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Background: AUG recognition is promoted by several initiation factors (eIFs).
Results: eIF5 interacts with the extremeN terminus of eIF3c/Nip1 to promote pre-initiation complex assembly, and eIF1 binds
the region that immediately follows.
Conclusion: eIF1 binding to c/Nip1 is equally important for its 40 S ribosome recruitment and AUG selection.
Significance: Understanding start codon selection that sets the reading frame for decoding is key in gene expression studies.

In eukaryotes, for a protein to be synthesized, the 40 S subunit
has to first scan the 5�-UTR of the mRNA until it has encoun-
tered theAUG start codon. Several initiation factors that ensure
high fidelity of AUG recognition were identified previously,
including eIF1A, eIF1, eIF2, and eIF5. In addition, eIF3was pro-
posed to coordinate their functions in this process as well as to
promote their initial binding to 40S subunits.Herewe subjected
several previously identified segments of the N-terminal
domain (NTD) of the eIF3c/Nip1 subunit, which mediates eIF3
binding to eIF1 and eIF5, to semirandommutagenesis to inves-
tigate the molecular mechanism of eIF3 involvement in these
reactions. Three major classes of mutant substitutions or inter-
nal deletionswere isolated that affect either the assembly of pre-
initiation complexes (PICs), scanning for AUG, or both. We
show that eIF5 binds to the extreme c/Nip1-NTD (residues
1–45) and that impairing this interaction predominantly affects
the PIC formation. eIF1 interacts with the region (60–137) that
immediately follows, and altering this contact deregulates AUG
recognition. Together, our data indicate that binding of eIF1 to
the c/Nip1-NTD is equally important for its initial recruitment
to PICs and for its proper functioning in selecting the transla-
tional start site.

Translation is a fundamental process contributing to the reg-
ulation of gene expression, normal developmental processes,
and occurrence of disease. It can be divided into initiation, elon-
gation, termination, and ribosome recycling with the initiation
phase serving as a target of the most regulatory pathways (for a
review, see Ref. 1). Undoubtedly, the start codon selection is the
key step of this phase and in fact of translation in general as it
sets the reading frame for decoding. Initiation at an incorrect

codonwill produce a completelymiscoded protein, wasting val-
uable resources of the cell and creating a potentially toxic pep-
tide. In contrast to prokaryotic cells, the mRNAs of which pos-
ses a Shine-Dalgarno sequence that ensures a direct placement
of the start codon into the ribosomal P-site, eukaryotic ribo-
somes have to search a 5�-untranslated region (UTR) of an
mRNA for the start codon by a successive movement called
scanning. During this process, ribosomes have to read and
respond to a variety of integrated yet not well understood sig-
nals that orchestrate the AUG recognition. These signals orig-
inate from mutual molecular and functional interactions
between mRNA and ribosomes with a number of proteins
called eukaryotic translation initiation factors (eIFs) such as
eIF1A, eIF1, eIF2 (in the form of the eIF2�Met-tRNAi

Met�GTP
ternary complex (TC)3), and eIF5.
Upon initial binding of the latter factors to the 40 S small

ribosomal subunit stimulated by the multisubunit eIF3 com-
plex, eIFs 1 and 1A serve to stabilize a specific conformation of
the 40 S head relative to its body that opens the mRNA binding
channel for mRNA recruitment to form the 48 S pre-initiation
complex (PIC). That requires dissolving the latch formed by
helices 18 and 34 of 18 S rRNA and establishing a new interac-
tion between Rps3 and helix 16 (2). This so-called open/scan-
ning-conducive conformation with the anticodon of Met-
tRNAi

Met not fully engaged in the ribosomal P-site to prevent
premature engagementwith putative start codons is thenmain-
tained during scanning for the AUG start codon in an ATP-de-
pendent process (for reviews, see Refs. 3 and 4). During this
search, eIF2 partially hydrolyzes its GTP with the help of the
GTPase accelerating factor eIF5. Prior to start codon recogni-
tion, the “gate-keeping” function of eIF1 prevents the release of
the resultant phosphate ion producing both GTP- and GDP�Pi-
bound states of the factor possibly in equilibrium (5). Encoun-
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ter of the AUG start codon induces a reciprocal conformational
switch of the 48 S PIC to the closed/scanning-arrested form
stabilized by a functional interaction between eIF1A and eIF5
(6) with the initiator Met-tRNA fully accommodated in the
P-site (7). This irreversible reaction serves as the decisive step in
stalling the entire machinery at the AUG start codon and is
triggered by displacement or dissociation of eIF1 (8) possibly
promoted by eIF1A and eIF5 and subsequent release of free Pi.
In short, eIF1 and eIF1A (via its C-terminal tail) antagonize the
codon-anticodon interactions in the P-site by blocking the full
accommodation of initiator tRNA in the P-site in amanner that
is overcome efficiently by the action of the N-terminal tail of
eIF1A and eIF5 upon establishment of a perfect AUG-anti-
codon duplex in an optimal AUG context (for reviews, see Refs.
3 and 4).
Specific mutations that reduce the stringency of start codon

recognition in budding yeast, allowing increased utilization of
near-cognate codons (UUG or AUU), produce the Sui� pheno-
type (suppressor of initiation codonmutation). Mutations with
the opposite effect of lowering UUG initiation in the presence
of a given Sui� mutation impart the Ssu� phenotype (suppres-
sor of Sui�). Defects in AUG selection can also be identified by
measuring the efficiency of initiation at the AUG of uORF1 in
GCN4mRNA in a well established in vivo GCN4-lacZ reporter
system (for example, see Refs. 9 and 10).
Besides the aforementioned factors, there is an increasing

number of reports suggesting that the multifunctional eIF3
complex also significantly contributes to the regulation of AUG
recognition (9–13). First of all, yeast eIF3 plays a critical role in
productive mRNA recruitment (14, 15) and directly interacts
with mRNA (16–18), suggesting that the way the mRNA inter-
acts with themRNA binding channel during scanning for AUG
canbe influenced by eIF3. In addition, yeast eIF3 is composed of
six subunits (a/Tif32, b/Prt1, c/Nip1, i/Tif34, g/Tif35, and
j/Hcr1), two of which directly interact with eIF1, TC, or eIF5 in
themultifactor complex (MFC) (Fig. 1) (for a review, see Ref. 4).
Particularly intriguing in this respect is the N-terminal domain
(NTD) of c/Nip1 that makes direct contacts with eIFs 1 and 5
and via the latter also associates with the TC (19, 20). Indeed,
several important segments (designated as Boxes) within the
c/Nip1-NTD were identified previously; mutations of these
segments impaired stringency of the start codon selection and
produced either Sui� or Ssu� phenotypes in a manner intensi-
fied or suppressible by increased gene dosage of eIF5 or eIF1
(11). As could be expected, some of the identified mutations
also affected assembly of the PICs. Furthermore, increased fre-
quency of skipping the AUG of uORF1 in the GCN4-lacZ
reporter (a leaky scanning phenotype) was observedwithmuta-
tions disrupting the web of mutual interactions among the
members of an eIF3 module composed of the RNA recognition
motif in the NTD of b/Prt1 and j/Hcr1 and the C-terminal
domain (CTD) of a/Tif32 (Fig. 1) (9, 10). The robust leaky scan-
ning phenotype also accompanies perturbed interactions
within the other eIF3 module formed by the extreme CTD of
b/Prt1 and by i/Tif34 and g/Tif35 (Fig. 1) (13). Interestingly,
both modules are thought to reside near the 40 S mRNA entry
channel with g/Tif35 and the a/Tif32-CTD directly interacting
with the Rps3 “latch” component (9, 10). Based on these obser-

vations, we recently proposed that the scaffold b/Prt1 subunit
serves to connect both eIF3 modules at each of its termini to
work together with c/Nip1 and other eIFs to fine-tune theAUG
selection process (13).
In this study, we subjected the aforementioned segments of

the c/Nip1-NTD to semirandommutagenesis to pinpoint crit-
ical residues that either promote the assembly of PICs (by
screening for the Gcd� (general control derepressed) pheno-
type) or more importantly ensure stringent selection of the
AUG start codon (by screening for the Sui� phenotype). Strik-
ingly, we were able to separate the effects of distinct amino acid
substitutions within a short 8-residue segment on the manifes-
tation of either of the latter phenotypes, suggesting that the
c/Nip1-NTDpromotes both initiation reactions independently
of each other at least to a certain degree. Based on our findings,
we propose a model suggesting that not only the productive
recruitment of eIF1 to 40 S ribosomes but also its proper func-
tioning during the AUG recognition process depends on its
contact with the stretch of amino acid residues 60–137 of the
c/Nip1-NTD.

EXPERIMENTAL PROCEDURES

Construction of Yeast Strains and Plasmids—HMJ04 and
HMJ06 were generated by introducing YCpMJ-MET-Nip1-W
into HLV04 and HKN06 (11), respectively. The original
pNIP1� (c/NIP1 URA3) covering plasmid was evicted on SD
plates containing 5-fluoro-orotic acid.
To create HMJ08, H2880 (21) was first transformed with

YCpNIP1-His-L to cover for the deletion ofNIP1 thatwasmade
in the next step by introducing the SacI-SphI fragment carrying
the nip1�::hisG-URA3-hisG integration cassette from pLV10
(11). The uracil auxotrophy was regained by growing the cells
on SD plates containing 5-fluoro-orotic acid. The resulting

FIGURE 1. A three-dimensional model of eIF3 and its associated eIFs in the
MFC (adapted from Ref. 13). ntd, N-terminal domain; ctd, C-terminal
domain; hld, Hcr1-like domain; rrm, RNA recognition motif; pci, PCI domain.
The NMR structure of the interaction between the RNA recognition motif of
human eIF3b (green and light blue) and the N-terminal peptide of human eIF3j
(yellow) (9), the NMR structure of the C-terminal RNA recognition motif of
human eIF3g (red and sky blue) (18), the x-ray structure of the yeast i/Tif34�b/
Prt1-CTD complex (13), and the three-dimensional homology model of the
c/Nip1-CTD (31) were used to replace the original schematic representations
of the corresponding molecules.
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strain was subsequently transformed with YCpNIP1-His-U,
and the leucine auxotrophywas regained by growing the cells in
liquid medium containing leucine and selecting for those
that lost the YCpNIP1-His-L plasmid on SD � leucine plates
producing HMJ08.
YCpMJ-MET-NIP1-W was constructed by inserting the

2618-bp BamHI-HindIII fragment from pGAD-NIP1 (22) into
YCplac22MET-W (23) digested by BamHI-HindIII.
YCpNIP1-Box12-WW was made by fusion PCR using the

template YCpNIP1-His-L and two sets of primers (JKNIP1Mut
and MJreversV111WV112W; LV22ext and MJ111WW) in the
first PCR. The PCR products thus obtained were mixed in 1:1
ratio, and the second PCR was performed using primers
JKNIP1Mut and LV22ext. The resulting PCR product (631 bp)
was cut with AvaI-XbaI and inserted into AvaI-XbaI-digested
YCpNIP1-His-help3 (11).
The following plasmids were created essentially the same as

those described above with the exception of the primer sets
(containing the degenerate oligonucleotides) that were used in
the first PCRs: YCpNIP1-Box12-SPW (JKNIP1Mut and
LV12C-1XR; LV22ext and LVBOX12C-1X), YCpNIP1-Box12-
WWPW (JKNIP1Mut and LV12C-3XR; LV22ext and
LVBOX12C-3X), YCpNIP1-GAP85 (JKNIP1Mut and LV12C-
2XR; LV22ext and LVBOX12C-2X), YCpNIP1-GAP92
(JKNIP1Mut and LV12C-4XR; LV22ext and LVBOX12C-4X),
and YCpNIP1-Box15-2 (JKNIP1Mut and LV15C-2XR;
LV22ext and LVBOX15C-2X).
YEpNIP1-GAP85, -GAP92, and -Box15-2 were constructed

by inserting the 2887-bp HindIII-PstI fragments from the cor-
responding single copy plasmids described above into
YEplac181 digested with HindIII-PstI. pT7-NIP1-N270, pT7-
NIP1-N-Box12-SPW, pT7-NIP1-N-Box12-WWPW, pT7-
NIP1-N-Box12-WW, pT7-NIP1-N-Box15-2, pT7-NIP1-N-
GAP85, and pT7-NIP1-N-GAP92 were all made by inserting the
NdeI-HindIII-digested PCR product obtained with primers
JKNIP1Mut and LVRN270 using the templates YCpNIP1-
His-L, YCpNIP1-Box12-SPW, YCpNIP1-Box12-WWPW,
YCpNIP1-Box12-WW, YEpNIP1-Box15-2, YEpNIP1-GAP85,
and YEpNIP1-GAP92, respectively, into NdeI-HindIII-digested
pT7-7.
pT7-NIP1-N-�46/137 and pT7-NIP1-N-�60 were created

by inserting the NdeI-BamHI-digested PCR product obtained
using the template YCpNIP1-His-L and the set of primers
MJNIP1_46–137 andMJNIP1_46–137rev orMJNIP1_61–205
and MJNIP1_61–205rev, respectively, into NdeI-BamHI-di-
gested pT7-7. Lists of all yeast strains and plasmids can be
found in Tables 1 and 2, respectively; a list of all PCR primers
will be provided upon request.

Yeast Biochemical Methods—GST pulldown experiments
with GST fusions and in vitro synthesized 35S-labeled polypep-
tides (see Table 2 for vector descriptions) were conducted as
described in Fig. 5. Ni2� chelation chromatography of eIF3
complexes containing His8-tagged c/Nip1 from yeast whole-
cell extracts (WCEs) andWestern blot analysis were conducted
as described in detail previously (24). In short,WCEswere incu-
bated at 4 °C overnightwith 15�l of 50%Ni2�-Sepharose 6 Fast
Flow (GE Healthcare) suspended in 300 �l of buffer A (20 mM

Tris-HCl (pH 7.5), 100 mM KCl, 5 mM MgCl2, 0.5 mM �-mer-
captoethanol, 1 mM phenylmethylsulfonyl fluoride, 20 mM

imidazole, 10% (v/v) glycerol, 1 EDTA-free complete Protease
InhibitorMix tablets (Roche)) followed bywashing and elution.
Polysomeprofile analysis and 2%HCHOcross-linking followed
by WCE preparation and fractionation of extracts for analysis
of pre-initiation complexes were carried out as described
previously (24). �-Galactosidase assays were conducted as
described (25).

RESULTS

Semirandom Mutagenesis of the Selected Segments of the
N-terminal Domain of the c/Nip1 Subunit of eIF3—The
c/Nip1-NTD mediates eIF3 interactions with eIFs 1 and 5 and
indirectly with eIF2 (20). By subjecting the N-terminal 160
amino acids of c/Nip1 to the clustered 10-alanine mutagenesis,
we showed previously that these c/Nip1 interactions stimulate
the assembly of the 43 S PICs and somehow coordinate the
functions of eIF1 and eIF5 in stringent AUG selection (11). To
understand the molecular mechanism of the c/Nip1 involve-
ment in these functions and also to identify specific residues
that are critical for them,we randomlymutated selected groups
of conserved residues within the previously identified clustered
10-alanine mutagenesis c/nip1-Box mutations 6R, 12, and 15
(Fig. 2A) (20) using degenerate oligonucleotides and the fusion
PCR technique. Degenerate oligonucleotides were designed to
substitute a given group of amino acid residues with degenerate
codons NNN where the N nucleotide was synthesized with a
mixture of A, C, G, and T, each at 25% of the total. This way we
constructed nine mutant libraries containing random amino
acid residues at selected sites within each group derived from
the latter three Boxes (Fig. 2A). These mutant libraries were
then separately introduced into two different yeast strains
(both deleted for chromosomal NIP1 and carrying a wild-type
(WT) NIP1 allele under the control of MET3 promoter) and
screened for the Sui� and Gcd� phenotypes indicative of a
relaxed stringency of AUG recognition (strain HMJ04) or of a
defect in 43 S PIC assembly (strain HMJ06), respectively, in the

TABLE 1
Yeast strains used in this study

Strain Genotype Source or Ref.

HMJ04 MAT� trp1 leu2-3,–112 ura3-52 his4-303[ATT] SUI1 nip1� GCN2 YCpMJ-Met-NIP1-W (MET3-NIP1 TRP1) This study
HMJ06 MATa trp1 leu2-3,–112 ura3-52 nip1� gcn2� YCpMJ-Met-NIP1-W (MET3-NIP1 TRP1) This study
HMJ08 MATa, trp1 leu2-3,–112 ura3-52 nip1� YCpNIP1-His-U (NIP1-His URA3) This study
HLV04 MAT� trp1 leu2-3,–112 ura3-52 his4-303[ATT] SUI1 nip1� GCN2 pNIP1� (NIP1 URA3) 11
HKN06 MATa trp1 leu2-3,–112 ura3-52 nip1� gcn2� pNIP1� (NIP1 URA3) 11
TD301-8D MAT� leu2-3,–112 ura3-52 his4-303[ATT] sui1-1 11
H2880 MATa trp1 leu2-3,–112 ura3-52 21
H2881 MATa trp1 leu2-3,–112 ura3-52 gcn2� 21
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presence of methionine, which shuts off expression of the WT
gene.
Mutations that relax the stringency of translational start site

selection in yeast (so-called Sui� mutations) were isolated by
selecting for growth on medium lacking histidine in a his4-303
genetic background where the start codon of theHIS4 gene has
beenmutated and instead its third coding triplet (UUG) is used
to initiateHIS4 translation (26). In otherwords, suchmutations
suppress histidine auxotrophy of the WT his4-303 cells, turn-
ing their His� into a His� phenotype. Mutations that affect
formation of 43 S PICs by reducing the rate of the TC recruit-
ment (so called Gcd� mutations) were isolated by their ability
to constitutively derepressGCN4 translation in cells lacking the
kinase Gcn2, which makes them resistant to the inhibitor of
histidine biosynthesis, 3-aminotriazole (3-AT). Gcn4 is a tran-
scriptional activator of amino acid biosynthetic genes whose
expression is under tight translational control via four short
upstream ORFs (uORFs) occurring in its leader mRNA. The
gcn2� cells in which translational activation of GCN4 is elimi-
nated fail to grow on 3-AT-containing medium (for more
details, see Ref. 27).
Approximately 10,000 clones from each library were

screened individually for the His� and 3-ATRes phenotypes.
Altogether, five mutants with strong phenotypes were isolated,
two of which fall in the Box12 group and one that falls in the
Box15 group (Fig. 2B). In addition to those, a few other muta-

tions in the latter Boxes were also identified; however, given
their less pronounced phenotypes, we did not characterize
them any further. Similarly, no mutations with strong phe-
notypes were found in the Box6R group; hence, we stopped
working with this group at this point. Although not pro-
grammed intentionally, two large internal deletions of 85
(GAP85) and 92 (GAP92) residues impinging into the region
between Asp46 and Asn144 of the c/Nip1-NTD also resulted
from this mutagenic procedure (Fig. 2B). All mutant pheno-
types were corroborated to be plasmid-born by retransforma-
tion of isolated plasmid DNAs into the nip1� strains carrying
the WT NIP1 URA3 covering plasmid that was subsequently
evicted by plasmid shuffling. As shown in Fig. 2, C andD (sum-
marized in Fig. 2B), three major classes of mutant substitutions
were identified, imparting either (a) only the Sui� phenotype
(c/nip1-Box12-SPW (Fig. 2C, lane 3)), (b) only the Gcd� phe-
notype (c/nip1-Box15-2 (Fig. 2D, lane 7)), or (c) both combined
(c/nip1-Box12-WWPW and both GAP mutants (Fig. 2, C and
D, lanes 4–6, respectively)). All of these mutations also resulted
in a slow growth (Slg�) phenotype of different strengths as illus-
trated by their varying effects on translation initiation rates esti-
matedbymeasuring thepolysome:monosomeratios (summarized
in Fig. 2B).
Our finding that no Sui� mutations were detected in the

Box15 group is consistent with the fact that the original c/nip1-
Box15 also displayed only the Gcd� phenotype (11). In con-

TABLE 2
Plasmids used in this study

Plasmid Description Source of Ref.

YCplac111 Single copy cloning vector, LEU2 43
YEplac181 High copy cloning vector, LEU2 43
YEplac195 High copy cloning vector, URA3 43
YCplac22MET-W Single copy cloning vector with conditionalMET3 promoter, TRP1 plasmid from YCplac22 K. Nasmyth
YCpMJ-MET-NIP1-W Single copy NIP1 underMET3 promoter, TRP1 plasmid from YCplac22 This study
YCpNIP1-His-U Single copy NIP1-His, Ura3 plasmid from YCplac33 20
YEpNIP1-His-U High copy NIP1-His, Ura3 plasmid from YEplac195 20
YCpNIP1-His-L Single copy NIP1-His, Leu2 plasmid from YCplac111 20
YEpNIP1-His-L High copy NIP1-His, Ura3 plasmid from YEplac181 20
YCpNIP1-Box12-SPW Single copy NIP1-His containing K113S/K116P/K118W substitutions in Box12, LEU2 plasmid from YCplac111 This study
YCpNIP1-Box12-WWPW Single copy NIP1-His containing V111W/V112W/K116P K118W substitutions in Box12, LEU2 plasmid from

YCplac111
This study

YCpNIP1-Box12-WW Single copy NIP1-His containing V111W/V112W substitutions in Box12, LEU2 plasmid from YCplac111 This study
YCpNIP1-GAP85 Single copy NIP1-His containing deletion of 85 residues (Val60-Asn144), LEU2 plasmid from YCplac111 This study
YCpNIP1-GAP92 Single copy NIP1-His containing deletion of 92 residues (Asp46-Asn137), LEU2 plasmid from YCplac111 This study
YCpNIP1-Box15-2 Single copy NIP1-His containing I142V/E145W/F146T/D147L/I149R substitutions in Box15, LEU2 plasmid

from YCplac111
This study

YEpNIP1-GAP85 High copy NIP1-His containing deletion of 85 residues (Val60-Asn144), LEU2 plasmid from YEplac181 This study
YEpNIP1-GAP92 High copy NIP1-His containing deletion of 92 residues (Asp46-Asn137), LEU2 plasmid from YEplac181 This study
YEpNIP1-Box15-2 High copy NIP1-His containing I142V/E145W/F146T/D147L/I149R substitutions in Box15, LEU2 plasmid

from YEplac181
This study

pLV10 nip1�::hisG::URA3::hisG (NIP1 disruption hisG cassette) 11
p367 Low copy URA3 vector containing HIS4-ATG-lacZ fusion 44
p391 Low copy URA3 vector containing HIS4-TTG-lacZ fusion 44
P2041 Low copy URA3 vector containing HIS4-ATT-lacZ fusion, 3rd codon replaced with TTA 44
p180 (YCp50-GCN4-lacZ) Low copy URA3 vector containing wild-type GCN4 leader 45
YEpTIF5-U High copy TIF5-FLAG, URA3 plasmid from YEplac195 11
YEpSUI1-U High copy SUI1, URA3 plasmid from YEplac195 11
p1780-IMT High copy SUI2, SUI3, GCD11, IMT4, URA3 plasmid from YEp24 30
pGEX-TIF5 GST-TIF5 fusion plasmid from pGEX-4T-1 46
pGEX-SUI1 GST-SUI1 fusion plasmid from pGEX-5X-3 11
pT7-NIP1-N270 NIP1 (1–270) ORF under T7 promoter This study
pT7-NIP1-N-Box12-SPW NIP1 (1–270) ORF containing K113S/K116P K118W substitutions in Box12 under T7 promoter This study
pT7-NIP1-N-Box12-WWPW NIP1 (1–270) ORF containing V111W/V112W/K116P/K118W substitutions in Box12 under T7 promoter This study
pT7-NIP1-N-Box12-WW NIP1 (1–270) ORF containing V111W V112W substitutions in Box12 under T7 promoter This study
pT7-NIP1-N-GAP85 NIP1 (1–270) ORF containing deletion of 85 residues (Val60-Asn144) under T7 promoter This study
pT7-NIP1-N-GAP92 NIP1 (1–270) ORF containing deletion of 92 residues (Asp46-Asn137 under T7 promoter This study
pT7-NIP1-N-Box15-2 NIP1 (1–270) ORF containing I142V/E145W/F146T/D147L/I149R substitutions in Box15 under T7 promoter This study
pT7-NIP1-N-�46/137 NIP1ORF (amino acid residues 46–137) under T7 promoter This study
pT7-NIP1-N-�60 NIP1ORF (amino acid residues 61–205) under T7 promoter This study
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FIGURE 2. Semirandom mutagenesis of the preselected segments (Boxes) of the extreme NTD of c/Nip1 yields mutants displaying either Sui� or Gcd�

phenotypes alone or in combination. A, amino acid sequence alignment of the Boxes of interest from the c/Nip1-NTD of Saccharomyces cerevisiae with that
of other species. The amino acid sequence of S. cerevisiae c/Nip1 (accession number P32497.2 UniProtKB/Swiss-Prot) between residues 1 and 160 was aligned
with its Caenorhabditis elegans (accession number A8WWU0.1 UniProtKB/Swiss-Prot), Homo sapiens (accession number Q99613.1 UniProtKB/Swiss-Prot),
Arabidopsis thaliana (accession number AAC83464.1 GenBank), and Schizosaccharomyces pombe (accession number CAB11485.2 GenBank) homologues using
ClustalW; only the sequences corresponding to the Boxes of interest are shown. Highly conserved residues are color-coded. Altogether, nine mutant libraries
containing random amino acid residues at selected, color-coded sites marked with “X” and grouped together individually for each Box are indicated. B,
schematic representation of the first 160 amino acid residues of c/Nip1 shown as numbered circles (Boxes 1–16), each of which is composed of 10 consecutive
residues. Three Boxes of interest are color-coded, and the sequences and phenotypes of the mutants derived from the semirandom mutagenesis are given
below the schematic. Two internal deletions that were unintentionally generated by this mutagenic procedure are also shown with the deleted residues
indicated. A table to the right of the schematic summarizes phenotypes associated with individual mutations including Slg�, Sui�, Gcd�, and the polysome/
monosome (P/M) ratios (averaged values of replicate experiments are given; S.E. values ranged between 5 and 15% and are not shown). C, the c/Nip1 mutants
producing the Sui� phenotype indicative of a defect in AUG recognition. The HLV04 (nip1� his4-303) strain was transformed with the corresponding sc or hc
plasmids carrying WT NIP1 and its mutant alleles, and the resident pNIP1� (NIP1, URA3) covering plasmid was evicted on 5-fluoro-orotic acid. The resulting
strains and the parental control strain TD301-8D (NIP1 sui1-1 his4-303) were then spotted in four serial 10-fold dilutions on SD medium containing histidine
(upper panel) or lacking histidine (lower panel) and incubated at 30 °C for 2 (upper panel) or 7 days (lower panel). D, the c/Nip1 mutants producing the Gcd�

phenotype indicative of a defect in the assembly of the PICs. The HKN06 (nip1� gcn2�) strain was transformed with the corresponding sc or hc plasmids
carrying WT NIP1 and its mutant alleles, and the resident pNIP1� (NIP1, URA3) covering plasmid was evicted on 5-fluoro-orotic acid. The resulting transformants
and isogenic strains H2880 (GCN2) (lane 1) and H2881 (gcn2�) (lane 2) transformed with empty vector were spotted in four serial dilutions on SD (upper panel)
or SD medium containing 30 mM 3-AT (lower panel) and incubated at 30 °C for 3 and 6 days, respectively. E, Western blot analysis of the WCEs derived from the
indicated strains described in C using antibodies raised against c/Nip1 and Rps0A.
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trast, whereas the original c/nip1-Box12 mutation produced
merely the mild Sui� phenotype, our semirandom substitu-
tions of Box12 impart strong Sui� as well as Gcd� phenotypes.
Perhaps the most striking observation, however, is the fact that
whereas the deletion of the first 160 residues is lethal (11) the
internal deletions of 84 or 91 residues are not lethal and resulted
“only” in severe Slg�, Sui�, and Gcd� phenotypes. Because the
protein levels of Box15-2 and both GAP mutants in a single
copy (sc) numberwere found partially reducedwhen compared
with those of the WT c/Nip1, we generated high copy number
versions of these three alleles. High copy (hc) expression
increased their protein levels by �2-fold and more or less
matched the sc expression of the WT c/Nip1 (Fig. 2E). Impor-
tantly, because therewas noqualitative difference in themutant
phenotypes between the sc and hc expressions of the latter
alleles (data not shown), we decided to use their hc versions
throughout the rest of the study.
Dissection of Effects of the Specific c/Nip1-Box12 Residues on

Phenotypes Indicating Impaired Formation of PICs Versus AUG
Selection—We noted that substitution of three Box12 lysines
(113, 116, and 118) by Ser, Pro, and Trp in c/nip1-Box12-SPW
produced merely the Sui� phenotype, whereas substitution of
two preceding highly conserved valines (111 and 112) by tryp-
tophans in combination with K116P and K118W in c/nip1-
Box12-WWPWproduced both the Sui� andGcd� phenotypes
(Fig. 2, B–D). The fact that both mutants contain K116P and
K118W substitutions might thus suggest that these two also
highly conserved lysines specifically contribute to the strin-
gency of AUG selection, whereas Val111 and Val112 participate
in assembly of the PICs. To test that, we separated the V111W
and V112W double substitution from K116P and K118W by
producing two individual c/nip1-Box12-WW and c/nip1-
Box12-PWmutant alleles, which were then tested for Sui� and
Gcd� phenotypes as described above. Strikingly, in accord with
our prediction, c/nip1-Box12-WW imparts the severe Gcd�

phenotype but not Sui� (Fig. 2D, lane 8). At odds with our
prediction, the c/nip1-Box12-PWmutant showed no apparent
phenotype (data not shown). Thus, we propose that whereas
the two consecutive valines (Val111 and Val112) somehow pro-
mote recruitment of the TC to the small ribosomal subunit all
three consecutive lysines (Lys113, Lys116, and Lys118) are critically
required for proper detection of the AUG start codon. In support,
one of the “weaker” Box12mutants that was isolated in our initial
screen but not analyzed further carried substitutions of exactly
these three lysines (K113Y,K116H, andK118H) anddisplayed the
Sui� but not Gcd� phenotype (data not shown).
To demonstrate that the Sui� phenotype is indeed caused by

increased selection of the UUG triplet as the start site and that
our Sui� mutants increase initiation rates at near-cognate
codons in general, we examined expression of matched HIS4-
lacZ reporters containing UUG or AUU versus AUG start
codons (Fig. 3A). Previously, we reported that the original
c/nip1-Box12 10-Ala substitution increased the UUG/AUG
and AUU/AUG initiation ratios by�3- and 5-fold, respectively
(11). In comparison, all three Sui� mutants (12-SPW,
-WWPW, and GAP85) generated here conferred a much more
dramatic increase in theUUG/AUG initiation ratio (from12- to
29-fold) and a similar increase in the AUU/AUG initiation ratio

FIGURE 3. High dosage suppressor analysis of the c/Nip1-NTD Sui�

mutants by the selected eIFs known to participate in the AUG recogni-
tion process. A, quantification of Sui� phenotypes. Strains from Fig. 2C were
transformed with HIS4-lacZ reporters with AUG (p367), UUG (p391), or AUU
(p2042), respectively, and grown in SD medium supplemented with His and
Trp at 30 °C, and �-galactosidase activities were measured in WCEs. The mean
percentages of the UUG or AUU initiation rates relative to those of AUG and
an x-fold increase over the WT c/Nip1 were calculated from three experiments
with six independent transformants. B, genetic effects of high copy expres-
sion of the indicated eIFs on selected Sui� mutants of c/Nip1. Strains from Fig.
2C were transformed with either empty vector (ev; lanes 1 and 4) or the cor-
responding plasmids overexpressing SUI1 (eIF1; lanes 2 and 5) or TIF5 (eIF5;
lanes 3 and 6), respectively, and the resulting transformants were spotted in
three serial dilutions on SD medium containing histidine (upper panels i and ii)
or lacking histidine (lower panels iii and iv) and incubated at 30 °C for 2 (upper
panels i and ii) or 6 days (lower panels iii and iv).
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(�6-fold), indicating a strong preference for selecting UUG over
the AUU as the false start site. As expected, the “Gcd�-only”
Box12-WWmutant showed little to no increase in both ratios.
High Dosage Suppressor Analysis of the c/Nip1-NTD Sui�

Mutants by Selected eIFs Known to Participate in the AUG
Recognition Process—We showed previously that the Sui� phe-
notype of the original Box12mutation was suppressed by over-
expressing WT eIF1 despite the fact that at the same time its
Slg� phenotype was exacerbated (11). In contrast, overproduc-
tion of eIF5 had an intensifying effect on both Sui� and Slg�

phenotypes of nip1-Box12. To examine genetic interactions
between our new Sui� mutants and these key players in the
AUG recognition pathway, we transformed the nip1-Box12
mutants and nip1-GAP85 with hc vectors overexpressing eIF1
or eIF5 and scored the resulting transformants for growth in the
presence or absence of histidine (Fig. 3B).
In analogy with our original data, overexpressing eIF1

reduced the growth rate of both Box12mutants in the presence
of histidine and suppressed their Sui� phenotype in its absence
(Fig. 3B, panels ii and iii, lanes 5 and 2). Because the reduced
growth rate of bothmutants on His� medium somewhat com-
plicates our conclusion regarding the suppression of the Sui�
defect, we measured the UUG/AUG and AUU/AUG ratios in
WWPW and SPW mutants bearing either empty vector or hc
eIF1. We found that overexpression of eIF1 reduced the latter
ratios in the SPWmutant by �44 and 40%, respectively, and in
theWWPWmutant by �30 and 33%, respectively. These find-
ings clarify that the eIF1-mediated suppression is significant
but not full. Interestingly, high dosage eIF1 also suppressed the
Sui� phenotype of nip1-GAP85; however, it did not worsen but
improved its Slg� phenotype (panel iv, lane 5), indicating that
in this particular mutant the eIF1 suppression effect is more
potent. Overexpression of eIF5 surprisingly had no significant
effect on the GAP85 mutant (panel iv, lane 6), whereas it exac-
erbated the Sui� but not Slg� phenotype of Box12-WWPW
(panel ii, lane 6). It is worth reiterating that these two mutants
are not only Sui� but also display the Gcd� phenotype, which
may contribute to the observed genetic interactions that differ
from the original “Sui�-only” Box12 mutant. Consistently,
overexpressing eIF5 in the Sui�-only nip1-Box12-SPW allele
had an intensifying effect on both its Slg� and Sui� phenotypes
(panel iii, lane 3). The intensifying effect on the Sui� phenotype
is inferred from the fact that it reduced growth onHis� but not
on His� medium. It should be mentioned that neither of these
Sui� mutants conferred a significant Ssu� phenotype when
combined with dominant negative Sui� alleles of eIF5 (in
SUI5G31R) or SUI3 (a subunit of eIF2; in SUI3S264Y) (data not
shown). Taken together, it is evident that each of these three
Sui� mutants impairs the AUG selection process in a more or
less different way (see “Discussion”).
The nip1-Box15-2, -Box12-WW, and -Box12-WWPW

Mutants Affect Recruitment of the TC to the PICs in a Manner
Partially Reversible byOverexpressing TC—TheNTDof c/Nip1
indirectly interacts with theTC via their common binding part-
ner eIF5 and thus promotes its recruitment to the 40 S ribo-
somes (11, 19, 20). As hinted above, an inability to recruit
and/or stably anchor the TC to the PICs constitutively dere-
presses the otherwise tightly controlled expression of GCN4

under non-starvation conditions, producing the Gcd� pheno-
type even in the absence of the Gcn2 kinase. Mutants having
such a mechanistic defect in the gcn2� background are com-
monly characterized by having their Gcd� defect suppressible
by overexpression of the TC as an increased cellular concentra-
tion of TC offsets the defect in its recruitment. The failure of hc
TC to suppress the Gcd� phenotype suggests a more complex
defect(s) in the GCN4 regulation, the nature of which has not
been understood so far.
To determine which of our newly generated NIP1 mutants

affect the TC loading to the PICs as the rate-limiting defect, we
introduced them with either empty vector or hc TC and tested
the resulting transformants for growth in the presence of 3-AT.
As shown in Fig. 4A, hc TC significantly suppressed the Gcd�

phenotypes of the nip1-Box12-WW and -Box15-2mutants and
to a smaller degree perhaps that of -Box12-WWPW but not that
of theGAP85mutant, although it did partially suppress its slow
growth defect. Importantly, increased TC dosage also sup-
pressed, in fact almost fully, the Slg� phenotype of Box15-2,
strongly indicating that the TC recruitment is the dominating
defect in this mutant.
To quantify theGcd� phenotypes of all Gcd�mutants and to

confirm or exclude its suppression by hc TC in WWPW and
GAP85, we assayed expression of a GCN4-lacZ reporter con-
taining all four uORFs in the mRNA leader under non-starva-
tion conditions (Fig. 4B). As expected, the WT gcn2� NIP1�

strain showed constitutively low GCN4-lacZ expression irre-
spective of the presence of either empty vector or hc TC,
whereas all four mutations bearing an empty vector displayed
significantly increased derepression of GCN4-lacZ expression
in the gcn2� background after normalizing for their effects on
the expression of an incontrollable GCN4-lacZ construct lack-
ing all four uORFs (Fig. 4B). These results thus confirm that all
of our Gcd� mutants do diminish translational repression of
GCN4 imposed by its uORFs as expected. Measuring the �-ga-
lactosidase activities in the presence of hc TC also confirmed
moderate (by �30%) suppression of the WWPW Gcd� defect
and no suppression of that displayed by theGAP85mutant (Fig.
4B). Together, these results clearly imply that the impaired TC
recruitment and thus the proper assembly of the PICs are to a
varying degree one of the rate-limiting defects in all but one of
our Gcd� mutants.
The Extreme N Terminus of c/Nip1 Interacts with eIF5, the

Segment That Immediately Follows Binds eIF1, and nip1-
Box12-SPW Increases Binding Affinity of the c/Nip1-NTD for
eIF1 in Vitro—Having analyzed all newly generated mutations
by genetic means, we next sought to investigate molecular
effects of the semirandom substitutions as well as internal dele-
tions of the c/Nip1-NTD on binding affinities toward its direct
binding partners in eIF1 and eIF5. We began by examining the
effects of both GAP deletions on in vitro binding of 35S-labeled
c/Nip1-NTD (residues 1–270) to GST-eIF5 or GST-eIF1
fusions produced in Escherichia coli (Fig. 5A). Although this
assay is more qualitative than quantitative in its nature, it has
been reliably used in the past to provide rough estimates of
altered binding affinities of mutant proteins (for example, see
Refs. 9–13, 20, 24, and 28–30). In agreement with previous
results, theWT c/Nip1-NTD polypeptide bound specifically to
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GST-eIF5 and GST-eIF1 but not to GST alone (Fig. 5B). Strik-
ingly, both GAP deletions (�60–144 and�46–137) completely
eliminated binding to eIF1 but not to eIF5 (lane 3 versus lane 4).
In fact, binding to eIF5 was even strengthened perhaps because
of the fact that the eIF5-binding site in the remaining c/Nip1
polypeptide was more ideally exposed for the interaction. In
any case, given that the minimal c/Nip1 fragment required and
sufficient forWT binding to both eIF1 and eIF5 is 156 residues
(19), these results strongly suggest that the extremeN-terminal
45 residues constitute the binding site for eIF5, whereas the
segment encompassing residues 60–137 represents the eIF1-
binding site (Fig. 5A). In support, removal of the first 60 resi-

dues (in �60) or expressing the internal “GAP92” segment (in
�45/137) had the opposite effect; i.e. it eliminated binding to
eIF5 but not to eIF1 (lane 4 versus lane 3). In an effort to directly
demonstrate that the first 45 residues are sufficient for the
interaction with eIF5, we created pT7 constructs expressing
only the first 45 or 60 N-terminal residues of c/Nip1; however,
they did not yield stable proteins. Taken together, these data
suggest that the molecular nature of defects displayed by both
GAPs is associated with the loss of eIF1 binding to the c/Nip1-
NTD. This is consistent with the fact that hc eIF1 suppressed
the Sui� phenotype and partially suppressed Slg� phenotype of
GAP85 (Fig. 3B, panel iv). Further analysis of binding affinities

FIGURE 4. The c/nip1-Boxes 12-WWPW, 12-WW, and 15-2 impair GCN4 translational control (produce the Gcd� phenotype) in the canonical manner
suppressible by overexpressing the TC. A, strains from Fig. 2D were transformed with either empty vector or all three subunits of eIF2 � IMT4 (TC) on a high
copy plasmid. The resulting transformants and isogenic strains H2880 (GCN2) and H2881 (gcn2�) transformed with empty vector were spotted in four serial
dilutions on SD medium (upper panel) or SD medium containing 30 mM 3-AT (lower panel) and incubated at 30 °C for 2 and 7 days, respectively.
B, quantification of the Gcd� phenotypes with or without the hc TC effect. Selected nip1� strains from A were further transformed with p180 containing the
GCN4-lacZ fusion with all four uORFs present (shown as a schematic above the plot) and grown in minimal medium for 6 h, and the �-galactosidase activities
were measured in the WCEs and expressed in units of nmol of o-nitrophenyl-�-D-galactopyranoside hydrolyzed/min/mg of protein. The mean values and
standard deviations obtained from at least six independent measurements with three independent transformants, the x-fold increases in activities of the
mutant strains relative to the corresponding WT expressing either empty vector (EV) or hc TC, and percentages of hc TC activities relative to empty vector
activities in each individual strain (indicating the extent of the hc TC suppression effect) are given in the histogram. nd, not done.
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of semirandomBoxmutants did not reveal any specific changes
with the exception of Box12-SPW, which showed a reproduci-
ble �2-fold increase in binding to eIF1 (Fig. 5C, third panel,
lane 3 with asterisk) (see also below). Note that Box12 falls in
the eIF1 binding region, whereas Box15 lies further
downstream.
nip1-GAP85 Completely Diminishes Whereas nip1-Box12-

SPWModestly Increases the Amount of eIF1 Associated with the
MFC in Vivo—To test whether our mutations affect binding of
c/Nip1 to eIFs 1 and 5 and the TC in the context of the entire
eIF3, we analyzed the in vivo composition of the MFC in cells
expressing the individual His8-tagged NIP1 mutant alleles by
Ni2� chelation chromatography. As reported previously (11), a
fraction of a/Tif32, i/Tif34, g/Tif35, eIF2, eIF5, and eIF1 co-pu-
rified specifically with WT c/Nip1-His but not with its
untagged version (Fig. 6A, lane 5 versus lane 2). Although nei-
ther of the mutations affects the extreme N-terminal binding
site for eIF5, Box15-2 andGAP85 reduced in vivo association of
mutant eIF3 with eIF5 by more than 60% (lanes 17 and 20). In
addition, Box12-WWPW also lowered the eIF3 binding affinity
for eIF5 but to a smaller extent (by �30%) (lane 11). This is
most probably an indirect effect arising from the overall
changes of the c/Nip1-NTD fold in the context of the entire
eIF3/MFC. As eIF5 mediates an indirect contact between eIF2

and the c/Nip1-NTD (19, 20), dramatic reductions in eIF2 asso-
ciation with the rest of MFC were also observed in these three
mutant strains in a remarkable proportional accord with the
extent of the eIF5 loss. In perfect agreement, all these NIP1
mutant alleles impart severe Gcd� phenotypes (Fig. 2D),
strongly suggesting that impaired TC loading to the PICs rep-
resents one of their functional defects in translation. Interest-
ingly, another Gcd� mutant, Box12-WW, showed virtuallyWT
levels of eIF5 associated with the rest of eIF3 but significantly
reduced amounts of eIF2 (lane 14). These results suggest that
its TC binding defect mechanistically differs from those of the
other threemutants (see “Discussion” formore details). In con-
trast, Box12-SPW, which is the only mutant allele that does not
produce the Gcd� phenotype, showed WT levels of both eIF5
and eIF2 (Fig. 6A, lane 8). This Sui� mutant, however, did dis-
play a modest increase in the eIF1 amounts associated with the
MFC, consistent with our in vitro binding data presented in Fig.
5C. It should be noted here that despite numerous repetitions
the experimental error for eIF1 remained relatively high in this
particular experiment. Nevertheless, because the increase in
eIF1 recovery averaged out to�20% relative toWT,we propose
that Box12-SPW slightly but specifically increases the binding
affinity of the c/Nip1-NTD for eIF1 both in vitro and in vivo.
Conversely, eIF1 binding was completely diminished byGAP85

FIGURE 5. The extreme N terminus of c/Nip1 interacts with eIF5, the segment that immediately follows binds eIF1, and nip1-Box12-SPW increases
binding affinity of the c/Nip1-NTD for eIF1 in vitro. A, schematic as in Fig. 2B showing the minimal binding segments (as arrows) of the c/Nip1-NTD for eIFs
1 and 5. The lines beneath the arrows depict the 35S-labeled segments of the c/Nip1-NTD used in the binding assays of B with the amino acid end points and
clone designations indicated. The binding of each c/Nip1 construct to GST-eIF1 or -eIF5 is summarized in the table on the right. Data from the WT ((N)*)
construct were taken from Ref. 19 for comparison purposes only. B, eIF1 and eIF5 fused to GST (lanes 3 and 4) or GST alone (lane 2) was expressed in E. coli,
immobilized on glutathione-Sepharose beads, and incubated with the 35S-labeled c/Nip1 segments indicated to the right of the lower panels at 4 °C for 2 h. The
beads were washed three times with phosphate-buffered saline, and bound proteins were separated by SDS-PAGE. Gels were first stained with GelCode Blue
Stain Reagent (Pierce) (top panel) followed by autoradiography (bottom panels). Lane 1 shows 10% of the input (In) amounts. C, same as in B except that the
semirandom mutations of c/Nip1-Boxes are under study. The amount of each 35S-labeled c/Nip1 polypeptide bound to each GST fusion protein was quantified
and is expressed above the corresponding panel as a percentage of the input (three independent measurements were made, and the outputs were averaged
with the S.E. ranging between 3 and 11%).
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(Fig. 6A, lane 20) as expected because this mutant has the eIF1-
binding site deleted. Finally, eIF1 binding in the remaining
three Box mutants (12-WWPW, 12-WW, and 15-2) was also
reduced but to a much smaller degree than in the case of the
GAP85 mutant. Taking our in vitro binding data into account
(Fig. 5C), we think that these reductions are not a result of
impaired direct binding between eIF1 and the NTD of c/Nip1
but rather an indirect consequence of changes in the arrange-
ment of the assembly of the eIFs around the mutant
c/Nip1-NTD.
The c/Nip1-NTD Mutants Generally Reduce 40 S Subunit

Association of eIF3 and eIF5 in Vivo but Have Varying Effects on
eIF1 and TC Recruitment to the 43–48 S PICs—All results
described so far suggest that the three identified classes of the
c/Nip1-NTDmutants that we generated have a varying impact
on the composition of the 43–48 S PICs, the analysis of which
would greatly help with the explanation of their molecular
defects. To address this issue, we measured binding of selected
eIF3 subunits and other MFC components to 40 S subunits by
formaldehyde cross-linking followed by high velocity sedimen-
tation in sucrose gradients (24). This method provides the best
available approximation of the native composition of 43–48 S
pre-initiation complexes in vivo. As shown in Fig. 7, A–C (left
panels), we observed the expected co-sedimentation of a pro-
portion of eIF3, eIF2, eIF5, and eIF1 with the 40 S species in the
WCEs derived fromWTcells. In the case of the class “a”Box12-
SPW mutant, we observed a relative �50% decrease in the
amounts of selected eIF3 subunits (c/Nip1, i/Tif34, and
g/Tif35) and eIF5 associated with 40 S subunits (Fig. 7A, right
panel), indicating that this mutation destabilizes eIF3 and its
tightly bound partner eIF5 (28) on the ribosome in vivo perhaps
by increasing their dissociation rates as suggested previously for

some other eIF3 mutants (13, 31). In contrast, eIF2 levels
remained practically unchanged, which nicely correlates with
the fact that this mutant does not impart the Gcd� phenotype.
Importantly and in accord with our binding data mentioned
above, we reproducibly detected significantly increased
amounts of eIF1 in the 40 S subunit-containing fractions
(note the peak of the eIF1 signal in the 40S subunit-contain-
ing fractions that is apparent only in the panel showing the
SPW mutant). Hence, we propose that tighter binding of
eIF1 to the c/Nip1-NTD somehow prevents eIF1 from prop-
erly functioning in the AUG start codon selection process,
producing the severe Sui� phenotype (see “Discussion” for
our model).
The class “b” WWPW mutant imparting both the Sui� and

Gcd� phenotypes reduced 40 S subunit binding of eIF3 to a
similar extent and that of eIF5 to an even greater extent than did
Box12-SPW (Fig. 7B, right panel). Here, the reduction in eIF5
on the 40 S ribosome might be attributed either to the reduced
amount of eIF5 in the affinity-purified MFC and/or to the
decrease in 40 S subunit-associated eIF3; we cannot rule out
either of these possibilities. In accord with its Gcd� phenotype
and in contrast to Box12-SPW, it also significantly reduced the
eIF2 levels on the ribosome. Another striking difference
between WWPW and SPW mutants is that the former also
markedly reduced the 40 S subunit-associated amounts of eIF1.
These results thus imply that (i) the nature of the Sui� defect
differs between these two mutants and (ii) the character of the
WWPW Sui� defect conspicuously resembles so-called class “i”
mutations in SUI1 encoding eIF1 (3). Class i Sui� mutations
weaken eIF1 association with PICs, and their Sui� phenotype
can be partially suppressed by their own overexpression; in
accord, the Sui� defect ofWWPW is also partially suppressible

FIGURE 6. The semirandom mutations of c/Nip1-Boxes selectively affect composition of the MFC in vivo. A, WCEs prepared from the selected strains
described in Fig. 2C were incubated with Ni2�-Sepharose, and the bound proteins were eluted and subjected to Western blot analysis with the antibodies
indicated in each row. In, lanes contained 5% of the input WCEs; E, lanes contained 100% of the eluate from the resin (a typical recovery is �10% of the input
for the WT); FT, lanes contained 5% of the flow-through from 100% input that did not bind to the resin (the limiting factor in this experiment). B, the Western
signals for the indicated proteins in the eluate fractions of the WT NIP1-His and its mutants were quantified, normalized for the amounts of the WT c/Nip1 in
these fractions, and plotted in the histogram as percentages of the corresponding values calculated for the WT c/Nip1; S.D. values are given.
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by hc eIF1 (Fig. 3). Intuitively, the same results could be also
expected with another class b mutant, GAP85, which com-
pletely removes the eIF1-binding site (Fig. 5) and practically
eliminates eIF1 from the MFC in vivo (Fig. 6). Despite numer-
ous attempts, however, the results were not satisfactorily con-
clusive because they suffered from huge experimental error.
We think the most probable reason for this is the extremely
long doubling time of the large internal deletion of this mutant
that makes it very hard to work with when compared with
other, not so slow growing mutants. Nevertheless, our in vitro
and in vivo binding as well as hc eIF1 suppression data strongly
suggest thatGAP85 also causes the Sui� phenotype by weaken-

ing the eIF1 binding to PICs in a manner partially suppressible
by hc eIF1.
The class “c” WW mutant, which still falls in the original

Box12 segment, imparts only the Gcd� phenotype in a manner
partially suppressible by hcTC (Fig. 4) and as suchwas expected
to reduce mainly the eIF2 amounts on the 40 S ribosome. As
shown in Fig. 7C, besides eIF2, we also found decreased
amounts of eIF5 but not eIF3 and eIF1. Interestingly and in
accord with our binding data showing a significant loss of eIF2
but not eIF5 from theMFC in vivo (Fig. 6), 40 S ribosome bind-
ing of eIF2wasmore severely impaired than that of eIF5. This is
significant because in all other Gcd� mutants examined in this

FIGURE 7. The c/Nip1-NTD mutants generally reduce 40 S subunit association of eIF3 and eIF5 in vivo but have varying effects on eIF1 and TC
recruitment to the 43– 48 S PICs. A–D, selected strains described in Fig. 2, C and D, were grown in YPD medium at 30 °C to an A600 of �1.5 and cross-linked with
2% HCHO prior to harvesting. WCEs were prepared, separated on a 7.5–30% sucrose gradient by centrifugation at 41,000 rpm for 5 h, and subjected to Western
blot analysis. Fractions 1– 4, 5–9, and 10 –12 (43– 48 S) were pooled, and 5% of each pooled sample was loaded on the gel; lane “In” shows 5% input. Proportions
of the 40 S subunit-bound proteins relative to the amount of 40 S subunits were calculated using Quantity One software (Bio-Rad) from at least three
independent experiments. The resulting values obtained with the WT strain were set to 100%, and those obtained with mutant strains were expressed as
percentages of the WT in the histograms on the right (S.D. values are given).
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work eIF5 association with PICs was always more impaired
than that of eIF2. These results seem to indicate that the WW
mutant impairs eIF2 recruitment by a different mechanism
than via the destabilization of eIF5 binding to the c/Nip1-NTD
in the MFC, which is the only way that we have seen so far (see
“Discussion” for further details). These results also suggest that
the “PW” but not the “WW” part of the WWPW mutant is
responsible for the weakened eIF3 binding to PICs in vivo.
Finally, another representative class c mutant, Box15-2,

reduced binding of eIF3 and eIF5 with 40 S species (Fig. 7D,
right panel), indicating that this part of the NTD of c/Nip1 also
is required for stable incorporation of eIF3 and eIF5 into the
PICs. Importantly, consistent with the Gcd� only phenotype of
thismutant, 40 S subunit-associated amounts of eIF2 (TC)were
also significantly reduced in contrast to eIF1, the binding of
which was affected only modestly.

DISCUSSION

In this report, we added great detail into our understanding
of the dual role of the NTD of c/Nip1 in TC recruitment and
AUG selection, delineated its binding sites for eIF1 and eIF5,
and pinpointed specific residues involved in both of these func-
tions. First, we showed that the extremeN-terminal 45 residues
of the c/Nip1-NTD in the GST-GAP92 construct, which prac-
tically lacks the rest of the originally defined minimal eIF5-
binding segment (in residues 1–156; Ref. 19), are sufficient for
binding to eIF5 in vitro, whereas their removal completely abro-
gates it (Fig. 5). These findings clearly imply that the tip of the
c/Nip1 protein is the direct mediator of eIF3 control over the
eIF5 function(s) on the ribosome. This is consistent with our
earlier observations that two 10-Ala substitution mutants
(Box2 and Box4) falling directly in this region preferentially
reduced association of the c/Nip1-NTDwith eIF5 versus eIF1 in
vitro and accordingly lowered eIF5 occupancy in native PICs
(11). Interestingly, similar in vivo but not in vitro effects were
also observed with the original Box6R mutation, although the
mutated region lies outside of the minimal eIF5-binding
domain defined here (11). Likewise, neither of our newly gen-
erated mutations occurs in this domain and thus shows no
impairment of eIF5 binding in vitro (Fig. 5), but most of muta-
tions reduce eIF5 amounts in the MFC in vivo (Fig. 6). In addi-
tion, we observed that the minimal eIF5-binding domain lack-
ing the eIF1-binding site that immediately follows shows much
stronger affinity for eIF5 than the entire N-terminal segment
(Fig. 5). To accommodate these findings, we propose that the
c/Nip1-NTD, which is not involved in any eIF3 intersubunit
interactions, adopts a dynamic fold that undergoes a relatively
large restructuring when eIF3 associates with other eIFs in the
MFC. This could play an important role when the MFC con-
tacts the 40 S subunit and eIF3 and its other components (all in
contact with the c/Nip1-NTD)must find their attachment sites
on both sides of the ribosome (see ourmodel below). If true, one
can envisage that even mutations lying outside of the defined
c/Nip1-binding sites for eIFs 1 and 5 might have a marked
impact on the folding of the rest of the NTD and could prevent
association of eIF1 and/or eIF5 with the MFC indirectly, for
example due to spatial constraints.

Also, the c/Nip1-NTD internal deletions (�60–144 inGAP85
and �46–137 in GAP92) completely eliminated association of
eIF1 with the NTD in vitro and with eIF3 in the MFC in vivo
(Figs. 5 and 6 and data not shown), and the missing fragments
showedWTbinding to eIF1 in vitro (Fig. 5 and data not shown).
This clearly suggests that the segment spanning residues
60–137 is responsible for eIF1 recruitment to the MFC and via
MFC to the 40 S ribosome. Interestingly, neither of our Box12
mutations reduced eIF1 binding in vitro, indicating that the
region from 111 to 120 is not the most critical determinant of
the c/Nip1-eIF1 interaction. The absolute loss of contact
between eIF1 and the c/Nip1-NTD that dominates in the GAP
mutants produced very severe Slg� and Sui� phenotypes par-
tially and fully suppressible, respectively, by high copy eIF1 (Fig.
3). Conversely, overexpressing eIF5 showed no effect on either
phenotype. Intuitively, these results suggest that the rate-limit-
ing defect in bothGAPs should be the loading of eIF1 to the PIC
and/or the lack of the eIF1-c/Nip1-NTD contact therein. The
former would be reminiscent of the class i sui1mutations that
specifically reduce the eIF1/Sui1 amounts in the PICs and pro-
duce the Sui� phenotype in a manner partially suppressible by
their own overexpression (3, 8). Although the aforementioned
technical difficulties prevented us from showing this directly,
we posit that the eIF1 recruitment to the ribosome is one of the
major defects displayed by this mutant in addition to its failure
to properly promote TC assembly with the PICs (in a manner
not suppressible by hc TC, which we cannot explain). In many
ways, a similar but certainly not completely identical molecular
effect also underlies a Sui� defect of the largest semirandom
Box12-WWPWmutant. It markedly reduced amounts of the
MFC- and PIC-bound eIF1 in vivo but not in vitro (Figs. 5- 7),
and its Sui� but not Slg� phenotype was partially suppress-
ible by high copy eIF1 by the principle of mass action (Fig. 3).
The class a (Sui�-only)mutantBox12-SPW is a variant of the

WWPW mutation within Box12 lacking the first two Trp sub-
stitutions of Val111 and Val112 (shown to produce the canonical
Gcd� phenotype on their own; see below) but having an extra
substitution of Lys113 by serine. It is intriguing that such a short
stretch of residues, apparently not even directly contacting
eIF1, contains two distinct sets of residues that are involved in
two mutually distinguishable processes. Although the Sui�
phenotype of the SPWmutantwas also partially suppressible by
hc eIF1 as in the case of GAP85 and WWPW (Fig. 3), our bio-
chemical experiments clearly suggest that the molecular
effects of its Sui� defect significantly differ from the latter
two. We think that it is because GAP85 and WWPW also
impair a step preceding the AUG selection, in particular the
TC recruitment, which must undoubtedly greatly influence
the normal progress of all following steps. In this respect, the
SPW effect on AUG selection can be considered the most
direct.
The SPW mutation surprisingly increased the affinity of the

c/Nip1-NTD for eIF1 in vitro (Fig. 5) and to a certain degree in
vivo in the context of the entire MFC (Fig. 6). In addition, per-
haps as a result of this, it also markedly increased the steady
state levels of eIF1 in the PICs while reducing the overall
amounts of eIF3 and eIF5 (Fig. 7). To explain these effects, we
propose the following model. If we presume that the c/Nip1-
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NTD delivers eIF1 to the back side of the 40 S ribosome from
which it has to relocate to the P-site area on the interface side
(32) (see our model below), tighter binding of eIF1 to the SPW
mutant could shift the equilibrium between eIF1 bound near
the P-site toward eIF1 bound to eIF3, which is known to reside
on the back side of the 40 S ribosome (4). (The existence of two
eIF1-binding sites on the ribosome (one on eIF3 and the other
near the P-site) was also recently proposed by A. Hinnebusch
(3).) This could at least partially account for the Sui� phenotype
of SPW by altering the proper positioning of eIF1 for stringent
AUG selection. In otherwords, because of the increased affinity
of the mutant c/Nip1-NTD for eIF1, the SPWmutation would
interfere with the eIF1 gatekeeping role at the P-site either by
preventing its stable binding therein and/or by evoking its pre-
mature dissociation/displacement at near-cognate start
codons. Both defects would be mitigated by eIF1 overexpres-
sion as was observed. However, this “altered distribution/im-
proper positioning” model would still not explain the fact that
the occupancy of eIF1 is increased in native PICs. One way to
account for this elevated eIF1 occupancy would be to propose
that a second consequence of the SPWmutation is to delay eIF1
dissociation from the 40 S ribosome specifically at AUG codons
in the manner described previously for the “class ii” Sui�
mutant in SUI1 represented by sui1-G107R, which produces
the Sui� defect by slowing not accelerating the release of eIF1
from 48 S PICs (33). Indeed, HCHO cross-linking analysis of
G107R showed that this mutation also reduces the amounts of
eIF3 and eIF5 associated with the PICs in vivo while producing
a slight increase in the eIF1 amounts. In fact, this second defect
would not only explain the observed higher occupancy of eIF1
in bulk PICs (which are dominated by AUG initiation events),
but in addition, it would also be expected to contribute to the
SPW Sui� phenotype by reducing initiation specifically at AUG
codons.
Finally, the three mutations Box12-WW, 12-WWPW, and

Box15-2 produced canonical Gcd� phenotypes suppressible by
overexpressing the TC in cells lacking protein kinaseGcn2 (Fig.
4), providing strong genetic evidence that they decrease the rate
of TC binding to 40 S ribosomes and thus deregulate GCN4
translational control. Accordingly, they significantly decreased
the eIF2/TC levels in both the MFC (Fig. 6) and the PIC in vivo
(Fig. 7). Increased dosage of the TC also fully suppressed the
Slg� phenotype of the Box15-2mutant, suggesting that the TC
recruitment is the rate-limiting defect in these cells and resi-
dues Ile142, Glu145, Phe146, Asp147, and Ile149 are critically
required for this c/Nip1 role. Although we did not attempt to
dissect the individual effects of these five residues any further,
we assume that they are all required because of the following
facts. Twomutant libraries of the original Box15, each contain-
ing �10,000 clones, were screened. One library contained
mutations in only two of these five residues (E145X and
D147X), and noGcd�mutants (not evenweak ones) were iden-
tified. The other library containedmutations in all five residues,
and only one of �10,000 transformants showed a strong Gcd�

phenotype. In contrast to Box15-2, the Slg� phenotype of the
WWmutant was not suppressed, indicating that the molecular
nature of its defect differs to some degree. Indeed, whereas
Box15-2 also markedly decreased the eIF5 levels in the MFC,

the WW mutation had a negligible effect if any (Fig. 6). To
explain this difference, we propose that although Box15-2
affects the c/Nip1-NTD fold in such a way that primarily
impedes the eIF5 attachment to its tip in the context of the
MFC Box12-WW allows Nip1-NTD-eIF5-CTD binding but
changes the overall orientation of the eIF5-CTD in theMFC so
that it can no longer contact the �-subunit of eIF2 to promote
efficient TC recruitment to 40 S ribosomes. It is also notewor-
thy that in contrast to all other mutants theWWmutation did
not destabilize eIF3 binding to the ribosome. Hence, it seems
that the former effect and the latter lack of effect are the unique
characteristics of the “V111W/V112W” substitutions because
the “parental” WWPW mutant showed biochemical effects
similar to those of Box15-2.
Based on these results, we propose the following model. The

fact that the NTD of c/Nip1 interacts simultaneously with eIF1
and the CTD of eIF5 (19, 20) and via the latter with the �-sub-
unit of the TC makes the c/Nip1-NTD one of the most critical
domains ensuring the functions of the MFC in recruiting the
latter factors to the 43 S PIC and regulating their contributions
to the start codon selection process thereon. It has been shown
that disrupting mutual interactions among individual compo-
nents of the yeast MFC significantly reduces translation initia-
tion rates by affecting not only the steps of the PIC assembly but
also the subsequent postassembly events (9–12, 14, 15, 18, 20,
21, 29). This not only suggests that theMFC-driven pathway of
PIC assembly ensures the efficiency of the whole initiation
process but also that the postassembly persistence of at least
some contacts among the MFC components is required for
smooth scanning through the 5�-UTR of themRNA and proper
AUG recognition. There is increasing evidence that the major
eIF3 body contacts the solvent side of the 40 S subunit in prox-
imity to mRNA at both the entry and exit channel pores (9, 10,
13, 18, 22, 34). However, some of its domains, including the
c/Nip1-NTD, were proposed to reach out under the 40 S beak
toward the ribosomal A-site (11, 22). Although it is not known
where the eIF5-CTD resides, the very recent analysis of 40 S
ribosome-associated eIF2 suggested that the eIF2�-bound
eIF2� faces the A-site (35), indicating that the CTD of eIF5 also
occurs somewhere in this area. The modeled eIF2� location
would be consistent with the proposed placement of the CTD
of the a/Tif32 subunit of eIF3 (22) that directly interacts with
this eIF2 subunit in the MFC (20). If true, this could mean that
the MFC-established c/Nip1-NTD-eIF5-CTD and a/Tif32-
CTD-eIF2� contacts also remain preserved in the scanning
PICs. In such a case, the latter two eIF3 domains would be
ideally positioned to actively contribute to the regulation of
AUG selection via their contacts with eIF2 and eIF5. Indeed,
mutations in the a/Tif32-CTD and its interacting partner
j/Hcr1 were shown to markedly increase the frequency of skip-
ping the AUG start site, producing the leaky scanning pheno-
type (9, 10). In contrast, the binding site of eIF1 in the eIF1�40 S
ribosome complex lacking all other eIFs was mapped close to
the ribosomal P-site in the interface platform area (32, 36). In
addition, eIF1 appears to bind to the ribosome via the same
surface that also contacts the c/Nip1-NTD (36, 37). Hence,
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unlike the eIF2� and the eIF5-CTD interactions, the eIF1 con-
tact with the c/Nip1-NTD on the ribosome must be undoubt-
edly given up at a certain point of initiation.
Taken together, we propose that upon MFC binding to the

ribosome the c/Nip1-NTD together with the a/Tif32-CTD
accommodate eIF1, the eIF5-CTD, and the eIF2�-NTD near
the A-site. Whereas the latter two domains remain bound in
this area, eIF1 is subsequently transferred to its “scanning-com-
petent” position near the P-site. This transfer could be a part of
a large conformational rearrangement of the 40 S head that is
triggered by eIFs 1 and 1Aand that opens up themRNAbinding
channel for mRNA recruitment (2). We think that this partic-
ular process is slowed down in our gain-of-function SPW
mutant because of its increased affinity for eIF1, resulting in the
severe Sui� defect.

Based on biophysical studies conducted with a yeast in vitro
reconstituted system using eIFs 1, 1A, and 5 and TC but not
eIF3, eIF1 was proposed to be ejected from PICs upon AUG
recognition to “open the gate” for the subsequent Pi release,
resulting in scanning arrest (38). Premature loss of eIF1 from
the scanning PICs in numerous mutants is also generally con-
sidered to be the major cause of the Sui� phenotype (8). An
interesting alternative scenario to the “ejection model” is that
eIF1 upon AUG recognition triggers a reciprocal conforma-
tional rearrangement from the open to closed states, and
instead of being directly ejected, it drifts back to the c/Nip1-
NTD in the A-site. Although there is no direct evidence for this
option with the exception of the fact that addition of eIF3 to
reconstituted PICs in the systemof Lorsch and co-workers (38),
while having no effect on the rate constant for eIF1 dissociation,
reduces the extent of eIF1 dissociation from reconstitutedPICs,
we think it has an important physiological relevance as follows.
i) The c/Nip1-NTD could control timing and dynamics of the
eIF1 shuffling between its two positions on the ribosome
depending on the immediate scanning status, i.e. on a confor-
mational state of the ribosome. ii) Holding on to eIF1 by eIF3
post-initiation could speed up the reinitiation process after
translation of short uORFs. eIF3 critically promotes reinitiation
by staying 80 S ribosome-bound during the first elongation
cycles to stabilize the 40 S subunit on mRNA after termination
on a short uORF (17, 39, 40). In the next step, the 40 S subunit
must resume scanning to locate the next AUGof a downstream
ORF. Intuitively, to be able to resume scanning, it is very likely
that conformational changes similar to those occurring in the
newly formed 48 S PIC also must occur in the mRNA-bound
post-termination 40 S complex (39).Hence, having eIF1 already
present could make the transition from post-termination to
scanning complex faster and thus more efficient. iii) eIF3
together with eIFs 1 and 1Awas proposed to greatly stimulate a
ribosomal recycling step following termination (41). If eIF1 is
ejected in a complex with eIF3 post-initiation as eIF5 is with
eIF2 prior to subunit joining (42), the eIF3�eIF1 complex
could in turn directly participate in recycling at one end of
the translational cycle and serve as a nucleation center for
the new round of MFC formation at the other end. Certainly,
more experiments are needed to support or exclude these
possibilities.
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NIP1 PCI domain interacts with RNA and RACK1/ASC1 and promotes
assembly of translation preinitiation complexes. Nucleic Acids Res. 40,
2683–2699

32. Rabl, J., Leibundgut, M., Ataide, S. F., Haag, A., and Ban, N. (2011) Crystal
structure of the eukaryotic 40S ribosomal subunit in complex with initia-
tion factor 1. Science 331, 730–736

33. Nanda, J. S., Cheung, Y. N., Takacs, J. E., Martin-Marcos, P., Saini, A. K.,
Hinnebusch, A. G., and Lorsch, J. R. (2009) eIF1 controls multiple steps in
start codon recognition during eukaryotic translation initiation. J. Mol.
Biol. 394, 268–285

34. Kouba, T., Danyi, I., Munzarová, V., Vlčková, V., Cuchalová, L., Neueder,
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