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Related elF3 subunits TIF32 and HCR1 interact with
an RNA recognition motif in PRT1 required for elF3
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elF3 binds to 40S ribosomal subunits and stimulates
recruitment of Met-tRNA;Met and mRNA to the pre-
initiation complex. Saccharomyces cerevisiae contains
an ortholog of human eIF3 subunit p35, HCR1, whose
interactions with yeast eIF3 are not well defined. We
found that HCR1 has a dual function in translation
initiation: it binds to, and stabilizes, the elF3-elF5-
elF1-eIF2 multifactor complex and is required for the
normal level of 40S ribosomes. The RNA recognition
motif (RRM) of eIF3 subunit PRT1 interacted simul-
taneously with HCR1 and with an internal domain of
elF3 subunit TIF32 that has sequence and functional
similarity to HCR1. PRT1, HCR1 and TIF32 were
also functionally linked by genetic suppressor analysis.
We propose that HCR1 stabilizes or modulates inter-
action between TIF32 and the PRT1 RRM. Removal
of the PRT1 RRM resulted in dissociation of TIF32,
NIP1, HCR1 and eIF5 from eIF3 in vivo, and
destroyed 40S ribosome binding by the residual
PRT1-TIF34-TIF35 subcomplex. Hence, the PRT1
RRM is crucial for the integrity and ribosome-binding
activity of elF3.
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Introduction

Translation initiation in eukaryotes is a complex series of
reactions leading to the formation of an 80S ribosomal
complex containing methionyl initiator tRNA (Met-
tRNAMY) base paired with the initiation codon in
mRNA. These reactions require the participation of
numerous protein factors called initiation factors (elFs),
several of which operate at multiple steps in the process.
elF3 and eIF1A stimulate dissociation of 80S ribosomes
into 40S and 60S subunits, and also promote binding of a
ternary complex consisting of Met-tRNAMe elF2 and
GTP to the small subunit, forming the 43S pre-initiation
complex (reviewed in Merrick and Hershey, 1996). eIF3
remains bound to the 43S complex and prevents its
disruption by 60S ribosomal subunits (Chaudhuri et al.,
1999). The 43S complex interacts with the m’G cap
structure at the 5" end of mRNA, forming the 48S complex,
in a reaction stimulated by multiple mRNA-binding
factors [elF4F, elF4A, elF4B and poly(A)-binding protein
(PAB1)] and eIF3 (Merrick and Hershey, 1996; Sachs and
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Varani, 2000). The 48S complex scans the mRNA until an
AUG start codon is encountered, facilitated in this process
by elF1 and eIF1A (Pestova et al., 1998). Upon base-
pairing between the anticodon of Met-tRNA;M¢ and the
AUG start codon, elF5 stimulates the hydrolysis of GTP
bound to elF2, followed by release of the elF2-GDP
binary complex and other initiation factors. The 60S
ribosome then joins with the 48S pre-initiation complex,
dependent on eIF5B, and the entire process is completed
when eIF5B is released from the 80S initiation complex
(Pestova et al., 2000).

Mammalian eIF3 has the most complex structure of the
initiation factors, containing 11 non-identical subunits
(Vornlocher et al., 1999). An elF3 complex has been
isolated from the yeast Saccharomyces cerevisiae by
affinity purification and gel filtration that contains only
five subunits, TIF32/RPG1, NIP1, PRT1, TIF34 and TIF35
(Danaie et al., 1995; Asano et al., 1998; Phan et al., 1998),
which are homologs of human elF3 subunits p170, p110,
pl16, p36 and p44, respectively (Asano et al., 1997). A
mutation in PRTI or depletion of NIP1 both led to defects
in Met-tRNA;Mt binding to 40S ribosomes in yeast cell
extracts that could be complemented with the purified
yeast eIF3 complex. Thus, the yeast five-subunit factor can
associate with 40S subunits and stimulate Met-tRNA;Met
binding, two of the key activities ascribed to mammalian
elF3 (Phan et al., 1998).

We demonstrated recently that yeast elF3, elF1, elF5
and the ternary complex reside in a multifactor complex
(MFC) that is an important intermediate in translation
initiation (Asano et al., 2000). eIF1 and eIF5 are physic-
ally associated with eIF3 via the NIP1 subunit (homolog
of mammalian elF3-p110) (Naranda et al., 1996; Asano
et al., 1998; Phan et al., 1998), whereas the Met-
tRNAMet.elF2-GTP—-eIF3 interaction is bridged by elF5
(Asano et al., 1999, 2000). Some of these interactions have
been confirmed for the corresponding mammalian factors
(Bandyopadhyay and Maitra, 1999; Fletcher et al., 1999).
In yeast, elF5 and elF1 were shown to promote stringent
selection of AUG as the start codon (Huang et al., 1997);
hence, eIlF3 may play a structural role in AUG recognition
and GTP hydrolysis in addition to promoting initiation
complex assembly.

Only one additional human eIF3 subunit (p35) has an
ortholog encoded in the S.cerevisiae genome. The gene
encoding this protein, HCR1, was identified as a high-copy
suppressor of the temperature-sensitive (Ts~) phenotype of
the rpgl-1 allele of TIF32/RPGI (Valasek et al., 1998,
1999). The hcriA mutant was viable, but showed a
reduction in growth rate. Combining the hcrl A allele with
rpgl-1 exacerbated the growth defect conferred by rpgl-1.
Moreover, the HCRI and TIF32 gene products were co-
immunoprecipitated from yeast cell extracts. Despite the
fact that purified yeast eIF3 preparations did not contain
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HCR1 (Phan et al., 1998), these findings suggested that
HCRI1 is physically associated with yeast elF3 in vivo.

We show here that a portion of HCRI resides in the
MEC containing elF3, elF5, elF1 and the ternary complex.
Importantly, the hcrl A mutation decreased the abundance
of the MFC, implicating HCR1 in pre-initiation complex
assembly. We also found that recombinant HCR1 and the
internal segment of TIF32, which is 25% identical to
HCR1, bound concurrently to the RNA recognition motif
(RRM) of PRTI, indicating a network of physical
interactions involving HCRI1, TIF32 and the PRTI
RRM. A mutant PRT1 protein lacking the RRM was
shown previously to interfere with translation in otherwise
wild-type cells and to reside in defective complexes
incapable of stable binding to 40S ribosomes (Evans et al.,
1995). In agreement with our in vitro binding data, we
found that these defective complexes contained TIF34 and
TIF35 but lacked TIF32, HCR1 and NIP1. We propose
that HCR1 serves to stabilize or modulate the interaction
between TIF32 and the PRT1 RRM, which is crucial for
integrity of the MFC and its association with 40S
ribosomes. Unexpectedly, deletion of HCRI reduced the
abundance of 40S ribosomes, indicating a novel function
for this elF3-associated factor in ribosome biogenesis or
stability.

Results

HCR1 is an elF3-associated protein that interacts
directly with PRT1 and TIF32/RPG1

To determine whether the previously described
HCRI1-TIF32 complex (Valasek et al., 1999) also con-
tained the other subunits of elF3, we prepared whole-cell
extracts (WCEs) from the hcrl A strain transformed with a
plasmid encoding c-Myc-tagged HCR1 (Myc-HCRI) or
an empty vector. These extracts were immunoprecipitated
with antibodies against TIF32 or c-Myc and the immune
complexes were probed with antibodies against elF3
subunits, elF1 and eIF5. As expected, the anti-TIF32
antibodies immunoprecipitated a large fraction (~60%) of
TIF32, PRT1, TIF34 and TIF35 (all eIF3 subunits), ~20%
of the eIF5 and ~10% of the eIF1 from both extracts.
Additionally, ~20% of the Myc-HCR1 co-immunopre-
cipitated with TIF32 from the HCR1-Myc extract. The
€ subunit of eIF2B (GCD6), which does not interact with
elF3 (Cigan et al., 1991), was not immunoprecipitated by
the TIF32 antibodies from either extract (Figure 1A,
lanes 3 and 5). The TIF32-HCR1 complexes detected
above were judged to be part of elF3 because the c-Myc
antibodies immunoprecipitated ~10-20% of the other elF3
subunits, 1-3% of elF1 and elF5, and no GCD6, along
with ~60% of the Myc-HCR1 (Figure 1B, lane 3). None of
these proteins was immunoprecipitated with c-Myc anti-
bodies from the wild-type untagged extract (Figure 1B,
lane 5). These results demonstrate that HCR1 is physically
associated with the elF3—elF1—eIF5 complex.

The relatively small proportions of eIF3 subunits, elF5
and elF1 that co-immunoprecipitated with Myc-HCRI1
compared with the larger amounts of these proteins that
co-immunoprecipitated with TIF32 suggested that HCR1
might be a substoichiometric component of elF3. To
investigate this possibility, we compared the amounts of
the c-Myc-tagged forms of these two proteins expressed in
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the wild-type strain W303 by western blot analysis of
WCEs using antibodies against the c-Myc epitope. The
results suggested that Myc-HCR1 was present at a quarter
of the level of Myc-PRT1 (data not shown). Using
polyclonal antibodies against HCR1 and PRTI, we
found that ratios of Myc-HCR1 to total HCRI1, and of
Myc-PRT1 to total PRT1, were very similar in these
extracts. Assuming that the specific binding activity of the
c-Myc antibody was identical for the two tagged proteins,
these results suggest that no more than a quarter of the total
elF3 complexes contain HCR1. We also noted that a
smaller proportion of the total HCR1 was immunopreci-
pitated with TIF32 antibodies than was observed for other
elF3 subunits. Thus, in addition to its relatively low
abundance, it appears that HCR1 is less tightly associated
with eIF3 than are the five core subunits.

We next asked whether HCR1 can interact directly with
an individual subunit of eIF3. A glutathione S-transferase
(GST)-HCRI1 fusion protein was incubated with various
35S-labeled eIF3 subunits synthesized in reticulocyte
lysate. Large fractions of the radiolabeled PRT1 (~40%)
and TIF32 (~20%) were bound to the immobilized
GST-HCR1 (Figure 1C). Much lower amounts of
[3*SJHCR1 (~1-2%) and no detectable radiolabeled
NIP1, TIF34 or TIF35 bound to GST-HCRI. These data
suggest that HCR1 binds directly to elF3 subunits TIF32
and PRTI. It was reported previously that p170 is the
binding partner in human eIF3 for p35, the homolog of
HCRI1 (Block et al., 1998). Thus, the association of HCR1/
p35 with the largest subunit of eIF3 is evolutionarily
conserved between yeast and humans.

HCR1 enhances formation of the MFC, the
abundance of 40S ribosomes and the rate of
translation initiation in vivo

It was of interest to determine whether deleting HCRI
would destabilize the MFC (Asano et al., 2000). In the first
approach to addressing this issue, we immunoprecipitated
the MFC from HCRI and hcrlA extracts using TIF32
antibodies and quantified the amounts of the individual
components (Figure 1D, bottom panel). We found that
deletion of HCRI reduced the amounts of elF2 and elF5
(by ~30%) and the amount of elF1 (by ~75%) that co-
immunoprecipitated with elF3 (Figure 1D, lanes 2 and 4).
Considering that HCR1 is less abundant than elF3, this
represents a significant effect on the formation or stability
of the MFC.

In the second approach, we separated the MFC from its
individual constituents by resolving WCEs from HCRI
and hcrlA strains on a sucrose gradient by velocity
sedimentation. At the same time, we examined the
polysome profiles in these extracts to determine whether
the slow growth phenotype of the hcrlA strain resulted
from diminished translation initiation. As shown in
Figure 2A, deletion of HCRI led to only a slight reduction
in the polysome/monosome ratio (2.57 in the hcriA
mutant versus 3.08 in the wild type). However, there was
an obvious decrease in the proportion of large polysomes
in the mutant, indicating a reduced rate of translation
initiation. Deletion of HCRI also led to a striking
reduction in the abundance of free 40S subunits and a
corresponding increase in free 60S subunits. The 60S/40S
ratio for the hcrl A strain was 4.32 compared with 1.19 for
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Fig. 1. HCR1 interacts with the elF3—eIF2—elF1—eIF5 multifactor complex in vivo and binds in vitro to the PRT1 and TIF32/RPG1 subunits of elF3.
(A and B) Co-immunoprecipitation of HCR1 with the eIF3 complex from cell extracts. The hcrlA strain YLVH13 was transformed with single-copy
plasmid YCpLVHM-T bearing c-myc-tagged HCRI (T, for tagged) or with empty vector YCplac22 (U, for untagged). Aliquots containing 200 ug of
WCE from each transformant were immunoprecipitated with mouse monoclonal anti-TIF32 antibodies (A) or with hybridoma supernatant anti-c-Myc
antibodies (B). Immune complexes were analyzed by western blotting using antibodies against the proteins indicated to the right of (B). In-20%,

20% of the input WCE used for immunoprecipitation (lanes 1 and 2); pel, the entire immunoprecipitated fraction (lanes 3 and 5); sup-10%, 10%

of the supernatant fractions from the immunoprecipitations (lanes 4 and 6). The arrowhead indicates the position of TIF34; the band beneath it was
precipitated non-specifically. (C) Binding of TIF32 and PRT1 to GST-HCRI in vitro. Full-length HCR1 fused to GST (lane 3) or GST alone (lane 2)
was expressed in E.coli, immobilized on glutathione-Sepharose beads and incubated with 10 pl of 33S-labeled full-length TIF32, PRT1, NIP1, TIF34,
TIF35 and HCR1 at 4°C for 2 h. The beads were washed three times with 1 ml of PBS and bound proteins separated by SDS-PAGE. Gels were first
stained with Gelcode Blue Stain Reagent (Pierce) (top panel) followed by autoradiography (bottom panels). Lane 1 shows 20% of the input amounts
of in vitro translated proteins added to each reaction (20% In). (D) Deletion of HCRI reduces the amounts of elFs 2, 5 and 1 associated with eIF3.
Upper panel: the MFC was co-immunoprecipitated from either W303 (HCRI) or YLVHI13 (hcriA) strains essentially as in (A). Bottom panel:
quantification of various factors was carried out using the NIH Image program (version beta 3b, NIH, USA). White bars show the percentage of each
factor out of the total precipitated from the W303 wild-type strain; black bars correspond to the percentage of the total precipitated from the hcriA
strain.

the wild type. This last defect suggests that HCR1 is revealed that elFs 1, 2, 3 and 5 were depleted specifically

required for the biogenesis or stability of 40S ribosomes in fractions 6-9 containing the MFC (Asano et al., 2000)
(Kressler et al., 1999) in addition to its function in eIF3. in the hcrlA mutant versus the wild type. There was a

Western blot analysis of the gradient fractions corresponding increase in the proportions of elFs in
(Figure 2B) and quantification of these data (Figure 2C) fractions 10—12 containing 43—48S initiation complexes in
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Fig. 2. Deletion of HCRI reduces the levels of free 40S ribosomes and destabilizes the multifactor complex. (A) Analysis of polysome profiles in
isogenic HCRI and hcrlA strains. Yeast strains W303 and YLVHI13 were grown in YPD to an ODggg of ~1.0, and 50 pg/ml cycloheximide was added
5 min prior to harvesting. WCEs were prepared and resolved by velocity sedimentation on 5-45% sucrose gradients for 2.5 h at 39 000 r.p.m.
Fractions were collected while scanning at A,s4. The positions of different ribosomal species are indicated. P/M, ratio of A,s4 in the combined
polysome fractions to that in the 80S peak; d.t., cell doubling time in hours. (B) Western blot analysis of the sucrose gradient fractions. W303 and
YLVHI3 strains were grown as in (A), and WCEs were separated on 7.5-30% sucrose gradients by centrifuging for 5 h at 41 000 r.p.m. Gradient
fractions were collected and resolved by SDS-PAGE, followed by immunoblot analysis using antibodies against the proteins indicated on the right of
each panel. The presence of 40S and 60S ribosomes was revealed by the A,s4 profile (not shown) and by probing for the 40S subunit protein S22.
Black rectangles highlight the gradient fractions in which the distributions of elFs 3, 2, 5 and 1 (MFC) differ substantially between the gradients in
herlA versus HCRI. (C) The results in (B) were quantified using the NIH Image program for the five proteins indicated on the x-axis. The proportions
of the total signals present in fractions 6-9 (MFC) or 10-12 (40S) were plotted after normalizing the values obtained for fractions 10-12 for the
amounts of 40S ribosomes. Black and white bars show the values obtained for the HCRI wild-type and hcrlA strains, respectively.

the hcrlA mutant (Figure 2B and C). Probing for the 40S
subunit ribosomal protein S22 revealed the anticipated
~2-fold reduction in the amount of free 40S subunits in the
mutant (Figure 2B). Hence, in Figure 2C, the calculated
proportions of each factor in the 40-48S region were
normalized for the amounts of 40S ribosomes present in
the relevant fractions. These findings suggest that HCR1
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promotes the formation or stability of the MFC, and that
inactivation of HCR1 impedes the conversion of 43S to
48S, or 48S to 80S, initiation complexes. The results in
Figure 2B (top panel) also provide additional evidence that
HCR1 is a component of the MFC and is recruited to
43-48S initiation complexes along with the other con-
stituents of the MFC.
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Considering that the hcr/A mutation led to reduced
amounts of 40S subunits, we asked whether the
decreased amount of the MFC or the reduced rate of
converting 43S/48S to 80S complexes seen in the
mutant could be a secondary consequence of dimin-
ished 40S subunits. Inconsistent with this possibility,
we found that deletion of the 40S ribosomal protein
gene RP5]IA did not alter the distribution of elFs
between the MFC and 43-48S initiation complexes
(data not shown). Importantly, rp5/aA leads to an even
greater reduction in the pool of 40S subunits and
growth rate than does hcriA (Foiani et al., 1991).

TIF32 and HCR1 bind simultaneously to the RRM in PRT1
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Fig. 3. The RRM of PRT1 is sufficient and necessary for its interaction with
TIF32/RPG1 and HCRI. (A) Schematic of the PRT1 sequence and location of
the RRM, with arrowheads delimiting the boundaries of the minimal segments
required for interactions with the indicated proteins, based on the results
shown in (C). Asterisks indicate the positions of the single amino acid
substitutions made by the prt/ mutations indicated beneath the asterisks. The
two dots in the sequence indicate the two substitutions made by the prti-2
mutation. The lines at the bottom depict the 3°S-labeled segments of PRT1
used for the binding assays shown in (C), designated by clone name and the
PRT1 amino acids present (in brackets). (B) Allele-specific suppression of the
Ts~ phenotypes of prt/ mutants by overexpression of HCR1. Mutant strains
containing prtl-63 (TC-26-3), prt1-3 (TP13-1-2), prti-1 (TP11-4-1), PRTI
(21R), prt1-2 (TP12-7-0) and prt1-26 (TDE/16A) were transformed with a
high-copy-number plasmid (hc) carrying HCR! (YEpLVHCR1) or with empty
vector YEplac181 and examined for growth at 36°C on YPD medium. For
each strain, designated above by its prt/ allele, growth of the hc HCRI and
vector transformants is shown in the left- and right-hand sectors, respectively.
(C) In vitro binding of different GST fusion proteins (labeled across the top of
the upper panel) to the various 3S-labeled segments of PRT1 labeled to the
right of the lower panels. Binding experiments were conducted as described in
Figure 1C. Lanes 2, 3, 4, 5 and 6 show binding to GST alone, GST-TIF32,
GST-TIF34, GST-TIF35 and GST-HCRI, respectively. Lane 1 shows 20% of
the input amounts of in vitro translated PRT1 proteins added to each reaction
(20% 1In). + or — in lanes 3-5 for the AM-PRT1 and AS-PRTI1 constructs
indicates results previously published (Asano et al., 1998). N.D., not
determined.

High-copy HCR1 is an allele-specific suppressor of
prt1 mutations

To obtain evidence that HCR 1 interacts with PRT1 in vivo,
we asked whether high-copy HCRI could suppress the
Ts~ phenotypes of various prt/ mutations. As shown in
Figure 3B, high-copy HCR! strongly enhanced growth at
36°C in the prtl-63 and prtI-3 mutants, and weakly
stimulated growth of the prt/-1 strain. The Ts™ phenotypes
of the prtl-2 and prtl-26 mutants were not suppressed by
high-copy HCR1, even though the latter mutant has a less
severe phenotype than does the prt/-63 mutant, which was
strongly suppressed by high-copy HCRI (Figure 3B). The
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Table I. Sequence comparison between full-length HCR1 and the
middle region of TIF32/RPG1

481 1 550

HCR1 MSWBDEAFNGEMGNDDAVLMDSWDAS IGDDEPVMQSWDAEEEEKKPAP%PKKEQ?}(KVKK4
TIF32 IDHESAKVTFAKHPFDEFASTASKEVSEEENTEPEVOEEKEETDEALGPOETEDGEELR JBVIIRNS
cons  ............ BB b B ERE.: S B.... ﬁuwu
551 620
HCR1 ...cRsssapraBrBrfirio.... HE. .. %AEMESD LNNARE. . LFAGLGVAEEHPRAREH
TIF32 YIENELLELSNVEHEVHSFNN sm%\mmgs NKDDLEKISKIV&ERVKRSQEQKQK MEH@
cons ....K....... §+ ............. I Q e RS 4
621 690
HCR1 OxEGEEQALKRPAFTKDTRY. . . ... ?.‘TEPLFNAETQ&%YQDLR raLganfHipMikEsPL. . . §yss
TIF32 HAHQDAEVRQQRILEEKAA EAKLEE@A RLIEKK EATKERET! KM%%EEV [
cons L EHet.............. B [} AR B A§F+ i..g
691 > % 215/731 760
HCR1 B ROY: KDMSIESIRQTVATLNVL;&KERE&Q Ma. ... RURS KKK TN
TIF32 IDLDT KﬂgIIAEV KNKSELESRME LiKVELPLLOKEVDKLOEEDTANYEAMEKE . .
cons L+ wE ............... +..,+§54.++.__, ................... AL HHURL
761 265/790
HCR1 LGGAFKKDQDFDLDGPDDFEFGDUIFM-~~
TIF32 IVD) YEARMADRKNLVMVYE DYLKF
cons +.. &K+ 4 e

The entire HCR1 sequence (1-265) was aligned with residues 481-790
of TIF32 using the GCG Sequence Analysis Program (version 8,
Genetics Computer Group, Inc., Madison, WI). A consensus sequence
(cons) is shown below the TIF32 sequence. Identities are shown by
shading; similarities are indicated by plus signs in the consensus
sequence. Underlined is the K-xs-ER-x,-R motif conserved among
TIF32 and HCR1 orthologs in various species. The arrow marks the
beginning of the Acri-3 frameshift mutation (see text for further
details).

allele-specific suppression of different pr¢/ mutations by
high-copy HCRI is consistent with a direct interaction
between PRT1 and HCRI1 in vivo.

The RRM of PRT1 is necessary and sufficient for
interaction with TIF32 and HCR1 in vitro

We showed previously that PRT1 could interact with all
core elF3 subunits except NIP1 (Asano et al., 1998).
Having found that HCR1 also interacts with PRT1, we set
out to locate precisely the binding domains in PRT1 for
HCR1 and other elF3 subunits. A battery of N- or
C-terminal truncations of [3S]PRT1 (depicted in
Figure 3A) was tested for in vitro binding to GST fusions
containing full-length HCR1 or other elF3 subunits. Only
the first 136 residues of PRT1 (in fragment AA-PRT1),
encompassing the RRM, were sufficient for binding to
GST-TIF32 and GST-HCRI1 (Figure 3C, lanes 3 and 6).
Consistently, deletion of 42 or 100 residues from the
C-terminus of PRT1 (AM-PRTI1 and AS-PRTI) did not
reduce its interaction with GST-HCRI. It was shown
previously that these deletions disrupted interactions of
PRT1 with GST-TIF34 and GST-TIF35, but not with
GST-TIF32 (Asano et al., 1998). Removal of the first
27 residues from the PRT1 segment (yielding AB-PRT1)
abolished its interaction with GST-TIF32 without affect-
ing its binding to GST-HCRI1. Binding to GST-TIF32 in
the absence of the first 27 residues of PRT1 was restored,
however, by including an additional 125 residues
C-terminal to the RRM (yielding AC-PRT1). Deletion of
the N-terminal 110 residues including most of the RRM
(yielding fragment A1-PRT1), or residues 1-260 (A2-
PRT1), abolished binding of PRT1 to GST-HCR1 and
GST-TIF32 (Figure 3C). Thus, the RRM in PRTI is
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necessary and sufficient for binding HCR 1, whereas TIF32
binding requires additional PRT1 residues immediately
flanking the RRM.

Previously, we showed that the C-terminal 83 residues
of PRT1 were sufficient for interaction with TIF34 and
TIF35 in yeast two-hybrid assays, and we confirmed this
finding for TIF34 by showing that [3S]TIF34 synthesized
in vitro bound to the GST-PRT1[641-724] fusion con-
taining the C-terminal 83 residues of PRT1 (Asano et al.,
1998). Additionally, deletion of residues 625-724 or
683-724 from [*3S]PRT1 (AM-PRT1 and AS-PRT1)
abolished its interaction with GST-TIF34 and
GST-TIF35 (Asano et al., 1998). In the same study,
however, [®S]TIF35 failed to interact with GST—
PRT1[641-724], suggesting that the binding domain for
TIF35 extends further towards the N-terminus of PRTI
than that for TIF34. However, we found here that
GST-TIF35 bound strongly to [3S]PRT1 segments con-
taining only the C-terminal 123 or 83 residues of the
protein (Figure 3C, A6-PRT1 and A7-PRT1). Presumably,
fusion of the C-terminal fragment of PRT1[641-724] to
GST masked its TIF35-binding site without affecting that
of TIF34. We conclude that HCR1 and TIF32 bind to the
N-terminal segment of PRT1 harboring the RRM, whereas
TIF34 and TIF35 interact with the extreme C-terminus of
PRTI1 (Figure 3A).

An internal segment of TIF32 similar in sequence
to HCR1 is sufficient for interaction with the RRM
of PRT1

Prompted by our finding that HCR1 and TIF32 both
interacted with the RRM in PRT1, we aligned the HCR1
and TIF32 sequences and discovered that residues
490-790 in TIF32 are 25% identical to the entire sequence
of HCR1 (Table I). Accordingly, we tested whether the
HCR1-like domain (HLD) in TIF32 binds to the PRT1
RRM. A 33S-labeled fragment comprising the HLD of
TIF32 (A1-TIF32, Figure 4A) was sufficient for strong
binding to GST fusions containing either full-length PRT1
or the N-terminal 136 residues of PRT1 (GST-PRTI
RRM[1-136]) (Figure 4B). Simultaneous removal of 61
and 40 residues from the N- and C-terminus, respectively,
of this internal TIF32 fragment (yielding A2-TIF32)
reduced its binding to GST-PRT1 RRM[1-136]. TIF32
fragments Al and A2 showed no binding to GST-NIP1 or
GST-HCRI1 (Figure 4B), indicating the specificity of their
interaction with the PRT1 RRM.

An internal deletion in TIF32 removing most of the
HLD (ASal-TIF32) significantly reduced, but did not
abolish, binding to the GST-PRT1 fusions. Thus, the HLD
of TIF32 is sufficient, but not absolutely required, for
TIF32 binding to the RRM domain in PRT1. Moreover,
the C-terminal domain of TIF32 (A4-TIF32) bound to
GST-PRT1 RRM[1-136] but not to GST-NIP1 or
GST-HCRI, identifying a second region in TIF32
sufficient for binding to the PRT1 RRM. Deletion of
both the C-terminal domain and the HLD (A3-TIF32
and AS5-TIF32) abolished interaction of TIF32 with
GST-PRT1 and GST-PRT1 RRM (Figure 4B). These
findings suggest that TIF32 can bind to the RRM domain
of PRT1 through its HLD or C-terminus. The fact that full-
length GST-PRT1 did not bind to the C-terminal segment
of TIF32, whereas GST-PRT1 RRM did (Figure 4B), may
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Fig. 4. Physical and functional interactions between homologous domains in TIF32/RPG1 and HCR1 and the PRT1 RRM. (A) Schematic of the TIF32
amino acid sequence, with the domain showing 25% identity to HCR1 (HLD) shaded and the asterisk indicating the single amino acid substitution
made by rpgl-1. Arrowheads beneath the schematic delimit boundaries of the minimal segments required for interactions with the indicated proteins,
based on the results shown in (B). The lines beneath the arrowheads depict the 3°S-labeled segments of TIF32 used for the binding assays shown in
(B), designated by clone name and the TIF32 amino acids present (in brackets). (B) Homologous domains in HCR1 and TIF32 bind to the PRT1 RRM
in vitro. Binding of different GST fusion proteins (labeled across the top of the upper panel) to the various 33S-labeled segments of TIF32 labeled to
the right of the lower panels. Binding experiments were conducted as described in Figure 1C. Lanes 2, 3, 4, 5, 6 and 7 show binding to GST alone,
GST-PRT1, 3X GST-PRT1 RRM[1-136], 1 X GST-PRT1 RRM[1-136], GST-NIP1 and GST-HCRI1, respectively. Lane 3 contains three times (3X)
the arbitrary amount of GST-PRT1 RRM[1-136] loaded in lane 4 (1X). Lane 1 shows 20% of the input amounts of in vitro translated proteins added
to each reaction (20% In). (C) The PRT1 RRM can bridge interaction between HCR1 and TIF32 in vitro. A 10 pg aliquot of GST alone or GST-
HCR1 was mixed with 10 ul of [?>S]JA1-TIF32 (lanes 2-4) in the presence (10 pg) (lanes 3 and 5) or absence (lanes 2 and 4) of PRT1 RRM[1-136]

at 4°C for 2 h, essentially as described in Figure 1C. The PRT1 RRM[1-136] fragment was cleaved from the GST moiety in GST-PRT1 RRM[1-136]
using factor Xa (Pharmacia) as recommended by the vendor. Lane 1 shows 20% of the input amount of in vitro translated [3S]A1-TIF32 added to
each reaction (20% In). Lane 6 shows 10% (~1 pg) of the PRT1 RRM[1-136] fragment (indicated by an arrowhead) purified away from the GST
moiety and used in this experiment. (D) Allele-specific suppression of the Ts~ phenotypes of rpgi-1 and prtl1-63 strains by different HCRI alleles in
high copy number. Transformants of rpgl-1(tif32-1) strain YLV314U (left-hand sectors) and prt/-63 strain TC-26-3 (right-hand sectors) containing
high-copy-number plasmids (hc) carrying empty vector (YEplac181), HCRI (YEpLVHCR1), hcrl-R2151 (YEpLVhcrl-R2151) or herl-3
(YEpLVhcri-3) were examined for growth at 30°C (upper block) and 36°C (lower block) on YPD medium.

indicate that intramolecular interactions in PRT1 compete The TIF32 fragments containing the N-terminal
for interaction between the PRT1 RRM and C-terminal half of the protein (ASal-, A3- and AS5S-TIF32) bound
domain of TIF32. to GST-NIP1 and GST-HCRI1, whereas the C-terminal
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fragments (Al-, A2-, A4- and A1+4-TIF32) did not
(Figure 4B). These data suggest that NIP1 and HCRI
interact primarily with the N-terminal half of TIF32
(Figure 4A). However, considering that none of the
N-terminal fragments of TIF32 bound as strongly as full-
length TIF32 to GST-HCRI, the C-terminus of TIF32
may make additional contacts with HCRI1, or it may
stabilize the conformation of the N-terminus of TIF32
needed for strong interaction.

We showed above that PRT1 RRM[1-136] binds both
to the HLD in TIF32 and to HCR1 itself, and wished to
determine whether these interactions could occur simul-
taneously. Having found that the HLD of TIF32 (in
[33S]A1-TIF32) did not bind to GST-HCR1 (Figure 4B),
we asked whether the PRT1 RRM could bridge an
interaction between these two polypeptides. The PRT1
RRM[1-136] fragment used in these experiments was
produced by factor Xa digestion of the GST-PRTI1
RRM[1-136] fusion and purified from the GST moiety.
As shown in Figure 4C (lane 5), the purified PRT1 RRM
fragment bound to GST-HCR1 and bridged an interaction
between GST-HCRI1 and [*>S]A1-TIF32. As expected, the
PRTI RRM fragment did not mediate binding of
[*3S]A1-TIF32 to GST alone (lane 3). Thus, the PRT1
RRM can interact simultaneously with HCR1 and the
HLD of TIF32.

Genetic evidence for the functional significance of
sequence similarity between TIF32 and HCR1

The Ts~ phenotype of the rpgl-1 allele of TIF32 is
conferred by a single amino acid substitution of arginine to
isoleucine at position 731 (Valasek et al., 1998) in the
HLD of TIF32. This arginine residue is conserved in
HCR1 at position 215 (Table I) and corresponds to the
C-terminal residue in a K-x5-ER-x,-R motif that is
completely conserved among S.cerevisiae HCR1 and all
known TIF32 orthologs (data not shown). A similar motif
(K-x3-EK-x,-K) occurs in human elF3-p35. To explore the
physiological significance of the sequence similarity
between HCR1 and TIF32, we asked whether substitution
of Arg215 in HCR1 with isoleucine (hcrl-R215I) would
alter the ability of HCR/! to function in vivo as a dosage
suppressor of rpgl-1 and prt] mutations. In parallel, we
substituted the second conserved arginine present in the K-
x5-ER-X,-R motif located three residues upstream of
Arg215 (producing hcrl-R212I), and separately intro-
duced a frameshift mutation that replaced the last 57
residues of HCR1 (including the K-x5-ER-x,-R motif)
with 42 novel amino acids encoded in a different reading
frame (hcrl-3).

The hcrl-3 frameshift mutation destroyed the ability of
high-copy HCRI to suppress rpgl-1, prtl1-63, prti-3 and
prtl-1, whereas the R212[ substitution had no effect on
suppression of these mutations by high-copy HCRI.
Interestingly, the R2151 substitution eliminated suppres-
sion of rpgl-1, enhanced suppression of prt/-63, and had
no effect on suppression of prtl-3 and prti-1 by high-copy
HCRI (Figure 4D and data not shown). Furthermore,
HCRI-R215I on a low-copy-number plasmid fully com-
plemented the slow growth phenotype of hcriA strain
YLVHI13, whereas low-copy hcrl-3 did not (data not
shown). This last finding indicates that HCRI-R215] is not
a null allele. We conclude that the Ile215 substitution
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alters the function of HCR1 in a manner that influences its
ability to compensate for defects in PRT1 and TIF32 when
overexpressed. The fact that mutating the equivalent
amino acids in HCR1 and the HLD of TIF32 altered the
functions of both proteins in vivo supports the physio-
logical relevance of sequence similarity between HCRI1
and TIF32. The different phenotypes observed when high-
copy HCRI-R2151 was combined with rpgl-1 or various
prtl alleles provides additional evidence for functional
interactions between HCR1 and the TIF32 and PRTI
subunits of elF3.

Interaction of TIF32 with the PRT1 RRM is required
for elF3 integrity and binding of elF3 to the 40S
ribosome

It was shown previously that deletion of the N-terminal
100 amino acids of PRT1 was lethal in vivo and that
expressing the mutant protein (encoded by prt1-A100) in
otherwise wild-type cells inhibited translation initiation
through formation of PRT1-containing complexes incap-
able of binding to 40S ribosomes (Evans et al., 1995).
Having found that the PRT1 RRM is critical for its
interaction with TIF32 and HCR1 in vitro (Figure 3B), we
predicted that expression of prtl-A100 from a low-copy
plasmid (low-copy prt1-A100) in PRTI cells would lead to
the formation of incomplete elF3 complexes containing
TIF34 and TIF35 bound to the C-terminal domain of
prt1-A100 but lacking TIF32, HCR1 and NIP1. As a
consequence, the pool of TIF34 and TIF35 available for
association with wild-type PRT1 would be decreased,
leading to reduced amounts of intact elF3.

We reasoned that if this interpretation is correct, it
should be possible to restore high levels of intact elF3 in
cells containing prtl-Al00 by overexpressing TIF34 and
TIF35. Indeed, TIF34 and TIF35 present together on a
high-copy plasmid fully suppressed the dominant Slg~
phenotype of low-copy prtl-AI100 in a PRTI strain,
whereas high-copy-number TIF32, NIPI or HCRI alone
did not (Figure 5B). As high-copy TIF34 alone partially
suppressed the Slg= of prtl-A100, whereas high-copy
TIF35 did not (Figure 5B and not shown), it seems that
TIF34 is the limiting factor in PRT1 cells containing the
prtl-A100 product.

To demonstrate directly that the prtl-A100 product is
defective for interaction with TIF32 but retains the ability
to bind TIF34 and TIF35, we inserted polyhistidine tags at
the C-termini of prtl-A100 and wild-type PRTI, and
introduced the tagged alleles on high-copy plasmids into a
wild-type strain. The tagged proteins were purified on
nickel-agarose resin and analyzed by western blotting. As
expected, His-tagged wild-type PRT1 (PRTI1-His) co-
purified with all four eIF3 subunits, HCR1 and elF5
(Figure 5C, lanes 2 and 3), whereas none of these proteins
was recovered from a control strain containing only
untagged PRT1 (Figure 5C, lanes 8 and 9). Importantly,
TIF34 and TIF35 co-purified with prt1-A100-His to the
same extent observed for PRT1-His, whereas no detect-
able TIF32, NIP1, HCR1 or elF5 co-purified with the
tagged mutant protein (Figure 5C, lanes 5 and 6). Thus, the
RRM domain in PRT1 is essential for association of HCR1
and TIF32 (and consequently of NIP1 and eIF5) with eIF3
in vivo, but dispensable for the formation of a
PRT1-TIF34-TIF35 subcomplex.



We wished to confirm that the stable subcomplexes
containing TIF34, TIF35 and prt1-A100 were unable to
bind to 40S ribosomes in vivo. We prepared extracts from
PRTI strains containing low-copy prtl-Al00-His or an
empty vector, resolved them on sucrose density gradients
and probed for eIF3 subunits by western blotting. In both
strains, a significant fraction of the core eIF3 subunits,
HCRI and the y subunit of e[F2 (GCD11) were in fractions
10-12 containing the 43-48S initiation complexes
(Figure 6A and B). In the wild-type extract, most of the
remainder of these proteins was in fractions 6-9, corres-
ponding to the MFC (Figure 6B). In contrast, nearly all of
the prt1-A100-His in the mutant extract was at the top of
the gradient in fractions 2—4 (Figure 6A, anti-His) along
with a higher proportion of the total TIF34 and TIF35 than
was seen in the corresponding fractions for the wild-type
extract (Figure 6B). Interestingly, there was a decreased
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proportion of elF2 in fractions 6-9 containing the MFC
and an increased proportion of elF2 at the top of the
gradient (fractions 1-4) in the mutant extract (Figure 6).
Together, these data are consistent with the idea that
prt1-A100-His sequesters a fraction of TIF34 and TIF35 in
defective subcomplexes that cannot form the MFC or bind
to 40S ribosomes. The fact that no TIF32, HCR1 or full-
length PRT1 was present at the top of the gradient in the
mutant extract (Figure 6A) could indicate that the pools of
these proteins expected to occur free of TIF34 and TIF35
when prtl-A100-His is being expressed are -either
degraded or form a subcomplex that binds to 40S subunits.

Discussion

HCR1 associates with elF3 and stabilizes the
multifactor complex

HCRI1 is a non-essential yeast protein similar in sequence
to human eIF3 subunit p35. Previously, it was shown that
HCRI1 interacted genetically and physically with TIF32
(Valasek et al., 1999), but it was unclear whether this
interaction occurred in the context of eIF3. Here we
showed that a proportion of the entire elF3 complex, and
also fractions of eIF5 and elF1, were co-immunoprecipi-
tated with HCR1 (Figure 1). In addition, we provided
evidence that HCR1 resides in the MFC (Figure 2), which
is an important translation initiation intermediate in vivo
(Asano et al., 2000). HCR1 was detected in 43S or 48S
initiation complexes, but not in 80S ribosomes, consistent
with a direct role in the initiation phase of translation.
In vitro binding assays with recombinant proteins indi-
cated that HCR1 binds directly to eIF3 subunits TIF32 and
PRT1. However, it appears that HCR1 is less abundant and
less tightly bound to the elF3 complex than are the five
core subunits we identified previously (Phan et al., 1998).

Fig. 5. The RRM of PRT1 is required for its interaction with TIF32/
RPG1, HCRI and NIP1 in vivo. (A) Schematic of the PRT1 sequence
showing the locations of the RRM and minimal TIF32- and HCR1-
binding sites, as in Figure 3. The line beneath the schematic depicts the
amino acids present in the polyhistidine-tagged prt1-A100 product
(prt1-A100-His), which lacks residues 34—136 and contains a His tag at
the C-terminus. (B) The dominant Slg- phenotype of prt/-A100 can be
suppressed by simultaneous overexpression of TIF34 and TIF35.
Transformants of strain GDE303-88 containing prt{-A100 on low-
copy-number (Ic) plasmid pprt1-A4100, or the corresponding empty
vector YCplacl1, were transformed additionally with one of the
following high-copy-number (hc) plasmids bearing the indicated genes
or with the corresponding empty vector YEp112, YEpTIF34/35T (hc
TIF34/TIF35), YEpTIF32T (hc TIF32), YEpLVHCRI1-1 (hc HCRI),
YEpNIPIT (hc NIPI) and YEpTIF34T (hc TIF34). The resulting
transformants were tested for growth at 30°C on SD medium
supplemented with adenine. The plasmid combination present in

each transformant is indicated above or below the appropriate plate
sector. (C) Affinity purification of an elF3 subcomplex containing
prt1-A100-His, TIF34 and TIF35 but lacking TIF32 and NIP1. WCE
was prepared in a low salt buffer (100 mM KCI) from transformants of
yeast strain F353 bearing plasmid pLP101 containing PRTI-His
encoding His-tagged PRT1 (lanes 1-3), pprti-A100-His encoding
prt1-A100-His (lanes 4-6) or empty vector YCplacl1 (lanes 5-7).
Extracts were incubated overnight with Ni2*-NTA-silica resin and the
bound proteins were eluted and subjected to SDS-PAGE. Proteins were
transferred to nitrocellulose membranes and probed with the antibodies
indicated on the right. Lanes 1, 4 and 7 each contained 3% of the flow-
through fractions from NiZ*-NTA-silica binding (3% FT); lanes 2, 3, 5,
6, 8 and 9 contained 5 pg (2X) or 2.5 ug (1X) of the corresponding
eluted fractions, as indicated above the lanes.
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Fig. 6. Evidence that the eIF3 subcomplex containing prt1-A100,
TIF34 and TIF35 is defective for binding to 40S ribosomes. Trans-
formants of wild-type strain W303 containing pprtl/-Al00-His bearing
prtl-A100-His (A) or empty vector YCplacl1 (B) were grown in SD
medium supplemented with only the required amino acids to an

ODgp of ~1.5, and 50 pg/ml cycloheximide was added 5 min prior

to harvesting. WCEs were prepared and separated by velocity
sedimentation on 7.5-30% sucrose gradients for 5 h at 41 000 r.p.m.
Gradient fractions were collected and resolved by SDS-PAGE,
followed by immunoblot analysis using antibodies against the proteins
indicated on the right of each panel. The membrane in (A) probed with
anti-PRT1 antibodies was stripped and re-probed with anti-His
antibody (Santa Cruz Biotechnology) to detect only the prt1-A100-His
product. The presence of 40S ribosomes was revealed by the Aysy
profile (not shown) and by probing for the 40S subunit protein S22.
The locations of the aberrant prt1-A100-His—TIF34-TIF35 subcomplex
and of wild-type eIF3 and eIF2 in 40S initiation complexes are
indicated schematically above (A). Black rectangles highlight the
gradient fractions in which the distributions of PRT1, TIF34 and TIF35
differ substantially between the gradients in (A) versus (B).

Deletion of HCRI led to a slow growth phenotype and
produced abnormalities in the polysome profile, indicating
a reduced rate of translation initiation. Coincidentally, we
observed a sharp decrease in the association of elF1 with
elF3, and a moderate decrease in the amount of elF5 and
elF2 associated with eIF3 in the hcrl A mutant (Figure 1D).
The latter phenotype suggests that the abundance of the
MEFC is diminished in hcrlA cells, which we confirmed
by comparing the amounts of MFC resolved on
sucrose gradients between mutant and wild-type extracts
(Figure 2B). Considering that both eIF1 and eIF5 bind to
elF3-NIP1, and that eIF5 bridges the interaction between
elF2 and elF3 in the MFC (Asano et al., 2000), these
defects suggest that HCR1 promotes the known inter-
actions between NIP1 and eIFs 1 and 5. Although HCR1
did not interact with NIP1 in our binding experiments, we
recently obtained evidence that NIP1 enhances the binding
of HCR1 to PRT1 and TIF32 (L.Phan, L.Schoenfeld,
L.Valasek and A.G.Hinnebusch, unpublished observ-
ations).
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Fig. 7. Summary of protein—protein interactions within the yeast eIF3
complex. The eIF3 subunits as well as elF5 and elF1 factors are shown
as various shapes with sizes roughly proportional to their molecular
weights. Horizontally hatched boxes depict the RRMs in TIF35 and
PRT1, and the vertically hatched box indicates the HCR1-like domain
of TIF32. Points of overlap between the various shapes indicate sites
of known protein—protein interaction. The dashed lines depict an
interaction between the PRT1 RRM, HCR1 and the C-terminal segment
of TIF32 in addition to that involving the HLD of TIF32 and PRT1
RRM and the N-terminal half of TIF32 and HCR1 (see text for details).
The interactions of TIF34 with the extreme C-terminus of PRT1
(Asano et al., 1998), of the N-terminal end of NIP1 with eIF1 and eIF5
(Asano et al., 2000) and between the C-terminal two-thirds of NIP1
and TIF32 (L.Valasek and A.G.Hinnebusch, unpublished observations)
were identified independently of this study.

We detected an accumulation of the elFs comprising the
MEC in 43-48S complexes in hcrlA cells (Figure 2B and
C), suggesting that recruitment of these factors to 40S
ribosomes is not rate limiting in this mutant. Rather, it
appears that conversion of 43S to 48S, or 48S to 80S,
initiation complexes occurs inefficiently in the absence of
HCRI1. Recently, we observed a defect in the conversion of
48S to 80S complexes resulting from a mutation in elF5
(tif5-7A) that also destabilized the MFC. It appears that
AUG recognition or GTP hydrolysis by elF2 is impaired
when the integrity of the MFC complex is disrupted by the
tif5-7A mutation (K.Asano, L.Phan, L.Valasek and
A.G.Hinnebusch, unpublished observations). Similarly,
the impaired interaction of elFs 1 and 5 with elF3
produced by hcrliA may have a deleterious effect on the
scanning process. This would be consistent with the
known roles of elF1 and elF5 in selection of the start
codon by scanning ribosomes (Huang et al., 1997; Pestova
et al., 1998).

Unexpectedly, deletion of HCRI decreased the steady-
state level of 40S subunits and produced a concomitant
increase in free 60S subunits. This reduction in 40S
subunits probably contributes to the diminished polysome
size and slow growth phenotype of the hcrl A strain. It is
unlikely to account for the decreased amounts of the MFC
or the accumulation of 43S or 48S complexes observed in
herlA cells, as these defects were not observed in the
rp51laA mutant with an even greater depletion of 40S
subunits. Hence, we conclude that HCR1 has a dual
function in translation initiation: enhancing the activity of
elF3 and its associated factors, and promoting the
biosynthesis or stability of 40S subunits. An attractive
hypothesis is that both functions depend on the ability of
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Table II. Saccharomyces cerevisiae strains used in this study

Strain Genotype or description Source or reference
YLVHI13 MATa herlA::LEU2 ade2-1 trpl-1 canl-100 leu2-3,112 his3-11,15 ura3 Valasek et al. (1999)
21IR MATa adel leu2-3 leu2-112 ura3-52 PRTI G.Johnston

TC-26-3 MATa leu2-3 leu2-112 ura3-52 prtl-63 cdc 63-1 G.Johnston

TP11-4-1 MATa adel leu2-3 leu2-112 ura3-52 prtl-1

TP12-7-0 MATo prtl-2 adel leu2-3 leu2-112 ural ura3-52 his6
TDE/16A MATo. prtl-26 ade2 leu2-3 leu2-112 ura3-11 ura3-15 trpl-1
TP13-1-2 MATa prtl-3 adel leu2-3 leu2-112 ural ura3-52 his6

F665 MATa ade2-1 trpl-1 canl-100 leu2-3,112 his3-11,15 ura3

MATa ura3::URA3::rpgl-1 trpl-1::TRP1::rpgl-A2 ade2-1 canl-100 leu2-3,112 his3-11,15
MATo. prtl::URA3 ade leu2-3 leu2-112 ura3 his3-11 his3-15 trpl-1 pDE31 (PRTI HIS3)
MATo ura3-52 trpl leu2-Al his3-A200 pep4::HIS3 prbl-Al.6R canl

H1402 MATa, leu2-3 leu2-112 ura3-52 inol (HIS4-lacZ at ura3-52)

H1654 MATo. leu2-3 leu2-112 ura3-52 inol rp5la::LEU2 (HIS4-lacZ at ura3-52)

YLV314U
GDES808-33
F353 (BJ5464)

Evans et al. (1995)
Evans et al. (1995)
Evans et al. (1995)
Evans et al. (1995)
A.Hopper

Valasek et al. (1999)
Evans et al. (1995)
E.Jones

Foiani et al. (1991)
Foiani et al. (1991)

HCR1 to bind to a specific site on the 40S ribosome. In this
way, HCR1 could interact with factors involved in 40S
biogenesis and also promote the correct orientation of the
MEC on the ribosome in 43-48S initiation complexes. Its
dual interactions with 40S ribosomes and eIF3 might help
explain why HCR1 is less tightly associated with eIF3 than
are the five core subunits. Interestingly, eIF6 may be
another protein with a dual function in ribosome biogen-
esis and translation initiation. It was isolated originally as
an anti-association factor that binds to 60S ribosomes
(Merrick and Hershey, 1996) but was implicated more
recently in promoting the stability or biogenesis of 60S
subunits (Si and Maitra, 1999).

A network of interactions linking HCR1, TIF32 and

the RRM domain at the N-terminus of PRT1

We noted that HCRI1 is related in sequence to a
functionally important segment of TIF32, and showed
that HCR1 and the HLD in TIF32 both interact with the
N-terminal segment of PRT1 containing an RRM motif.
As these interactions can occur simultaneously in vitro, we
propose that HCR1 stabilizes or modulates the interaction
between TIF32 and the PRT1 RRM (Figure 7). HCR1
additionally interacted with TIF32 in vitro. It is unlikely
that the interactions of TIF32 and HCR1 with the PRT1
RRM domain were mediated by RNA, because RNase A
treatment did not reduce these interactions in GST pull-
down experiments of the type shown in Figure 3 (data not
shown). The interaction between TIF32 and the RRM
domain of PRT1 is conserved in the human homologs of
TIF32 and PRT1 (Methot et al., 1997). PRT1 also contains
binding domains for TIF34 and TIF35, and thus seems to
function at least partly as a scaffold in the elF3 complex.
Only the extreme C-terminus of PRT1 (residues 641-724)
was required for its interactions with TIF34 and TIF35
in vitro (Figure 7).

In keeping with our in vitro binding data, the prt1-A100
product lacking the RRM domain formed a stable
subcomplex in vivo containing TIF34 and TIF35 but
lacking HCR1, TIF32, NIP1 and eIF5 (Figure 5C). These
results provide in vivo evidence that the PRT1 RRM is
required for incorporation of TIF32 into eIF3. Since NIP1
seems to interact only with TIF32 (Asano et al., 1998), and
contains the binding domain for elF5 (Phan et al., 1998)
(Figure 7), deleting the RRM from PRT1 should lead

simultaneously to loss of TIF32, NIP1 and elF5 from the
complex, as we observed.

Role of the PRT1 RRM domain in 40S subunit
binding

We showed that expression of prtl-A100 sequesters a
fraction of TIF34 and TIF35 in defective subcomplexes
lacking TIF32 and NIP1, which fail to bind eIF5 and HCR1
(Figure 5C) and cannot interact tightly with 40S ribosomes.
Consistently, expression of these prt1-A100-TIF34-TIF35
subcomplexes reduced formation of the multifactor
complex containing elF2 (Figure 6A). Our conclusion
that the decreased level of intact eIF3 accounts for the
growth defect conferred by prtI-AI00 is supported by the
fact that this phenotype was suppressed by overexpressing
TIF34 and TIF35 (Figure 5B). Presumably, providing
excess amounts of these two subunits restored the
concentration of intact eIlF3 containing full-length PRT1
to nearly wild-type levels.

The sequestration of TIF34 and TIF35 in defective elF3
subcomplexes incapable of forming the MFC or binding to
40S ribosomes might be expected to decrease the forma-
tion of functional 43—48S complexes. Ostensibly at odds
with this expectation, we did not observe a reduced
proportion of elF3 subunits or other elFs in the 43—48S
region of the gradient in the mutant extract containing
prt1-A100 (Figure 6). However, the predicted decrease in
the rate of 43—48S complex formation in the mutant could
be masked if binding of the MFC complex to 40S subunits
continued after cell lysis while conversion of 48S to 80S
initiation complexes occurred slowly in the extracts. In
this event, there would be similar amounts of 48S
complexes in mutant and wild-type extracts plus an excess
of free MFCs in the wild-type extract, as we observed
(Figure 6). This explanation is consistent with the recent
finding that in vitro binding of the ternary complex to the
408 ribosome is ~3-fold faster than conversion of 48S to
80S complexes (Lorsch and Herschlag, 1999). This
phenomenon may also have influenced the results we
obtained for the hcriA extract in Figure 2B, but there we
observed an excess of 43-48S complexes in the mutant,
suggesting a defect at a subsequent step of the pathway.

It is possible that the ribosome-binding defect of the
elF3 subcomplex containing prt1-A100, TIF34 and TIF35
results from loss of interaction between the PRT1 RRM
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Table III. Plasmids used in this study

Plasmid Description Source
YCpLVHM-T c-Myc-tagged HCRI, TRPI plasmid from YCplac22 this study
YCplac22 single-copy cloning vector, TRP1 Gietz and Sugino (1988)

YCpLVPRT1-Myc
YCpLVHCRI1-Myc
YCplac33
pGEX-5X-3
pGEX-HCR1
pT7-7

pT7-TIF32
pT7-PRTI
pT7-PRTIAS
pT7-PRT1AM
pT7-NIP1
pT7-TIF34
pT7-TIF35
pT7-HCRI1
pGEX-PRT1/A1
YEpLVHCR1
YEplacl81
pGEX-TIF32
pGEX-TIF34
pGEX-TIF35
pT7-AA-PRT1
pT7-AB-PRT1
pT7-AC-PRT1
pT7-AO-PRT1
pT7-A1-PRT1
pT7-A2-PRT1
pT7-A6-PRT1
pT7-A7-PRT1
pGEX-PRT1
pGEX-PRT1 RRM
pGEX-NIP1
pT7-A1-TIF32
pT7-A2-TIF32
pT7-A3-TIF32
pT7-A4-TIF32
pT7-A1+4-TIF32
pT7-A5 TIF32
pT7-A6-TIF32
YEpLVheri-R2121
YEpLVhcrl-R2151
YEpLVhcri-3
pLP101
pprt1-Al100/pDE-1E
pprt1-Al00-His
YCplacll

YEpl12
YEpTIF34/35T
YEpTIF34T
YEpTIF35T
YEpTIF32T
YEpLVHCRI-1
YEpNIPIT

c-Myc-tagged HCRI, URA3 plasmid from YCplac33
c-Myc-tagged HCRI, LEU2 plasmid from YCplacl1
single-copy cloning vector, URA3

cloning vector for GST fusions

GST-HCRI1 fusion plasmid from pGEX-5X-3
cloning vector with T7 promoter

TIF32 ORF cloned under T7 promoter

PRTI ORF cloned under T7 promoter

PRTI[1-624] ORF cloned under T7 promoter
PRTI[1-682] ORF cloned under T7 promoter

NIP] ORF cloned under T7 promoter

TIF34 ORF cloned under T7 promoter

TIF35 ORF cloned under T7 promoter

HCRI ORF cloned under T7 promoter
GST-PRT1/A1[641-724] fusion plasmid from pGEX-4T-1
high-copy HCRI, LEU2 plasmid from YEplac181
high-copy cloning vector, LEU2

GST-TIF32 fusion plasmid from pGEX-5X-3
GST-TIF34 fusion plasmid from pGEX-4T-1
GST-TIF35 fusion plasmid from pGEX-4T-1
PRTI[1-136] ORF cloned under T7 promoter
PRTI[28-136] ORF cloned under T7 promoter
PRTI1[28-261] ORF cloned under T7 promoter
PRT1[28-724] ORF cloned under T7 promoter
PRTI[111-724] ORF cloned under T7 promoter
PRTI1[261-724] ORF cloned under T7 promoter
PRTI1[602-724] ORF cloned under T7 promoter
PRTI1[641-724] ORF cloned under T7 promoter
GST-PRT]1 fusion plasmid from pGEX-5X-3
GST-PRT1 [1-136] fusion plasmid from pGEX-5X-3
GST-NIP1 fusion plasmid from pGEX-4T-1
TIF32[490-790] ORF cloned under T7 promoter
TIF32[551-750] ORF cloned under T7 promoter
TIF32[1-490] ORF cloned under T7 promoter
TIF32[790-964] ORF cloned under T7 promoter
TIF32[490-964] ORF cloned under T7 promoter
TIF32[1-640] ORF cloned under T7 promoter
TIF32[1-790] ORF cloned under T7 promoter
high-copy hcrl-R2121, LEU2 plasmid from YEplac181
high-copy hcrl-R212I, LEU2 plasmid from YEplac181
high-copy hcrl-R2121, LEU2 plasmid from YEplac181
His-tagged PRT1, URA3 plasmid from pRS316
single-copy prti-A100, LEU2 plasmid

His-tagged prt1-A100, LEU2 plasmid from pDE-1E
single-copy cloning vector, LEU2

high-copy cloning vector, TRP1

high-copy TIF34, TIF35, TRPI plasmid from YEplac112
high-copy T1F34, TRP1 plasmid from YEplacl12
high-copy TIF35, TRPI plasmid from YEplac112
high-copy TIF32, TRP1 plasmid from YEplacl12
high-copy HCRI, TRP1 plasmid from YEplacl12
high-copy NIPI, TRPI plasmid from YEplac112

Valasek et al. (1998)
Valasek et al. (1999)

Gietz and Sugino (1988)
Smith and Johnson (1988)

this study

Tabor and Richardson (1987)

Asano et al. (1998)
Asano et al. (1998)
Asano et al. (1998)
Asano et al. (1998)
Asano et al. (1998)
Asano et al. (1998)
Asano et al. (1998)
this study

Asano et al. (1998)
Valasek et al. (1999)

Gietz and Sugino (1988)

Asano et al. (1998)
Asano et al. (1998)
Asano et al. (1998)
this study

this study

this study

this study

this study

this study

this study

this study

this study

this study

Asano et al. (1998)
this study

this study

this study

this study

this study

this study

this study

this study

this study

this study

Phan et al. (1998)
Evans et al. (1995)
this study

Gietz and Sugino (1988)
Gietz and Sugino (1988)

this study
this study
this study
this study
Valasek et al. (1999)
this study

and 18S rRNA. However, the human PRT1 homolog failed
to bind 18S rRNA in vitro (Methot et al., 1997; Block et al.,
1998) and yeast PRT1 also showed no RNA-binding
activity in vitro (Naranda et al., 1994). It is known that
RRM2 of PABI is required for protein—protein interaction
with eIF4G (Kessler and Sachs, 1998). Thus, an alternative
hypothesis would be that the PRT1 RRM is the binding
domain for TIF32, and TIF32 or NIP1 interacts directly
with the 40S ribosome. Consistent with this last possi-
bility, hTIF32 (p170) interacted with both 18S rRNA and
B-globin mRNA (Block et al., 1998). Another interesting
possibility, for which there is precedent (Scherly et al.,
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1990; Kessler et al., 1997), would be that binding of TIF32
to the PRT1 RRM enhances interaction of the RRM with
18S rRNA. TIF35 also contains an RRM that interacted
with both 18S rRNA and B-globin mRNA in vitro
(Hanachi er al., 1999). Our results indicate that the
TIF35 RRM was insufficient to mediate strong ribosome
association of the prt1-A100-TIF34-TIF35 subcomplex.
Consistently, deletion of the TIF35 RRM conferred a Slg~
phenotype, but was not lethal in yeast (Hanachi et al.,
1999). It will be important to determine which subunits of
elF3 bind directly to the 40S ribosome to mediate
recruitment of the MFC to the pre-initiation complex.



Materials and methods

Yeast strains
Details of the yeast strains used in this study are given in Table II.

Plasmid constructions and site-directed mutagenesis of
HCR1

Table III contains brief descriptions of all plasmids employed in this
study. Details of their construction are available as supplementary data at
The EMBO Journal Online.

WCE preparation and immunoprecipitation

Yeast cells of strains W303 and YLVHI13 alone or YLVHI3 (hcrlA)
transformed with either YCpLVHM-T or YCplac22 were grown in 100 ml
of YPD or SC medium lacking tryptophan, respectively, to an A,gp of
~1.0. Yeast WCEs were prepared and immunoprecipitations were
conducted as described previously (Asano et al., 1999) except that a
different breaking buffer was used (Valasek et al., 1998) for
immunoprecipitations using c-Myc antibodies. Our modifications of
this protocol are available as supplementary data at The EMBO Journal
online.

Polysome profile analysis

Preparation of WCEs and subsequent polysome analysis were conducted
essentially as described previously (Foiani ez al., 1991). Our modifica-
tions of this protocol are available as supplementary data at The EMBO
Journal online.

GST pull-down experiments

Preparation of recombinant proteins, in vitro translation and in vitro
binding experiments were carried out as described previously (Asano
et al., 1998).

N2+ affinity purification of elF3 complexes containing His-
tagged PRT1

Preparation of WCEs and subsequent Ni?* affinity purification were
conducted essentially as described previously (Phan et al., 1998). Our
modifications of this protocol are available as supplementary data at The
EMBO Journal online.

Preparation of antibodies against HCR1

The GST-HCRI fusion protein encoded by pGEX-HCR1 was expressed
in Escherichia coli and purified from the WCE by incubation with
glutathione—Sepharose 4B beads (Pharmacia). The isolated protein was
resolved by SDS-PAGE (4-20% gels), excised from the gel and washed
with 1X phosphate-buffered saline (PBS). Rabbits were injected with the
purified protein and serum containing polyclonal antibodies against
HCR1 was obtained commercially from Covance Research Products
(Denver, PA).

Antibodies against TIF32 (Valasek ef al., 1998), PRT1, NIP1, TIF34,
elF1, elF5, GCD6, GCDI11 (Phan et al., 1998) and TIF35 (L.Phan,
L.W.Schoenfeld, L.Valasek, K.Nielsen and A.G.Hinnebusch, submitted)
used in this study were described previously. Antibodies against S22 were
kindly provided by Jan van’t Riet.

Supplementary data
Supplementary data for this paper are available at The EMBO Journal
Online.
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