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he nucleocytoplasmic shuttling protein Nmd3 is an

adaptor for export of the 60S ribosomal subunit

from the nucleus. Nmd3 binds to nascent 60S sub-
units in the nucleus and recruits the export receptor Crm1
to facilitate passage through the nuclear pore complex. In
this study, we present a cryoelectron microscopy (cryo-EM)
reconstruction of the 60S subunit in complex with Nmd3
from Saccharomyces cerevisiae. The density correspond-
ing to Nmd3 is directly visible in the cryo-EM map and is
attached to the regions around helices 38, 69, and 95 of

Introduction

Eukaryotic ribosomes are produced in the nuclear subcompart-
ment, the nucleolus, in a complex series of precise RNA process-
ing and protein assembly steps. After nucleolar assembly and
nucleolar and nucleoplasmic maturation, preribosome subunits
are exported to the cytoplasm through the nuclear pore complex
(Johnson, 2009; for reviews see Fromont-Racine et al., 2003;
Hage and Tollervey, 2004; Zemp and Kutay, 2007; Henras et al.,
2008). In order for transport substrates to partition into the
hydrophobic lumen of the nuclear pore complex, they must recruit
specialized receptor proteins that have affinity for nucleoporins
(Fried and Kutay, 2003; Pemberton and Paschal, 2005; Kohler
and Hurt, 2007; Tran et al., 2007). In yeast, the large ribosomal
subunit utilizes three receptors for export: Crm1, recruited by the
adaptor protein Nmd3 (Ho et al., 2000b; Gadal et al., 2001), the
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the 258 ribosomal RNA (rRNA), the helix 95 region being
adjacent to the protein Rpl10. We identify the inter-
subunit side of the large subunit as the binding site for
Nmd3. rRNA protection experiments corroborate the
structural data. Furthermore, Nmd3 binding to 60S sub-
units is blocked in 80S ribosomes, which is consistent
with the assigned binding site on the subunit joining
face. This cryo-EM map is a first step toward a molecular

understanding of the functional role and release mecha-
nism of Nmd3.

heterodimeric mRNA export factor Mex67-Mtr2 (Yao et al.,
2007), and the noncanonical receptor Arx1l (Bradatsch et al.,
2007; Hung et al., 2008). Among these factors, only Nmd3 ap-
pears to have a conserved role in ribosome export in vertebrates
(Thomas and Kutay, 2003; Trotta et al., 2003).

Nmd3 is a highly conserved protein found throughout
eukaryotes and archaea. The N-terminal 35 kD of the protein
contains two zinc-binding centers and comprises the ribosome-
binding domain (Hedges et al., 2006). The nucleocytoplas-
mic shuttling of Nmd3 is driven by a nuclear localization
sequence and a nuclear export sequence, both of which are
located in the C terminus of the protein. The leucine-rich
nuclear export sequence (aa 496-505) is predicted to form
an amphipathic helix, with the hydrophobic residues critical
for Crml1 interaction aligned on one surface. The presence of
Nmd3 orthologues in archaea suggests a role in ribosome
biogenesis that predates the evolution of the nuclear envelope.

© 2010 Sengupta et al. This article is distributed under the terms of an Attribution—
Noncommercial-Share Alike-No Mirror Sites license for the first six months after the pub-
lication date (see http://www.rupress.org/terms). After six months it is available under a
Creative Commons License (Attribution-Noncommercial-Share Alike 3.0 Unported license,
as described at http://creativecommons.org/licenses/by-nc-sa/3.0/).
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Figure 1. In vitro binding of MBP-Nmd3 A
to 60S but not 80S ribosomes. (A) Increas- 03 1 3
ing amounts of MBP-Nmd3 were incubated
with Rpl25-myc—containing 60S subunits and ~ 175—
immunoprecipitated with anti-myc antibody

and protein A beads. Bound proteins were 80~
eluted in Laemmli sample buffer, separated on

12% SDS-PAGE, and stained with Coomassie 98~ - - -

brilliant blue. See Materials and methods for 46—
details. Lane 1 shows MBP-Nmd3 without

60S; lanes 2-7 show 60S-myc with increas-

ing amounts of MBP-Nmd3 as indicated. The ~ 30—
molar ratio of Nmd3 to 60S subunits is given for

the input and bound samples. (B) Nmd3 does

not bind 80S ribosomes. MBP-Nmd3 was incu- . S
bated alone (lanes 1 and 2), with 60S (lanes 3 55—

and 4), or with 80S subunits (lanes 5 and 6).
Samples were layered over 60% sucrose cush-
ions and centrifuged. Supernatants (S) and pel-
lets (P) were separated on a 12% SDS-PAGE,
and proteins were visualized by Coomassie
staining. (A and B) The positions of molecular
mass markers (M) are given in kilodaltons.

Lane 1 2 3 4

Currently, no high-resolution structural information is available
on this protein.

Genetic and biochemical experiments indicate that the re-
lease of Nmd3 from 60S subunits in the cytoplasm requires the
loading of the large ribosomal subunit protein Rpl10 and the
conserved cytoplasmic GTPase Lsglp (Hedges et al., 2005;
West et al., 2005). Yeast Rpl10 belongs to the L10e family of
ribosomal proteins and is orthologous to bacterial L16. The
crystal structure of the Haloarcula marismortui large subunit re-
veals that L.10e is located in the deep cleft created by the central
protuberance (CP) and the GTPase-associated center (GAC;
Klein et al., 2004), corresponding to the position of L16 in
Escherichia coli (Schuwirth et al., 2005).

To address the molecular mechanism by which the adap-
tor protein Nmd3 interacts with the large subunit, we have gen-
erated a 3D reconstruction of a 60S subunit in complex with
Nmd3, determined at 16-A resolution by cryo-EM using the
single particle approach. We identify the helix 95 region at the
intersubunit surface of the large subunit as the anchoring site of
Nmd3. An extended part of the protein reaches close to the ribo-
somal protein Rpl10. However, no direct interaction with the
Rpl10 site is detected. We provide supporting biochemical data
that corroborate the structural results. This study provides the
first structural description of a biogenesis factor in complex
with the large subunit.

Results and discussion

NmMd3 binds stoichiometrically with the
60S subunit

To examine the interaction of Nmd3 with 60S subunits, we used
a rapid coimmunoprecipitation technique. A fixed amount of
epitope-tagged subunits (60S-Rpl25-13xmyc) was bound to pro-
tein A beads and incubated with increasing amounts of maltose-
binding protein (MBP)-Nmd3. After binding, the beads were
washed extensively, and bound proteins were eluted and sepa-
rated by SDS-PAGE. As the ratio of Nmd3 to 60S was increased,
the amount of Nmd3 bound to 60S increased accordingly, reaching
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a maximum of 1:1, even at 81-fold excess of Nmd3 relative to
60S (Fig. 1 A). This result suggests that Nmd3 binds to the 60S
subunit as a monomer and to a single site on the subunit.

The Nmd3 protein used in this work was expressed as a
fusion to MBP. MBP-Nmd3 fully complemented an nmd3 dele-
tion mutant (unpublished data), indicating that the fusion pro-
tein is functional in vivo. We found that cleavage of MBP from
Nmd3 destabilized the protein and reduced 60S binding. Conse-
quently, all work was performed with the intact fusion protein.
Previously, we showed reconstitution of the Nmd3—-60S com-
plex using a GST-Nmd3 fusion (Ho et al., 2000a). However,
because this protein dimerizes 60S subunits (unpublished
data), we used it in this work only as a control for specificity of
RNase footprinting.

Nmd3 binds to free 60S subunits but not to 40S subunits or
80S complexes in vivo, suggesting that its binding site may be
blocked by the presence of the 40S subunit (Ho and Johnson,
1999). To test whether this result could be recapitulated in vitro,
we compared the binding of Nmd3 to purified 60S subunits ver-
sus 80S ribosomes. MBP-Nmd3 was incubated alone, with 60S
subunits, or with preformed 80S ribosomes, and reactions were
separated by centrifugation through a sucrose cushion. Under
these conditions, free Nmd3 remained entirely in the supernatant
(Fig. 1 B, lanes 1 and 2), whereas in the presence of 60S subunits,
Nmd3 quantitatively cosedimented with the subunits (Fig. 1 B,
lanes 3 and 4). In contrast, Nmd3 did not cosediment with pre-
formed 80S ribosomes, but rather remained in the supernatant
fraction (Fig. 1 B, lanes 5 and 6).

Localization of Nmd3 protein on

the 60S subunit

To obtain a more detailed picture of how Nmd3 interacts with
the large subunit, we used cryo-EM and single particle image
reconstruction. Cryo-EM maps depicting the 60S subunit alone
(Fig. 2 A) and in complex with the adaptor protein (Fig. 2 C)
were obtained at resolutions of 18 A and 16 A, respectively.
A comparison of the two maps clearly shows an extra density
attached to the intersubunit side of the large subunit covering the
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H69

region extending from the Rpl1 stalk base to the P-protein stalk
base of the 25S ribosomal RNA (rRNA; Fig. 2 C).

This extra density visualized in the cryo-EM map was
computationally separated by a segmentation procedure using
SPIDER (system for processing image data from EM and related
fields; Frank et al., 1996). Because the Nmd3 protein was puri-
fied with the MBP tag, it is expected that the extra density con-
tains both MBP and Nmd3 as the intact fusion protein. Indeed,
the molecular mass of this extra density calculated from the vol-
ume it occupies (~110 kD at threshold value 42; mean density
and variability [o] of the MBP-Nmd3—bound 60S subunit map
are 6 and 31, respectively, using 0.82 D/A? as protein density) is
substantially larger than the known molecular mass of Nmd3
(59 kD) and close to the expected size of MBP-Nmd3 (103 kD).
In addition, biochemical results (Fig. 1 A) rule out the possibility
of the presence of two copies of Nmd3. Therefore, the additional
mass can be attributed to the presence of the MBP tag (molecular
mass ~44 kD). These results suggest that the entire MBP-Nmd3
fusion protein is visualized in the cryo-EM map. The current
resolution does not allow us to model MBP into the mass attrib-
uted to MBP-Nmd3. The position of Nmd3 at the interface of the
60S subunit is incompatible with subunit joining, which is con-
sistent with the observation that Nmd3 does not bind to the 80S
ribosome in vivo (Ho and Johnson, 1999) or in vitro (Fig. 1 B).

The conformational changes in the MBP-Nmd3-bound 60S
subunit relative to the control 60S subunit are shown in Fig. 2
(A and B). Significant displacement was observed in the following
regions: (a) the base of the L1 stalk, (b) the GAC and the sarcin-ricin
loop (SRL; domain VI of the 25S rRNA), and (c) the CP and the
region around the peptidyl-transfer center. In all of these regions,
ribosome density was shifted toward the MBP-Nmd3 density.

Figure 2. Visudlization of MBP-Nmd3 binding
to the 60S subunit. (A) Intersubunit side view of
the control 60S subunit. (B) Intersubunit view
of the segmented 60S part of the MBP-Nmd3-
60S reconstruction. Significant conformational
changes are seen in the GAC, the SRL, the CP,
and the region around the peptidyl-transfer
center. The stalk base (sb), the L1 stalk (rpL1),
and 255 rRNA helices 38, 69, and 95 (H38,
H69, and H95) are also labeled. The direc-
tion of the motion of the intersubunit surface
of the 60S subunit after MBP-Nmd3 binding
is marked with arrows. (C) Intersubunit side
view of the MBP-Nmd3-60S subunit complex.
The segmented density attributed to the MBP-
Nmd3 combined mass is colored red, whereas
the 60S subunit is colored blue. The asterisk
denotes the thread of density (see Identification
of Nmd3-60S subunit interactions for details).
(D) Top view of the complex showing three con-
nections (C1, C2, and C3) of the MBP-Nmd3
mass (red) with the 60S subunit (blue).

Of particular note, the cleft between the CP and the GAC was nar-
rower in the complex than in the control map. Overall, the changes
on the intersubunit side of the 60S subunit can be likened, in their
tendency, to the grip of a hand around an object (MBP-Nmd3) on
its palm (primary binding sites are H69 and H95 of 25S rRNA; for
brevity, rRNA helices of 25S rRNA will be denoted by “H”).

The L1 stalk, containing protein Rpl1, is seen in the open
position (Valle et al., 2003) in both complex and control maps
in which the protein part (Rpll) of the mushroom-shaped head
is partially visible. In contrast, the extended part of the acidic
P-protein stalk region and the protein Rpl12 (L11p) at the stalk
base are neither visible in the control nor in the 60S subunit map
of our complex.

Biochemical characterization of 60S
subunit-ligand interactions
To seek supporting evidence for the position of MBP-Nmd3 on
the 60S subunit, helices appearing to make contact with the mass
assigned to MBP-Nmd3 in the cryo-EM map were probed for
altered sensitivity to RNaseV1, a nuclease specific for double-
stranded RNA. In these assays, 60S subunits were incubated
alone, with MBP-Nmd3, or with GST-Nmd3 and treated with
RNaseV1. The GST-Nmd3 reactions were used to control for
MBP-specific effects. After RNaseV1 treatment, the rRNA
was extracted, and reverse transcription was performed using
radio-labeled primers. Primer extension reactions were com-
pared with a DNA sequencing ladder to identify the positions
of cleavages.

Protection by both MBP- and GST-Nmd3 against RNaseV1
was observed for H38 at four positions (Fig. 3 A). Two of these
positions (bases 1045 and 1054) correspond to E. coli 23S bases

Cryoelectron microscopy of the Nmd3-80S complex ¢« Sengupta et al.
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Figure 3. rRNA protection: MBP-Nmd3 A ag b
interaction with helices H38, H65, H69, and ATGCSEOG
H95 of 25S. (A) 60S subunits were incubated -
with no protein, MBP-Nmd3, or GST-Nmd3 ._
and treated with RNaseV 1. The rRNA was ex- . - s 008
tracted, and primer exfension reactions were ——

—_—

ity to RNaseV 1. Sequencing reaction lanes are

marked by the dideoxynucleotide present in the 920
mixture. Primers used were H38, AJO1061; = {q
H65, AJO501; H69, AJO1060; and H95, -~
AJO1135. Numbers indicate positions (E. coli P = ‘
numbering) of nucleotides showing major ! ‘
alteration in sensitivity to RNaseV1. Unp, un-

protected (no Nmd3); MBP, MBP-Nmd3; GST, H38
GST-Nmd3. (B) An inferface view of the 50S

subunit of the 70S E. coli crystal structure (PDB g

ID 2AW4) showing the position of the helices

concerned. Nucleotides marked in green are

protected from RNaseV1 by Nmd3; nucleo-

tides in purple show enhancement of cleavage

upon interaction with Nmd3; the nucleotide in

red shows protection from RNaseV1 cleavage

by GST; and the nucleotide in yellow is pro-

tected from RNaseV1 cleavage by MBP.

—
performed fo identify regions of altered sensitiv- Y :
. "-"4
-
-

L1 stalk

908 and 920. MBP- and GST-Nmd3 binding also protected three
positions in H95 against cleavage. These positions (3003, 3009,
and 3047) correspond to E. coli 23S bases 2637, 2643, and 2680
(Fig. 3 A). A strong enhancement of RNaseV1 cleavage was ob-
served with both Nmd3 fusion proteins (i.e., GST- and MBP-
Nmd3) at three positions in H69, nt 2253, 2256, and 2259
(corresponding to E. coli 23S nt 1913, 1916, and 1919). Further-
more, a GST-Nmd3-specific protection was seen in H69 at
position 2265 (corresponding to E. coli 23S position 1925), and
an MBP-Nmd3-specific RNaseV1 protection was observed at
position 2142 of H65 (corresponding to E. coli 23S nt 1784).
Primer extension analysis did not reveal significant changes in
other regions of 258, 5.8S, or 5S rRNA (unpublished data).
H38 is part of 25S rRNA domain II, which accounts for
most of the solvent-side surface of the large subunit. However,
the tip of this helix (A-site finger), adjacent to the CP, protrudes
toward the subunit interface side and participates in the forma-
tion of the intersubunit bridge B1a. In contrast, H65 and H69 be-
long to domain IV, which accounts for most of the intersubunit
surface of the large subunit. H69 is positioned at the center of
the large subunit interface and participates in the formation
of two essential intersubunit bridges, B2a and B2b (Yusupov
et al., 2001). H65 is also exposed to the subunit surface on the
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intersubunit side. H95 (SRL; rRNA domain VI) is situated below
the P-protein stalk base region (Ban et al., 2000), and part of it is
exposed to the solvent (Figs. 2 B and 3 B). Based on the protec-
tion assay results, a tentative identification of the positions for
MBP and Nmd3 in the density can be made. Our results enable
us to suggest that the SRL/CP proximal part of the differential
mass observed in the cryo-EM structure accounts for Nmd3,
whereas the distal part close to H65 likely represents the MBP
portion of the fusion protein (see next section).

Identification of Nmd3-60S

subunit interactions

Overall, the MBP-Nmd3 density appears as a complex, extended
mass stretching from the Rpl1 stalk base side of the 60S subunit
to the P-protein stalk base (Fig. 2, C and D). Connections be-
tween the MBP-Nmd3 complex and the large subunit are clearly
visible in three places (marked as C1, C2, and C3 in Figs. 2 D
and 4 A). To determine the molecular details of interaction
between the large subunit and the MBP-Nmd3 density, the
quasiatomic model of the 60S subunit previously derived by
cryo-EM and homology modeling (Spahn et al., 2001) was used
(PDB ID 1S1I). This model was aligned, as a rigid body, to the
60S subunit within the map of the complex. The analysis of the
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Figure 4.  MBP-Nmd3 interaction with the 60S subunit. (A and B) Close-up view of the quasiatomic structure of the 60S subunit (PDB ID 1S11; Spahn et al.,
2001), with the MBP-Nmd3 density showing connections with the rRNA helices (A) and nearby proteins (B). (C-E) Close-up views of the rRNA helices
and the nucleotides showing altered protection patterns upon MBP-Nmd3 binding in the 50S subunit of the E. coli 70S ribosome crystal structure: H38 (C),

H95 (D), and H65 and H69 (E). Nucleotides are colored as in Fig. 3 B.

ligand—subunit interactions is consistent with the biochemical
results: the anchoring region (C2) of the center of the MBP-Nmd3
mass on the ribosome was determined as being formed at the
H69 region of 255 rRNA (Fig. 4 A). Additionally, contact C1
with the part of rRNA domain IV that contains H65 and contact
C3 with the H95/SRL region were identified. Based on MBP and
Nmd3 molecular masses and our biochemical data, we expect
the MBP-Nmd3 density in the cryo-EM map to be roughly split
evenly between the two, with the Nmd3 part being closest to

H69/SRL. We suggest Nmd3 to be directly interacting with H95
and H38 of the 60S subunit at the C3 point of contact (Fig. 2,
C and D; Fig. 3 A; and Fig. 4 A). The C2 point of contact involves
the central part of the MBP-Nmd3 density (Figs. 2 D and 4 A).
This region of the density is most likely at the borderline between
Nmd3 and MBP. This interpretation is supported by the fact that
in Fig. 3 A, we observe multiple H69 sites of altered RNaseV1
sensitivity for both MBP- and GST-Nmd3 (suggesting Nmd3
interaction) along with a protection specific for the GST-Nmd3

Cryoelectron microscopy of the Nmd3-80S complex ¢« Sengupta et al.
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Figure 5. Schematic representation of the
proposed mechanism for Nmd3 release. The
Nmd3-bound 60S subunit in the cytoplasm
presents a different conformation compared
with the unbound 60S subunit, characterized
as the result of a closing motion, as if grip-
ping the ligand Nmd3. The usual multiple
binding sites of translational GTPase factors,
EFTA, eEF2, eRF3, are in the GAC region,
as identified in eukaryotic and prokaryotic
systems. In the present 60S complex, this re-
gion is partially blocked by the ligand. Thus,
the cleft region between CP and GAC, close
to the protein Rpl10 region, is a likely bind-
ing region for Lsg1. Conformational changes
in Lsg1 as well as in the Rpl10-binding cleft,
which accompany GTP hydrolysis, allow the
60S subunit to adopt a relaxed conformation
and thus facilitate Nmd3 release. Next, the
unbound 60S subunit is ready for association
with the 40S initiation complex.

Nucleus

control (suggesting the GST protein tag to be interacting). The
C1 point of contact is at the end of the combined MBP-Nmd3
density closest to Rpll and is therefore expected to represent
solely the interaction between MBP and the 60S subunit. Indeed,
we observe an MBP-specific protection from RNaseV1 cleavage
in H65 strongly supporting this interpretation.

Cryo-EM maps at the resolution achieved in this study
cannot confirm the identity of interacting nucleotides suggested
by the protection assay. However, to participate in the interaction
with the MBP-Nmd3 mass, these nucleotides are required to be
exposed on the subunit interface. Examination of the 50S sub-
unit (PDB ID 2AW4) within the E. coli 70S ribosome crystal
structure (Schuwirth et al., 2005) elucidated that, indeed, all of
the nucleotides identified in the protection assay were situated at
the intersubunit side of the rRNA helices concerned (Fig. 3 B).
However, except for the base 1919 (E. coli number) on H69, none
of the nucleotides were totally exposed on the surface (Fig. 4,
C-E). The fact that they are accessible to the binding by MBP-
Nmd3 must be attributed to a difference in the conformation of

JCB « VOLUME 189 « NUMBER 7 « 2010
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the relevant helices caused by subunit association. In fact, H38
and H69 are disordered in the crystal structure of the isolated
50S subunit (Ban et al., 2000), suggesting that these helices are
initially in a variety of different conformations and stabilized
only upon subunit joining. In addition, the observed change in
large subunit conformation upon MBP-Nmd3 binding indicates
that an induced-fit mechanism might be at work.

A thread of density at the P-protein stalk base side of the
MBP-Nmd3 density is visible (Fig. 2 C, asterisk). It is likely that
this part of the density does not belong to MBP-Nmd3 but rather
represents a conformational change in this region of the ribo-
some caused by ligand binding. Apparently, the nearest neighbors
of MBP-Nmd3 among the large subunit proteins are Rpl23 (L14
family), Rpl9 (L6), Rpl12 (L11), and Rpl10 (L10e; Fig. 4 B).

The cryo-EM map presented in this study is of Nmd3 (fused
with MBP) in complex with a mature 60S subunit. However,
during ribosome assembly in eukaryotes, Nmd3 initially binds
to pre-60S particles in the nucleus to direct their export to the
cytoplasm (Ho et al., 2000b; Gadal et al., 2001). After export, the
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pre-60S particle undergoes a series of maturation steps involving
the release of trans-acting factors and the assembly of certain
ribosomal proteins (Panse and Johnson, 2010) and culminates in
the release of Nmd3 (Lo et al., 2010). The release of Nmd3 de-
pends on the presence of ribosomal protein Rpl10 and the activ-
ity of the GTPase Lsgl (Hedges et al., 2006). Thus, at the time of
Nmd3 release, the subunit is presumably mature. The complex
that we have reconstituted, which contains Rpl10 (unpublished
data), may represent a late intermediate of 60S maturation, after
Rpl10 loading but before Nmd3 release. We have also previously
suggested that both Nmd3 and Lsg1 can bind to mature subunits
as well as nascent subunits (Ho et al., 2000a). Considering that
Nmd3 appears to be the last factor released from the nascent sub-
unit, its binding to mature subunits could simply be a reversal of
this step, possibly as a means of inhibiting 60S function under
certain conditions, for example during stress response.

With the binding of Nmd3, the interface of the 60S subunit
containing Rpl10 is apparently pulled toward the ligand. The re-
sulting conformational change of the 60S subunit may reflect
strain induced by Nmd3 binding. Although there is no direct
interaction between the isolated mass and the 60S subunit at the
Rpl10 region visible at this resolution of the cryo-EM map, the
morphological features at the Rpl10-binding site and H38 (A-site
finger) regions in the 60S subunit appear different in the complex
as compared with the control 60S subunit map (Fig. 2 A). How-
ever, the resolution of the maps does not allow us to model this
protein accurately inside the density. We speculate that the con-
formation of the Rpl10-binding site changes upon GTP hydro-
lysis on Lsgl, allowing the 60S subunit to relax into the more
open position. This relaxation may facilitate proper accommoda-
tion of Rpl10 and the coordinated release of Nmd3 (Fig. 5).

Materials and methods

Protein purification

GST-(TEV)-Nmd3. 2 liters of strain BJ5464 (MATa ura3-52 trpl leu2A1
his3A200 pep4::HIS3 prb1A 1.6R canl) with pAJ235 (GAL1::GST-Nmd3;
Ho et al., 2000a) was grown in selective medium containing 1% raffinose
to ODgqg of ~0.3. Expression was induced with 1% galactose for 6 h. Cells
were harvested, washed, and resuspended in two volumes of lysis buffer:
20 mM Tris, pH 7.5, 500 mM KCl, 0.5% Triton X-100, 10% glycerol, 1 mM
DTT, and 1 mM EDTA plus protease inhibitors (Pls; 1 mM PMSF, 1 pM leu-
peptin, and 1 pM pepstatin). Cells were disrupted by vortexing with glass
beads. The crude extract was clarified by centrifugation two times for
10 min at 15,000 g at 4°C. Clarified extract was incubated for 2 h at 4°C
with 750 pl of glutathione beads. The beads were washed with 20 mM Tris,
pH 7.5, 500 mM KCI, and 1 mM EDTA plus Pls, and protein was eluted
with 50 mM glutathione in 50 mM Tris, pH 8. Concentration was determined
by Bradford assay to be 8.5 pM.

MBP-(TEV)-HIS;-Nmd3. 4 liters of BJ5464 with pAJ1381 (GPD::MBP-
HIS-TEV-NMD3 LEU2 2 micron; this study) was grown to ODgqo 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 Pls. Cells were disrupted and
clarified as described for GST-(TEV)-Nmd3. Imidazole and NP-40 were
added to 10 mM and 0.01%, respectively. 1.5 ml of Ni-nitrilotriacetic
acid beads was added, and the sample was rocked for 2 h at 4°C. The
beads were washed three times with extract buffer, and the protein was
eluted with 1.5 ml of extract buffer supplemented with 250 mM imidazole.
The eluate was then incubated with 1.5 ml of amylose resin for 2 h at 4°C.
The beads were washed with wash buffer: 20 mM Tris, pH 7.5, 50 mM
NaCl, and 10% glycerol plus Pls. Proteins were eluted with wash buffer
supplemented with 50 mM maltose. Concentration was determined by
Bradford assay to be 0.75 pM.

Ribosomes. 3 liters of BJ5464 (for wildtype 60S) and AJY2757
(MATa ade?2 leu2 ura3 his3 trp 1 rpl25A::HIS3 containing pAJ909: Rpl25-
13xmyc URA3 CEN; this work; for 60S-Rpl25-myc) were grown in yeast
extract-peptone—dextrose to ODgqo of 0.8. Cells were washed with bind-
ing buffer (50 mM KCl, 20 mM Tris, pH 7.4, 10 mM MgCly, and 6 mM
B-mercaptoethanol plus Pls), resuspended in 12 ml of binding buffer, lysed
by vortexing with glass beads, and clarified twice as described for GST-
(TEV)-Nmd3. The crude extract was layered over 2.5-ml 1 M sucrose cush-
ions in binding buffer and centrifuged for 2 h at 32,000 rpm in an SW40
rotor (Beckman Coulter). The pellet was resuspended by stirring in 2.5 ml
of binding buffer. Insoluble material was removed by centrifugation, and
the soluble fraction was layered onto four 250-pl T M sucrose cushions in
binding buffer and centrifuged for 1 h at 80,000 rpm in a TLA 100.3
rotor (Beckman Coulter). The pellets were resuspended in 1 ml of dissocia-
tion buffer: 20 mM Tris, pH 7.4, 0.5 M KCI, 8 mM MgCl,, and 6 mM
B-mercaptoethanol plus Pls incubated 5 h at 4°C to dissociate ribosomes.
The sample was then centrifuged through 5-20% sucrose gradients in dis-
sociation buffer for 11 h at 23,000 rpm in an SW28 rotor (Beckman Coul-
ter). Fractions containing the 60S and 40S peaks were pooled separately
and concentrated using an Amicon Ultra 100K (Millipore), and buffer was
changed to binding buffer. Final concentrations were [60S] = 0.14 pM,
[40S] = 0.23 pM, and [60SRpl25-myc] = 0.46 pM.

Binding of MBP-Nmd3 and GST-Nmd3 to 60S and 80S

Cushion assay. 60S was incubated with or without 40S in binding buffer
and sedimented through a 7-47% sucrose gradient. 60S and 80S ribo-
somes were recovered, MBP-Nmd3 was added, and binding was allowed
to proceed for 1 h at 4°C. The reaction was layered on top of a 700-pl
60% sucrose cushion in binding buffer and centrifuged 60 min at 60,000
rpm in a TLA 100.3 rotor. The supernatant was carefully removed and pre-
cipitated with trichloroacetic acid. All samples were resuspended in equal
volumes of SDS-PAGE sample buffer, separated by SDS-PAGE, and stained
with Coomassie blue.

Immunoprecipitation assay. 60S-Rpl25-myc subunits were incubated
with increasing amounts of MBP-Nmd3 in binding buffer at 4°C for 1 h.
Subunits were immunoprecipitated by the addition of 9e10 monoclonal
anti-myc antibody and protein A beads. Bound proteins were separated by
SDS-PAGE and stained with Coomassie blue.

RNaseV1 protection assays

2.1 pmol of 60S was incubated with and without 3.75 pmol MBP-Nmd3 or
25.5 pmol GST-Nmd3 in 50 pl final volume of binding buffer for 1 h at 4°C
with rocking. The reactions were treated with 0.05 U RNaseV1 (Applied
Biosystems) for 20 min at 16°C. Samples were extracted with acid phenol/
CHCls, precipitated with ethanol, and resuspended in 12.5 pl H,O. Primer
extension using 32P-labeled primers was performed as described previously
(Beltrame and Tollervey, 1995), and products were separated on a 7-M
urea polyacrylamide gel. Sequencing reactions were performed with Se-
quenase version 2.0 (USB) using pJD211.LEU as the template. Oligonucleo-
tides used were AJO501, 5-ACTGGGCAGAAATCACAT-3"; AJO1060,
5'-GTAGATAGGGACAGTGGGAA-3'; AJO1061, 5'-GTTCTGCTTACCAA-
AAATGG-3’; and AJO1135, 5-AGAGCCATAATCCAGCGG-3'.

Cryo-EM and image reconstruction

Purified 60S subunits at 32 nM in binding buffer were applied to cryoEM
grids at 4°C according fo a standard procedure (Wagenknecht et al.,
1988) but using the Vitrobot (FEI). The images of control 60S ribosomal
subunit were recorded at —180°C on a field emission gun electron micro-
scope (Tecnai F20; FEI) at 200 kV on SO163 film (Kodak) and a magnifica-
tion of 50,000 according to standard low-dose procedures and were
digitized with a step size of 14 ym on an Imaging Scanner (Carl Zeiss,
Inc.). The final pixel size corresponded to 2.82 A on the object scale. Micro-
graphs for the MBP-Nmd3-bound 60S subunit were recorded at —180°C
on SO163 film on a Tecnai F20 field emission gun electron microscope at
200 kV (numerical aperture of objective lenses was 70 pm, and a magnifi-
cation of 50,760) and digitized with a step size of 7 pm on the Imaging
Scanner. Image processing was performed with the final pixel size corre-
sponding to 2.76 A on the object scale.

The image processing using SPIDER (Frank et al., 1996) included a
3D projection alignment procedure with correction of the contrast transfer
function and enhancement of the high-resolution Fourier amplitudes based
on xray solution scattering data. When using all particles, the density in the
map corresponding to the ligand (MBP-Nmd3) was low compared with that of
the ribosome, indicating lower than 100% occupancy. Therefore, we used a su-
pervised classification method (Valle et al., 2003) to identify a subpopulation

Cryoelectron microscopy of the Nmd3-80S complex *« Sengupta et al.

1085

620z JequiedeQ z0 uo 3senb Aq 4pd 421 100102 A0l/0€LL9G L/6201/L/681/3pd-8jo1e/qol/B10"sseidnu//:dpy wol papeojumog



1086

with high occupancy of the ligand. For the final reconstruction according
to supervised classification, 19,317 ribosome particles (~60% of the total
number of particles selected for the complex) were used to obtain a refined
cryo-EM map of the MBP-Nmd3-bound 60S subunit (16.3 A). The final reso-
lution of the constant transfer function—corrected volume was estimated by the
Fourier shell correlation criterion (Fig. S1) with a cutoff value of 0.5 (Malhotra
et al., 1998). The falloff of the Fourier amplitudes toward higher spatial fre-
quencies was corrected as previously described (Gabashvili et al., 2000),
using x-ray solution scattering data for the E. coli 70S ribosome.

Isolation of the ligand mass from the Nmd3-MBP-bound 60S sub-
unit map was performed according to a two-step segmentation proce-
dure. In brief, the 60S subunit was first masked out from the map of the
complex. Next, selection of the mass of interest from the remaining masses
was performed using a clustering procedure (http://www.wadsworth
.org/spider_doc/spider/docs/techs/isolate.html). The software O (Jones
etal., 1991) was used for manually docking the 60S quasiatomic model
(Spahn et al., 2001) as a rigid piece into the cryo-EM 60S map. Amira
(Visage Imaging, Inc.) and PyMOL (Delano Scientific) were used for
graphic visualizations.

Online supplemental material

Fig. S1 shows the Fourier shell correlation curve for the cryo-EM reconstruc-
tion of the MBP-Nmd3-40S subunit complex. Online supplemental material is
available at http://www.jcb.org/cgi/content/full /jcb.201001124/DC1.
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