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SUMMARY

The repertoire of the density regulated protein (DENR) and the malignant T-cell- amplified
sequence 1 (MCT-1/MCTS1) oncoprotein was recently expanded to include translational control
of a specific set of cancer-related mMRNAs. DENR and MCT-1 form the heterodimer, which binds
to the ribosome and operates at both translation initiation and reinitiation steps, though by a
mechanism that is yet unclear. Here, we determined the first crystal structure of the human small
ribosomal subunit in complex with DENR-MCT-1. The structure reveals the previously unknown
location of the DENR-MCT-1 dimer bound to the small ribosomal subunit. The binding site of the
C-terminal domain of DENR on the ribosome has a striking similarity with those of canonical
initiation factor 1 (elF1), which controls the fidelity of translation initiation and scanning. Our
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findings elucidate how the DENR-MCT-1 dimer interacts with the ribosome and have functional
implications for the mechanism of unconventional translation initiation and reinitiation.

Graphical Abstract

C-terminal domain of DENR binds to the 408 subunit at the elF1
binding site, while MCT-1 interacts with the N-terminal domain of DENR
and interferes with the elF3 — 40S interaction

; Human 40S
' ribosomal subunit -

INTRODUCTION

Eukaryotic translation initiation is a complex process that is coordinated by more than a
dozen initiation factors (elF), which facilitate the recruitment of mMRNA and its scanning to
locate the start codon (AUG), selection of initiator tRNA (tRNA;) and the joining of the
small (40S) and large (60S) ribosomal subunits (Hinnebusch, 2017). After formation of the
initiation complex, the 80S ribosome proceeds with protein synthesis until the stop codon on
MRNA is placed in the ribosomal A site. Two eukaryotic release factors, eRF1 and eRF3,
catalyze the recognition of the stop codon and hydrolysis of the peptidyl-tRNA, producing
the post-termination complex (post-TC) (Dever and Green, 2012; Jackson et al., 2012). Post-
TC is then recycled by being split into subunits by eRF1 and ABCEL (Pisarev et al., 2010).
After dissociation of the 60S subunit, the 40S subunit remains bound to mMRNA along with a
deacylated tRNA in the P site. Two alternatives are possible at this step. First, ejection of
deacylated tRNA may cause dissociation of MRNA and free the 40S subunit for the next
cycle of initiation. /n vitro tRNA release from the P site can be stimulated either by a joint
action of canonical initiation factors elF1, elF1A and elF3 or by elF2D or DENR-MCT-1
(Pisarev et al., 2007; Pisarev et al., 2010; Skabkin et al., 2010; Skabkin et al., 2013). Second,
the 40S subunit remains bound to the mRNA, leading to reinitiation of protein synthesis
from a nearest AUG (Jackson et al., 2012; Kozak, 2001).

Unlike in prokaryotes, reinitiation in eukaryotes was considered as an extremely rare event.
For many mammalian mRNAs, the first AUG codon detected by the scanning complex
(“first AUG rule”) is the initiation site of the protein-coding open reading frame (ORF), and
the surrounding nucleotide sequence, together with elF1 and elF1A, modulate the efficiency
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of its recognition (Hinnebusch, 2017). However, recent advances in ribosome profiling
reveal that many mRNAs have one or more functional start codons in their 5° untranslated
region (UTR), which are either bypassed (“leaky scanning”) or translated (Andreev et al.,
2017; Archer et al., 2016). These may result in the production of functional peptides
encoded by the upstream ORFs (UORFs) or different isoforms of the main protein. UORFs
may inhibit translation of the main ORF or regulate it by reinitiation (Wethmar, 2014).
Reinitiation is used for fine-tuning translation of some ORFs, and is widely used by viruses
to express polycistronic RNAs (Hinnebusch et al., 2016; Ryabova et al., 2006). Though the
mechanism of translation reinitiation is still an open question, experimental data suggest that
reinitiation-competent 40S subunits are those that remain bound to mRNA after termination
and to which some elFs (elF4F, elF3) remain bound even after completing translation of the
first uUORF. According to recent data, among the initiation factors that promote reinitiation
(elF1, elF1A, elF2, elF3), elF3 plays a key role in the retention of MRNA on the post-TC
40S subunit and even alone is able to mediate reinitiation on some mRNAs (Jackson et al.,
2012; Kozak, 1987; Mohammad et al., 2017; Poyry et al., 2004; Skabkin et al., 2013). In the
case of bicistronic calicivirus mRNAsS, a cis-acting mRNA element TURBS (“termination
upstream ribosomal binding site”), located upstream of the restart AUG, interacts with the
helix h26 of the 18S rRNA (Zinoviev et al., 2015). A detailed analysis in reconstituted /in
vitro system reveals that this interaction provides retention and restrains the 40S subunit on
the RNA, eliminating elF3 dependence. The TURBS-h26 interaction positions the restarting
AUG codon directly in the P site of the 40S subunit. /n7 vitro experiments suggest that the
direct placement of AUG in the P site of the 40S subunit without scanning is required for
translation reinitiation and initiation supported by elF2D and DENR-MCT-1 (Dmitriev et al.,
2010; Skabkin et al., 2010; Zinoviev et al., 2015). Recently DENR-MCT-1 was also
implicated in the regulation of translation reinitiation after short UORFs of a specific set of
mRNAs in flies (Schleich et al., 2014).

Protein sequences of elF2D, DENR and MCT-1 share similar domains involved in RNA
binding and start codon recognition (Figure 1A). In addition to recycling and reinitiation,
they can stimulate elF2- and GTP-independent recruitment of either aminoacyl- or
deacylated tRNA, to the P-site of the 40S subunit bound to some specific mMRNAS, including
Hepatitis C virus (HCV)-like internal ribosome entry sites (IRESs) (Dmitriev et al., 2010;
Skabkin et al., 2010; Zinoviev et al., 2015).

MCT-1 is an oncoprotein originally identified in human lymphoma and it has been linked to
increased cell proliferation and genome instability (Hsu et al., 2007; Prosniak et al., 1998).
Its crystal structure revealed a highly conserved pseudouridine synthase and archaeosine
transglycosylase (PUA) fold of the C-terminal domain, which is separated by two short
linkers from the compact and globular N-terminal domain (Tempel et al., 2013). MCT-1
forms a heterodimer with DENR, both /in vivoand in vitro (Haas et al., 2016; Reinert et al.,
2006). MCT-1 sequence shares 47% identity with its yeast counterpart TMAZ20 and
complements the translation defects observed in Afma20yeast strain (Fleischer et al., 2006).
Like MCT-1, TMA20 forms a heterodimer with TMAZ22, the yeast homologue of DENR.
These observations suggest that the DENR-MCT-1 binding interface is highly conserved
between human and yeast.
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DENR synthesis is upregulated with increasing cell density and it is also overexpressed in
ovarian and breast cancers (Deyo et al., 1998; Oh et al., 1999). Sequence analysis revealed
that the C-terminal part of DENR (C-DENR) comprises the SUI1 domain, which forms the
core of the elF1 structure (Figure 1A). It was shown that DENR in complex with MCT-1
alters the translational profile of a subset of cancer-related MRNAs, likely by interfering
with the translation initiation complex (Mazan-Mamczarz et al., 2009; Reinert et al., 2006).
Recently, DENR and MCT-1 were shown to be required for the efficient translation of a set
of UORF-containing mRNAs, which are involved in cell proliferation and signaling in
Drosophila and neuronal development in humans (Haas et al., 2016; Schleich et al., 2014).
However, little is known about the interactions between DENR, MCT-1 and the ribosome.
To obtain structural insights into the mechanism by which DENR-MCT-1 regulates
translation initiation/reinitiation and recycling, we have determined the crystal structure of
the human small ribosomal subunit in complex with DENR-MCT-1. The structure allows us
to locate the position of DENR-MCT-1 on the 40S ribosomal subunit and map the binding
interface between MCT-1 and DENR. This provides the basis for understanding the function
of DENR-MCT-1 heterodimer during recycling, reinitiation by post-termination 40S
ribosomal subunits and initiation on the HCV-like IRES RNAs.

Human 40S ribosomal subunit in complex with DENR-MCT-1 (40S-DENR-MCT-1) was
crystallized and its structure was determined by X-ray crystallography (Figure 1B). The
crystal belongs to the P2; monoclinic space group and contains six 40S ribosomal subunits
per asymmetric unit (ASU). A complete data set was collected to 6.0 A resolution (Table
S1).

Strong electron density for ribosomal RNA (rRNA) and proteins is present in the map
(Figure S1B). Core areas and main chains of the 18S rRNA and most ribosomal proteins are
clearly seen in the electron density map, however, the exact protein side chain conformations
could not be determined due to limitations of the current resolution. In this paper, we shall
focus on the details related to interactions of MCT-1 and DENR with the 40S ribosomal
subunit and their implication for the mechanistic understanding of translation initiation,
recycling and reinitiation processes.

MCT-1 binding to the 40S ribosomal subunit

The recently published crystal structure of human MCT-1 perfectly fits the unbiased
additional density in the Fo-Fc electron density map of the 40S-DENR-MCT-1 complex
(Figure S1A) (Tempel et al., 2013). Strong electron density is observed on the right side of
the platform domain at the interface of the 40S subunit where the N-terminal domain
(residues 1-92) of MCT-1 interacts with helix h24 of the 18S rRNA. Conserved amino acid
residues of the 1 strand and helix a2 of MCT-1 (GIn16, Ser20, Lys18 and 23) form the
binding interface with the ribosome. Positively charged Lys46 and Lys47 of the a3-B2 loop
are within the interacting distance to the phosphate backbone of U1038 and C1039 of h24
(Figures 1B, S4). The abundance of positively charged residues at the binding interface
suggests that there are electrostatic interactions with the phosphate backbone of h24 of the
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18S rRNA, which supports the observation that MCT-1 alone binds the 40S subunit /in vitro
(Skabkin et al., 2010).

The interactions with the ribosome are similar for all six copies of MCT-1 in the ASU,
barring minor differences. In addition to the main binding site on the 40S subunit described
above, five MCT-1 molecules in ASU have contacts with the neighboring ribosome. Ser12
and/or His56 of MCT-1 may interact with the tip of the helical terminus of the ribosomal
protein eS8, which belongs to the neighboring molecule. Two from these five MCT-1
molecules contact the neighboring ribosome through interactions between the a5-a6 loop
and the base of U368 of the extension segment ES13S of h11 of the 18S rRNA (Figure S4).
Because we did not observe these interactions for all molecules in ASU, these relatively
weak interactions are likely a product of crystal packing and are not relevant to MCT-1
functions.

MCT-1 interferes with the elF3 interaction with the 40S subunit

The position of MCT-1 on the 40S subunit is incompatible with the locations of the C-
terminal domain of elF3a and the N-terminus of elF3c subunits of the initiation factor elF3.
Human elF3 is comprised of 13 subunits and it is the largest initiation factor with the mass
of about 800 kDa. elF3a and elF3c are core subunits, which are present in mammals and
yeast (Hershey, 2015). The structure of the yeast translation initiation complex (py48S-
closed IC) revealed that the C-terminal part of elF3a and the N-terminus of elF3c bind at the
interface of the 40S subunit (Llacer et al., 2015). However, location of these binding sites
remains ambiguous, because corresponding electron density can also be attributed to the
RRM domain of elF3b (Simonetti et al., 2016). Superposition of the structure of py48S-
closed IC with the structure of 40S-DENR-MCT-1 revealed potential steric clashes between
MCT-1 and the C-terminus of elF3a and the N-terminus of elF3c (or elF3b RRM) (Figure
2). This suggests that the DENR-MCT-1 activity in translation may not require elF3. Indeed,
this correlates well with the ability of DENR-MCT-1 to mediate reinitiation on the rabbit
hemorrhagic disease virus (RHDV) RNA without elF3 (Zinoviev et al., 2015). In addition,
competition for the binding with the 40S subunit between MCT-1 and elF3 may explain how
DENR-MCT-1 can facilitate translation initiation on HCV-like IRESs. It was shown /n vitro
that elF2D, which shares homologous domains with DENR-MCT-1 (Figure 1A), stimulates
formation of the 48S complex on HCV-like IRESs (HCV, CSFV) in elF2 and elF3
independent mode (Skabkin et al., 2010). Binding of the HCV-like IRES to the ribosomal
preinitiation complex induces conformational changes and subsequent dissociation of elF3
from the interface of the 40S subunit (Hashem et al., 2013). Our structure explains these
effects and also suggests two independent stages of the reaction. At the first stage MCT-1
competes with the elF3a and elF3c (or elF3b RRM) for the 40S subunit, facilitating their
release and promoting correct interaction between IRES RNA and the 40S subunit. At the
second stage, DENR-MCT-1 facilitates recruitment of the tRNA; to the P site of the 40S
subunit (see below), which has the initiation codon, placed directly by viral RNA.
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DENR interacts with MCT-1 through its N-terminal domain, providing an interface to
stabilize initiator tRNA

We attributed the strong unbiased electron density connected to the PUA domain of MCT-1
to the N-terminal part of DENR (N-DENR) (Figures 3, S1A, S3A). This electron density
extends toward the N-terminal domain of MCT-1 revealing also interactions between DENR
and helices a3, a4 and a5 of MCT-1 (Figures 1B, S3A). To confirm that the MCT-1 binding
site is located on the N-terminal part of DENR, we performed the pull-down experiment
using T7-tagged N- and C-DENR (amino acid residues 11-98 and 110-198, respectively,
Figure S3B). It shows that MCT-1 indeed binds to the N-terminal but not C-terminal part of
DENR. However, we did not build the model for the N-DENR due to limitations imposed by
resolution. We do not see any electron density connecting the N-DENR with C-DENR,
which suggests that this connection is flexible or unstructured.

The PUA domain is present in many RNA modification enzymes (Cerrudo et al., 2014). It
binds tRNA or rRNA through a structurally conserved motif, which comprises a5-p7 loop
and B10 strand in the human MCT-1 (Figure 1B). However, the amino acid sequence in
these regions of the PUA domain is not conserved, which reflects different RNA-binding
specificity (Perez-Arellano et al., 2007). The loop $8-p9 (Gly138-His141) of the MCT-1
PUA domain interacts with N-DENR (Figures 3A, D, S3). The large DENR-MCT-1binding
interface formed by the PUA domain is in agreement with biochemical data showing that
APUA MCT-1 was not able to pulldown DENR in the cap-binding assay (Reinert et al.,
2006). The DENR-MCT-1 binding interface is also formed in part by helices a3 (11e36-
GIn42) and a4 (Tyr87-His88) of the MCT-1 N-terminal domain (Figures 1B, S3A, S4). It
was shown that the C37Y mutation impairs DENR function in the radial migration of
neurons within the murine embryonic cerebral cortex and disrupts positioning of cortical
neurons and their morphology (Haas et al., 2016). C37Y may affect MCT-1-DENR
interaction, which provides additional evidence that correct binding between DENR and
MCT-1 is important for their function /n vive.

The DENR-MCT-1 binding interface forms a surface with protruding positively charged
amino acid residues. In addition to the helix a5 of MCT-1, the middle of the N-DENR also
contains a conserved cluster of positively charged residues, which is possibly located in this
area judging from the size of the electron density and the distance from C-DENR. We
speculate that this surface made by the N-DENR/MCT-1 interface may serve as a binding
site for the CCA end of the P-site tRNA. Indeed, superposition of our structure with the
structure of the 48S PIC containing mRNA and P-site tRNA; shows that the acceptor stem of
the tRNA, is oriented toward DENR-MCT-1 binding interface and that the CCA end is
perfectly positioned for interaction with MCT-1 and, possibly, N-DENR (Figure 3C, D).
Though there are other structures of 48S-like complexes published, we used our structure of
rabbit 48S PIC because this is the only available complex structure containing in the P site
codon-anticodon base-paired tRNA, which is not bound to elF2. elF2-free tRNA, base-
paired with mRNA in the P site, resembles not only intermediate state during translation
initiation but also the state of the post-TC after eRF1 and ABCE1 dissociation. Therefore,
this 48S PIC is a suitable model for a substrate for DENR-MCT-1. Superposition suggests
that Lys99, Lys103 and Lys139 of MCT-1 may stabilize the CCA end of tRNA and Asn171
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may interact with the phosphate backbone of A72 (Figure 3D). Amino acid residues Lys99,
Lys103 and Lys139 are absolutely conserved in metazoan MCT-1 and in their yeast
counterpart TMAZ20 (Figure S5). These interactions will facilitate binding of the tRNA,; to
the P site of the 40S subunit, which is consistent with biochemical data, demonstrating that
DENR-MCT-1 promotes elF2-independent recruitment of tRNA, to the 40S subunit if the
start codon of mRNA is placed directly in the P site (Skabkin et al., 2010; Zinoviev et al.,
2015).

It was reported that phosphorylation of Thr117 and/or Ser118 of the MCT-1, which are
positioned in the vicinity to the aminoacyl moiety of the tRNA; in our model (Figure 3D), is
important for reinitiation activity of DENR-MCT-1 /n vivo (Nandi et al., 2007; Schleich et
al., 2014). Indeed, the additional negative charge provided by phosphorylation may be
important for stabilization of the methionine moiety and protection of the ester bond from
non-enzymatic hydrolysis. This hypothesis agrees with the observation that reinitiation
activity of MCT-1 is abolished /in vivo by mutations blocking these phosphorylation sites
(Schleich et al., 2014).

The C-terminal domain of DENR binds near the P site of the 40S subunit

Electron density for C-DENR is observed at the top of h44 adjacent to h45 and h24 of the
18S rRNA in the vicinity of the P site (Figures 1B, S1D). The binding site of C-DENR on
the 18S rRNA resembles that of elF1 (Lomakin and Steitz, 2013). elF1 allows proofreading
and sensing a non-optimal context of an AUG codon, dissociation of aberrantly assembled
complexes during scanning and promotes ejection of deacylated tRNA during recycling
(Hinnebusch, 2017; Jackson et al., 2012). Analysis of the amino acid sequence of DENR
predicted that its C-terminal part forms a domain with a fold similar to that of elF1 (SUI1 in
yeast) (Reinert et al., 2006). Based on sequence and structural homology we built a model of
C-DENR and manually fitted it in the additional unbiased electron density (Figure S1).

As expected, the overall structure of C-DENR resembles that of elF1 (Figure 4). Conserved
basic loop (122Arg-Lys126) protrudes towards the mRNA binding channel in the P site
between nucleotides 1827-1829 of h44 and 1058 of h24 of the 18S rRNA, as seen previously
for elF1 (Figures 1B, 3B) (Hussain et al., 2014; Lomakin and Steitz, 2013; Rabl et al., 2011,
Weisser et al., 2013). The basic surface of this loop and conserved basic residues Lys142,
Arg146 and Lys151 of the helix of C-DENR contact the phosphate backbone of the h24 and
h44 in the mMRNA binding channel and h44 and h45 in the platform of the 18S rRNA,
respectively (Figure 1B). The basic loop of elF1 plays the main role in elF1 interaction with
the tRNA. During scanning, the basic loop displaces the anticodon stem loop (ASL) of
tRNA, and prevents the locking of the tRNA, in the P site. The AUG base pairing with the
anticodon locks tRNA; in the Pj, state, moving the basic loop of elF1 out of the P site, which
subsequently results in dissociation of elF1 from the ribosome (Hinnebusch, 2017; Llacer et
al., 2015; Lomakin and Steitz, 2013). The ASL of only initiator tRNA allows displacing of
the basic loop from the P site. elF1 discriminates between initiator and other tRNASs base
pared in the P site by sensing the presence of the three universally conserved G-C base pairs
in the ASL (Lomakin et al., 2006). This allows elF1 to facilitate ejection of deacylated tRNA
from the P site during recycling and be ejected itself from the P site at the end of the
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initiation stage. Superposition of the rabbit PIC1, PIC2 and 48S PIC on the structure of 40S-
DENR-MCT-1 shows that the basic loop of C-DENR is positioned closer to the ASL of the
tRNA,; compared to that of elF1 in the rabbit complexes (Figure 3B) (Lomakin and Steitz,
2013). The potential clash of the C-DENR’s basic loop with the ASL of tRNA; is more
severe than in the case of elF1. In all DENR from vertebrates Pro (Pro121 in human) is the
amino acid residue before the first Arg of the basic loop (Figures 1B, 3B). Pro121 provides a
structural kink and may impose local rigidity for the basic loop, which may enhance its
activity in the dissociation of the P-site tRNA. It is not clear if Pro121 is important for
scanning, since currently there are no data available implicating DENR-MCT-1 in the
scanning. Experiments /n vivo demonstrated that P121L mutation in human DENR is
associated with Asperger syndrome and impairs positioning, terminal arborization, and
dendritic spine densities of cerebral cortical neurons (Haas et al., 2016). In human elF1,
GIn37, which corresponds to P121 of DENR, may provide an additional interaction with the
ASL of the tRNA in transient conformations during scanning, as seen in the structure of the
yeast py48S-closed complex. In such conformations, both elF1 and tRNA; are shuttling in
and out of the P site in accordance with our current model of scanning (Llacer et al., 2015;
Lomakin and Steitz, 2013). Recently, it was demonstrated that DENR-MCT-1 is required for
translation of the specific set of mMRNAS in flies by the reinitiation pathway, however
whether or not other protein factors and scanning are necessary for reinitiation on these
mMRNAs remains to be elucidated (Schleich et al., 2014).

Biochemical analysis in the reconstituted system showed that DENR-MCT-1 mediates elF2-
independent initiation on HCV-like IRESs and reinitiation on RHDV mRNA. In both cases
RNA attachment to the 40S subunit places the initiation codon directly in the P site without
scanning. This suggests that like elF1, C-DENR should be displaced from its binding site
when the AUG codon is base-paired with the anticodon of the tRNAI and rotation of the
head domain locked tRNA; in the Pjj state (Lomakin and Steitz, 2013). In addition to the
basic loop clash, displacement of elF1 is promoted by repulsion between the negatively
charged p-hairpin loop 2 and the backbone of the D stem of the tRNA; (Llacer et al., 2015;
Lomakin and Steitz, 2013). The p-hairpin loop 2 of C-DENR is smaller and probably does
not interact with the tRNA (Figures 3B, 4). This suggests that the nature of the ASL of the
tRNA in the P site may determine the fate of C-DENR during interaction with the tRNA.
Unlike other tRNAs, including methionine elongator tRNA, ASL of the tRNA,; has three G:C
base pairs at positions 29-31:39-41 in all three domains of life (Kolitz and Lorsch, 2010). It
has been shown /n vitro, that elF1 and its functional homologue bacterial I1F3 discriminate
against tRNAs with mutated conserved G:C base pairs (Lomakin et al., 2006). We suggest
that C-DENR has similar discriminating activity, which is consistent with its ability to
facilitate ejection of tRNA from the P site during recycling and promote fidelity of the P-site
tRNA; during initiation and reinitiation (Skabkin et al., 2010; Zinoviev et al., 2015).

DENR-MCT-1 prevents subunits joining

The positions of DENR and MCT-1 on the 40S subunit are incompatible with the binding of
the large 60S ribosomal subunit to the 40S subunit. The region of interaction between DENR
and 18S rRNA comprises the intersubunit bridge B2a and part of bridge B2b. C-DENR will

sterically clash with H69 of the 23S rRNA. MCT-1 binds to the 18S rRNA in the location of
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the intersubunit bridges B7b-B7c and it is very close to the intersubunit bridge B7a. MCT-1
will also sterically clash with H68 and H75 of the 23S rRNA. These observations suggest
that during recycling both DENR and MCT-1 should bind the 40S subunit at a stage after
ABCEL action and 60S subunit dissociation, and that during initiation/reinitiation they
should dissociate from the 40S subunit before or during formation of the 80S complex.

Conformation of the 40S subunit

All six 40S subunits observed in the ASU of the crystal structure of the 40S-DENR-MCT-1
complex resemble a conformation that is similar to the rabbit 48S PIC, with only minor
rotations of the head of about 1-3 degrees. An important structural feature of the mRNA
binding channel, the latch, is closed as it has been closed in almost all PICs (Hinnebusch,
2017). The closed conformation of the latch ensures that mMRNA remains in the binding
channel during translation initiation or reinitiation.

DISCUSSION

Mechanism of DENR-MCT-1 dependent translation initiation/reinitiation and recycling

Our structure of the human 40S-DENR-MCT-1 complex illuminates important details of
interactions between DENR, MCT-1, and the ribosome. It reveals that the C-terminal
domain of DENR bears a strong structural resemblance to elF1 and occupies the same
binding site on the 40S subunit, suggesting that they use similar mechanisms in their
function in discriminating initiator tRNA in the P site of the 40S subunit. The DENR-MCT-1
binding interface constitutes the surface that may bind/stabilize the acceptor stem of the P-
site tRNA, facilitating translation initiation/reinitiation on the mRNAs with AUG positioned
directly in the P site of the 40S subunit. Interestingly, superposition of the mammalian 48S
initiation complex with 40S-DENR-MCT-1 did not reveal steric clashes between DENR-
MCT-1 and elF2-tRNA; (Simonetti et al., 2016). These raise the question of whether DENR-
MCT-1 can replace elF1 in scanning during translation initiation, and whether it can be done
without elF3 or elF2. The binding site of MCT-1 on the 40S subunit overlaps with binding
sites of elF3a and elF3c (or elF3b RRM). This probably facilitates dissociation of elF3 from
the interface of the 40S subunit induced by the HCV-like IRESs and promotes their
translation initiation. Importantly, DENR-MCT-1 could sense the presence of elF3 on the
ribosome during recycling and translation reinitiation. If no elF3 is present on post-TC
ribosome, DENR-MCT-1 binds to it and ejects deacylated tRNA from the P site, promoting
recycling. If elF3 is present, DENR-MCT-1 cannot bind, which leads to reinitiation. These
observations suggest that DENR-MCT-1 could function as a switch directing post-TCs either
to the recycling or to the reinitiation pathway. Alternatively, DENR-MCT-1 and elF3 may
sense and respond to different features of 5 UTR of the upstream ORFs and thus promote
reinitiation on different classes of mMRNAs in mutually independent manner. Future high-
resolution structures of the ribosomal complexes with DENR-MCT-1, elFs, mRNA and
tRNA coupled with biochemical studies are needed to refine and complete the model
presented here.
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EXPERIMENTAL PROCEDURES

Detailed methods are provided in the Supplemental Experimental Procedures.

Sample Preparation

Human 40S ribosomal subunits were purified from HEK293 cells. Recombinant human
DENR and MCT-1 were overexpressed in £. co/iBL21 (DE3) strain.

Structure determination

The structure of the 40S subunit, taken from the cryo-EM reconstruction of the human 80S
ribosome was used as a search model to determine phases by molecular replacement for
calculating the electron density map (Khatter et al., 2015; Quade et al., 2015). The structure
of the 40S subunit was separated into 8 domains, which were treated as rigid bodies during
refinement (Tables S1,2). The presence of unbiased additional electron densities in the map
allows us to unambiguously identify the locations of MCT-1 and DENR (Figure S1A). Ata
later stage, the structures of MCT-1 and C-DENR were added to the refinement. The high-
resolution structure of human MCT-1 was used as a model (Tempel et al., 2013), while the
structure of C-DENR was modeled based on sequence homology using the I-TASSER server
and then manually fitted in the electron density map (Yang and Zhang, 2015). Six 40S-
DENR-MCT-1 monomers in the ASU are arranged as two trimers related by a
noncrystallographic twofold axis of symmetry (Figure S2).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The crystal structure of human 40S-DENR-MCT-1 complex
(A) Domain organization of human elF1, elF2D, MCT-1 and DENR. (B) H, head; B, body;

P, platform; h44, helix 44 - domains of the 40S subunit. DENR (coral), MCT-1 (green) and
its structural domains are shown. The basic loop of C-DENR is marked by an arrow; the N-
terminus of C-DENR and MCT-1 are marked by N. Amino acid residues constituting
ribosomal binding site and the basic loop of C-DENR, N-DENR binding site,
phosphorylation site and suggested tRNA binding site of MCT-1 are marked in blue, gold,
red, and magenta, respectively. Nucleotides of 18S rRNA interacting with C-DENR or
MCT-1 are marked in red. See also Figures S1, S2, S4, S5.
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Figure 2. Binding site of the human MCT-1 on the 40S subunit overlaps with the binding site of
the elF3a and elF3c (or elF3b RRM) subunits of elF3

The crystal structure of the human 40S-DENR-MCT-1 complex was superposed with the
structure of the partial yeast 48S complex in closed conformation (PDB ID 3JAP). Only
elF3a (pink) and elF3c (purple) subunits from the yeast structure are shown. Electron
density corresponding to elF3a and elF3c-N can also be attributed to elF3b RRM (PDB ID
5K1H). C-DENR and MCT-1are shown in coral and green, respectively. H, head; B, body; P,
platform; h44, helix 44 - domains of the 40S subunit.
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Figure 3. Binding of N-DENR to MCT-1 provides interface to interact with the P-site tRNA
(A) Unbiased additional electron density (Fo-Fc map contoured at 0=2.0, coral mesh)

connected to the PUA domain of MCT-1 is attributed to N-DENR. (B) Superposition of the
human 40S-DENR-MCT-1 complex and rabbit PICs (PDB ID 4KZX, 4KZZ), only the P site
region of the 40S subunit is shown, elF1A is omitted. Blue spheres show conserved amino
acid residues of the basic loop and the ribosome binding site, gold sphere shows P121 of C-
DENR. (C) same as b, elF1 is omitted. To show the location of the Met-moiety of tRNA,
aminoacyl- tRNA (fMet-tRNA; Met) from the structure of bacterial 70S complex (PDB ID
1VY4, blue) was superposed on the tRNA in the 48S PIC. (D) a close-up view of c,
showing proposed interaction of the PUA domain of MCT-1 with the acceptor stem of the
tRNA,;. Dashed lines show possible interactions between MCT-1 and tRNA. Red spheres
represent phosphorylation site; yellow spheres show amino acid residues interacting with the
tRNA. H, head; h44, helix 44 - domains of the 40S subunit. See also Figure S3.
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Figure 4. The structure of the C-terminal domain of human DENR
The crystal structure of C-DENR (coral) from the 40S-DENR-MCT-1 complex was

superposed with the NMR structures of the human elF1 (pink, PDB ID 2IF1, amino acid
residues 28-108) and yeast elF1/SUI1 (white, PDB ID 20GH, amino acid residues 24-100).
The basic loop and B-hairpin 2 loop is marked by an arrow; the N-terminus of C-DENR is
marked by N. Amino acid residues of C-DENR constituting the basic loop and binding site
on the 18S rRNA are marked in blue.
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