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Abstract: We have previously identified 55 nonribosomal proteins in PAB1-mRNP complexes in

Saccharomyces cerevisiae using mass spectrometric analysis. Because one of the inherent limita-
tions of mass spectrometry is that it does not inform as to the size or type of complexes in which
the proteins are present, we consequently used analytical ultracentrifugation with fluorescent
detection system (AU-FDS) to determine which proteins are present in the 77S monosomal transla-
tion complex that contains minimally the closed-loop structure components (elF4E, elF4G, and
PAB1), mRNA, and the 40S and 60S ribosomes. We assayed by AU-FDS analysis 33 additional
PAB1-mRNP factors but found that only five of these proteins were present in the 77S translation
complex: eRF1, SLF1, SSD1, PUB1, and SBP1. eRF1 is involved in translation termination, SBP1 is
a translational repressor, and SLF1, SSD1, and PUB1 are known mRNA binding proteins. Many of
the known P body/stress granule proteins that associate with the PAB1-mRNP were not present in
the 77S translation complex, implying that P body/stress granules result from significant protein
additions after translational cessation. These data inform that AU-FDS can clarify protein complex
identification that remains undetermined after typical immunoprecipitation and mass spectrometric

analyses.

Keywords: protein synthesis; analytical ultracentrifugation; translation proteome; PAB1 mRNP

complexes

Introduction

The eukaryotic mRNA-protein (mRNP) complexes
are involved in a wide range of biological processes.
These include complexes involved in the synthesis of
mRNA in the nucleus, the transport of the mRNA
into the cytoplasm, the synthesis of protein from the
mRNA, the subsequent degradation of the mRNA,
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and, in response to stresses, the sequestration of the
mRNA in quiescent nontranslating complexes.
Global approaches to identifying the components of
these many mRNP complexes have identified a rich
assortment of proteins, many of them present in the
majority of these studies.'™® The primary limitation
of these previous approaches, which generally uti-
lized mass spectrometric and immunoprecipitation
analysis, is that they principally inform only about
possible components in mRNP complexes and not
which factors are present in which functionally rele-
vant complexes. In addition, no information is pro-
vided as to the size of the complexes that are
visualized.

We have previously utilized the novel tech-
nique of analytical ultracentrifugation with fluores-
cent detection system (AU-FDS) to unambiguously
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identify the size and components of the monosomal
translation complex from Saccharomyces cerevisiae.”
This 77S translating complex had not previously
been isolated or visualized using such traditional
techniques as sucrose gradient analysis or gel per-
meation chromatography. We demonstrated, using
GFP fusions to unique yeast proteins, that the 77S
complex contains the 40S and 60S ribosomal subu-
nits, mRNA, and the closed-loop structural compo-
nents, elF4E, elF4G, and PAB1, the latter of which
are required for a variety of translational processes.
Other translation initiation factors were notably
absent from this complex. This 77S monosomal
translating complex was also responsive to transla-
tional stresses and was shown to be distinct from
the free 80S ribosome that is not bound to mRNA.”

We have consequently tackled the proteomic
analysis of the eukaryotic mRNP by determining
which known mRNP complex proteins are compo-
nents of the translating ribosome. Based on our pre-
vious mass spectrometric determination of the
PAB1-mRNP proteome, we studied a large group of
proteins that were likely, presumed, or possibly asso-
ciated with translating complexes.® Out of 33 such
proteins, we found only five to be present in the 77S
translating complex. Many known P body/stress
granule mRNP components were not present in the
77S complex, implying a significant protein addition
and structural arrangement that occurs on forma-
tion of such mRNA degradation/translationally qui-
escent complexes. Our studies in combination with a
recent study that analyzed which mRNP complex
components are present in P body/stress granules®
begin the absolute determination of which compo-
nents of the mRNP exist in which exact functional
complexes.

Results

Methodology for determining presence in the
77S monosomal translation complex

Previously, we have used mass spectrometric analy-
sis to identify 55 nonribosomal proteins that specifi-
cally associated with Flag-PAB1.® Within this group,
all but 10 had functions related to some role in
which PAB1 may be involved: splicing, mRNA
export, nucleolar/RNA biogenesis, translation,
mRNA decay, or RNA binding. Because PAB1 has so
many potential of roles in the cell, these 45 remain-
ing proteins do not necessary have to be present all
in one complex with PAB1. To clarify these putative
interactions, we used AU-FDS in combination with
GFP fusions to many of these putative interactors to
identify which of these proteins existed in the 77S
monosomal translation complex. For this analysis,
we limited our studies to those proteins that might
be involved in some aspect of PAB1 function involv-
ing protein synthesis or mRNA degradation, and,
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therefore, we did not generally analyze the nucleo-
lar/RNA biogenesis factors (18 proteins), splicing fac-
tors (3), mRNA transport proteins (3), and the
proteins not apparently related to PAB1 (10). As con-
trols, we did include in our study two nucleolar pro-
teins (RRP5 and LHP1) and UBP3, a ubiquitin
protease, all of which were shown to interact with
PAB1.° We also analyzed one mRNA export protein
(GBP2) that may have some role in the translation
process and stress granule formation.®

Two criteria were used to verify if any of the
putative PAB1-mRNP interacting proteins were in
the 77S monosomal translation complex. First, Flag-
PAB1-containing complexes were purified by specific
binding to Flag agarose beads and the resultant
complexes subjected to AU-FDS analysis. The abun-
dance of a specific GFP fusion protein present in the
77S complex was compared to the abundance of the
77S complex as determined following Flag immuno-
precipitation of extracts from an isogenic strain con-
taining the GFP fusion but lacking Flag-PAB1 (see
Fig. 1). All GFP fusions were present at their chro-
mosomal location and do not result in any obvious
growth defects.”® Only those GFP fusion proteins
that displayed significant presence in a 77S transla-
tion complex were considered likely components of
the monosomal translation complex.

The second criterion that we used was that the
putative 77S monosomal translation complex con-
taining the specific GFP fusion was subjected to the
stress of glucose deprivation that represses transla-
tion and causes an approximate four-fold reduction
in 778 translation complex abundance (Fig. 2).” Any
GFP fusion protein that met both these criteria, that
is, significant presence in a 77S complex and 77S
complex abundance sensitivity to glucose depriva-
tion, was considered to be part of the monosomal
translating complex.

Identification of new components of the 77S
translation complex

Previously, we had established that the following
proteins were present in the 77S monosomal trans-
lating complex: elF4E, elF4G1, eIF4G2, and PABI.
Figure 1(A) displays a typical AU-FDS analysis for
elF4E-GFP versus the no Flag-PAB1 control, and
Figure 2(A) displays the glucose sensitivity of
elF4E-GFP presence in the 77S translating complex.
We had also previously found that initiation factors
that are components of the 43S translation complex,
elF2, eIF3, and elF5, were not part of the 77S trans-
lating complex.” Of the new proteins that we ana-
lyzed based on our previous mass spectrometric
analysis of the PAB1-mRNP proteome, only four pro-
teins were present in a 77S complex: SLF1, PUBI1,
SSD1, and SBP1 [Fig. 1(B-E), respectively]. The
average S value for the complex for each of these
proteins was found to be for SLF1 as 75.9S (1.0S
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Figure 1. |dentification of new proteins in the 77S monosomal translation complex. Cells were pregrown to mid-log phase on
medium containing 2% glucose prior to cell lysis and purification of Flag-PAB1-containing complexes. Equivalent levels of pro-
tein extracts were used in the respective Flag pull downs. Experiments displayed together in a particular part of the figure were
conducted in the same centrifugation analysis. All strains were isogenic (Mata ura3 leu2 his3 in which the GFP fusion to the pro-
tein as indicated at its chromosomal location is marked with H/S3)° and carried either Flag-PAB1 or not, as indicated. Flag-
PAB1 was expressed from either YC504 or YC776.” A. Strain containing elF4E-GFP; B. SLF-GFP; C. PUB1-GFP; D. SSD1-

GFP; E. SBP1-GFP.
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Figure 2. Effect of glucose depletion on the 77S monosomal translation complex. Glucose growth conditions (glc +) were the
same as described in Figure 1, and glucose depletion conditions (glc +—) occurred after pregrowth in glucose-containing

medium followed by growth for 10 min in medium lacking glucose. The elF4E-GFP data was taken from Ref. 7. A-E: strains are
the same as described in Figure 1.

Standard Error of the Mean: SEM), PUB1 as 76.6S  for each protein). In contrast, the two nucleolar pro-
(1.1S SEM), SSD1 as 78.6S (2.1S SEM), and SBP1 teins, UBP3, the mRNA export proteins, a number
as 76.6S (0.70S SEM), (average of six determinations  of RNA binding factors, and the mRNA decay

Zhang et al. PROTEIN SCIENCE ‘ VOL 23:1036-1043 1039



AU-FDS PBP2-GFP

AU-FDS GBP2-GFP
Flag-PAB1 pull down Flag-PAB1 pull down
0.2995 | : 0.2995 i
0.1995 :| 0.1995 l:
o E o ': —Flag-PAB1
© b —Flag-PAB1 °© '
00995 | 00995 | |
-0.0005 -0.0005
0

AU-FDS NAB6-GFP AU-FDS PUB1-GFP HCHO
Flag-PAB1 pull down Flag-PAB1 pull down
0.2995 1y

05995 |,
1
" '
" '
1
1
0.1995 0.3995 I|
1
_— —~ 1
0 O ' —Flag-PAB1
© —Flag-PAB1 © \
1
0.0995 0.1995 I|
L}
\|
-0.0005 -0.0005 !
20 40 60 80 100 120 140 160 180 0
S20,w
C

AU-FDS SGN1-GFP HCHO AU-FDS LHP1-GFP HCHO
Flag-PAB1 pull down

Flag-PAB1 pull down
0.2995 0.2995
0.1995 0.1995
0 —Flag-PAB1 O 1 —Flag-PAB1
o o h
'\ . 1
00995 I\ PAB1 00935 B
'
1
1
1
\
-0.0005 00005 I >——-
20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
Sa20,w S20,w
E

Figure 3. AU-FDS analysis of other PAB1-interacting factors. AU-FDS analysis and glucose growth conditions were conducted

as described in Figure 1. Flag-PAB1-containing strains carried either plasmid YC504 or YC776 whereas PAB1-containing strains
lacked the Flag-PAB1 plasmid. Formaldehyde treatment of cells prior to cell lysis for 30 min was as described.'® A-C. Glucose

grown cells; D-F. Glucose grown cells treated with formaldehyde (HCHO). A. Strain carrying PBP2-GFP; B. GBP2-GFP; C.
NAB6-GFP; D. PUB1-GFP; E. SGN1-GFP; and F. LHP1-GFP.

proteins were not present in a 77S complex: CBC1, n TMA46, UBP3, UPF1, XRN1, and yGR250c [see Fig.
GCD11, GCD6, GBP2, HRP1, NAB3, NAB6, LHP1, 3(A-C) for typical analyses conducted for PBP2,
PBP1, PBP2, RRP5, SGN1, SMB1, SUP35 (eRF3), GBP2, and NABG6; Table I summarizes the data; and
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Table I. Proteins Analyzed for Presence in the 77S Translation Complex

Presence in 77S

Presence in P body/

Protein translation complex stress granules Cellular function
RPS4B/RPS30A Y N# Translation/Ribosome
RPL7A/RPL6B Y N Translation/Ribosome
PAB1 Y Y Translation/Closed-loop
elF4E Y Y Translation/Closed-loop
elF4G1 Y Y Translation/Closed-loop
elF4G2 Y Y Translation/Closed-loop
eRF1 Y N&b Translation termination
eRF3 N Nab Translation termination
DBP5 N ¢ Translation termination
eIF3b N N# Translation initiation
elF2a N N? Translation initiation
elF4A N N Translation initiation
elF5 N N Translation initiation
GCD6 N ¢ Translation initiation
GCD11 N ¢ Translation initiation
SBP1 Y Y Translation repressor
PAT1 N Y Translation repressor
DHH1 N Y Translation repressor
SCD6 N ¢ Translation repressor
SLF1 Y Y Translation

TMA46 N ¢ Translation

SSD1 Y ¢ RNA binding

PUB1 Y Y RNA binding

NAB3 N N RNA binding

NAB6 N Y RNA binding

CBC1 N ¢ RNA binding

PBP1 N Y RNA binding

PBP2 N ¢ RNA binding

PUF3 N Y RNA binding

SGN1 N ¢ RNA binding

CCR4 N Y mRNA degradation
LSM1 N Y mRNA degradation
DCP1 N Y mRNA degradation
DCP2 N Y mRNA degradation
XRN1 N Y mRNA degradation
UPF1 N Y mRNA degradation
yGR250c N Y mRNA degradation
GBP2 N Y mRNA export

HRP1 N Y mRNA export

SMB1 N ¢ Splicing

RRP5 N ¢ Nucleolar

LHP1 N ¢ Nucleolar

UBP3 N N Ubiquitin protease

Protein presence in the 77S translation complex was taken from data herein or in Ref. 7. Presence of the protein in P body/
stress granules following glucose deprivation was determined from Refs. 6,8, and 10-13.
2 proteins that were not present in glucose depleted stress granules but which were found in robust heat shock stress

granules.'®1%

b proteins that infrequently associate with P bodies or stress granules but are not clearly identified with them.>

¢ location being unknown.

Supporting Information Figs. 1-3 display profiles for
the additional factors].

To ensure that our analyses were not missing
proteins weakly associated with the 77S complex
that might dissociate on our Flag immunoprecipita-
tions, a number of our strains were pretreated with
formaldehyde to cross-link translation
plexes.'®17 Prior treatment of cells with formalde-
hyde has been shown to stabilize translation
complexes and to not interfere with their subsequent

com-
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8

characterization.'®'%18 We, therefore, conducted our
Flag-PAB1 pull down experiments in the presence of
formaldehyde for the following GFP tagged proteins:
LHP1, yGR250¢c, SGN1, SMB1, RRP5, NAB6, CBC1,
NAB3, PBP1, and HRP1. None of these proteins
were found to be enriched in the 77S complex in the
experimental Flag-PAB1 pull down sample as com-
pared to that of the Flag control [for typical analyses
see SGN1 and LHP1, Fig. 3(E,F), compared to
PUB1, Fig. 3(D); also see Supporting Information

PROTEIN SCIENCE ‘ VOL 23:1036-1049 1041



Table II. Effect of Glucose Depletion on the 77S Com-
plex Isolated from Flag-PAB1 Pull-Downs

Mean abundance of 77S
complex following

GFP fusion glucose depletion (%) SEM
AU-A260 (total) 22 6.8
elF4E 17 3.7
elF4G1 8.4 1.1
RPS4B 19 5.6
RPL6B 17 3.9
eRF1 34 7.3
SBP1 16 6.6
SSD1 8.3 0.35
SLF1 14 3.4
PUB1 30 2.7

The abundance of the 77S complex using Flag-PAB1 pull-
downs was assessed from glucose or glucose depleted
cultures split prior to depletion of glucose. All proteins indi-
cated were GFP fusions. Western analysis was conducted
on the resultant Flag pull-downs and demonstrated that
equivalent levels of Flag-PAB1 had been isolated when
comparing pull-downs from glucose grown cultures to those
from glucose depleted cultures.®® AU-Ayg identification of
the 77S complex reflects the concentration of the total 77S
complex.” Data for AU-Aygg, elF4E, and RPS4B were taken
from Ref. 7.

Fig. 3]. These data suggest that our studies were
not missing the identification of transiently associ-
ated factors with the 77S complex.

For each of the four new proteins found to be
present in a 77S complex, the 77S complex abun-
dance decreased on the stress of glucose depletion
[typical analyses displayed in Fig. 2(B-E)]. The
average decrease in 77S complex abundance for each
of these proteins following glucose depletion com-
pared favorably with that observed previously for
the total 77S complex, eIF4E, elF4G1, and RPS4B
and RPL6B (Table II).” These concurrences establish
that the 77S complex in which SSD1, SBP1, PUBI,
and SLF1 are present is the monosomal translating
complex.

The identification of each of these proteins in
the 77S monosomal translating complex agrees with
previous studies. SBP1 is known to be involved in
translational repression and to bind eIF4G.1119:20
SSD1 and PUB1 are RNA binding proteins that con-
trol expression of a number of yeast genes,?! and
they may be bound to the mRNA during translation.
SLF1 is known to interact with eIF4E.*

Translation termination factor eRF1 is a

component of the 77S complex but DBP5 is not
Although we observed that eRF3 was not a compo-
nent of the 77S translating complex, other studies
have suggested termination factors might be associ-
ated with this translation complex.?? Correspond-
ingly, we analyzed by AU-FDS for the presence of
eRF1 and DBP5. DBP5 aids in release of the poly-
peptide from the translating ribosome, whereas
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eRF1 binds to the stop codon, prevents additional
tRNA binding, and binds eRF3 that aids in polypep-
tide release.22 DBP5 was not found to be in a 77S
complex [Fig. 4(A)] whereas eRF1 did migrate in a
77S complex [Fig. 4(B) in which eRF1-GFP migrated
in a 76.9S peak, 0.95S SEM for five determinations].
On glucose deprivation, the level of eRF1 dropped to
34% of glucose growth conditions [Fig. 4(C); Table
II], confirming that eRF1 is present in translating
complexes, as predicted from previous in vitro
studies.??

Translational repressor proteins are not
generally present in translational complexes
Because SBP1 is a translational repressor and is a
component of mRNA translation complexes, we
determined if other known translational repressors
associate with the 77S translation complex. We,
therefore, analyzed by AU-FDS the GFP fusions to
DHH1, PAT1, and SCD6. PAT1 and DHHI1 are
known to act with SBP1 in promoting translational
arrest and movement of mRNP complexes into P
body and stress complexes.'*1®2° SCD6 interacts
with elF4G and presumably aids in translational
repression.'® We found, however, that none of these
proteins were present in the 77S monosomal transla-
tion complex [for example, see Fig. 4(D), DHH1, and
Supporting Information Figs. 1 and 2 for PAT1 and
SCD6]. Relatedly because of links between DHH1
and decapping, deadenylation, and mRNA degrada-
tion factors, we also analyzed CCR4, DCP1, DCP2,
and LSM1, but none of these proteins were found to
be present in the 77S translating complex (Support-
ing Information Fig. 4). Because DHHI1, PAT1,
GBP2, HRP1, NAB6, PBP1, UPF1, XRN1, CCR4,
DCP1, DCP2, LSM1, and yGR250c¢ all are present in
P bodies or stress granules but not in translation
complexes, our data also implies that a significant
proportion of the P body/stress granule components
become part of these latter complexes only following
stress and are not significant components of active
translation complexes prior to the introduction of
the stress condition. These results further suggest a
major reconstruction and addition of factors to the
PAB1-mRNP following stress and translational
cessation.

SBP1 and SLF1 do not bind to the free 80S
ribosome and associate in translational
complexes independently of contacts to PAB1
Both the SBP1 and SLF1 proteins had previously
been implicated to be part of translational com-
plexes. We, therefore, chose these two proteins for
further study. We had shown initially that the
closed-loop components, eIF4E, eIF4G, and PAB1, do
not appreciably associate with the free 80S ribo-
some.” We consequently determined if SBP1 and

SLF1 were solely associated with the 77S

Subset of PAB1-mRNP Proteome
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Figure 4. eRF1 is present in the 77S monosomal translation complex. Growth conditions (glc + and glc +—) and AU-FDS anal-
yses were conducted as described in Figures 1 and 2. Flag-PAB1 and PAB1 designate strains carrying Flag-PAB1 plasmid or
not as indicated in Figure 1. A. DBP5-GFP; B, C. eRF1-GFP; D. DHH1-GFP.

translation complex or were also capable of binding
the free 80S ribosome. To conduct this analysis, we
used the ability of RPL25A-Flag to pull down both
the 77S translating complex and the free 80S ribo-
some.” In this case, if a significant pool of SBP1 or
SLF1 were part of the free 80S complex, RPL25A-
Flag would immunoprecipitate these complexes.
Importantly, such a pool of SBP1 or SLF1 would not
be sensitive to the stress of glucose deprivation and
their abundance in the 80S complex would not
decrease following such a stress.”

Following immunoprecipitation with RPL25A-
Flag, we found that the 77S complex abundance con-
taining either SBP1-GFP or SLF1-GFP remained sen-
sitive to the stress of glucose removal [Fig. 5(A,B),
respectively]. The reduction in the 77S complex for
SBP1-GFP was to 8.7% (SEM of 0.40%) of the glucose
grown sample and for SLF1-GFP was to 29% (SEM of
3.0%) of the control, which is similar to the overall

Zhang et al.

reduction in abundance for proteins observed follow-
ing Flag-PAB1 pull downs (Table II). In contrast, the
abundance of RPS4B-GFP, which is present in both
the 77S and 80S complexes, was undiminished by glu-
cose deprivation [Fig. 5(C)] while the abundance of
elF4E-GFP, which is only in the 77S complex, was
reduced following this stress [Fig. 5(D)].” These data
imply that there is not a significant pool of SBP1 or
SLF1 in the 80S free ribosomal pool.

Our second analysis with SBP1 and SLF1 was
to determine whether their associations with the
77S complex were dependent on the presence of
PAB1. Previously, we had shown that 13 proteins
interact with PAB1-mRNP complexes dependent on
particular PAB1 domains.® These data implied that
these interactions required the presence of PABI.
SLF1 association with PAB1-mRNP complexes was
reduced if the RRM1 domain of PAB1 was removed,
whereas SBP1 interacted with the PAB1-mRNP
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Figure 5. SBP1 and SLF1 are not present in the free 80S ribosome. Glucose growth (glc +) and depletion (glc +—) conditions
were conducted as described in Figure 2. RPL25A-Flag pull downs were conducted as described previously using strains carry-
ing JC288 (RPL25A-Flag URA3)” Data for RPS4B-GFP and elF4E-GFP are taken from Ref. 7. Strains in panels A-D carry the

GFP fusion as indicated.

complexes irrespective of deletion of any particular
PAB1 domain.®

To screen for SLF1 and SBP1 presence in the 77S
complex based on the presence of PAB1, we used a
competition assay?* to selectively remove PAB1 from
the poly(A) tail prior to conducting our pull downs
and AU-FDS analysis. Previous analysis had shown
that prior addition of poly(A) blocked the ability of
PABI1 to associate with either SLF1 or SBP1.%° For
the present study, treatment of crude extracts with
increasing concentrations of free poly(A) prior to con-
ducting the Flag pull down experiment was found to
specifically remove PAB1 from the poly(A) tail, as evi-
denced by the reduced ability of Flag-PAB1 to purify
the 77S complex when increasing concentrations of
free poly(A) were added prior to the Flag pull down
[Fig. 6(A); average reduction using 50 ug of poly(A)
was to 14% of that observed with the addition of no
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poly(A) for three determinations]. However, when 50
ug of poly(A) was added to extracts and RPL25A-Flag
pull downs were then conducted in the presence of
either SBP1-GFP or SLF1-GFP in order to detect pro-
teins still associated with the 77S complex, no dimin-
ishment in 77S complex abundance was detected [Fig.
6(B,C)]. These results imply that prior removal of
PAB1 from 77S complexes did not impair the ability of
SBP1 or SLF1 to associate with the 77S translating
complex, indicating that SBP1 and SLF1 can associ-
ate with the 77S complex through interactions inde-
pendent of PAB1.

Discussion

AU-FDS defines the existence of multiple mRNP
complexes

Two major studies have conducted global proteomic
analysis to determine which factors are present in

Subset of PAB1-mRNP Proteome
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mRNP complexes in yeast,>® whereas other general

proteomic analyses have yielded information on the
PAB1-mRNP proteome.'™ These studies have princi-
pally relied on immunoprecipitation of various
tagged PAB1 molecules bound to the mRNA poly(A)
tail or purification of mRNA-containing proteins pre-
viously cross-linked to RNA. Regardless of method,
there are very significant overlaps in the identified
proteins in these sets of mRNP proteins, validating
all of these approaches. It is very unlikely, however,
that all of these proteins exist in one complex con-
sidering their known variations in location within
the cell.® One recent study did analyze the subcellu-
lar location of many of these mRNP complex pro-
teins and extended the analysis to determining
subcellular location following the stress of glucose
depletion.’ These results established major shifts in
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subcellular locations following glucose depletion,
implying that many different mRNP complexes exist
in the cell.

Because of the inherent limitations of immuno-
precipitation and mass spectrometric analysis in
informing on the character and size of protein com-
plexes, we used AU-FDS to specifically and precisely
determine the size of the complexes in which many
of these mRNP proteins exist. Our data established
that only a subset of 33 identified mRNP proteins
exist in the 77S monosomal translation complex.
Our criterion for presence in mRNP complexes relied
on coimmunoprecipitation with PAB1.% The assump-
tion was that PAB1 was bound to the mRNA tail
and would be found in complexes associated with
mRNA. One caveat to this assumption is that it is
known that PAB1 can bind poly(A) sequences not
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present in poly(A) tails and consequently may be
either bound to other RNA than mRNA or to mRNA
not specifically functioning in a translational role.28
Therefore, in general, our results indicate that the
PAB1-mRNP proteome is quite diverse in character
with only a small number of the factors it contains
actually being present in translating complexes.

We also analyzed 21 known P body/stress gran-
ule components and found that only seven were
present in translating complexes: elF4E, elF4Gl,
elF4G2, PAB1, SBP1, SLF1, and PUB1. None of
these proteins are considered proteins primarily
involved in mRNA degradation. In contrast, of the
other proteins not present in translating complexes
that are present in P body/stress granules, six pro-
teins are significantly involved in mRNA degrada-
tion (XRN1, UPF1, CCR4, LSM1, DCP1, and
DCP2)>?" and three are translational repressors
(DHH1, PAT1, and SCD6). Two conclusions can,
therefore, be drawn. The first is that many of the
mRNP proteins involved in P body/stress granules
associate in such bodies only after translation
ceases. Second, these proteins’ abilities to associate
in P body/stress granules may be specifically related
to translational cessation and processing and decay
of the mRNA. These data imply, furthermore, that a
major reconstruction of the mRNP takes place fol-
lowing cessation of translation in which numerous
new factors associate into these mRNP complexes.

New components of the translating ribosome
The character and components of the translating
ribosomal complex are poorly understood other than
that it contains the 40S and 60S ribosome and key
translational closed-loop factors such as PABI,
elF4E, and elF4G. Previously, other proteins’ pres-
ence in translating ribosomes was based primarily
on sucrose gradient analysis of polysomal material
followed by western analysis using antibody directed
against a particular protein. This type of analysis is
unsatisfactory, for a protein’s presence in the polyso-
mal material is based on comigration and can not
correlate with individual ribosomal peaks due to the
lack of resolution in conducting the western analysis
on only 15 or so fractions across the sucrose gradi-
ent. Additional analyses are often conducted
wherein polysomes might be disrupted with EDTA
to demonstrate the movement of a particular protein
out of the polysomal fractions. This analysis is also
unsatisfactory as EDTA can disrupt many macromo-
lecular interactions in addition to polysomal
associations.

We have endeavored to overcome these limita-
tions by using AU-FDS analysis to detect the 77S
monosomal translation complex and determine
which other proteins are components of this com-
plex. We consequently established that eRF1, SSD1,
SBP1, PUB1, and SLF1 are components of the 77S
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monosomal translation complex. The termination
factor eRF1 has previously been suggested to be
part of the translation initiation complex based on
in vitro reconstruction experiments.?? Because other
termination factors, DBP5 and eRF3, were not found
in the 77S translation complex, either these factor
interactions with the 77S translation complex are
much weaker or more transient during translation
termination or their roles occur with monosomal
complexes not responsive to the stress of glucose
depletion, as observed for eRF3 (Supporting Infor-
mation Fig. 3).

The role for the remaining four translation-
associated factors is less clear. SBP1, an abundant
RNA binding protein, has been identified as func-
tioning in mRNA degradation and translational
repression.?’ Models explaining SBP1 function sug-
gest that SBP1 protein could directly bind mRNA
and inhibit the function of translation initiation fac-
tors, or SBP1 protein could directly bind the mRNA
and facilitate the full assembly of a translational
repression complex. In that SBP1 is presumed to
bind eIF4G and by this means carry out transla-
tional repression,''® SBP1 may function to help
remove elF4G from the mRNA or occlude its func-
tion. Its specific localization to both 5 and 3’ UTRs,’
suggests that it is binding sequences in such
regions. An alternative possibility is that it localizes
to the 5 and 3’ sequences of the mRNA because of
its interaction with closed-loop structure components
which, of course, are particularly localized at the 5’
end (through eIF4E) and the 3’ end (through PAB1).
Our data demonstrating that SBP1 associates with
the 77S complex irrespective of the presence of
PAB1 suggests that its interactions with the RNA or
elF4G but not with PAB1 are more critical to its
functional role.

SLF1 has been reported as a RNA binding pro-
tein that associates with polyribosomes.?® Using
whole genome mass spectrometric analysis, it was
reported that SLF1 interacted with eIF4E,* which is
consistent with our results. We also established that
SLF1 does not interact in the 77S complex solely
through its interaction with PAB1. Previously, we
had implicated the RRM1 domain of PAB1 as impor-
tant to SLF1 association with the PAB1-mRNP
using mass spectrometric analyses.® Those results
were, however, less direct than the current studies.
Particularly, the SLF1 mass spectrometric data that
demonstrated specific PAB1 interactions were lim-
ited by the low number of SLF1 peptides detected
using these mass spectrometric analyses.

PUBI1 is a cytoplasmic mRNA binding protein
that stabilizes transcripts containing AU-rich ele-
ments (AREs) or stabilizer elements (STEs). Nuclear
poly(A) binding protein 2 (NAB2) is also known to
interact with PUB1, and NAB2 functions together
with PUB1 to modulate mRNA stability. These data
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suggest a model where nuclear events are coupled to
the control of mRNA turnover in the cytoplasm.??
Several lines of evidence also suggest that PUB1
may be involved in mRNA metabolism. Both mam-
malian homologues of PUB1, HuR and the TIA-1/
TIAR, are involved in translational regulation.
While HuR acts as a translational enhancer or
repressor,’® the TIA-1 and TIAR proteins are
involved in ARE-mediated translational repres-
sion.?! Global mRNA turnover in isogenic PUBI and
publA strains, as determined by gene expression
analysis, also demonstrated that 573 genes exhibit a
significant reduction in half-life in a pubIA strain.
Subsequently, the binding specificity of PUB1 was
examined using affinity purification followed by
microarray analysis to comprehensively distinguish
between direct and indirect targets. PUB1 was
found to significantly bind 368 cellular transcripts.®?
PUBI1 was also found to bind to discrete subsets of
cellular transcripts and to post-transcriptionally reg-
ulate their expression at multiple levels.?!

Our demonstration that PUB1 is found in the
77S translation complex is hence consistent with
PUBI1 binding to translating mRNA and therefore
being part of translation complexes. Whether this
implies that PUB1 is only present in the 77S trans-
lation complex because mRNA are also in the com-
plex or that it plays a specific functional role in the
translation process is unclear. If PUB1 is adventi-
tiously present in the 77S complex because of its
binding to so many mRNA, it would suggest that
many other mRNA binding proteins should also be
present in the 77S translation complex. Yet, several
other mRNA binding proteins such as NAB3, NAB6,
SGN1, PBP1, PBP2, and PUF3 (Table II) were not
shown to be present in the 77S complex.

SSD1 is a protein with a role in maintenance of
cellular integrity and interacts with components of
the TOR pathway. Systematic global screens have
identified about 200 genes that show genetic or
physical interactions with SSD1.33 These genes
show a striking enrichment for post-translational
modifiers, including 19 kinases and nine histone
deacetylases, and genes involved in the cell cycle
and cell morphogenesis.?2! SSD1 mutants also dis-
play sensitivity to high osmolarity, caffeine, fungi-
cides, and numerous other compounds, which
suggests a role for this protein in the maintenance
of cell wall integrity,>* but its mechanism of action
in this function remains obscure. Therefore, these
roles for SSD1 are consistent with SSD1 association
with specific mRNAs, a significant number of which
encode cell wall remodeling proteins.?2' SSD1 may,
therefore, like PUBI1, be present in translating com-
plexes because it binds a number of mRNA.

In summary, of the new factors we have estab-
lished as being components of the translating com-
plexes, PUB1, SSD1, and SLF1 appear present
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during active translation because they bind mRNA
and may not have separable roles on translation in
general. SBP1 and eRF1, in contrast, have known
global translational functions either in termination
or repression of translation.

Materials and Methods

AU-FDS analysis

Analytical ultracentrifugation with fluorescent
detection was conducted as described.” All yeast
strains were isogenic, each carrying a different gene
fused to the coding sequence of GFP as indicated in
the text.” All strains were transformed with either
plasmid YC504 (Flag-PAB1 TRPI) or YC766 (Flag-
PAB1 URA3), and isolation of PAB1-containing com-
plexes by Flag-agarose chromatography was con-
ducted as described.” Growth of strains on glucose-
containing and -deprived medium has been
described.” It should also be noted that peak profiles
as determined by AU-FDS analysis can vary
between different analyses [see, for example, SBP1
in Figs. 1(E), 2(E), and Supporting Information Fig.
3(A)]. The cause for this is probably SEDFIT mathe-
matical fitting of the resultant sedimentation
profiles.

Other techniques

Analysis of free 80S ribosomes was conducted as
previously described.” Briefly, plasmid JC288
(RPL25A-Flag-URA3) was transformed into strains
containing SLF1-GFP and SBP1-GFP. Following
purification of RPL25A-Flag complexes by Flag-
agarose chromatography, AU-FDS analysis was used
to detect the resultant complexes. The poly(A) com-
petition assays were conducted by adding upwards
to 80 pg of poly(A) to extracts for 30 min prior to
conducting the Flag-PAB1 pull downs.?® Formalde-
hyde treatment of cells prior to cell lysis was con-
ducted exactly as previously described.'®
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