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ABSTRACT

IRES-mediated translation of key cell fate regulating genes has been implicated in tumorigenesis. Concerted
action of canonical eukaryotic initiation factors and IRES transacting factors (ITAFs) was shown to regulate
cellular IRES mediated translation; however, the precise molecular mechanism of ribosome recruitment to
cellular IRESes remains unclear. Here we show that the X-linked inhibitor of apoptosis (XIAP) IRES operates in
an evolutionary conserved viral like mode and the structural integrity, particularly in the vicinity of AUG, is
critical for ribosome recruitment. The binding of elF3 together with PABP potentiates ribosome recruitment
to the IRES. Our data support the model in which elF3 binds directly to the XIAP IRES RNA in a structure-
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dependent manner and acts as a scaffold for IRES RNA, PABP and the 40S ribosome.

Introduction

Regulation of protein synthesis is a key cellular process which is
intimately linked to cellular survival. Cells’ ability to regulate
translation is frequently focused on 2 key control points which
are shared by virtually all mRNAs - components of the eIF4F
complex and elF2«. These regulatory points are utilized under
normal growth conditions to match the protein output to the
cell’s growth, but also under physiological and pathophysiological
conditions, which require adaptive changes in gene expression.
Of particular interest is selective mode of translation initiation,
which allows complete or partial bypass of the translation control
points and is therefore essential for the reprograming of the cellu-
lar proteome under stress."” Selective translation is therefore a
key mechanism which is required for cellular survival under stress
and is used by cells to fine-tune their stress response.””

One example of selective translation is internal ribosome
entry. This phenomenon, termed internal initiation, was first
observed with RNA viruses (in particular picornaviridae) whose
RNA is naturally uncapped and yet efficiently translated by the
host translation machinery.® Instead of a cap, distinct functional
RNA elements, termed IRES (Internal Ribosome Entry Site), pre-
cede the protein-coding portion of viral RNA and directly recruit
the 40S ribosome to the vicinity of initiation codon. This recruit-
ment can occur in the absence of any other protein factors (as
with dicistrovirus intergenic IRES) or with the aid of various
combinations of canonical initiation factors (such as eIF4G, elF3,
elF5, and eIF5B) and auxiliary proteins in case of the remaining

viral IRES. (reviewed in 7) A small number of cellular mRNAs, in
particular those encoding proteins that are key regulators of cell
proliferation and survival/apoptosis, were suggested to be trans-
lated by this alternative mode of translation. However, and unlike
viral IRESes, the molecular mechanism of ribosome recruitment
and translation initiation on cellular IRES is virtually unknown.
Given this gap we wished to determine how the ribosome
is recruited to a cellular IRES. We used an IRES from an
inhibitor of apoptosis, XIAP, which has been extensively char-
acterized for its sequence, structure, and auxiliary factor
requirements.*'* We have used a previously established in
vitro toeprinting system that faithfully recapitulates formation
of the initiation complex on an uncapped XIAP IRES" and
found that XIAP IRES uses a virus-like mode of ribosome
recruitment in which the eukaryotic initiation factor 3 (eIF3)
is recruited directly to the precise structural conformation
near the initiating AUG in a poly(A)- and PABP-dependent
manner. The canonical initiation factors of the eIF4F complex
are not required for the XIAP IRES initiation, thus explaining
why XIAP expression is not attenuated during cellular stress.

Results

Conformation of the XIAP IRES is critical for initiation
complex formation

Translation initiation on XIAP IRES relies on eIF5B when
global protein translation is attenuated due to elF2w

CONTACT Nehal Thakor @ nthakor@uleth.ca; Martin Holcik @ martin@arc.cheo.ca
*Current affiliation: Department of Chemistry and Biochemistry; Alberta RNA Research and Training Institute; University of Lethbridge; Lethbridge, AB, T1K 3M4, Canada.
**Current affiliation: Faculty of Medicine; McGill University; Montreal, QC, H3A 2R7, Canada.

@ Supplemental data for this article can be found on the publisher's website.

Published with license by Taylor & Francis Group, LLC © Nehal Thakor, M. Duane Smith, Luc Roberts, Mame Daro Faye, Harshil Patel, Hans-Joachim Wieden, Jamie H. D. Cate, and Martin Holcik
This is an Open Access article distributed under the terms of the Creative Commons Attribution-Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0/), which permits unre-
stricted non-commerecial use, distribution, and reproduction in any medium, provided the original work is properly cited. The moral rights of the named author(s) have been asserted.


http://dx.doi.org/10.1080/15476286.2015.1137419
http://creativecommons.org/licenses/by-nc/3.0/
http://dx.doi.org/10.1080/15476286.2015.1137419

554 N. THAKOR ET AL.

phosphorylation.”” Using the toeprinting assay we have
extensively characterized uncapped XIAP IRES RNA for ini-
tiation complex formation in RRL and showed that it can
only be formed on either the 5" cap-containing, or IRES-con-
taining RNAs (Fig. S1A)."> Furthermore, XIAP IRES forms
initiation complex on the authentic initiation codon AUG"
since mutating this codon (SC mutant; AUG to AAQG)
blocked formation of the initiation complex (Fig. S1B). Inter-
estingly, 2 point mutations in the polypyrimidine tract (PPT)
of the XIAP IRES abolished the ability of the IRES to form
initiation complex.'> We further wished to determine the
underlying mechanism of initiation complex formation on
the XIAP IRES. We hypothesized that conformation of the
IRES is significantly altered by the PPT mutations resulting
in an inability of this IRES mutant to support initiation com-
plex formation. In order to verify this hypothesis, we gener-
ated additional mutants of the XIAP IRES and determined
their ability to form initiation complex in GMP-PNP and
ATP treated RRL. We observed that neither the 5 PPT
mutant (_,;3UU_y, to _4;3AA_4y; ) nor the 3’ PPT mutant
(11AA_; to _,UU_,) could form initiation complex when
used as uncapped RNA (Fig. 1B). However, these mutants
were able to form initiation complex when 5’ cap was incor-
porated suggesting that they were impaired in the ribosome
recruitment step. The double PPT mutant harboring both
_43UU_y44 to _43AA_4, and _;AA_, to _,UU_, mutations
was able to form initiation complex without the need for 5
cap (Fig. 1B). These mutant versions of the XIAP IRES were
generated based on the previously published XIAP UTR sec-
ondary structure.” Of the note, there is an error (point muta-
tion; _gA to _gC) in the previously published sequence/RNA
secondary structure (RSS), which was introduced by errone-
ously using mouse XIAP sequence as a template for the
primer to generate the IRES construct. Additionally, the pre-
vious RSS’ of the XIAP IRES did not include XIAP coding
sequence (CDS), whereas, the XIAP IRES construct used in
this study contains 42 NT of XIAP CDS."” Therefore, we
anticipated that this XIAP IRES RNA fragment would fold
significantly different from the previously determined RSS of
the XIAP IRES.” Accordingly, all IRES variants were sub-
jected to selective 2'-hydroxyl acylation analyzed by primer
extension (SHAPE) analysis (Fig. S6). Furthermore, using
the NMIA reactive sites (Table S3; lowercase NTs in
Figs. 1A, 2A, 4A and S3A) of the RNA sequences, in RNAS-
TRUCTURE program,” we have generated RSS models for
all the variants of the XIAP IRES (Fig. 1A). Of note, for both
5" PPT and 3’ PPT mutations individually, the NMIA reac-
tive sites were significantly altered (Fig. S6 & Table S3) when
compared to XIAP IRES RNA and the RSS were distorted
(Fig. 1B). However, combination of both mutations restored
the secondary structure of XIAP IRES RNA (Fig. 1B) and
the NMIA reactive sites were comparable to that of the
XIAP IRES RNA (Fig. S6 and Table S3). These data strongly
suggest that the conformation of the XIAP IRES RNA is crit-
ical for the formation of initiation complex. In concordance
with this model, the NMIA reactive sites of the alternatively
spliced 5" UTR of XIAP (non-IRES UTR), which does not
confer IRES activity”> or initiation complex formation
(Fig. S3), is significantly different from the XIAP IRES

(Fig. S6G & Table S3) and it folds into a significantly differ-
ent conformation from the XIAP IRES UTR.

XIAP coding sequence takes part in ribosome recruitment
and the local conformation of RNA in the vicinity of AUG is
critical for initiation complex formation

Having established the importance of proper secondary
structure of the XIAP IRES for initiation complex formation
we wanted to define the minimal region of the XIAP IRES
that is required for ribosome recruitment. We generated pro-
gressive deletions of the XIAP IRES (Fig. 2A) and deter-
mined their ability to form initiation complex. The ability of
truncated versions of the XIAP IRES (—103, —83, —61, —49,
—44, —38 and —33) to form initiation complex remained
unaffected (Fig. 2B). Further truncations (—14, +1 & +4)
significantly decreased the ability to form initiation complex.
Removal of AUG (truncation +4) completely abolished initi-
ation complex formation in accordance with our previous
observation.'” Additionally, mutating the initiation codon
AUG to AAG in either the full length or truncated (—33)
variant of the IRES resulted in the loss of initiation complex
formation (Fig. S1B). As these observations suggest that only
33 NT upstream of AUG are sufficient to form initiation
complex, they prompted us to investigate the putative role of
the XIAP coding region in ribosome recruitment and initia-
tion complex formation. We thus generated 2 RNA chimeras
(Fig. 3A), which contained either 33 nucleotides of XIAP 5
UTR and 42 nucleotides of GAPDH coding region (RNA
chimera A), or 33 nucleotides of GAPDH 5 UTR and 42
nucleotides of XIAP coding region (RNA chimera B), and
tested their ability to support initiation complex formation.
Unexpectedly, RNA chimera A did not form initiation com-
plex while the RNA chimera B did (Fig. 3A). In order to test
the translational competence of chimera B we performed
additional toeprinting assay in GMP-PNP or GTP treated
RRL and determined the distribution of fluorescence inten-
sity of the leading edge toeprints as described.'>?® The fluo-
rescence intensity distribution of either variant of the XIAP
IRES (17>18>19) was consistent with the formation of 48S
initiation complex (Fig. 3B, left and middle panel). Further-
more, in GTP-treated RRL the fluorescence intensity distri-
bution shifted (17<18>19) which 1is indicative of 80S
initiation complex formation.'>?® In contrast, the RNA chi-
mera B remained insensitive to GTP treatment and formed
48S initiation complex (fluorescence intensity 17<18>19)
both in GMP-PNP and GTP treated RRL. This suggests that
while the sequences within the XIAP coding region are
needed for the formation of the initiation complex, this com-
plex is not translation competent.

These observations raised a concern about the reliability of
using published XIAP IRES bicistronic reporter construct, in
which the XIAP coding region is replaced with that of chloram-
phenicol acetyl transferase (CAT) gene.”” In order to address
this concern, we generated an RNA chimera in which the XIAP
coding region was replaced with that of CAT (—33 CAT ver-
sion), and used it to perform toeprinting assay in RRL. In con-
trast to the —33 version of XIAP IRES (Fig. 2), the uncapped
—33 CAT RNA chimera did not form initiation complex,
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Figure 1. Conformation of XIAP IRES RNA is critical for initiation complex formation. (A) Schematic diagram of RNA conformation of XIAP IRES RNA and its mutated ver-
sions as revealed by N-methylisotoic anhydride (NMIA) probing. Initiation AUG codon is boxed; mutated bases are indicated by asterisks. (B) Capped and un-capped ver-
sions of wildtype and mutated XIAP IRES RNA (5" PPT mutant (panel A) in which the indicated UU was mutated to AA; 3’ PPT mutant (panel A) in which the indicated AA
was mutated to UU; PPT double mutant (panel A) in which the indicated UU was mutated to AA and the indicated AA was mutated to UU) were subjected to toeprinting
analysis in RRL. While the individual PPT mutations abolished the ability of XIAP IRES to form initiation complex the double mutant that restores XIAP IRES RNA conforma-

tion was able to form initiation complex.

whereas the capped version of —33 CAT RNA chimera did
(Fig. S2A). However, CAT. RNA chimera containing longer
(170 NT) XIAP IRES, which mimics the sequence composition
of the bicistronic mRNA, formed initiation complex in RRL
without the requirement for 5' cap (Fig. S2B). These data sug-
gest that the full length XIAP IRES UTR makes the RNA con-
formation permissive for ribosome recruitment and initiation
complex formation (in a toeprinting assay) possibly by affecting
the local RNA conformation in the vicinity of AUG. Further-
more, inclusion of 42 NT XIAP CDS in the bi-cistronic reporter
construct (upstream of CAT CDS) had no significant effect on
the XIAP IRES activity (Fig. S2C). Of note, XIAP IRES dele-
tions in the context of the bicistronic construct further support
this possibility since the truncations extending past the 100
nucleotides of the 5 UTR impaired the IRES activity.>'?

Furthermore, RNAs consisting of the XIAP non-IRES UTR
with 42 nucleotides of XIAP coding region (Fig. S3), or the 5
and 3’ PPT mutants (Fig. 1), which fold differently from XIAP
IRES (in particular in the vicinity of AUG) did not support ini-
tiation complex formation. This evidence, collectively with the
XIAP-CAT RNA chimera data suggest that local conformation
of the RNA in the vicinity of AUG determines the ability of
RNA to recruit ribosome and to form translationally competent
initiation complex.

In order to validate this model, we first obtained the
NMIA reactive sites (Fig. S6E & Table S3) and modeled
RSS —33 XIAP IRES RNA (Fig. 4A) using RNASTRUC-
TURE program.”® Subsequently, we mutated 4CCy to
10GGy; to generate —33 XIAP IRES RNA CDS mutant with
altered RNA conformation in the vicinity of AUG, as
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Figure 2. Determination of minimal ribosome recruiting cis-element of XIAP IRES RNA. (A) Schematic of truncated versions of XIAP 5" UTR that were generated to map the
ribosome recruitment site on XIAP RNA. Arrows and numbers indicate positions of truncations. Initiation AUG codon is boxed. (B) Truncated versions of XIAP 5" UTR were
subjected to toeprinting assay in GMP-PNP treated RRL. Ability of XIAP IRES RNA to form initiation complex was not affected significantly when 67, 87, 109, 121, 126,
132 and 137 NT were truncated starting from 5" end (—170, —103, —83, —61, —49, —44, —38 and —33 respectively). However, larger truncations of 156 and 170 NT
(—14 and +1 respectively) lead to the decreased ability of XIAP IRES to form initiation complex.

confirmed by the NMIA reactive sites and RSS model
(Fig. 4A, S6F & Table S3). Importantly, this mutant did not
support initiation complex formation, in contrast to its
parental variant (Fig. 4B). This observation strongly sug-
gests that local RNA conformation in the vicinity of AUG

is critical and makes RNA either permissive or non-permis-
sive for ribosome recruitment and initiation complex for-
mation. This is similar to most viral IRESes which recruit
ribosome within the 3’ border of the IRES (in the vicinity
of AUG).*® In addition, published data for viral IRESes
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Figure 3. XIAP coding sequence takes part in ribosome recruitment, but the 3’ end of XIAP 5" UTR (33NT) is required for translation competent initiation complex forma-
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form 80S initiation complex in GTP treated RRL.

clearly suggests that disruptions of RNA conformation
around AUG adversely affect ribosome positioning and
translation efficiency.”»**?° Here for the first time we show
that, similar to viral IRES, cellular IRES also function in a
RNA structure-dependent manner.

Ribosome is placed in the vicinity of AUG via poly(A) tail to
form initiation complex on the IRES

Formation of the initiation complex on the XIAP IRES RNA
requires polyA tail,"”” but the involvement of PABP or other
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also abolished its ability to form initiation complex formation.

elFs in this process remains unknown. To address this require-
ment, first we performed toeprinting assays in RRL using XIAP
IRES RNA with and without poly(A) tail. For comparison we
performed toeprinting assays using Cricket Paralysis Virus
(CrPV) IRES, which mimics tRNA structure and can initiate
translation without the requirement for eIF4F and elF2 by
docking directly into the ribosome.”> As expected, CrPV IRES
RNA formed initiation complex in RRL in a poly(A) tail inde-
pendent manner (Fig. 5A, right panel). In contrast, removal of
the fifty-one thymidine residues poly(A) tail blocked initiation
complex formation on the XIAP IRES RNA (Fig 5A, left panel).
Similarly, Thoma et al.,”’ have reported that BiP and c-myc
IRESes require poly(A) tail for translation initiation. However,
these IRESes form initiation complex in a poly(A) binding pro-
tein 1 (PABP)-independent manner.”" Accordingly, we sought
to determine if PABP is needed for ribosome recruitment and
initiation complex formation on the XIAP IRES we used

PABP-interacting protein 2 (PAIP2) to render PABP inactive,
and performed toeprinting assay using both XIAP IRES RNA
and CrPV IRES RNA. PAIP2 interacts directly with PABP and
masks its poly(A) binding sites, and was shown to inhibit trans-
lation of poly(A) tailed RN As in RRL by PABP sequestration.”!
XIAP IRES initiation complex formation was inhibited in GST-
PAIP2 supplemented RRL but remained unaffected in GST
treated RRL (Fig. 5B, left panel). In contrast, CrPV IRES initia-
tion complex formation was resistant to GST-PAIP2 treatment
(Fig. 5B, right panel). These data demonstrate that, unlike BiP
and c-myc IRESes, both poly(A) tail and PABP are essential for
the initiation complex formation on the XIAP IRES.

Typical eukaryotic mRNA contains 5-end cap structure
which facilitates translation initiation by binding to eIF4F com-
plex (consisting of eIF4E, eIF4G and eIF4A). The helicase activ-
ity of eIF4A helps ribosome in scanning through the structured
UTRs to locate authentic AUG.” We have previously shown
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that initiation complex formation on the XIAP IRES is not
inhibited by hippuristanol, an eIF4A-specific ATPase inhibi-
tor.'” Pateamine A is a small chemical molecule which seques-
ters elF4A and prevents it from participating in ribosome
recruitment step. Treatment with Pateamine A inhibited cap-
dependent translation initiation of GAPDH (Fig. 5C, right
panel), while the XIAP IRES initiation complex formation
remained unaffected (Fig. 5C, left panel). As hippuristanol and
Pateamine A inhibit both eIF4A1 and eIF4A2, these data sug-
gest that neither e[F4A1 nor eIF4A2 per se, nor their helicase
activity are required for translation initiation on the XIAP
IRES. Additionally, we have shown that only 33 NT upstream
of AUG is sufficient to support formation of translation compe-
tent initiation complex on the XIAP IRES and that RNA con-
formation in the vicinity of AUG is critical for XIAP IRES
initiation complex formation. Collectively, these data suggest
that, like many viral IRESes, initiation complex formation on
the XIAP IRES does not require eIF4A dependent ribosome
scanning and the ribosome is likely positioned directly in the
vicinity of AUG by a poly(A) tail- and PABP- dependent

mechanism.

Ribosome recruitment on the XIAP IRES is directed by elF3

During cap-dependent translation initiation, the circularization
of 5" capped mRNA, which is an early step of initiation, is medi-
ated by interaction of poly(A) tail bound PABP and 5’ cap asso-
ciated eIF4G.”* This is a critical step of translation initiation
which is thought to enhance both the efficiency of translation
initiation as well as re-initiation (ribosome turn-over). There
are numerous reports which suggest that e[F4G also supports
cap-independent translation of both cellular and viral IRE-
Ses.'**133% The strict dependence of XIAP IRES-mediated
translation initiation on poly(A) tail and PABP prompted us to
investigate if eIF4G is involved in initiation complex formation
on the XIAP IRES as well. In addition, we wished to determine
if any other ribosome associated elFs interact with uncapped
XIAP IRES RNA. To this end we performed XIAP IRES RNA
affinity chromatography in S10 HeLa cell lysate as
described.">'® As we expected PABP to bind to all RNA species,
the levels of PABP were considered as a reference for protein
loading. We observed that elF2, a subunit of ternary complex
(eIF2-GTP-initiator tRNA), which normally binds to 43S ribo-
some was not present in the RNP complex formed on XIAP
IRES RNA or its truncated version (Fig. 6A). Similarly, the
eIF4E and elF4A were also not part of the RNP complex assem-
bled on the XIAP IRES RNA or its truncated version (Fig. 6A)
which is in accordance with our hippuristanol and pateamine A
data and the absence of cap on the bait RNA (Fig. 5C and"). In
contrast, however, and contrary to our expectations we failed to
detect eIF4G in the RNP complexes formed on XIAP IRES
RNA (Fig. 6A). Additionally, immuno-inactivation of eIF4G
did not alter the ability of XIAP IRES to form initiation complex
in RRL (Fig. S4). Surprisingly, we detected eIF3d associated with
XIAP IRES RNA and all its truncated versions (Fig. 6A). Of
note, elF3d also interacted with 41 and +4 truncated versions
which contain only XIAP CDS but no UTR (Fig. 6A).

Two observations, namely the strong dependence of
XIAP IRES initiation complex formation on PABP and the

presence of eIF3d in XIAP IRES RNP complex, prompted
us to investigate if PABP and eIF3 work in synergy to form
XIAP IRES initiation complex. To this end we performed
RNA affinity chromatography in the presence or absence of
poly(A) tail. In addition, we used the CrPV IRES RNA,
with or without the polyA tail as a negative control. A gen-
eral RNA binding protein YB-1 was used as a loading con-
trol.>” As expected, we did not detect elF4A, eIF4G or
eIF4E in the RNP complex formed on either CrPV IRES or
—33 XIAP IRES RNAs. Additionally, eIF3d interacted more
profoundly with —33 XIAP IRES RNA than CrPV IRES
RNA (Fig. 6B). As expected, more PABP bound to the poly
(A)-tailed than to non-poly(A)-tailed RNAs. Importantly,
the binding of elF3d to —33 XIAP IRES RNA was signifi-
cantly decreased in the absence of polyA tail. These data
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Figure 6. XIAP IRES RNA-associated initiation factors. (A) Streptomycin-RNA affinity
chromatography was performed using uncapped truncated versions of XIAP IRES
RNA as described (15). Effluents obtained from the streptomycin column were sub-
jected to western blot analysis with indicated antibodies. (B) Streptomycin-RNA
affinity chromatography was performed using poly(A) tailed and non-poly(A) tailed
versions of XIAP IRES RNA and CrPV IRES RNA. Effluents obtained from the strepto-
mycin column were subjected to protein gel blot analysis with indicated
antibodies.



suggest that PABP enhances the recruitment of eIF3d to the
XIAP IRES.

We further wished to determine if there is a direct interac-
tion between eIF3 and XIAP IRES RNA. To this end we per-
formed gel mobility shift assay in native condition using
purified elF3. *°P labeled XIAP (wild type or PPT mutant) or
CrPV IRES RNAs, were incubated with purified human elF3
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complex.”> We observed that the mobility of eIF3-XIAP IRES
RNA complex was retarded on the agarose gel suggesting that
elF3 (or its subunits) interacted directly with the XIAP IRES
(Fig. 7A). eIF3 failed to retard mobility of the CrPV IRES
(Fig. 7A). In contrast to XIAP IRES RNA, and in an agreement
with our model, translationally incompetent XIAP IRES PPT
mutant did not interact with eIF3 (Fig. 7A). These observations
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Figure 7. elF3, the scaffolding protein, recruits ribosome on XIAP IRES RNA. (A) The ability of purified human elF3 complex to bind XIAP IRES RNA was tested by electro-

mobility shift assay in native conditions. elF3 complex binds directly to the XIAP IRES

RNA. In contrast, PPT mutant and CrPV IRES were unable to bind to elF3 complex.

(B) 40S ribosome subunits (salt non-washed) were purified, with its associated protein factors, from Hela cells. Western blot analysis was performed to detect the pres-
ence of 40S associated proteins. (C) The ability of purified 40S ribosomal subunits was tested by electromobility shift assay. While the XIAP IRES RNA was able to bind to

40S subunit, the non-functional PPT mutant was unable to bind to 40S subunit. (D) Th
toeprinting analysis.

e interaction between XIAP IRES RNA and 40S subunit was further characterized by
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suggest that eIF3, which normally interacts with 40S ribosome,
likely bridges ribosome directly to XIAP IRES RNA in the
vicinity of AUG without the need for eIF4F complex. In this
case elF3 acts as a scaffolding protein complex, instead of
elF4G, which together with PABP recruits ribosome to the 3’
border of XIAP IRES RNA.

We further wished to determine if the purified 40S ribo-
some, along with ribosome-associated initiation factors includ-
ing eIF3, is recruited on the XIAP IRES. To this end we
purified 40S ribosome complex from HeLa cells. As expected
we did not find eIF4G associated with 40S ribosome complex
while all other key eIFs (eIF3, eIF2, eIF4A, eIF1A and PABP)
were present in the ribosome preparation (Fig. 7B). We per-
formed ribosome binding assay using **P labeled CrPV IRES
RNA, XIAP IRES RNA and XIAP PPT mutant RNA as
described.”>** As previously published,”* CrPV IRES RNA was
bound by 40S ribosome complex and its mobility was retarded
on the agarose gel (Fig. 7C). Similarly, the mobility of XIAP
IRES RNA was decreased when incubated with 40S ribosome
complex suggesting stable RNA-40S complex. However, the
translationally incompetent PPT mutant failed to bind to 40S
ribosome complex (Fig. 7C). To further characterize the nature
of the ribosome-XIAP IRES interaction we used the toeprinting
assay with either RRL or purified 40S. We observed formation
of 80S initiation complex on XIAP IRES RNA in GTP and ATP
treated RRL. In contrast, since the 40S ribosome preparation is
void of the 60S ribosome subunit we did not clearly observe
80S initiation complex toeprints in 40S-XIAP IRES RNA toe-
printing assay. However, we obtained several toeprints in the
vicinity of AUG which are indicative of ribosome recruitment
site on XIAP IRES RNA (Fig. 7D). These observations strongly
suggest that eIF3 potentiates ribosome recruitment in the 3’
border of XIAP IRES RNA. Furthermore, eIF3 and PABP act
together for ribosome recruitment and initiation complex for-
mation on XIAP IRES RNA. These observations also suggest
that translation initiation on XIAP IRES operates in virus-like
mode. This notion is also supported by our previous report
showing dependence of XIAP IRES on eIF5B during stress
condition."

Discussion

XIAP, a potent Inhibitor of Apoptosis protein, interacts with
the effector caspases to inhibit apoptosis and provides a critical
cell survival switch during physiological and pathophysiological
stress conditions.*® During such stress conditions expression of
XIAP is translationally up-regulated via an IRES element thus
providing survival advantage to cells.*'>***> We have previ-
ously shown that IRES mediated translation of XIAP relies on
elF5B during eIF2 phophorylation conditions."> However, the
mechanism of ribosome recruitment on XIAP IRES during
stress conditions remains unclear. In the present study we
show that similar to some viral IRESes, XIAP IRES recruits
ribosome directly to the vicinity of AUG and the local RNA
conformation is crucial for this recruitment. Furthermore,
elF3, with PABP, acts as a scaffolding protein complex which
directly interacts with the XIAP IRES RNA to recruit ribosome.

Viral IRESes are classified in 4 different groups based on
their structural complexity and their requirement for canonical

elFs and trans-acting factors.** Structural similarity, despite the
sequence dissimilarity within the groups of viral IRESes has
been observed.” Mutational analyses have clearly shown that
intrinsic secondary structure of viral IRESes is critical for ribo-
some recruitment.”****>** The RNA secondary structures of
several cellular IRESes have been determined by enzymatic or
chemical probing,””’** but no structural similarity among cel-
lular IRESes has been reported.” Additionally, mutational anal-
ysis of c-myc, Apaf-1 and Bag-1 IRESes has been reported and
their ribosome landing cis-elements have been identified.>"->>>¢
We have shown previously that 2 point mutations within the
polypyrimidine tract of the XIAP IRES (5 PPT mutant,
_43UU_yy to _4;3AA_4,) rendered it inactive.® Subsequently,
using an in vitro toeprinting assay we have shown that the very
same mutations rendered the XIAP IRES unable to form initia-
tion complex in RRL (" and Fig. 1)). The 5" PPT mutant or the
3’ PPT mutant (_,AA_, to _;UU_,) alone distorted the intrin-
sic XIAP IRES conformation (Fig. 1B) likely due to a major
change in the free nucleotide energy of RNA. This distortion of
IRES structure resulted in the inability of the mutant RNAs to
form initiation complex. However, when we combined 5 PPT
and 3’ PPT mutations, the RNA regained its intrinsic confor-
mation and supported formation of the initiation complex in
RRL (Fig. 1B). Of note, the alternatively spliced XIAP mRNA
variant which does not harbor IRES element in the 5 UTR
folds significantly differently from the XIAP IRES UTR and is
non-permissive for initiation complex formation in RRL in the
absence of cap (Fig. S3). These data have clearly illustrated that
the intrinsic XIAP IRES RNA conformation is critical for initia-
tion complex formation and significant distortions of this con-
formation make it non-permissive for initiation complex
formation. These data are in agreement with reports showing
that structural distortions of many viral IRESes (such as HCV,
FMDV, EMCV, CSFV or CrPV) render these IRESes inac-
tive.”**’>° Additionally, initiation complex formation on an
authentic AUG (Fig. S1B) of the RNA containing either 5’ cap
(Fig. S1A) or an active IRES element (Fig. 1B) has shown that
the RRL used for toeprinting assay authentically recapitulated
translation machinery. These data also suggest that the struc-
tural distortion of XIAP IRES affects ribosome recruitment
step and the downstream steps of initiation complex formation
remain unaltered. We have previously shown that hippurista-
nol, an eIlF4A1 and eIF4A2 specific ATPase inhibitor, does not
inhibit initiation complex formation on the XIAP IRES and we
hypothesized that eIF4A1 or eIF4A2 dependent ribosome scan-
ning is thus not required to form initiation complex on XIAP
IRES RNA." In the present study we have expanded on this
observation and show that pateamine A, an elF4Al and
eIF4A2 allosteric inhibitor, also does not inhibit translation ini-
tiation on the XIAP IRES, but inhibits cap dependent transla-
tion initiation on GAPDH mRNA (Fig. 5C). This observation
lends further support to the notion that eIF4As and ATP
dependent ribosome scanning is not required for XIAP IRES
translation and therefore we have decided to investigate if the
ribosome is placed directly to the vicinity of AUG on XIAP
IRES RNA, as it is on several viral IRESes. We have previously
performed deletion analysis of the XIAP IRES and shown that
XIAP IRES activity remained unaffected when a large portion
(845 nt) of the 5 UTR was deleted (to position —162 NT from



AUG) but a further deletion of 79 nucleotides (to —83 NT from
AUG) resulted in 60% decrease of IRES activity.® In striking
contrast, toeprinting analysis performed in the present study
showed that deletions up to —33 NT from AUG did not inhibit
initiation complex formation on XIAP IRES RNA. Therefore,
we investigated if XIAP coding region (CDS) influences initia-
tion complex formation on the XIAP IRES. Similar to pestiviral
IRESes,”” we have shown that 42 NT of XIAP coding region is
involved in initiation complex formation (Fig. 3A). However,
the 33 NT region of the XIAP IRES is required for the forma-
tion of translation competent initiation complex (Fig. 3B).
These findings indicate that the minimal ribosome recruitment
site on XIAP IRES is comprised of 33 NT of 5 UTR and 42 NT
of XIAP coding region, and the ribosome is recruited directly
to the vicinity of AUG. Strikingly, our toeprinting analysis per-
formed on the XIAP-CAT RNA chimeras showed that cap-
independent translation initiation was inhibited when the 42
NT coding region of XIAP was replaced with that of CAT.
However, this inhibition was relieved when a larger, 170 NT
segment of the XIAP 5" UTR was used with the 42 NT of CAT
coding region (Fig. S2). These findings suggest that the full
length XIAP IRES UTR in combination with CAT coding
region renders the RNA conformation permissive for ribosome
recruitment and therefore authenticates the use of XIAP IRES
Bgal-CAT bicistronic reporter construct.

For viral IRESes it has been shown that intact local struc-
ture in the vicinity of initiation codon is critical for ribosome
positioning for translation initiation.*>******! By perform-
ing mutational analysis in bicistroninc reporter we have
shown previously that mutations in stem loop I of XIAP
IRES did not alter the IRES activity.” However, these muta-
tions altered only the local RNA conformation in SL-I but
failed to induce RNA wide conformational changes, particu-
larly in the vicinity of AUG. In the present study we per-
formed additional structure-function analysis and strategic
mutational analysis and show that XIAP mRNA contains an
open loop conformation in the vicinity of AUG that is criti-
cal for translation initiation on the XIAP IRES (Fig. 4). Of
note, a recent in vivo structural analysis of BACE] mRNA
has revealed that an open loop conformation of RNA in the
vicinity of AUG is required for efficient translation initiation
by a ribosome-shunting mechanism.®* Furthermore, in vivo
genome-wide structural analysis have shown that stress
responsive transcripts of Arabidopsis thaliana seedlings con-
tain open loop structure in front of initiation codons and
this may be responsible for plasticity in their translation reg-
ulation, in particular in response to stress.”> These data sug-
gest that evolutionary conserved structural features exist,
which promote selective translation in response to stress.
Future research should be directed toward similar in vivo
structural analysis of cellular transcripts containing IRES ele-
ments which would provide in depth information for the
mechanism of cellular IRES-mediated translation regulation.

The canonical eukaryotic initiation factors are well stud-
ied for their role in cellular and viral IRES mediated transla-
tion regulation.*%> Extensive evidence to date suggests that
elF3 directly binds to HCV and HCV-like IRESes and aid in
the formation of initiation complex,’® and that the interac-
tion of elF3 with these IRESes depends on structural
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integrity of the IRES.”*®” Here we show that eIF3d interacts
directly with the cellular IRES (Fig. 6A). Additionally, we
probed the western blot membrane with eIF3a, ¢ and j subu-
nits. However, due to the much lower sensitivity of antibod-
ies against these subunits (when compared to the eIF3d
antibody), we could not detect the presence of these subunits
in the RNP complex formed on XIAP IRES RNA (data not
shown). Importantly, eIF3 binds directly to XIAP IRES
RNA, but not to the 5 PPT mutant (Fig. 7A) which has a
significantly different RNA conformation. This finding sug-
gests that, like HCV IRES, interaction of eIF3 with XIAP
IRES relies on the intrinsic structural conformation of the
XIAP IRES RNA. We have further shown that 40S ribosome
associated with the key initiation factors, including eIF3, was
recruited onto XIAP IRES RNA, but not onto the non-func-
tional 5" PPT mutant (Fig. 7). Initiation complex formation
on XIAP IRES RNA is poly(A) tail and PABP dependent
(Fig. 5; and "°). Additionally, eIF3 and PABP interacts coop-
eratively with poly(A) tailed XIAP IRES RNA (Fig. 6B) and
act in synergy for ribosome recruitment on XIAP IRES
RNA. Interaction between eIF3 and PABP via PAIP1 enhan-
ces ribosome recruitment by stabilizing eIF4G-PABP interac-
tion®®”® and we have detected significant amount of PAIP-1
in RRL (Fig. S5). Therefore, we propose that eIF3-PABP-
PAIP1 interaction potentiates ribosome recruitment on the
XIAP IRES RNA. Based on our findings we suggest the fol-
lowing mechanism of ribosome recruitment on XIAP IRES
RNA (Fig. 8). The key initiation factor eIF3 (or at least some
of its subunits) bind/s directly to the XIAP IRES RNA and
act/s as a scaffold between RNA, ribosome and PABP. The

XIAP mRNA

XIAP IRES

Figure 8. A proposed model illustrating mechanism of ribosome recruitment on
the XIAP IRES. The scaffolding protein factor elF3 binds directly to the XIAP IRES in
an RNA conformation dependent manner. The interaction of elF3 with PABP, likely
via PAIP 1, enables RNA circularization. This RNP complex subsequently facilitates
ribosome recruitment to the XIAP IRES RNA in the vicinity of AUG.
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poly(A) tail bound PABP, likely via PAIPI1, interacts with
elF3 to circularize XIAP mRNA. This RNP complex subse-
quently recruits ribosome on XIAP IRES RNA, positioning it
in the vicinity of AUG in an RNA conformation-dependent
manner, and allowing for subsequent 48S formation.

Materials and methods
Constructs

Previously described XIAP IRES construct,”” which contains
both streptotag-aptamer and a unique toeprint primer binding
site, was used in this study. The 5" PPT mutant, 3’ PPT mutant,
PPT double mutant and SC mutants were created by site-
directed mutagenesis of the XIAP IRES construct using primers
listed in Table S1. GAPDH (102 NT UTR + 44 NT CDS) and
XIAP non-IRES UTR (160 NT UTR + 42 NT CDS) construct
were generated by replacing XIAP IRES with GAPDH or XIAP
non-IRES sequences; CrPV IGR construct was generated by
replacing XIAP IRES with CrPV IGR IRES (192 NT IGR IRES
+ 42 NT CDS; derived from plasmid pEJA443, a generous gift
from Dr. Eric Jan). All plasmids were verified by restriction
digest and sequencing.

In vitro transcription

Polymerase chain reaction (PCR) was performed to generate
DNA templates for in vitro transcription of RNAs for the toe-
printing assays and streptomycin affinity chromatography.
Synthetic DNA oligos were obtained from IDT for GAPDH-
XIAP chimera and —33 CDS mutant which were then cloned
into above mentioned toeprinting plasmid. T7 promoter
sequence was incorporated in the 5 primers to allow for RNA
synthesis. 51 thymine residues were added to the end of 3’
reverse primer (Table S1) to produce poly-A tailed RNA. In
vitro transcription was performed using the Megashortscript
kit (Ambion) to synthesize un-capped versions of RNA and
mMessage mMachine kit (Ambion) was used to generate
capped versions of RNA. The newly-synthesized RNA was
treated with TurboDNAse (Ambion) and purified by ethanol
precipitation.

Toeprinting assay

Toeprinting was performed as described'>'® with the following

modifications. Briefly, RRL (Green Hectares) was treated with
RNAsein (Promega) and GMP-PNP for 5 min at 30°C. Subse-
quently, RNA, ATP and GTP were added as indicated, and the
reactions were incubated at 30°C for further 5 min. The reac-
tion volume was brought to 40 ul by the addition of toeprinting
buffer [20 mM Tris-HCl (pH 7.6), 100 mM KOAc, 2.5 mM Mg
(OAc),, 5% (wt/vol) sucrose, 2 mM DTT and 0.5 mM spermi-
dine] and incubated at 30°C for 3 min. Subsequently, 5 pmol of
toeprinting primer (5-CTCGATATGTGCATCTGTA-3; 5
end-labeled with TRDye™800) was added and reaction was
incubated on ice for 10 min. 1 mM dNTPs, 5 mM Mg(OAc),
and 1 pul of avian myeloblastosis virus reverse transcriptase
(Promega) were added to the reaction and the final volume was
brought to 50 ul by toeprinting buffer. Primer extension was

allowed to occur for 45 min at 30°C. The cDNA products were
purified by phenol:chloroform extraction and analyzed on a
standard 6% sequencing gel using a model 4200 IR2 sequence
analyzer (LI-COR, Lincoln, Nebraska, USA). The concentra-
tions of the toeprinting assay components are as follows unless
otherwise specified: RRL; 5 or 15 ul (as indicated) GMP-PNP;
1.7 mM, ATP; 1.82 mM, GTP; 1.8 mM, RNA; 800 ng.

RNA-Streptomycin affinity chromatography

S10 cytoplasmic lysate from HeLa cells was prepared as
described."” Briefly, HeLa-S cells (2 ml packed cell volume
(PCV); Biovest International, Tampa, FL, USA) were resus-
pended in 2 ml of hypotonic buffer [10 mM Tris-HCI (pH 7.6),
1.5 mM MgCl2, 10 mM KCI, 0.5 mM DTT] containing EDTA-
free protease inhibitor cocktail (Roche) and lysed using dounce
homogenizer (30 strokes, pestle B). A mixture of 4 ml of HeLa
S$10 cytoplasmic lysate and 12 ml binding buffer [20 mM Tris
(pH 7.6), 10 mM MgCl,, 120 mM KCI, 8% sucrose, 2 mM
DTT] containing EDTA-free protease inhibitor cocktail
(Roche) and ribonuclease inhibitor (Promega) was incubated at
37°C for 10 min. An in vitro transcribed, strepto-tagged XIAP
IRES RNA or strepto-tagged GAPDH RNA was added to the
mixture and further incubated for 10 min at 37°C. RNA-dihy-
drostreptomycin affinity chromatography was performed as
described'>'® and the RNA associated proteins were analyzed
using protein gel blot analysis.

Western blot analysis

Proteins in equal volumes of affinity chromatography effluents
or proteins associated with 700 nM 40S ribosome were resolved
by 10% sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE), transferred to nitrocellulose membranes
and probed with antibodies against eIF3d (Abcam, Ab155419),
eIF4E (Cell Signaling, #9742), eIF4A (Cell Signaling, #2013),
elF2a (Cell Signaling, #9722), eIF4GI (Cell Signaling, #2858),
PABP (Abcam, Ab21060), eIF1A (Abcam, Ab177939), PAIP-1
(Abcam, Ab175211) or ribosomal protein S6 (Cell Signaling,
#2317). Membranes were then incubated with species-specific
horseradish peroxidase-conjugated secondary antibody (Cell
Signaling) followed by detection with ECL substrate (Pierce).

RNA structure determination

In vitro transcribed RNA was probed with 130 mM N-methyli-
satoic anhydride (NMIA) following the protocol of Wilkinson
et al."” with the modifications published by Baird et al.” NMIA
reactive sites were used as constraints in RNASTRUCTURE”
to predict the secondary structure of RNA.

Protein purification

GST tagged PAIP2 protein was purified as described.”’ Pgex-
6P-Paip2 (GST-PAIP2; a generous gift from Dr. Nahum
Sonenberg) was transformed in Escherichia coli BL21 compe-
tent cells and the production of GST-PAIP2 was induced
by addition of 0.5 mM IPTG into the culture broth during
mid-logarithmic growth phase. GST-PAIP2 expressing cells



were harvested by centrifugation and lysed by ultra-sonication
in presence of EDTA-free protease inhibitor cocktail (Roche).
GST-PAIP2 protein was captured on GSTrap™ column (GE
life sciences) and eluted with step-gradient of reduced glutathi-
one. Effluent fractions were subjected to SDS-PAGE analysis
followed by Comassie brilliant blue staining. Homogeneous
effluent fraction was dialyzed against binding buffer (20 mM
Tris-HCl, pH 7.4, 200 mM KCI, 1% (vol/vol) glycerol and
1 mM DTT) and concentrated using AmiconUltra™ (Milli-
pore). elF3 was purified and described previously.**

Purification of 40S ribosome subunits

S10 cytoplasmic lysate from HeLa cells was prepared as
described above. S10 lysate was treated with 1 mM puromycin
and 25 mM EDTA first for 10 min on ice followed by 10 min
incubation at 30°C. We avoided 0.5M KCI treatment which
may strip-off ribosome associated proteins. Ribosomal subu-
nits were separated on 15-40% sucrose gradients (20 mM
Tris-HCl, pH 7.4, 100 mM KOAc, 200 mM KCl, 2.5 mM
MgCl, and 2 mM DTT) as described.”>** Ribosomal subunit
peaks were monitored by measuring absorbance at 260 nm.
Buffer of the isolated 40S was exchanged to toeprinting buffer
using AmiconUltra™ (Millipore). The concentration of 40S
ribosomal subunit was determined by UV spectrophotometry
using the conversion 1 A,so = 50 nM 40S ribosome. Associa-
tion of elFs with purified 40S was verified by western blot
analysis.

Non-denaturing gel mobility shift assay

Non-denaturing gel mobility shift assay for eIlF3-RNA complex
and 40S-RNA complex was performed as described**** with a
few modifications. Briefly, radiolabeled RNA (10K cpm) was
incubated with either 14 nM 40S ribosome or 0.1 pug and
0.2 g human eIF3 complex for 15 min at 37°C. Non-denatur-
ing agarose gel electrophoresis was performed as described.'®
Agarose gel was fixed in 30% (vol/vol) methanol and 10% (vol/
vol) acetic acid solution for 30 min. Subsequently, the gel was
dried on a gel dryer first with vacuum only for 45 min followed
by 55°C and 80°C for 45 min each. Mobility shifts were deter-
mined by exposing dried gel to X-ray films.
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