for

model refinement in REFMAC v5.8. MolProbity was used for valida-

tion of the refined models.

DALI and PDBeFold servers were used to search the PDB

database for structural matches with Nmd3 and Lsg1 (Krissinel

& Henrick, 2004, 2005; Holm & Rosenström, 2010). PDBePISA

was employed to analyze the interacting regions between Nmd3

and other 60S proteins (Krissinel & Henrick, 2007).

Sucrose density gradient sedimentation of 60S-Nmd3-
Lsg1�GMPPNP complex

50 ll of binding reaction containing 5 pmol 60S, 25 pmol Lsg1,

10 pmol Nmd3, and 200 lM GMP-PNP in binding buffer (20 mM

HEPES-KOH pH 7.5, 2 mM Mg(OAc)2, 250 mM KOAc and 1 mM

DTT) was incubated at 30°C for 15 min. The reaction mixture was

sedimented through 10–30% sucrose gradient in SW55 Ti rotor for

75 min at 280,000 g. The gradients were fractionated into 600 ll
fractions. Contents of the fractions were precipitated in 10% TCA

and analyzed on 10% SDS–PAGE.

Accession codes

The cryo-EM maps have been deposited in the EMDB with accession

codes of EMDB-8368 (60S-Nmd3 only, not combined) and EMDB-

8362 (60S-Nmd3-Lsg1-Tif6). Corresponding PDB codes are 5T6R

and 5T62, respectively.

Expanded View for this article is available online.
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