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Translation regulation is a critical means by which cells control growth, division, and apoptosis. To gain
further insight into translation and related processes, we performed multifaceted mass spectrometry-based
proteomic screens of yeast ribosomal complexes and discovered an association of 77 uncharacterized yeast
proteins with ribosomes. Immunoblotting revealed an EDTA-dependent cosedimentation with ribosomes in
sucrose gradients for 11 candidate translation-machinery-associated (TMA) proteins. Tandem affinity
purification linked one candidate, LSM12, to the RNA processing proteins PBP1 and PBP4. A second
candidate, TMAA46, interacted with RBG1, a GTPase that interacts with ribosomes. By adapting translation
assays to high-throughput screening methods, we showed that null yeast strains harboring deletions for
several of the TMA genes had alterations in protein synthesis rates (TMA7 and TMA19), susceptibility to
drugs that inhibit translation (TMA?7), translation fidelity (TMA20), and polyribosome profiles (TMA7, TMA19,
and TMA20). TMA20 has significant sequence homology with the oncogene MCT-1. Expression of human
MCT-1 in the Atma20 yeast mutant complemented translation-related defects, strongly implying that MCT-1
functions in translation-related processes. Together these findings implicate the TMA proteins and,
potentially, their human homologs, in translation related processes.
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Protein translation is an essential cellular activity. In
eukaryotic cells, it is an important mechanism for con-
trolling gene expression. Regulation of gene expression
at the level of translation allows for a rapid response to
environmental stimuli, without the need for new tran-
scription and nuclear export of mRNAs. The importance
of translational control in eukaryotic gene expression is
becoming more apparent, with the discovery that trans-
lational control plays a role in oncogenesis, viral infec-
tion, synaptic plasticity, and fragile X syndrome (for re-
views, see Pe’ery and Mathews 2000; Dua et al. 2001;
Calkoven et al. 2002; Schneider and Mohr 2003; Holland
et al. 2004; Klann and Dever 2004; Rajasekhar and Hol-
land 2004; Vanderklish and Edelman 2005).

The translation of mRNA into polypeptides is cata-
lyzed by the ribosome, a large riboprotein complex com-
prised of two major subunits: a smaller 40S subunit and
a larger 60S subunit. In eukaryotes, a large number of
initiation factors are required in a multistep process to
form the 80S initiation complex containing both ribo-
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somal subunits plus the methionyl initiator tRNA base-
paired with the AUG start codon of the mRNA (for re-
views, see Kozak 1999; Hinnebusch 2000). After initia-
tion, the 80S complex matches successive codons with
their respective aminoacylated-tRNAs as the polypep-
tide chain elongates. Each new amino acid forms a pep-
tide bond with the previously recruited amino acid.
Elongation continues until a stop codon signals release
of the polypeptide chain and dissociation of the ribosome
subunits, thereby terminating translation.

The network of proteins regulating translation is com-
plex, and many details remain to be discovered. For ex-
ample, ~10% of characterized yeast genes have been
found to play roles in protein synthesis (Costanzo et al.
2000). Because two-thirds of the yeast ORFs have not
been functionally characterized (Costanzo et al. 2000), a
significant subset of these novel ORFs will probably
have roles in mRNA translation. Historically, the major-
ity of translation factors were purified using biochemical
methods including sucrose gradients and ribosome salt
washes and identified using Edman sequencing (Gross-
man and Moldave 1979). While largely successful, these
methods would not be expected to identify proteins with
subtle roles in translation or proteins of low abundance.
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Additional factors were later identified in Saccharo-
myces cerevisiae using genetic suppressor screens,
which are not dependent on a protein’s cellular abun-
dance (Donahue 2000). Suppressor screens were particu-
larly effective in dissecting components of the amino
acid starvation response pathway and in elucidating
mechanisms involved in translation start site selection
(for review, see Donahue 2000; Hinnebusch 2000). Be-
cause proteins with subtle phenotypes may still be
missed with genetic screens, it is impossible to rule out
that all translation factors have been identified.

Numerous studies in the past several years have used
mass spectrometry to discover new components of pro-
tein complexes (Pandey and Mann 2000). In one mass
spectrometry approach termed Direct Analysis of Large
Protein Complexes (DALPC), multidimensional micro-
capillary liquid chromatography and tandem mass spec-
trometry are coupled with genome-assisted data analysis
to directly identify the composition of purified protein
complexes (Link et al. 1999). DALPC allows the identi-
fication of proteins at the femtomole level and bypasses
the detection, resolution, and extraction problems asso-
ciated with conventional SDS-PAGE or 2D-electropho-
resis protocols (Link et al. 1999). As such, the use of this
sensitive technology allows the identification of transla-
tion factors that were not detected in gel-based studies.
This was demonstrated with the discovery of a novel 40S
ribosomal subunit, ASC1 (Link et al. 1999; Gerbasi et al.
2004). Similar approaches have been very successful in
identifying components of preribosomal complexes and
the RN A-processing machinery (Granneman and Baserga
2003, 2004; Milkereit et al. 2003; Takahashi et al. 2003).

The identification and characterization of all transla-
tion factors are critical for obtaining a better understand-
ing of the biochemical mechanisms regulating protein
synthesis. To address this issue, we have purified trans-
lation complexes using a variety of conventional ap-
proaches and applied state-of-the-art mass spectrometry
to identify novel ribosome-associated factors. We then
adapted established biochemical assays to high-through-
put analysis to test the novel proteins identified in our
proteomic screens for translation defects. Lastly, we
identified a human homolog to one novel factor that can
complement translation defects in yeast.

Results

Purification of ribosomal complexes from S. cerevisiae

We carried out a multifaceted approach to identify com-
ponents associated with the translation machinery using
large-scale proteomic screens. Our initial goal was to de-
fine a comprehensive list of putative translation-ma-
chinery-associated (TMA) proteins, ordered by their rela-
tive abundance in the ribosome purifications. We com-
bined several purification strategies to minimize the bias
of any one approach and to increase the ability to detect
true ribosome-interacting proteins (Fig. 1A). First, 40S,
608, 80S, and polyribosomal complexes were fractioned
using sucrose gradients (Link et al. 2005). Second, ribo-
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somes were purified under increasing salt concentrations
using discontinuous sucrose gradients. Third, ribosome
salt washes (RSW) with three different salt concentra-
tions were used to dissociate potential regulatory factors
from core ribosomes (Link et al. 2005).

To identify purified proteins, each sample was di-
gested with trypsin and analyzed by DALPC tandem
mass spectrometry (Link et al. 1999, 2005). Relative pro-
tein abundances in each experiment were expressed as
the total number of nonredundant tandem mass spectra
that correlated significantly to each ORF normalized to
the molecular weight of the cognate protein (x10%) (Pow-
ell et al. 2004). We call this value a protein abundance
factor (PAF) (see Supplemental Material). Proteins were
clustered by their average PAF across the replicate ex-
periments (Lewis et al. 2004; Powell et al. 2004). The
results are displayed in heat maps using a range of colors
to show patterns of enrichment. The most abundant pro-
teins are shown as red, intermediate are yellow, and un-
detected proteins are black. Since controls for identifying
nonspecific proteins interacting with the translation ma-
chinery were not feasible, this clustering method was
used to identify proteins that showed a significant en-
richment with ribosomes. Only proteins identified in at
least 30% of the replicates are depicted in the heat maps.

As points of reference, known ribosomal proteins and
ribosome-associated proteins were sorted into eight
functional classes before clustering: 40S, 60S, translation
initiation, elongation, and release factors, translation-re-
lated, ribosome biogenesis, and mitochondrial transla-
tion proteins. Proteins in these categories are known to
or are predicted to copurify with ribosomes, and there-
fore can be used to validate our methods. Although
placement of proteins into these categories was some-
what arbitrary, assignment was largely based upon infor-
mation obtained from the Saccharomyces Genome Da-
tabase (SGD) and Gene Ontology (GO) (Ashburner et al.
2000; Hong et al. 2005).

For the sucrose gradient fractionation (SGF) experi-
ments, a minimum of nine independent purifications of
408, 60S, and 80S and five for polysomes were analyzed
(Fig. 1B). For the 408, 60S, and 80S clusters, the data were
further filtered to include only proteins that were iden-
tified in three or more experiments. For the polysome
cluster, the cutoff was two or more experiments. The
clustering clearly showed enrichment of ribosomal and
translation-related proteins in the various purifications
(Fig. 1B; Supplementary Tables S1-S4). All 33 compo-
nents of the small ribosomal subunit were identified in
the 40S purification. Similarly, we were able to identify
43 of 46 components of the large subunit in the 60S
purification. Overall, the 60S purification was enriched
in RPLs relative to the 40S and vice versa. There was
some overlap because the sucrose gradient peaks par-
tially overlapped and likely contained comigrating pre-
ribosomal complexes. As expected, the 80S and poly-
some purifications contained most of the 40S and 60S
proteins. More translation factors and translation related
proteins copurified with the 40S and 60S as compared
with the 80S and polysomes, consistent with the large

GENES & DEVELOPMENT 1295



Fleischer et al.

A Sucrose gradient fractionation (SGF)

Total ribosome analysis (TRA) Ribosome salt wash (RSW)

Qs 3
C o

high salt wash

polysomes

50 @
10 ¥, nonribosomal ribosomes
% S 255 1550 b 5
TEEESFSESFies O mﬁ«.‘ proteins O
WSS RNA @ o2 ribosome
 O——"ribosome >  binding factors

complexes l

408

608 ‘

translation
related

Figure 1. Cluster analysis of ribosome
fractions. (A) Purification schemes used to
purify ribosomes and ribosome-associated other
proteins. (B) Clustering of proteins identi-
fied in ribosome purifications. Heat map
clustering proteins by their PAF within
functional categories (40S, 60S, translation
related). The most abundant proteins are
bright red and cluster at the top, yellow is
intermediate, and black indicates absence
of a particular protein. Each column rep-
resents an independent purification, and
each row represents an individual protein.

number of proteins required for translation initiation in
contrast to elongation.

For the total ribosome analysis (TRA), proteins dis-
played in the cluster were identified in two or more pu-
rifications (at least five purifications for each salt con-
centration). Similar numbers of ribosomal components
were identified here as compared with the SGF (Fig. 1B;
Supplementary Tables S5-S7). At 0.05 M ammonium
chloride, 78 of 79 ribosomal proteins were identified.
RPL41 was the only exception. However, RPL41 is a 3.3-
kDa protein that produces tryptic peptides two amino
acids long, and therefore cannot generate fragmentation
data that significantly match a peptide. Only two addi-
tional subunits (RPL29 and RPL37) were not identified
when the salt concentration was increased to 1 M, dem-
onstrating the stability of the ribosome. For each salt
concentration, a subset of known translation-related pro-
teins was also identified.

For the ribosome salt washes (RSW), ribosomes were
pelleted by centrifugation, and the supernatants (RSWs)
were saved for analysis. Proteins identified in two or
more of at least five replicates were included in the clus-
ter (Fig. 1B; Supplementary Tables S8-S10). Consistent
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with the ribosome stability observed in the TRA, we
detected only a limited number of ribosomal proteins
released by the 0.05 M salt wash. The number of released
ribosomal proteins increased with higher salt concentra-
tions, but the PAFs were lower as compared with those
in the TRA, indicating that even the most stringent salt
wash was not entirely effective at dissociating ribosomal
proteins. Together, the RSWs contained a large subset of
known ribosome-associated proteins, with PAFs similar
to those seen in the 40S and 60S SGF experiments. In-
terestingly, the 0.05 M salt washes contained similar
numbers of characterized translation-related proteins as
compared with the 1 M salt wash, although they were
relatively more abundant in the 1 M wash. This suggests
that translation factors are not tightly associated or are
transiently associated with the ribosomes.

Overall, ribosomal proteins were among the most
highly abundant proteins in the purifications. Impor-
tantly, we also identified 23 of 28 canonical translation
initiation factors. All of the elongation factors and one of
two release factors were also identified. Interestingly,
translation factors had a more variable relative abun-
dance with lower PAFs in general than the ribosomal



proteins, suggesting that only a subset of ribosomes is
associated with translation factors. These combined
analyses using PAFs clearly indicated that both ribo-
somes and known translation-related proteins were sub-
stantially represented in our purifications.

Identification of novel proteins that copurify with
ribosomal complexes

We next used PAFs to identify additional proteins en-
riched in our purifications. We chose to focus our efforts
on uncharacterized ORFs. We applied the same filtering
criteria to each data set and generated a list of expressed
ORFs found in each purification approach (Fig. 2A-C).
The majority of ORFs (76%) were identified in just a
single purification scheme (Fig. 2D). Approximately 23 %
were identified in two types of purifications, and <1%
were identified in all three purification strategies (Fig.
2D). The distribution of the ORFs was similar to that for
the known translation proteins, but with more ORFs
uniquely identified in the TRA and RSW and fewer iden-
tified in all three methods (Fig. 2D). Together the distri-
bution data suggested that all three purification methods
contributed to the identification of both known and
novel translation factors.

To see whether the ORFs we identified were biased to
a particular molecular weight or pl range, we plotted the
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values for each ORF and compared the distribution to
that of the entire yeast proteome (Supplementary Fig.
S1). The ORF distribution for both molecular weight and
pl mirrored that of the entire proteome, confirming that
our screens were not biased in this manner.

Of the novel ORFs identified in these screens, we
chose 12 for further evaluation (Fig. 2, highlighted pro-
teins; Table 1). The candidates represented different pu-
rification profiles, and therefore might represent proteins
with different functions. Ten of the candidates were
identified in the SGF. Among these 10 proteins, all but
one were also identified in the RSWs. Because ~10% of
known translation-related proteins were identified solely
by RSW purification (Fig. 2D), we also chose two ORFs
from this category. Lastly, because we chose the candi-
dates as the screens progressed, we did not always select
the most enriched proteins in Figure 2. Screening of the
remaining proteins is currently under way.

Cosedimentation of expressed ORFs with ribosomal
complexes is EDTA-sensitive

To confirm the mass spectrometry data identifying novel
proteins comigrating with ribosomes in sucrose gradi-
ents, polysome profiles were generated for each strain
expressing the corresponding ORF as a tandem affinity
purification (TAP) fusion (Ghaemmaghami et al. 2003).

A SGF B TRA
408 60S 50 mM 500 mM
YDL110C YLR327C YPLO73C YMRO71C
YLR327C YJL122W YOLO099C YILO41W
YER0O7C-A YDL110C YMR114C YALOB4W
YGR242W YJL123C YOL070C YKL0B5C
YHR113W YBL028C YGL160W YLL023C
YNR036C YMR295C YERO036C YHLO13C
YDR117C YCR072C YPRO91C YGR283C
YJRO14W YPL009C YDR186C YML107C
YKLO56C YMR247C vor1zsc FAl  Yori7sc
YOL111C YIL137C YLL032C
YJL213W Yero3sC I 1000 mM  YGR198W
YMR237W YGR283C
YIL137C YGR287C
YPL110C YHRO20W
YKL222C
80S polysome YOL138C
YLR327C YOL099C YEL043W
YGRO54W YJL118W YHRO080C
YoL111C YOR091W YHL035C
veroszsc Wl YJL207C YMR247C
C rsw D
50 mM 500 mM 1000 mM SGF TRA
YDL110C YDL110C YLR327C
YKL056C YGRO54W YHR121W
YJLO28W YOR252W YGRO54W
YoL111C YOL111C YPRO96C
YPL225W YJL028W YOR091W
YMRO40W YHR121W YOL111C
YMR226C YIL137C YOR252W
YEL047C YKL056C YMRO40W Figure 2. Identification of novel TMA proteins.
YHR121W YNL208W YJL122w Cluster analvsis showi he relati bund
VEROAC e e ysis showing the relative abundances
YGRO54W YJRO14W YNRO24W (PAFs) of uncharacterized ORFs identified in sucrose
YPR148C YNL247W YMR269W gradient fractions (A), total ribosome analysis (B), or
YHR020W YMRO86W YDR117C ; . LT .
YNL247W VA | YDR266C ribosome salt washes (C). Proteins highlighted in
YIL137C YORO19W YMRO86W REW yellow were selected for further analysis. (D) Venn
iggggg& zilfe})%%%v diagram showing the numbers of ORFs (bold) or
YNL311C YPL137C Pif: scale known translation factors (parentheses) identified in
YOR227W 0 >05 the three purification schemes.
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Table 1. Properties of uncharacterized ORFs identified in ribosome purifications
Ribosome Interacting  Related human proteins
Locus/protein purifications MW/pl  Local® Mol/cell® Domains partners® (% identity)
YDL110C/TMAL7  40S, 60S, RSW 16.6/46 C/N  211E+03 NI BUD21¢ NI
YDR117C/TMAG4 40S, RSW 64.0/9.6 ND 3.87E + 03 RNA binding RPS4B¢ LGTN (26%, 8e-22)
NOP1¢ MCT-1 (25%, Se-4)
DED1¢
YER007C-A/TMA20 40S, RSW 202/70 C 4.22E +03 RNA binding ASCIf MCT-1 (48%, le-42)
TFAL LGTN (29%, 4e-14)
YJRO14W*
YHRI2IW/LSM12  RSW 21.3/10.2 C/N  8.32E+03 RNA binding PBPI® FLJ30656 (26%, 8e-13)
CEGI!
PUF3!
YIL137C/TMA108 40S, 60S, RSW 107.7/6.5 C 5.11E + 03 Zn protease YTM1P LNPEP (27 %, 2e-43)
PUFI1& NPEPPS (25%, 3e-43)
ANPEP (23%, 3e-49)
YJRO14W/TMA22 40S, RSW 22.5/8.9 C 2.16E + 04 RNA binding ASC1! DENR (33%, 6e-18)
TFALf
YER007C-Af
YKLO56C/TMA19 408, 60S, RSW 18.7/42 C 2.78E + 04 TCTP UBCG? TPT1 (42%, 7e-32)
FKSG2 (35%, 3e-21)
YLR262C-A/TMA7  40S (IM) 6.9/11.0 C/N 3.10E + 03 NI ND NI
YLR327C/TMALIO 408, 60S, 80S, RSW 9.8/10.6 C/N  5.04E+02 NI ND NI
YOL111C/TMA24 408, 60S, 80S, RSW 23.7/10.0 C 6.51E + 03 Ubiquitin ND UBL4 (31%, 7¢e-9)
family RAD23B (29%, 3e-6)
RAD23A (28%, le-4)
YOR091W/TMA46 Polysome, RSW 45.9/10.1 C 4.22FE + 03 C3H1 ND LEREPO4 (44%,7¢e-57)
Zn finger
YOR252W/TMA16 RSW 16.6/9.7 N 5.35E+03 NI SAS10®

(ND) Not determined; (NI) none identified.
“Huh et al. 2003.
PGhaemmaghami et al. 2003.

°Published interacting proteins related to translation or RNA metabolism.

dUetz et al. 2000.
¢Krogan et al. 2004.
fGavin et al. 2002.
€[to et al. 2001.
hHo et al. 2002.

Location of the ribosomes within the gradients was de-
termined by measuring the OD,., and by Western blot-
ting for RPL3 and ASC1 (Fig. 3). Anti-PSTAIR (CDC28)
marked the nonribosomal fractions, and anti-NOP1
showed the migration of the small subunit processosome
(Fig. 3). Sucrose gradient fractions from each TAP strain
were immunoblotted using anti-TAP antibody. The sedi-
mentation profiles essentially mirrored the purification
results obtained in the initial mass spectrometry identi-
fication (Fig. 3). For example, nine of the 12 proteins we
tested were identified in the 40S fractions by mass spec-
trometry. All but TAP-YKLO56C were also detected in
the 40S fractions by Western blotting. Although the dis-
tribution of the TAP fusion throughout the gradient was
broader than detected for the native protein by mass
spectrometry, the immunoblotting provided further evi-
dence that the candidates cosedimented with ribosomes.
In continuing to verify the mass spectrometry data, we
have repeated the polysome immunoblots for an addi-
tional 39 TAP fusion proteins (Supplementary Fig. S2).
For 28 of the 39 fusion proteins, we were able to detect a
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protein that migrated at the expected molecular weight.
Of those, 86% colocalized with ribosomes, suggesting
that mass spectrometry reliably identified proteins in
these purifications.

Treatment of cell lysates with EDTA dissociates the
40S and 60S ribosomal subunits. Therefore, in the pres-
ence of EDTA, ribosomal and ribosome-associated pro-
teins are no longer found at the bottom of the gradient.
As such, we tested the EDTA-sensitivity of each TAP-
ORF sedimentation. As expected, in the presence of
EDTA, RPL3 and ASC1 migrated only near the top of the
gradient. NOP1 also shifted its sedimentation, indicat-
ing that preribosomal complexes are EDTA-sensitive.
Following EDTA treatment, no TAP-ORF remained in
high-molecular-weight fractions (Fig. 3). In concert with
the mass spectrometry data, the immunoblotting pro-
vided compelling evidence that the selected ORFs inter-
acted with the translation machinery. Therefore, we
have named these expressed genes TMA, for translation
machinery associated, followed by their approximate
molecular weight (Table 1). While this work was in
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Figure 3. Novel proteins identified in the proteomic screens
cosediment with ribosomes in an EDTA-dependent manner.
Anti-TAP Western blots on sucrose gradient fractions in the
absence (left) or presence (right) of EDTA. The locations of the
ribosomal subunits in the gradients are indicated in the chro-
matograms and by Western blots of RPL3 and ASC1. CDC28
marks the nonribosomal fractions, and NOP1 shows the migra-
tion of a preribosomal complex

progress, the standard name LSMI2 was issued for
YHR121W, and we therefore have adopted this nomen-
clature (Albrecht and Lengauer 2004).

Identification of TMA-interacting proteins

To further characterize the TMA proteins, we next
looked for interacting proteins. Each TAP-TMA fusion
protein was purified three times, and the copurifying
proteins were identified using DALPC mass spectrom-
etry (Link et al. 2005). To identify proteins that associ-
ated nonspecifically with the IgG and calmodulin beads,
five control purifications were carried out in parallel us-
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ing lysates from cells that did not express a TAP fusion
protein. For each protein, a relative abundance factor
(RAF) was calculated by dividing the average PAF of the
protein in the TAP purification by the average PAF of the
protein in the control purification. The RAF was used to
identify proteins that were enriched in the TAP fusion
protein purification relative to the control purification
(Lewis et al. 2004).

Several purifications contained proteins with PAFs at
similar magnitudes as the TAP-TMA. These proteins
were not found in the control purifications (RAF = =) or
were enriched >100-fold as compared with the control.
Importantly, the reciprocal TAP identified the TMA pro-
tein with similar PAF and RAF values (Table 2). LSM12
interacted with the PABI1-binding proteins PBP1 and
PBP4. In addition to our confirmation of the LSM12-
PBP4 interaction with the reverse TAP, a large-scale
yeast two-hybrid study identified the LSM12-PBP1 in-
teraction (Ito et al. 2001). We did not identify LSM12 in
either of two TAP-PBP1 purifications; however, the
known binding partners, PAB1 and PBP4, also were not
identified, suggesting that the tag interferes with PBP1
interactions. Two of the novel ORFs we identified inter-
acted with each other: TMA20 and TMAZ22. These inter-
actions were also found in a large-scale TAP screen
(Gavin et al. 2002). TMA46 interacted with RBGI1, a
GTPase (Li and Trueb 2000) that interacts with translat-
ing ribosomes (P. Wout and J. Maddock, unpubl.). Lastly,
TMA24 interacted with YOR164C, an uncharacterized
protein.

Additional proteins with high PAFs and RAFs were
identified, including ribosomal proteins (Supplementary
Tables S11-S26); however, we have not yet validated
these interactions by the reciprocal TAP. In addition to
the strongly interacting proteins suggested by the PAFs,
the TAPs identified a large number of lesser interactions.

Table 2. Mass spectrometry identification of proteins in tandem affinity purifications

Identified proteins

Average PAFs

Target protein Accession no. Protein name Control TAP Average number of peptides identified RAFs
TAP_YHRI21W? YHRI121W LSM12 0.00 7.19 10.33 o0
YGR178C PBP1 0.00 3.30 19.67 ®
YDLO053C PBP4 0.00 2.35 4.67 o
TAP_PBP4? YDL053C PBP4 0.00 2.01 3.50 o0
YHRI121W LSM12 0.00 1.88 4.00 0
YGR178C PBP1 0.00 1.08 8.00 ©
TAP_YER007C-AP YEROO7C-A TMA20 0.00 8.88 11.33 0
YJRO14W TMA22 0.00 5.78 9.00 o0
TAP_YJRO14WP YEROO7C-A TMA20 0.00 6.58 8.67 ®
YJRO14W TMA22 0.00 3.56 5.00 0
TAP_YOLI111C* YOL111C TMA24 0.00 6.60 11.00 0
YOR164C ORF 0.00 5.42 13.00 0
TAP_YOR164C¢ YOL111C TMA24 0.00 1.26 3.00 o0
YOR164C ORF 0.00 1.10 4.00 e
TAP_YOR091W¢ YALO36C RBGI1 0.05 5.65 15.67 115.00
YOR091W TMA46 0.00 2.47 9.67 0
TAP_RBGI1¢ YALO36C RBGI 0.05 0.74 3.00 15
YOR091W TMA46 0.00 0.22 1.00 o

a,b, c,dRecjpr()(:al TAPs.
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These proteins had PAFs that were 10-fold lower than
the target protein and variable enrichment relative to the
controls (Supplementary Tables S11-S26). Many of these
proteins are known to be involved in translation or RNA
processing. Again, additional experiments are required to
determine whether they are true interacting proteins or
nonspecific contaminants.

High-throughput translation screens identify defects
in yeast mutants lacking TMA proteins

Proteins that reproducibly and preferentially associate
with whole ribosomes or ribosomal subunits are pre-
dicted to have roles in translation or related processes.
Therefore, we wanted to extend our proteomic screens to
identify TMAs required for normal protein synthesis. As
none of the candidates chosen for validation were essen-
tial genes in yeast, we tested diploid yeast strains with
homozygous null alleles for genes encoding the TMA
proteins for translation phenotypes. In these experi-
ments, we adapted established translation assays, in-
cluding in vivo translation assays, drug susceptibility as-
says, and fidelity assays, to high-throughput screening
methods. Cultures were typically grown and processed
in 96-well plates, allowing simultaneous and rapid ma-
nipulation of several replicates or dilutions of the mul-
tiple strains.

First, we screened for alterations in translation rates.
Protein synthesis rates were measured as the amount of
35S-methionine incorporated into protein. The normal-

ized rates of the deletion strains were plotted relative to
wild type, designated as 100% (Fig. 4A). For comparison,
35S-methionine incorporation in the deletion strain for
the translation initiation factor FUN12 was 5% of wild
type (p = 1.8 x 107°). FUN12 encodes the initiation factor
elF5B, a GTPase required for efficient protein synthesis
(Choi et al. 1998; Lee et al. 2002). Two strains, Atmal9
and Atma7, had significant decreases in ®*S-methionine
incorporation: 40% (p=8.6x1073) and 5% (p=7.4x
107%) of wild type, respectively.

Next, the yeast strains were screened for alterations in
translation fidelity. Nonsense suppression was measured
as the amount of read-through translation of a reporter
construct containing an in-frame nonsense mutation
within lacZ relative to translation of the wild-type lacZ
gene (Carr-Schmid et al. 1999). The Atma20 strain had an
average 19-fold higher read-through for each nonsense
mutation (average p = 4.04 x 10~*) (Fig. 4B). By compari-
son, the deletion strain for NAMY7, a RNA helicase im-
plicated in translation termination (Wang et al. 2001;
Keeling et al. 2004), had an average increase in stop
codon read-through of 27-fold relative to wild type.

It has been shown that mutations in genes encoding
translation factors cause cells to be more sensitive or
resistant to translation inhibitors (Spahn and Prescott
1996; Dinman and Kinzy 1997). Therefore, we screened
the deletion strains for altered growth in the presence of
various translation inhibitors using a 96-well format di-
lution assay. Strains showing either sensitivity or resis-
tance were retested by streaking onto the appropriate
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drug-containing medium. Resistance to anisomycin was
detected for Atma7 (Fig. 4C). The Atma7 strain was not
resistant to the other translational inhibitors we tested
(data not shown), suggesting that Atma7 is not deficient
in drug transport or metabolism.

Lastly, the deletion strains were analyzed by polyribo-
some profiling. Consistent with decreased protein syn-
thesis (Fig. 4A), both Atma7 and Atma19 strains had par-
tial polysome runoff (Fig. 4D). While the profile was con-
sistent for Atma7, the magnitude of the runoff for
Atmal9 was more variable. The variation might corre-
late with the magnitude of the decreased synthesis ob-
served in the labeling experiment.

Additionally, Atma20 consistently varied from the
wild-type strain, with a larger 40S peak relative to the
60S peak, and half-mers on the 80S and polysome peaks
(Fig. 4D). Because the phenotype was subtle, to deter-
mine whether the observed difference was significant,
the 40S:608S ratio was calculated from seven independent
profiles of wild-type and Atma20 strains. The average
40S:60S was 1.5-fold higher in the Atma20 strain, with
values of 1.41 +0.20 and 2.08 + 0.26 for wild type and
Atma?20, respectively. A single-tailed nonpaired unequal-
variance T-test indicated that the difference was signifi-
cant, with a p-value of 8.19 x 107°.

TMAZ20 and MCT-1 are orthologous proteins

Because the translation machinery is highly conserved
from yeast to humans, we next sought to identify ho-
mologs of TMA proteins. Protein or nucleotide BLAST
searches identified highly related sequences in other

pTMA20 pGPD-  pdi3-
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fungi for TMA7, TMA10, TMA16, and TMA17 (Altschul
et al. 1990). Proteins similar to TMA16 were identified
in insects, worms, plants, rodents, and humans, al-
though the expect values did not fall below 0.4 (Altschul
et al. 1990). For the remaining eight yeast proteins, pro-
tein BLAST queries identified mammalian proteins with
significant sequence conservation (Expect = 7e-09)
(Altschul et al. 1990), suggesting conserved functions in
higher organisms (Table 1). At least 67% of our con-
firmed TMA proteins had mammalian homologs, sup-
porting the idea that data from proteomic screens in
yeast are applicable to studies of higher organisms. This
number is higher than for yeast proteins in general
(30%-40%) (Botstein et al. 1997), which might be ex-
pected given that translation is a highly conserved pro-
cess.

Because the Atma20 strain had several translation de-
fects and has a mammalian homolog, MCT-1, implicated
in cancer, we focused on this protein in more detail. In
yeast, TAP-TMA20 strongly interacted with TAP-
TMA22 and vice versa (Table 2). TMA22 also has an
apparent human homolog, DRP1. We first wanted to de-
termine if the human homologs of TMA20 and TMA22
interacted. We tested whether human Flag-tagged
MCT-1 interacted with endogenous DRP1 in human
cells. DRP1 immunoprecipitates contained Flag-MCT1
(Fig. 5A). Similarly, Flag immunoprecipitates from cells
transfected with Flag-MCT1 contained DRP1 (Fig. 5A),
suggesting that the two proteins are in the same com-
plex. Neither Flag-MCT1 nor DRP1 was identified in
mock immunoprecipitates using beads only or in Flag

Figure 5. Human MCT-1 interacts with
DRP1 and complements Atma20 pheno-
types. (A) «-DRP1 (top) or a-Flag (bottom)
Western blots of cell lysates (Lys) and im-
munoprecipitates (IPs) from HEK293 cells
transfected with Flag vector or Flag-
MCT]1. The lysate is 1/20 of the whole-cell
extract used for the IP. (B) The amount of
translation through nonsense mutations
in a B-galactosidase reporter gene in wild-
type (WT) and Atma20 strains transfected
with either empty expression vector
(p413-GPD), yeast TMA20 (pTMA20), or
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deviation. (C) Polysome profiles from a
wild-type yeast strain transfected with the
empty pRS416 expression vector (left), the
Atma20 strain transfected with the empty
pRS416 expression vector (middle), or
Atma20 transfected with an expression
vector containing yeast TMA20 (pTMA20)
(right). (D) Wild-type strain transfected
Atma20 with p416-GPD (left), Atma20 strain trans-
* EAPERETS fected with p416-GPD (middle), or the
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immunoprecipitates from cells transfected with an
empty Flag vector, suggesting that the interaction was
specific. Together these interaction data provided evi-
dence that human MCT1 and DRP1 interacted analo-
gously to the yeast proteins TMA20 and TMA22..

We next tested whether MCT-1 could complement the
translation defects in the Atma20 strain. As expected,
reintroduction of yeast TMA20 under the control of its
native promoter complemented the fidelity defect of
AtmaZ20 (Fig. 5B) and resulted in a polysome profile that
resembled the wild-type profile (Fig. 5C). In contrast,
transformation of Atma20 with the empty yeast expres-
sion vector did not rescue the phenotypes (Fig. 5B,C).
Similarly, expression of a C-terminally V5 epitope-
tagged MCT-1 expressed under the control of the rela-
tively strong glyceraldehyde-3-phosphate dehydrogenase
(GPD) promoter (pGPD-MCT1) rescued the nonsense
read-through defects associated with deletion of TMA20
(Fig. 5B). The 40S peak for Atma20 expressing pGPD-
MCT1 was smaller than for Atma20 + empty vector,
similar to the wild type (Fig. 5D), indicating that expres-
sion of human MCT-1 rescued the defect. Together the
bioinformatics, biochemical, and genetic analyses sug-
gest that the oncogenic protein MCT-1 is the mamma-
lian ortholog of TMA20.

Discussion

Here we describe comprehensive, large-scale, unbiased
proteomic screens that identified novel proteins that co-
purify with S. cerevisiae ribosomes. By combining three
purification strategies, two-dimensional liquid chroma-
tography with tandem mass spectrometry, and cluster-
ing analysis, we have identified 77 uncharacterized ORFs
as putative ribosome-interacting factors. Of these, we
assayed 40 TAP-ORF fusion proteins and found that 90%
copurified with ribosomes in sucrose gradients validat-
ing the initial mass spectrometry data. Each of the 11
TAP-TMAs tested further had an EDTA-sensitive distri-
bution, consistent with ribosome-associated proteins.
Through TAP purification, we linked two TMA proteins
to translation-associated processes via their interacting
partners. TAP-LSM12 interacted with the RNA-modify-
ing proteins PBP1 and PBP4, and TAP-TMA46 pulled
down RBGI, a ribosome-associated GTPase. Addition-
ally, yeast strains containing deletions of tma7, tmal9,
or tma20 had phenotypes consistent with loss of pro-
teins involved in translation or ribosome biogenesis, in-
cluding decreased protein synthesis rates, resistance to
translation inhibitors, decreased translation fidelity, and
altered polysome profiles. Lastly, MCT-1, a human pro-
tein highly homologous to TMA20, complemented the
translation defects associated with deletion of tma20 in
yeast.

Our proteomic screens identified both ribosomal pro-
teins and translation factors, validating the methodol-
ogy. We identified 100% of the ribosomal proteins that
can be detected by mass spectrometry and ~87% of the
canonical translation factors. Of the missing factors,
components of the eIF2B complex were underrepre-
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sented in our purifications. However, eIF2B functions to
exchange GDP for GTP on elF2, a process that does not
occur on ribosomes. Eliminating eIF2B components im-
proved our identification to 96%. Only eIF1A (TIF11)
was not detected in enough experiments to pass our
stringent filtering criteria. For reasons that are not clear,
we identified eIF1A in only two of nine 40S purifications
and one of five RSWs.

A major concern with large-scale analyses is the purity
of the samples being analyzed. We do not claim that the
purification schemes used here yielded pure populations
of ribosomes. Rather, the clustering data indicated an
enrichment of ribosomal proteins and translation fac-
tors. Of the other proteins we identified, we found that
approximately one-half to two-thirds of the copurifying
proteins were highly abundant catalytic enzymes such as
hydrolases and transferases. Although not currently
linked to translation, we put forward the possibility that
some catalytic enzymes may have dual functions in me-
tabolism and protein synthesis. As an example, the S.
cerevisiae PAS kinases regulate both sugar flux and
translation, linking nutrient availability to protein syn-
thesis (Rutter et al. 2002).

More likely, however, is that many of the additional
proteins are components of larger complexes, and there-
fore may cosediment with free ribosomal subunits in
sucrose gradients. Alternatively, the highly abundant
proteins may simply be contaminants. For example,
glyceraldehyde-3-phosphate dehydrogenase family mem-
bers were consistently found in all preparations and are
expressed at ~10° molecules/cell (Ghaemmaghami et al.
2003). In contrast, the average number of molecules/cell
for the 12 TMA proteins was nearly 50-fold lower, at
4.76 x 10> molecules/cell (1.25x 10> to 3.75 x 10%)
(Tablel). Although we cannot exclude the possibility
that some of the ORFs are not ribosome-associated, the
abundance data suggest that we did not simply purify the
most abundant proteins in the cell.

Importantly, using immunoblotting we were able to
support the mass spectrometry data and show an EDTA-
dependent colocalization with ribosomes in sucrose gra-
dients for 11 of the 12 TMAs we tested. Overall, the
immunoblotting revealed a broader sedimentation for
each TAP-TMA than indicated by the mass spectrom-
etry, especially for LSM12 and TMA16. These inconsis-
tencies may reflect relative stoichiometries of the pro-
teins in the ribosome complexes. Alternatively, because
tandem mass spectrometry data are acquired for the
three most intense ions in each full scan, the more strin-
gent results seen by mass spectrometry may reflect the
relative abundance of the protein of interest relative to
the total numbers of proteins in the fraction. In contrast,
the immunoblotting is less sensitive to the complexity
of the sample. Despite these differences, the combined
approaches indicated a strong connection for 11 TMAs
with the translation machinery. Because the proteomic
screens identified TMA19 in the 40S fraction, but TAP-
TMA19 was absent from the 40S by immunoblotting,
the 20-kDa TAP tag may have disrupted protein—-protein
interactions linking TMA19 to ribosomes. This interpre-



tation, rather than TMA19 being a false-positive mass
spectronomy hit, is supported by the fact that TMA19
was also identified in a second screen (RSW) and had
translation phenotypes associated with its deletion.

The TAP data identified additional proteins linking
the TMA proteins to complexes involved in translation,
ribosome biogenesis, RNA processing, and RNA export
(Table 2; Supplementary Tables S11-S26). Validation of
each interaction is beyond the scope of this study. How-
ever, data from a large-scale TAP-tandem mass spec-
trometry project involving known translation factors,
showed that the major components of any particular
translation complex associated with the TAP-tagged tar-
get with PAFs >1.0 (C.M. Weaver, J.L. Jennings, D.T.
Duncan, K.J. McAfee, V.R. Gerbasi, A.R. Farley, T.C.
Fleischer, and A.J. Link, in prep.). Therefore, in our ex-
perience, proteins associating with TAP-ORFs with
PAFs >1.0 are likely to be true interacting partners. This
assumption holds true for TMA20-TMA22, LSMI12-
PBP1-PBP4, TMA24-YOR164C, and TMA46-RBGI,
where the reciprocal TAP and/or published data (Tables
1, 2) corroborated the initial discovery.

The interaction of TMA46 with RBG1 provided an-
other link for TMA46 to ribosomes, as RBG1 is a GTPase
(Li and Trueb 2000) that interacts with translating ribo-
somes (P. Wout and J. Maddock, unpubl.). Likewise, the
interaction of LSM12 with PBP1 and PBP4 connected
LSM12 to RNA processing. LSM proteins, like SM pro-
teins, are predicted to form heptameric rings and interact
with RNA (for review, see Beggs 2005). One cytoplasmic
LSM complex contains LSM proteins 1-7 and functions
in mRNA degradation (Bouveret et al. 2000; Tharun et al.
2000). Interestingly, although LSM12 contains the SM
domain, we did not find named LSM proteins in the
TAP-LSM12 pull-down. However, we found a strong as-
sociation with PBP1. Because PBP1 can self-interact
(Mangus et al. 1998, 2004) and has an LSM domain, it is
interesting to speculate that LSM12 forms an atypical
ring comprised of multiple units of itself and PBP1. This
ring may regulate various aspects of RNA processing via
interactions with PBP4, PAB1, FIR1, UFDI1, DIGI1, and
MKT1 (Mangus et al. 1998, 2004; Tadauchi et al. 2004).

Several published studies complement our findings
and connect TMA proteins to additional translation-re-
lated proteins (Table 1; Uetz et al. 2000; Ito et al. 2001;
Gavin et al. 2002; Ho et al. 2002; Krogan et al. 2004).
These TMA-interacting proteins include ribosome sub-
units (RPS4, ASC1), components of the small ribosomal
subunit processosome (BUD21, NOP1, SAS10), an RNA
helicase required for translation initiation of all yeast
mRNAs (DED1), an mRNA capping enzyme (CEG1), and
proteins involved in deadenylation-dependent decay
(PUF1, PUF3) and ribosome biogenesis (YTMI1). To-
gether, our data and published interaction data suggest
roles for the TMA proteins in translation regulation
or RNA metabolism, and support our proteomic data
that the TMA proteins are translation machinery asso-
ciated.

Four of the 12 TMA proteins have putative RNA-bind-
ing domains (Table 1), which could mediate interactions
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with a variety of different RNAs including mRNA or
rRNA. TMA20 has the PUA RNA-binding motif,
TMA22 has an elF1/SUIl RNA-binding domain, and
TMAG4 has both the eIF1/SUIl1 and PUA domains.
Given that Atma20 has an altered 40S:60S ratio, we
speculate that TMA20’s RNA-binding domain recog-
nizes rRNA. Although we did not observe an altered
polysome profile for the Atma22 strain, rRNA binding is
predicted for TMA22, due to its interaction with
TMA20. The published interaction of TMA64 with the
pre-rRNA processing proteins NOP1 and DEDI1 (Krogan
et al. 2004) is again consistent with rRNA binding.
LSM12 has an RNA-binding LSM (like SM) domain that
we predict recognizes mRNA, given LSM12’s association
with PBP1 and PBP4. However, SM and LSM domains
are implicated in many aspects of RNA processing in-
cluding pre-mRNA splicing and degradation, tRNA
splicing, mRNA degradation, and rRNA processing (for
review, see Albrecht and Lengauer 2004; Beggs 2005).
Because these predicted domains are either not well
characterized or have been shown to have variability in
their type of RNA interactions, without further experi-
mental data, it is difficult to extrapolate which of our
additional uncharacterized proteins may be involved in
rRNA or mRNA binding.

Functional assays linked several TMA proteins to
translation and translation-related processes. One inter-
esting protein identified in our screens was TMA7, found
in a 40S fraction from gradients cast in 1 M salt (data not
shown). Loss of TMA7 was associated with multiple
translation defects. One was resistance to the translation
inhibitor anisomycin (Fig. 4C). A general defect in drug
uptake or metabolism is unlikely, as we did not detect
resistance to other translation inhibitors including cy-
cloheximide, puromycin, rapamycin, or hygromycin
(data not shown). Anisomycin competes with aminoac-
ylated-tRNA binding to the A-site and thereby inhibits
translation at the peptidyl transfer step (Barbacid and
Vazquez 1974; Hansen et al. 2003). Elongation factor
eEFIA mutant strains tef2-3 and tef2-13 are resistant
to anisomycin (Dinman and Kinzy 1997). It is hypoth-
esized that these mutations may increase the pause rate
at the A-site (Dinman and Kinzy 1997). Similarly, the
resistance to anisomycin in the absence of TMA?7 (Fig.
4C) could result from translation rates that were slowed
such that the aminoacylated-tRNAs could eventually
bind the A-site, despite the anisomycin competition.
This explanation is consistent with the dramatic de-
crease in *°S-methionine incorporation (Fig. 4A) and
slow growth phenotype (data not shown) seen in Atma7
strains. However, the polysome profile for Atma7
showed a reduction in polysomes relative to mono-
somes, suggesting the translation defect is at the initia-
tion stage rather than in elongation. In agreement,
strains expressing mutant elongation factors eEF3
(F650S) or eEF1A (E286K) did not have altered polysome
profiles when assayed in the presence of cycloheximide
(Anand et al. 2003).

The tmal9-null strain had a similar phenotype to
Atma7 (Fig. 4A,D), with decreased **S-incorporation and
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reduced polysomes relative to monosomes, also suggest-
ing a function for TMA19 in initiation. Although the
reduced metabolic labeling was apparent in every experi-
ment, the altered polysome profile was variable. The sig-
nificance of this is unclear.

A Atma20 strain had two translation defects: an
altered polysome profile with a larger 40S peak and de-
creased translation fidelity (Fig. 4B,D). The altered
408S:60S ratio and polysome half-mers in Atma20 suggest
a role for TMA20 in ribosome biogenesis. As such, the
40S localization is more likely a preribosomal complex
with similar sedimentation. In light of the defect in ri-
bosome biogenesis, one interpretation of the increased
read-through of nonsense mutations in Atma20 strains is
that the phenotype is indirect, resulting from aberrant
ribosomes.

Defining normal TMA20 function in yeast may help
shed light on the oncogenic aspects of its human homo-
log MCT-1. Overexpression of MCT-1 leads to increased
cell proliferation, a shortened G1 phase, increased cyclin
D1 expression, and an ability to grow in soft agar
(Prosniak et al. 1998; Dierov et al. 1999). Recent data
link MCT-1 with the DNA damage checkpoint and an-
giogenesis (Hsu et al. 2005; Levenson et al. 2005). How-
ever, the precise molecular function of this protein is
still unclear. Our yeast complementation data would
suggest that up-regulation of MCT-1 increases ribosome
biogenesis, thereby supporting increased cell growth.
Coordinately regulated responses to growth factors and
mitogens might explain the data linking MCT-1 to other
oncogenic functions. For example, PI-3K/AKT/mTOR-
mediated signaling increases both ribosome biogenesis
and translation (for reviews, see Meric and Hunt 2002;
Holland et al. 2004; Ruggero and Sonenberg 2005).

Cumulatively, these four assays identified translation
defects associated with one-quarter of the TMA proteins
we screened. It is important to note that none of these
TMA proteins was identified previously in similar bio-
chemical assays using conventional methods, nor were
they found in genetic screens for translation defects.
Thus, we cannot rule out that the remaining candidates
function in translation, perhaps in the translation of spe-
cific mRNAs or classes of mRNAs. We are expanding our
repertoire of assays and are testing the deletion strains
for altered GTP hydrolysis, RNA processing, and trans-
lation of various templates in vivo. Assays to analyze
RNA processing may be especially informative given
that more than half the TMA proteins including TMA19,
TMAG4, LSM12, TMA46, TMA7, TMA24, and TMAL1Q,
copurified with known rRNA- or mRNA-modifying pro-
teins (Supplementary Tables S11-S26), although not all
of these interactions have been confirmed. Another im-
portant consideration is that deletion of these candidates
may only have observable phenotypes under specific
physiological conditions, such as amino acid or glucose
starvation.

In this study, we presented 77 uncharacterized pro-
teins as potential ribosome-interacting proteins. Of
these, we have data supporting ribosome interactions for
at least 11 of the 12 novel ORFs tested. We are presently
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screening the remaining candidates using sucrose gradi-
ents, immunoblotting, and TAP. As we delineate the
translation network, we take a critical step toward un-
raveling the complexities of eukaryotic protein synthe-
sis. By testing the corresponding yeast deletion strains in
high-throughput adaptations of conventional translation
assays, we have begun the often-overlooked task of im-
parting functional significance to our interaction data.
Collectively, our proteomics screens and translation as-
says have provided the framework for more rigorous in-
vestigations into the roles of these uncharacterized pro-
teins in translation and related processes. Moreover, we
have applied our studies in yeast to help elucidate the
function of human disease proteins.

Materials and methods
Strains

BY4743 (MATa/a his3A1/his3A1 leu2A0/leu2A0 Iys2A0/LYS2
MET15/met15A0 ura3A0/ura3A0) was used for all protein puri-
fication experiments (Winzeler et al. 1999). Deletion strains in
the BY4743 background had the pertinent ORFs replaced by
kanamycin cassettes as described (Winzeler et al. 1999). Yeast
strains with TAP-tagged genes have been described (Ghaem-
maghami et al. 2003). We have generated the following strains:
AL190 (BY4743 with pRS416), AL194 (Atma20 + pRS416),
AL195 (Atma20 + pTMA20), AL259 (BY4743 + p416-GPD),
AL260 (BY4743 + pGPD-MCT1], AL261 (AtmaZ20 + p416-GPD),
and AL262 (Atma20 + pGPD-MCT1).

Plasmids

To construct pTMA20, the endogenous S. -cerevisiae
YEROO7C-A promoter and ORF were PCR-amplified from yeast
genomic DNA using primers 007gen694F (GATCGGATCCC
GAGATTGTGTTTTTGCTGG) and 007gen2244R (GATCC
TCGAGTCAGACTTTAATGTTGTGAACFGG) and cloned
into the BamHI/Xhol sites of pRS416 (Sikorski and Hieter 1989).
To construct pGPD-MCTI1, a BamHI/Pmel fragment from
pCDNA3-MCT1-V5-His (Shi et al. 2003) was cloned into
BamHI/Smal sites of p416-GPD (Funk et al. 2002). To construct
FlagMCT1, an EcoRI/Sall fragment of PCR-amplified MCT-1
from pCDNA3-MCT1-V5-His was cloned into pFLAG-CMV-6a
(Sigma). The primers to amplify MCT-1 were MCT_ATG_Eco_f
(GATCGAATTCATGTTCAAGAAATTTGATG) and MCT_
TGA_Sal_r (GATCGTCGACTCATTTATATGTCTTCATAT
GC). All clones were verified by sequencing.

Total ribosomal analysis

Yeast cultures were grown overnight at 30°C in 1 L of YPD to an
ODyq between 2 and 3. Cells were pelleted at 2500 x g for 10 m
and washed with 50 mL of ddH,0. The cell pellet was resus-
pended in 25% (w/v) standard buffer (10 mM Tris at pH 7.4, 5
mM 2-mercaptoethanol [BME|, 50 mM ammonium chloride, 5
mM magnesium chloride, 100 ng/mL cycloheximide, 500 pg/
mL heparin, and protease inhibitors [Roche Complete EDTA-
free]). Cells were lysed by the addition of 1/2 volume 0.5-mm
glass beads (Bio-Spec Products) and the use of a BeadBeater (Bio-
Spec Products) for 4 min (four cycles of 30 sec on/30 sec off). The
lysate was centrifuged at 20,000 x g for 30 min, transferred to
fresh tubes, and centrifuged at 150,000 x g for 2 h. The ribosome
pellet was resuspended in 24 volumes of wash buffer (10 mM
Tris at pH 7.4, 5 mM BME, 10 mM magnesium acetate, and the
indicated amount of ammonium chloride) supplemented with
100 pg/mL cycloheximide, 500 pg/mL heparin, and protease



inhibitors (Roche Complete EDTA-free). A 6-mL aliquot was
layered on a 6-mL 5%:20% discontinuous sucrose gradient and
centrifuged at 40,000 x g for 18 h. The ribosome pellet was re-
suspended in 25 volumes of standard buffer and centrifuged at
7100 x g for 10 min.

Ribosome salt wash

Ribosome salt washes were carried out as described (Link et al.
2005). Briefly, yeast whole-cell lysates were centrifuged to re-
move cellular debris. Ribosomes were then pelleted by ultra-
centrifugation and resuspended by sonicating in buffer supple-
mented to 0.05 M, 0.5 M, or 1 M potassium acetate. Ribosomal
proteins were again pelleted by centrifugation, and the super-
natant (ribosome salt wash) was saved for analysis.

Sucrose gradient fractionation

A high-resolution purification of ribosome complexes was em-
ployed using sucrose gradient fractionation (Link et al. 2005).
The method was used to analyze the polysome profiles of the
yeast deletion and complemented strains with the following
modifications. Strains were grown to log phase in 100 mL of
SC-URA medium with the final ODg, ~ 0.8. Briefly, cyclohexi-
mide (50 pg/mL) was added directly to each culture, and then
the culture was chilled on ice for 10 min. Cells were lysed in
chilled Breaking Buffer (10 mM Tris-HCl at pH 7.5, 100 mM
NaCl, 30 mM MgCl,, 50 pg/mL cycloheximide, 200 ng/mL
heparin, and protease inhibitors [Roche Complete EDTA-free]),
and 20 OD,,, of the cleared extract was loaded onto 12-mL
7%-47% sucrose gradients. The gradients were centrifuged in
an SW-41 rotor for 18 h at 15,000 rpm at 4°C.

Immunoprecipitation and immunoblotting

Aliquots (30 pL) of 0.5-mL sucrose gradient fractions were run
on Tris-glycine gels, transferred to Immobilon-P (Millipore), and
immunoblotted with indicated antibodies. For immunoprecipi-
tations, HEK293 cells were seeded at 1.0 x 10° and 16 h later
were transfected with 5 pg of either pFLAG-CMV-6a (Sigma) or
Flag-MCT1 using calcium phosphate (Kingston et al. 1996). Af-
ter 24 h, cells were lysed in 0.5 mL of L-buffer (PBS, 0.1% NP-40)
containing EDTA-free complete mini-protease inhibitors
(Roche), 50 png/mL cycloheximide, 1 mM dithiotreitol, and 40
U/mL RNAsin (Promega), by freezing on dry ice and thawing at
37°C. Nuclei and debris were pelleted by centrifugation for 5
min at 13,000g. Cytoplasmic extracts were immunoprecipitated
for 1 h at 4°C with 20 uL of Flag-M2 agarose (Sigma) or 20 uL of
ImmunoPure Immobilized Protein A (Pierce) with or without 5
pL of a-DRP1 antibody. Lysates and immunoprecipitates were
resolved on 12% Tris-glycine gels, transferred to Immobilon-P
(Millipore), and immunoblotted with indicated antibodies. In-
teractions were detected using chemiluminescence (ECL Plus;
Amersham Biosciences).

Antibodies

Anti-TAP (Open Biosystems), anti-Flag M2-peroxidase (HRP;
Sigma), anti-DRP1 (BD Transduction Laboratories), anti-NOP1
(EnCor Biotechnology, Inc.), and anti-PSTAIR (Sigma) antibod-
ies are commercially available. Anti-RPL3 (Vilardell and Warner
1997) and anti-ASC1 (Gerbasi et al. 2004) have been described.
Anti-rabbit HRP and anti-mouse HRP were from Promega.

Tandem affinity purification

TAP fusion proteins were purified using IgG and calmodulin
affinity resins essentially as described (Link et al. 2005).

Proteomic screens of translation complexes

DALPC

To identify the proteins found in purified ribosomes or TAP
purifications, samples were trypsin-digested and analyzed by
off-line SCX fractionation coupled to RP-LC-ESI-MS/MS as
described (Link et al. 2003, 2005). Data processing of theSE-
QUEST output files into a list of proteins has been previously
described (Link et al. 1999).

[3°S]-methionine incorporation

Overnight cultures grown in YPD were diluted 1:10 into 1 mL
of SC-MET (ODgy5 ~ 0.5) in triplicate in a 96-well 2-mL culture
dish and grown for 3 h at 30°C. The ODsy5 of one replicate was
measured to determine relative cell numbers. The remaining
two samples were labeled with 6 nCi/mL [*°S]-methionine/cys-
teine (EXPRE®°S®°S Protein Labeling Mix; >1000 Ci/mmol;
NEN Research Products) for 15 min at 30°C. Labeling was
stopped by the addition of 1/10 volume of 100% TCA to each
culture and heating the entire 96-well dish at 100°C for 30 min.
TCA precipitates were collected on GFC filters (Whatman),
washed sequentially with 2 mL of each 10% TCA and 95%
ethanol, and counted in 5 mL of UniverSol (ICN). For each
sample, the counts per minute/ODsys was normalized to wild
type, set as 100%. Three independent experiments were
graphed with the error bars representing the standard deviation.
The P-values shown were determined using a single-tailed non-
paired unequal-variance T-test.

Drug dilution assay

Cells were grown overnight in 1 mL of YPD. The ODgy5 was
measured, and an equal number of cells for each strain (up to 24
different strains/plate) was aliquoted into a 96-well plate, and
then serially diluted, fivefold each, into YPD. Using a 96-pin
multiblot replicator (V&P Scientific, Inc.), the master dilution
plate was replica-plated in duplicate onto YPD plates containing
no drug, 5 ng/mL rapamycin, 50 ng/mL rapamycin, 0.2 pg/mL
cycloheximide, 2.0 ng/mL cycloheximide, 20 pg/mL anisomy-
cin, 50 pg/mL anisomycin, 10 pg/mL hygromycin, or 100 pg/mL
hygromycin. Plates were incubated at 30°C for up to 4 d. All
strains were tested for sensitivity or resistance to each drug
concentration in at least two independent experiments. Perti-
nent strain/drug combinations were verified in at least three
experiments by streaking overnight cultures onto duplicate
drug plates and growing at 30°C.

Nonsense suppression assay

Nonsense suppression was assayed as described (Carr-Schmid et
al. 1999). Production of B-galactosidase (B-gal) was measured
using the Tropix Gal-Screen chemiluminescent reporter gene
system (Applied Biosystems) with 50 pL of cells and 50 pL of
Reaction Buffer B. Luminescence was measured for 20 sec in a
Turner Designs TD-20/20. Assays were repeated at least twice
with three independent colonies for each strain.
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