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Rate control analysis defines the in vivo control map governing yeast protein synthesis and
generates an extensively parameterized digital model of the translation pathway. Among other non-
intuitive outcomes, translation demonstrates a high degree of functional modularity and comprises
a non-stoichiometric combination of proteins manifesting functional convergence on a shared
maximal translation rate. In exponentially growing cells, polypeptide elongation (eEF1A, eEF2, and
eEF3) exerts the strongest control. The two other strong control points are recruitment of mRNA and
tRNA; to the 40S ribosomal subunit (eIF4F and elF2) and termination (eRF1; Dbp5). In contrast,
factors that are found to promote mRNA scanning efficiency on a longer than-average 5'untranslated
region (elF1, elF1A, Dedl, elF2B, elF3, and elIF5) exceed the levels required for maximal control.
This is expected to allow the cell to minimize scanning transition times, particularly for longer
5'UTRs. The analysis reveals these and other collective adaptations of control shared across the
factors, as well as features that reflect functional modularity and system robustness. Remarkably,

gene duplication is implicated in the fine control of cellular protein synthesis.
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Introduction

Protein synthesis is the single most energy-consuming cellular
process. In Saccharomyces cerevisiae, it has been estimated to
generate up to 13000 protein molecules per cell per second
with high accuracy (von der Haar, 2008). Precise control of the
highly complex translation machinery underpins the capacity
for the growth and selective competitiveness of living
organisms; therefore, the quantitative properties of this
machinery and the evolution of its molecular components
are tightly coupled. Translation is not only a key point of
control for eukaryotic gene expression, but also features in
many regulatory responses intrinsic to organism development
or triggered by environmental stress (Sonenberg and
Hinnebusch, 2009). Moreover, aberrant intracellular transla-
tion factor activities correlate with oncogenesis and other
disease states (Abbott and Proud, 2004; Cuesta et al, 2009). A
great deal is now known about the structure and function of
the translation machinery (Kapp and Lorsch, 2004, Sonenberg
and Hinnebusch, 2009). However, genetic analysis involves
mutations that either modify or abrogate protein functions,
while in vitro biochemical experiments do not reproduce the
complex environment of the cell. These approaches therefore
need to be complemented by analysis of control in vivo.
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Initiation (Supplementary Figure 1A) is the phase of
eukaryotic translation that is the most complex and that
differs most from the counterpart prokaryotic process
(McCarthy, 1998). Almost all initiation events in yeast, and
most of the initiation events in higher eukaryotes, are of the
cap-dependent type, in which recruitment of the small (40S)
ribosome subunit to the 5" end of cellular mRNAs is mediated
by a cap-binding complex of initiation factors. Scanning is a
poorly understood step in which pre-initiation complexes scan
along 5'UTRs that can exceed 1000 nucleotides in length in
search of start codons (McCarthy, 1998; Kozak, 2002; Kapp
and Lorsch, 2004), and may involve some degree of random-
walk-type motion (Berthelot et al, 2004). Once the 40S
ribosomal subunit locates a start codon and recruits a large
(60S) subunit (accompanied by release of elFs), elongation of
the polypeptide chain proceeds until a stop codon is reached,
whereupon the polypeptide chain is hydrolysed off the final
tRNA and released (Supplementary Figures 1B and C).

Initiation (Berthelot et al, 2004) and elongation (Arava et al,
2005) are thought to be highly processive. However, there can
be many rounds of initiation on an mRNA molecule during
the time it takes one ribosome to translate the whole reading
frame, and thus the control relationship between these
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respective steps is not readily predictable. There has been
uncertainty whether initiation or elongation is the major site of
translational control (Mathews et al, 2000; Wang et al, 2001).
Codon sequence in the mRNA open reading frame (ORF)
seems to influence translation efficiency largely via its impact
on ribosome translocation (McCarthy, 1998; Cannarozzi et al,
2010). This all leaves unresolved whether (and, if so, how)
multiple sites of (strong) control across the three phases of
translation might co-exist in the pathway.

An intriguing feature of this complex system that we have
yet to understand has been highlighted by evidence, indicating
that the respective intracellular eIF concentrations in yeast
differ markedly from each other (von der Haar and McCarthy,
2002). This has raised the question how the non-stoichio-
metric intracellular abundance ratios for the respective
translation factors relate to the level of control exerted by
each protein over the translation initiation rate. Moreover,
studies of translation factor levels in transformed mammalian
cells have suggested that a single factor can mediate
upregulation for the whole system (Cuesta et al, 2009).
Analysis of these issues is critical to understand the opera-
tional properties, as well as the evolution, of gene expression
systems in living cells. Linked to this is another fascinating
aspect of the genetics of the translation machinery: six of the
translation factors are encoded by duplicated genes (elF4A,
elF4G, Anb1/Hyp2 (elF5A), eEF1A, eEF2, and eEF3), whereby
three of these gene pairs encode identical proteins (elF4A
(TIF1/TIF2), eEF1A (TEF1/TEF2), and eEF2 (EFT1/EFT2)).
The occurrence of multiple (although not always identical)
alleles encoding a subset of translation factors is a conserved
feature across all the eukaryotes, but the reasons for this are
not clear. The characterization of the quantitative control
landscape for yeast translation, as described here, now
provides the basis for analysing this phenomenon in the

context of the system-level control of eukaryotic gene
expression.

Results

The distribution of rate control between the
respective translation factors in vivo

Since control within the translation machinery is shaped by
the complex, highly crowded environment of the living cell,
quantitative in vivo rate control analysis provides the only
route to analyse accurately the control features of this system.
We utilized chromosomal tet07 regulatory constructs to
determine how steady-state translation factor activity deter-
mines protein synthesis rate (Figure 1; Supplementary Figures
2 and 3; Supplementary Tables 1 and 2). In most cases, the
tet07 construct was observed to restrict the production of the
encoded translation factor to a sub-wild-type level even in the
absence of doxycycline because it supported a lower rate of
expression than the natural promoter. We ensured that the
titrated range of protein could extend back up to the wild-type
level by supplementing chromosomal expression using a
single-copy plasmid carrying a second copy of the appropriate
gene transcribed from one of a selection of constitutive yeast
promoters specifically engineered for this purpose (as
described in Supplementary Figure 2). This supplementary
synthesis of a factor allowed us to cover 80-100% of the
physiologically normal abundance for almost all of the factors,
as well as a range of >100% for a further subset of factors
(Figure 1; Table I; see later). The response coefficient (R]) was
determined from the slope of each plot of global translation
rate versus factor concentration in this near-physiological
range (100-80% of wild-type factor abundance; Table I).
Where R] was close to zero, we determined fewer points in the

Table I Summary of R coefficients for 80-100% (100% ") of intracellular factor concentrations

Translation factor (gene) Strain name Strain number R, R RSP RS¢
Rps5 (RPSS) tetO7RPS5 PTC389 ND ND 0.90 ND
elF1 (SUII) tetO7SUI1 PTC277 0.00 0.07 0.90 0.74
elF1A (TIF11) tetO7TIF11 PTC269 0.01 0.01 0.97 0.29
elF2a (SUIL2) tetO7SUI2 PTC390 0.01 0.34 1.04 0.57
elF2Be (GCDG6) tetO7GCD6 PTC272 —0.01 —0.01 0.73 0.61
elF2By (GCD1) tetO7GCD1 PTC400 0.02 0.02 0.63 ND
elF3a (RPGI) tetO7RPGI1-60 PTC391 —0.05 0.00 0.95 0
elF3c (NIP1) tetO7NIP1-60 PTC401 0.00 0.02 1.04 ND
elF3j (HCRI) tetO7HCR1 PTC270 0.00 0.00 ND ND
elF4A (TIF2) tetO7TIF2TIF1A PTC393 —0.02 0.79 0.89 0
elF4B (TIF3) tetO7TIF3 PTC394 ND 0.04 1.01 0
elF4E (CDC33) tetO7CDC33 PTC278 0.00 0.41 0.92 0
elF4G1 (TIF4631) tetO7TIF4631TIF4632A PTC276 —0.09 0.54 1.07 0
elF5 (TIFS) tetO7TIFS PTC268 —0.01 —0.01 0.95 0
elF5B (FUN12) tetO7FUN12 PTC265 ND 0.01 0.97 0
eEF1A (TEF1) tetO7TEF1TEF2A PTC362 0.00 0.81 0.99 0
eEF1B (TEFS) tetO7TEFS PTC363 ND 0.13 0.63 0
eEF2 (EFTI) tetO7EFT1EFT2A PTC364 ND 0.94 0.89 0
eEF3 (YEF3) tetO7YEF3 PTC365 ND 0.67 0.35 0
eRF1 (SUP4S) tetO7SUP45 PTC366 0.08 0.75 0.45 0
eRF3 (SUP35) tetO7SUP35 PTC367 ND 0.02 0.29 0
Dbp5 (DBPS) tetO7DBPS5 PTC398 —0.00 0.30 0.64 0
Dedl (DEDI) tetO7DED1-30 PTC397 0.01 0.01 0.64 0.66
Hyp2 (HYP2) tetO7HYP2 PTC395 ND —0.03 0.39 0
Pabl (PABI) tetO7PAB1 PTC271 0.02 0.02 0.19 0

ND, not determined.
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Figure 1 Response coefficients (R] values). (A) Plots of protein synthesis against intracellular translation factor abundance, illustrating different types of response
profile. Each point in these plots is the average of at least three measurements of percentage change and error bars for these data are shown. The red point in each plot
corresponds to the rate of protein synthesis observed in the wild-type strain (100%). In each case, a black line indicates the slope (the R} value) of the relationship in the
range of 100-80%. In the case of eRF1, a second plot shows additional points extending up to almost 200% of the physiological abundance of this factor, confirming the
positive influence of the extra factor abundance. (B) A bar chart showing the non-zero R} values. Source data for this figure is available on the online supplementary
information page.
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near-physiological range since all measurements indicated the
maintenance of maximal global protein synthesis for these
factors (Figure 1A). Complete fits to the entire data sets (and
variance data) are shown (for all factors) in Figure 1 but the
transitions to higher R’ values at lower protein synthesis rates
are not considered as part of this analysis.

Further experiments demonstrated the specificity and
stability of this ‘genetic titration’ strategy (Supplementary
Figure 2), and revealed that over the 100-80% translation
range there were no disruptive changes in polysome gradient
profiles (Supplementary Figure 3A) and steady-state mRNA
levels (Supplementary Figure 3B). The polysome gradient
profiles were performed using extracts from representative
strains that were subject to tet07 regulation via factors in all
three phases of translation. Similarly, we examined the
intracellular steady-state abundance of a number of mRNA
species that are representative of different rates of turnover.
We also found that the average cell size was not affected by
tet07-mediated suppression (100-80%) of translation factor
levels in the constructed strains (Supplementary Figure 4).
Since cells whose cell cycle is slowed when the abundance of a
translation factor is reduced will manifest a larger average size,

measurement of the average cell diameter provides indirect
information on potential quantitative effects that might be
linked to changes in the cell cycle. We checked whether, in
each tet07 strain, the intracellular abundance values of the
factors that are not subject to regulation by the chromosomal
tet07 construct are affected by the addition of doxycycline
(Supplementary Figure 2). Using western blotting and
calibrated quantitative mass spectrometry, we observed
that, within experimental error, only the abundance of the
tet07-regulated factor was reduced over the 100-80%
range. These control investigations focused on the factors that
have a significantly positive R} value (Figure 1B), since the
zero R} factors do not affect global protein synthesis in
the 100-80% range. The results revealed that, in each case,
the change in translation factor abundance was specific to the
product of the gene under control of the tet07 regulatory
cassette.

The Rjvalues (Table I) build a map of multiple control foci
(Figures 1B and 2A). The protein and gene nomenclatures for
the respective translation factors are listed in Table I. The
members of the high R} value (high flux control) group are
associated with three major control points: recruitment of
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Figure 2  Control maps and the digital translation model. (A) R} graph featuring the respective translation factors as nodes (colour-coded according to R} value) and
the confirmed physical/functional interactions as edges (lines colour-coded for initiation (lilac), elongation (red), and termination (green)). The mRNA (mR) and ribosome
(R) are represented in white. (B) Equivalent graph for B> values. (C-H) Predictions of the in silico translation model described in this paper. The model predicts the

protein synthesis rate versus intracellular mRNA abundance (C) and versus
the response profile (blue) assuming an obligatory elF4A:elF4B intermediate (E),

ribosome content per cell (D) (compare Figure 4B). The digital model calculated
and where elF4A can function independently of this complex (F). The green line shows

the averaged experimental data points (as in Figure 1). Vertical dashed and dotted lines indicate the 100 and 80% points on the elF4A concentration axis. Changing the
elongation rate (magnitude of the rate constant for reaction 26 in Supplementary Figure 1D) affects the intracellular populations of ribosomes and mRNA available for

initiation (G). Changing the termination rate (the ratio of the actual termination rat
of ribosomal subunits available for initiation (H).
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mRNA and tRNA; to the 40S ribosomal subunit (promoted by
the cap-binding complex factors elF4A, E, and G and the 5S
ternary complex tRNA; (initiator tRNA)-elF2-GTP), polypep-
tide elongation (eEFs 1A, 2, and 3), and termination (eRF1,
and also Dbp5). The elongation step, which features repeated
cycling of elongation factors on and off the ribosome,
manifests collectively the highest R} values (Figure 1). The
only apparent exception is Hyp2, which has a low R} value,
but this protein seems to be unusual in that it may be
functional in both initiation and elongation (see below). The
energy demand of generating large amounts of all these factors
will be significant, and it is notable that the cell maintains
them all close to the levels required for maximal protein
synthesis.

This contrasts with the situation for the low-flux-control
group, which includes the scanning-promoting factors
(Ded1, elF1, eIF1A, elF2B, and eIF5) and the GTPases and
guanine nucleotide exchange factors (elF2, elF2B, elF5B,
eEF1B, and eRF3). While these factors are of relatively low
absolute abundance (and therefore of comparatively low
energy cost in terms of their production), in each case the
observed intracellular level is in excess of that required to
achieve a maximal rate of protein synthesis (i.e., R} ~0). As a
result, these data indicate that the intracellular concentrations of
the scanning promoting factors are generally sufficient to ensure
that the scanning process occurs as efficiently as possible,
and therefore that ribosomes are engaged for the minimal
possible time in the scanning phase of initiation, particularly on
longer 5'UTRs.

Functional modularity of the translation machinery

This study focuses on those interactions confirmed by detailed
functional and biochemical investigations (Supplementary
Table 3), but the potential for multiple physical interactions
with other cellular proteins (Krogan et al, 2006) prompted us
to assess the functional modularity of the system. We
examined how attenuation of the rate of protein synthesis in
the cell impacts on growth rate, giving the ‘system specificity
ratio” (R%?; Table I). R%" is calculated by plotting the growth rate
for each factor concentration against the equivalent global
protein synthesis rate and taking the slope of the resulting
relationship (Figure 3). Thus, the value of RSP decreases if a
factor has roles in multiple cellular processes because, as its
intracellular abundance decreases, the growth rate is more
strongly suppressed than is protein synthesis (Figure 3). We
observed a linear relationship for almost all of the formally
recognized factors with R’ ~ 1, reflecting a high degree of
dedication to the translation system (as observed for Rps5).
The R plots for Pab1, eEF3, and eRF1 were exceptional in that
they were biphasic (Figure 3A). Since this study focuses on the
near-physiological range (100-80%) of global protein synth-
esis, we have utilized the R°P value corresponding to the linear
slope of each plot that lies closest to the wild-type factor
abundance (Figure 3B; Table I). The network graph for the
distribution of R%P values across the translation machinery
(Figure 2B) reinforces the view that the translation machinery
is largely self-contained in terms of control. Four formally
recognized translation factors (eIF2B, eEF1B, eRF1, and eRF3),
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together with four multifunctional factors (see below),
manifest sub-maximal R values in the near-physiological
range.

Control by additional (multifunctional) translation
factors

In this study, we have included a group of additional
(essential) proteins that are not formally classified as transla-
tion factors in yeast. Dbp5, Ded1, and Pabl have been shown
to be required for normal translation (Sachs and Davis, 1989;
Chuang et al, 1997; de la Cruz et al, 1997; Gross et al, 2007).
Interestingly, it has been suggested previously that Pabl be
classified as a translation factor in mammalian protein
synthesis (Kahvejian et al, 2005). The role of the hypusine-
containing protein elF5A has been uncertain. It was originally
categorized as an initiation factor on the basis of its influence
on a methionyl-puromycin synthesis assay (Kemper et al,
1976), but more recent work has indicated that it actually
promotes translation elongation (Saini et al, 2009), although a
role in initiation has not been ruled out (Henderson and
Hershey, 2011). elFSA is encoded by two genes, HYP2 and
ANBI, whereby the latter is expressed only under anaerobic
conditions.

The quantitative analysis performed here contributes to a
more differentiated view of the roles of all of these four factors.
Ded1, Pabl, and Hyp2 show R} values typical of one of the low-
flux-control initiation factors while Dbp5 has a mid-range R}
value. The relatively low RSP values of Dbp5, Ded1, Hyp1, and
Pab1 suggest that they have functions in addition to a role in
protein synthesis (Figures 2B and 3; Table I), and indeed
previous work has indicated that these four proteins have a
range of non-translational roles in the cell (Amrani et al, 1997;
Valentini et al, 2002; Cole and Scarcelli, 2006; Urakov et al,
2006; Halls et al, 2007; Pittman et al, 2009; Merritt et al, 2010).
On this basis, we classify Dbp5, Ded1, Pabl, and Hyp2 as
multifunctional translation factors.

Translation in silico

An in silico mathematical model of protein synthesis (see the
reaction path in Supplementary Figure 1D and the reaction
equations in Supplementary information; the model has been
deposited in the Biomodels database) was developed as a tool
for enhancing analysis of pathway behaviour. The predicted
response curve output for each high R factor as it nears its
physiological abundance (Supplementary Figure 5C) reveals
that the sharp convergence on the observed wild-type maximal
protein synthesis rate is an intrinsic property of the transla-
tional machinery. Global protein synthesis in the cell is
predicted to be working very close to maximal capacity in
exponentially growing cells (Figures 2C and D). The plot of
translation rate versus mRNA abundance shows a linear
dependency up to about 17000 mRNA molecules per cell, and
then the rate becomes essentially constant. The plot is close to
biphasic, with a relatively sharp transition between linear and
constant rates at a critical concentration of mRNA; this is in
contrast to normal enzyme kinetics where the dependency is
hyperbolic or sigmoidal. Below the critical concentration of

Molecular Systems Biology 2013 5



Rate control in eukaryotic protein synthesis

H Firczuk et a/

A

% Protein synthesis rate % Protein synthesis rate % Protein synthesis rate % Protein synthesis rate % Protein synthesis rate % Protein synthesis rate

% Protein synthesis rate

120
100
80
60
40
20

0
1
120
100
80
60

40
20

0
1
120
100
80
60

40
20

0
1
120
100
80
60

40
20

0
1
120
100
80
60
40

20
0

elF1

20 100 80 60 40 20
% Growth rate

i elF2By

L4

20 100 80 60 40 20
% Growth rate

elF4B

T

20 100 80 60 40 20
% Growth rate

% elF5B

20 100 80 60 40 20
% Growth rate

% eEF3

120 100 80 60 40 20

120
100
80
60
40
20

0
1
120
100
80
60

40
20

% Growth rate

kﬁ‘nbps

20 100 80 60 40 20
% Growth rate

Qa%:;

0
120 100 80 60 40 20 O

% Growth rate

% Protein synthesis rate % Protein synthesis rate % Protein synthesis rate % Protein synthesis rate % Protein synthesis rate % Protein synthesis rate

% Protein synthesis rate

120
100

o]
o

s

5 O
o o

% Protein synthesis rate
(2]
o

n
o

120
100
80
60
40
20

120
100
80
60
40
20

120
100
80
60
40
20

120
100
80
60
40
20

120
100

A O ®
o O o

n
o

120
100
80
60
40
20

120

elF1A

100

o]
o

NI
o o

AKM elF2a

0
120 100 80 60 40 20

% Growth rate

0
1

20 100 80 60 40 20
% Growth rate

0

elF3a

Z

% Protein synthesis rate

120
100
80
60
40
20

-ﬁx\;mc

0
120 100 80 60 40 20

% Growth rate

0
1

120

20 100 80 60 40 20
% Growth rate

0

elF4E

+
ff

100
80
60
40
20

elF4G1

E3

0
120 100 80 60 40 20

% Growth rate

% Protein synthesis rate

0
1

20 100 80 60 40 20
% Growth rate

0

eEF1A

g

% Protein synthesis rate
[}
o

120
100

o]
o

NN
o o

m eEF1B

0
120 100 80 60 40 20

% Growth rate

0
1

120

20 100 80 60 40 20
% Growth rate

0

eRF1

Z

% Protein synthesis rate

100
80
60
40
20

eRF3

e

0
120 100 80 60 40 20

% Growth rate

Ded1

0
120 100 80 60 40 20

% Growth rate

Hyp2

/

0
120 100 80 60 40 20

% Growth rate

0
120 100 80 60 40 20 O

% Growth rate

% Protein synthesis rate % Protein synthesis rate

% Protein synthesis rate

ate

£
(%)

% Protein synthesi:

% Protein synthesis rate

-
A O ©® O N
o O O ©o o

n
o

0
1
120
100
80
60
40
20

0
1
120
100
80
60

40
20

0
1
120
100
80
60

40
20

- O

120
100

N A O ®
o O O O

0
1

elF2Be
°

20 100 80 60 40 20
% Growth rate

elF4A
%&\
&

20 100 80 60 40 20
% Growth rate

elF5

s

[z 2l

20 100 80 60 40 20
% Growth rate

% eEF2

20 100 80 60 40 20
% Growth rate

Rps5

N

20 100 80 60 40 20
% Growth rate

1200 1.2
=~ 1000 L1.0
s
o 8 800 Los
S
52
33 600- Lo6
c
EEY
28 4004 L0.4
33_ 200 - L o2

0 = smspEpEEfzeEsITI I Lo.0
MOV~ rr NS r -~ WMONONT N
LNL QLLOL O NLO - —LLgO-

[T oL
%%%3°°§%8%302%%§%%%5§
Q

dstd
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values. (B) A bar chart comparing R and abundance values (Spearman rank correlation coefficient (rs) =

6 Molecular Systems Biology 2013
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mRNA, the rate is linear because there are ribosomes and
factors available to attach to mRNA for translation. Beyond the
critical point, all ribosomes are attached to mRNA and excess
mRNA cannot engage in translation. We also used the model to
analyse the role of elF4A, the elF with the highest R} value.
Forcing this factor to act via an obligatory elF4A:elF4B
complex prevents the model from fitting the real data
(Figure 2E). Taking into account the measured differences in
internal abundance (Figure 4), the modelling output
(Figure 2F) indicates that e[F4A has the ability to engage with
the translation machinery independently of elF4B.

Exploring the interdependence of the steps of the pathway,
the model shows how efficient peptide elongation maximizes
the available capacity for initiation (the ‘free’ ribosome pool;
Figure 2G). The current form of the model incorporates 20
codons into the mRNA ORF. This length allows the key
properties of translation, including the localized effects of the
physical size of the ribosome on the accessibility of the start
codon and the potential for ‘queuing’ upstream of the stop
codon, to be modelled. At the same time, the chosen ORF size
limits calculation times to reasonable levels so that it can
readily be used by the majority of users. On the other hand,
this version of the model does not precisely reproduce the
absolute numbers of ‘free’ ribosomes in real cells because it
assumes a short reading frame and ignores ribosomes that are
not productively associated with mRNA. Nevertheless, it still
serves as a powerful tool for analysing the relationships
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between different steps of the pathway. Inefficient termination
is predicted to cause accumulation of ‘backed-up’ ribosomes,
thus reducing the available capacity for initiation (Figure 2H).
These results illustrate the fine balance in the cell between
elements of control in the respective phases of translation.
Indeed, they reveal that control of the respective phases of
translation in living cells is more tightly coupled than is
apparent in cell-free systems.

Scanning competence, a step exercising strong
control?

The stability of the ribosomal pre-initiation complex scanning
along the 5'UTR will affect the performance of the translation
machinery. The output of our scanning assay (the R5¢ value;
TableI) reflects the overall efficiency of the scanning process as
a function of translation factor activity (Supplementary
Figure 5B). elF1, elF1A, elF2, elF2B, and Dedl were found to
promote stable and efficient scanning on the longer 5'UTR
utilized here, and we have accordingly classified these proteins
as ‘scanning-efficiency-promoting factors’ This represents a
sub-category of the larger group of eukaryotic initiation
factors. Comparison of Ded1’s R’, R°F, and R values (Table
I) reveals that this DEAD-box helicase promotes near-maximal
global translation rates over a broad range of abundance (see
also the corresponding plot in Figure 1A), yet the translation of
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Figure 4  Abundance versus rate control. (A) Exemplar mass spectrometry-based quantitation of translation factors either using SRM (iiii) or accurate mass retention
time (AMRT) analyses (iv-vi), whereby the two methods of quantitation yielded very similar results (Supplementary Figure 6). Proteins are (i, iv) elF2Bg; (ii, v) elF3a; and
(iii, vi) elF4A. The analyte is labelled in blue and the quantotypic reference peptide is labelled in red. The complete set of mass spectrometry data is available in
Supplementary Tables 4-6. (B) Bar graph featuring the abundance values determined by mass spectrometry (see Supplementary Table 6) grouped according to
function on the protein synthesis pathway. The patterned bars correspond to the subset of additional (multifunctional) factors. Breaks in two of the bars (eEF1A and
Hyp2) correspond to non-linear spans in the y axis. (C) Plot of R} versus factor abundance (Spearman rank correlation coefficient (rs) = 0.44). The error data for the
abundance values represented in (B) are indicated in (C) and are given numerically in Supplementary Table 6.
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mRNAs bearing long 5UTRs (as in the scanning assay,
Supplementary Figure 5B) is differentially sensitive to reduc-
tions in Ded1 activity. This is consistent with the previously
observed phenotypes of Dedl mutations (de la Cruz et al,
1997) and with the conclusion drawn from single-molecule
force measurements that there is a degree of functional
compartmentalization between the RNA helicases Ded1 and
elF4A (Marsden et al, 2006), whereby elF4A is more involved
in 40S recruitment to the 5 end. Overall, this work has
highlighted the key roles of three helicases (Dbp5, Dedl, and
elF4A) in translational control.

Intracellular abundance and system control

Earlier work (von der Haar and McCarthy, 2002; von der Haar,
2008) raised the question how the intracellular factor levels
relate to the control exerted by each protein over the
translation rate. Moreover, studies of transformed mammalian
cells have suggested that overproduction of a single factor can
mediate upregulation for the whole system (Cuesta et al,
2009). Global estimations of protein abundance have pre-
viously relied on protein tagging (Ghaemmaghami et al, 2003).
However, TAP fusions can cause growth inhibition, and
tagging in general can affect protein stability (Yen et al,
2008). We therefore determined the absolute intracellular
abundance of the (untagged) translation factors in physiolo-
gically normal cells using internal multiplexed standards that
comprise concatamers of quantotypic tryptic peptides contain-
ing ['*Cgl-arginine and ['*Cg]-lysine (Beynon et al, 2005;
Figure 4A; Supplementary Table 4). Plots of the resulting
intracellular protein abundance values reveal large variations
in abundance across the respective functional phases of
translation (Figure 4B; Supplementary Tables 5 and 6) and
very limited correlation between abundance and RSP, or
between abundance and R}, respectively (Figures 3B and 4C;
Spearman rank correlation coefficients of — 0.1 and 0.44).

There is no obvious generic principle governing the R}
values of subunits of the complexes on this macromolecular
assembly pathway. For example, the components of the e[F4F
complex, that is, el[F4A, elF4B, elF4E, and elF4G, manifest
very different intracellular abundance values (Figure 4B;
Supplementary Table 6), yet within this subset of factors there
is no apparent pattern relating abundance to flux control
(Figure 4C). This may to some degree reflect partial
redundancy in the mode of action of eIF4F factors. The
discrepancy in component factor levels is less marked for the
MFC factors but they are not exactly stoichiometric (eIF1, elF2,
elF3, and elFS5; Figure 4B). Comparison of the wide range of
intracellular levels and R} values of the eIF4F and MFC factors
therefore suggests that progression through the translation
pathway is not strictly linked to prior assembly of these key
complexes in the initiation phase. This conclusion is supported
by in silico experiments of the type shown in Figure 2 and by
other experimental studies (Park et al, 2011; Sokabe et al,
2012). In contrast, the consistent R{ values for the subunits of
elF2, elF2B, and elF3 indicate that their functional contribu-
tions are primarily realized within the respective assembled
complexes (i.e., not as separate subunits with independent
functions).
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Exploring beyond naturally evolved translation
factor ratios

Supplementing genomic expression using specially designed
plasmids (Supplementary Figure 2D), we observed that
translation factors generally do not cause yeast to exceed the
physiological maximum protein synthesis rate when their
abundance is increased above 100% (i.e., RJ+1 ~0; Table I).
The sharp transitions to this plateau show that the physiolo-
gically measured rate of protein synthesis observed at normal
translation factor levels represents an absolute ceiling as far as
the influence of individual translation factor abundance is
concerned. Thus, co-evolution of functional capabilities and
abundance in the translation machinery has optimized
efficiency. Exceptionally, the overproduction of eRF1 does
lead to a measurable, albeit small, increase in both global
protein synthesis and growth. The significance of this effect
was confirmed by multiple experiments that extended up to
almost 200% of the physiological abundance of eRF1 (see R’ |
plot (red line) in Figure 1). The negative R{rlvalue for eIF4G,
on the other hand, may reflect marked sensitivity of the
pathway to suboptimal redistribution between key eIF4G-
containing complexes at super-physiological levels of this
factor.

The role of gene duplication in rate control

elF4A (TIF1/TIF2), eEF1A (TEF1/TEF2), and eEF2 (EFT1/
EFT2) are each encoded by duplicated genes that encode
identical proteins. Multiple alleles encoding a subset of
translation factors are frequently observed in eukaryotic
genomes. elF4A, eEF1A, and eEF2 are very abundant
factors in yeast (Figure 4) with the highest individual R]
values of the translation machinery (Figures 1 and 2;
Table I). Remarkably, deletion of one allele from each pair
reduced global protein synthesis and growth rate only
minimally (Figure 5A). Mapping these data points (together
with protein quantitation data) onto the R’ and R°" plots
reveals that the single allele deletion strains perform far
better than would be the case if the respective alleles in each
pair would contribute equally to maintain maximal
protein synthesis (Figure 5B). Western blotting reveals
that the total abundance of each encoded factor changed by
<10% in the respective single allele deletion strains (eIF4A,
TIF1IA or TIF2A; eEF1A, TEFIA or TEF2A; eEF2, EFTIA or
EFT2A; Figure 5C). The competitive viability advantage
conferred by duplication of the respective alleles varies
in line with the impact of the respective single allele
deletions on protein synthesis and growth (Figure 5D).
Analysis of the intracellular mRNA abundance values deter-
mined by RT-qPCR (Figure 5E) and northern blotting
(Figure SF) revealed that single allele deletions resulted in
reduced intracellular levels of the corresponding mRNA.
Comparison of the respective mRNA and protein abundance
values indicates that post-transcriptional compensation par-
tially underpins this effect. Overall, rather than simply
enhancing the production of these factors to levels unobtain-
able by single genes, gene duplication seems to function more
as a fine control mechanism.
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Figure 5 Identical duplicated genes contribute to fine control. (A) Growth rates and protein synthesis rates of the allele deletion strains compared to those of the wild-

type strain. (B) Mapping of the data points from (A) onto the corresponding R’ and

P plots (from Figures 1 and 3). (C) The relative amounts of the respective translation

factors were determined as band intensity ratios in western blots using hexokinase as internal standard. (D) Competitive growth experiments yielded percentage survival
rates for each single deletion strain remaining in the total population of cells. (E) RT-qPCR and northern blots (F) to determine transcript levels in the different single
deletion strains compared to the wild-type strain. In (F), three different amounts of each sample (800, 400, and 200 ng total RNA) were applied to the gel to ease
comparison. The average intensities of the respective northern blot bands relative to the wild-type levels (normalized to SCR1) are given in parentheses—these match

closely the normalized values from RT-qPCR (E).

Discussion

We have mapped out the quantitative control landscape that
governs the rate of protein synthesis in exponentially growing
yeast cells using a minimally disruptive ‘genetic titration’
procedure. This reveals a network of contributions from the
components of the translation machinery as well as insight
into the regulatory potential of individual factors. Thus, each
R}value featured in Table I is directly relevant to the overall
status of control in growing cells and is also indicative of the
sensitivity of the pathway to changes in each factor’s activity
in the near-physiological domain. It is notable that the high-
flux-control factors manifest high RSP values, so that rate
control is primarily exercised by dedicated components of the
translation machinery. On the other hand, many features of
this landscape of control are counterintuitive. For example,
elongation is the most dominant control step in the translation
pathway, while certain steps in initiation and termination also
feature strongly in the control map. Moreover, the factors
showing the very highest levels of flux control (in elongation
and initiation) are the most abundant components of the
translation machinery. The catalytic mode of action of some
factors together with the partial redundancy of certain
interactions both contribute to the complex nature of the
control landscape, and it is notable that scanning is promoted
by low-flux-control factors. The observation that the R’ ,
values are almost all approximately zero also tells us that the

© 2013 EMBO and Macmillan Publishers Limited

yeast cell generally has no means of upregulating protein
synthesis (or growth) by enhancing the activity of an
individual factor.

eRF1, however, is an exception in this regard. We suspect
that the intracellular abundance of eRF1 in the yeast cell
reflects a naturally selected balance between positive and
negative effects of this protein on termination efficiency,
reinitiation efficiency and potentially other poorly understood
functions (Merritt et al, 2010). While exceeding the 100 % level
of this factor can allow small increases in the rate of global
protein synthesis under the exponential growth conditions
described here, we speculate that the exact composition of the
resulting proteome at levels of eRF1 >100% may be modified
in ways that are not optimal for growth under all growth
conditions. On the other hand, one possible explanation for
the deleterious effect of eIF4G overexpression is that this leads
to overactivation of elF4A, with which it is known to form a
complex (Schiitz et al, 2008). These hypotheses should be
subjected to detailed analysis in future work.

Our interpretation of this large-scale in vivo rate control
study assumes that the modulation of the abundance of each
translation factor between 100 and 80% of its physiological
level equates to modulation of its functional activity over the
same range. We believe that this is a justifiable assumption in
the context of current understanding since previous work in
yeast has identified only eIF2 as being subject to regulation (via
phosphorylation; Hinnebusch, 2005); modification of other
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yeast translation factors has generally not been associated with
regulatory phenomena (van den Heuvel et al, 1995; Zanchin
and McCarthy, 1995). Moreover, we are not aware of any
evidence that small degrees of direct modulation of individual
translation factor levels in the near-physiological range will
influence the modification states or specific activities of those
factors in exponentially growing yeast, but further work will be
necessary to assess this accurately.

One major consequence of the R} =0 values of the scanning
efficiency-promoting factors is that they are predicted to
minimize the time that ribosomal subunits remain associated
with  mRNA molecules by reducing the likelihood that
scanning will be delayed through the lack of availability of
essential factors. This maximization of the efficiency of mRNA-
bound functions is expected, in turn, to optimize the pool size
of free ribosomes available to re-engage with free mRNA
5’ends, thus maximizing overall translation efficiency. Exam-
ination of the rate control plots also suggests that the
performance of the translation pathway in wild-type cells is
likely to be comparatively robust with respect to small natural
stochastic fluctuations in the abundance of the low-flux-
control factors, since the global protein synthesis rate is
relatively insensitive to variations in their intracellular
concentrations near the average physiological level. This
effect is expected to be effective at the population level
because it will operate in all cells.

The reported correlations between overproduction of
translation factors in certain mammalian cells and cell
transformation (Cuesta et al, 2009) raise questions about the
possible differences in control between the respective transla-
tion machineries in yeast and mammalian systems. For
example, if transformation is induced by enhanced global
protein synthesis rates in mammalian cells overproducing a
specific factor, then this suggests that all the remaining
components of the translation machinery have additional
capacity above that required for physiological translation
rates. This ‘universal’ additional capacity is not apparent in the
yeast translation machinery. An alternative possibility is that
the link between overproduction of a translation factor and
transformation in mammalian cells may relate to more specific
effects of the overproduced factor on the expression of a subset
of genes and/or on other cellular processes. These interesting
apparent differences between the respective systems merit
further investigation.

It is of interest to compare the significance of intracellular
subunit concentrations and stoichiometries in other types of
molecular machine. For example, the quantities of the
respective subunits of the H ™ -ATPase that are synthesized in
the microbial cell are fully utilized in the same stoichiometry
in the assembly of the membrane-associated complex
(o3B3y101€1a1b5C10; McCarthy, 1998). Overall, it is apparent
that the functional significance of the relative stoichiometry of
the components of a complex multisubunit molecular machine
only emerges through detailed quantitative analysis. The
evolution of optimal function in the translation machinery has
evidently been achieved using highly disparate component
stoichiometries.

Another distinctive feature of in vivo translation control that
has emerged from our rate control analysis relates to the role of
duplicated genes in determining system function. Comparison
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with the large body of duplicated genes that encode ribosomal
proteins in S. cerevisiae is informative. In contrast to the
translation factor genes considered here, the majority of
ribosomal genes are not only duplicated but also contain
introns. The introns seem to be involved in mechanisms of
intra-and inter-genic regulation that, while not required for
normal growth under laboratory conditions, can impact upon
cell competitiveness, especially under stress conditions
(Parenteau et al, 2011). In contrast, we have now found that
elF4A, eEF1A, and eEF2 are encoded by duplicated genes that
contribute (asymmetrically) in an intron-independent manner
to the maintenance of optimal levels of these factors. Given the
unexpected characteristics of expression of these translation
factor genes, one possible explanation of the observed
selective advantage of gene duplication for the cell may
involve increased consistency in the respective intracellular
factor concentrations sustained over the cell cycle, and we
believe that this hypothesis should be tested in future work.

The rate control analysis we describe is not only comple-
mentary to the wealth of other biochemical, biophysical, and
genetic studies of translation but it will also facilitate the
interpretation of these diverse sources of data in terms of
system function. For example, the existence of a system control
model makes it possible to interpret the impact of mutations in
a holistic context. Future work will be able to elucidate
precisely the important deterministic relationship between
regulatory changes in the activity of specific factors and the
resulting modulation of protein synthesis in yeast cells in
response to environmental stress. For example, physical and/or
functional interactions between the kinase General-control-
non-derepressible-2 (Gcn2) and the elongation factors eEF1A
and eEF3 seem to mediate modulation of the amino-acid
starvation response in S. cerevisiae (Visweswaraiah et al, 2011,
2012), and in vivo rate control analysis could help to quantitate
the regulatory impact of these interactions. The current work
also represents a starting point for equivalent analyses of the
distinct control properties of the protein synthesis pathways in
animals and plants and how these react to stress and disease.
For example, an analogous investigative strategy could help to
test the hypothesis that there is a direct causal relationship
between the onset of cancer and enhanced global translation
induced by overproduction of elF2, elF3 subunits, elF4A,
elF4E, or elF4G in transformed cells (Cuesta et al, 2009), and
aid characterization of the respective control features of cap-
dependent and cap-independent translation in higher eukar-
yotic cells, although any analysis would need to take account of
the effects of post-translational modifications on factor
activities (Mahoney et al, 2009).

Materials and methods
R’, R®?, and R°° values

Chromosomal integration, analysis of tet07constructs (Belli et al, 1998;
Supplementary Figure 2), and gene disruption (Giildener et al, 1996)
were performed as described previously. Growth rate, protein
synthesis rate (measured as >°S-L-methionine incorporation), and
relative translation factor abundance values were all determined in
parallel for the same set of cultures (maximum of eight strains in one
set, one of which was the wild-type reference strain PTC41). Cultures
were incubated with doxycycline until a stable steady-state level of the
tet07-construct-encoded translation factor had been reached (17h).
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The in vivo protein synthesis rate was estimated as *°S-L-methionine
incorporation into total protein. In order to determine the intracellular
concentration of translation factors, cells were harvested by centrifu-
gation from 10 ml cultures grown to ODggp = 0.4 (~ 1.5 x 10 cells/ml)
and protein was extracted from cells for western blotting (von der
Haar, 2007) and for QconCAT-calibrated quantitation (Beynon et al,
2005). For scanning efficiency measurements, PTC41 and tetO7 strains
containing the pDLV-L2/L0 plasmid (Supplementary Figure S6A) were
grown in YNBD-Met-His medium, and luciferase activities were
measured using a Berthold Technologies Lumat LB 9507 luminometer
(McNabb et al, 2005; Supplementary Figure S6B). RNA was isolated by
a hot phenol extraction method (Schmitt et al, 1990).

Quantitative mass spectrometry

QconCAT peptides (Supplementary Table 4) were used as internal
standards for mass spectrometric absolute protein quantification
(Beynon et al, 2005; Brownridge et al, 2011, 2012). For accurate mass
(AM) peptide precursor analysis by the Thermo-Fisher LTQ-Orbitrap
Velos, tryptic peptides were separated over three 90 min linear liquid
chromatography gradients (3-40% acetonitrile plus 0.1 % formic acid)
per sample, delivering gas-phase fractionation MS acquisitions at m/z;
350-600, 590-800, and 790-2000. The raw data were processed using
Proteome Discoverer (Thermo-Fisher, version 1.3) and searched
(Mascot, version 2.3) against a S. cerevisiae-specific database with
peptide and MSMS tolerances set at 10 p.p.m. and 0.5 Da, respectively.
Modifications were set as fixed carbamidomethylation of cysteine and
variable methionine oxidation. For selected reaction monitoring
(SRM), peptides analysed by the Waters Xevo triple quadrupole mass
spectrometer were separated over a 30-min gradient (3-40%
acetonitrile plus 0.1 % formic acid) and SRM data were acquired using
previously determined scheduled transitions (Supplementary Table 5),
with optimized collision energies and dwell times, for the unlabelled
analyte and labelled QconCAT peptides. SRM data acquired using the
transition lists were processed using ApexTrack peak integration, with
smoothing enabled (2 smooths over 2 scans) and baseline thresholds
of ~5% with arelative area response threshold of 30. The abundances
of the proteins of interest were determined from either the MS peak
intensities (AM) or the chromatographic peak areas (SRM) of both the
analyte peptide and the corresponding labelled QconCAT peptide (see
Figure 4A as an example). As the QconCAT peptides are present in each
sample at a known amount, it is possible to calculate the abundance of
the analyte peptide from the ratio between the labelled and unlabelled
MS/chromatographic peaks (Beynon et al, 2005; Supplementary
Table 6). Samples containing QconCAT at 100, 5, 1, and 0.1 fmol per
100000 cells were analysed to cover the full dynamic range of the
proteins in the mixture. As a further check on the accuracy of our
methods, we compared the abundance values predicted on the basis of
the AM and SRM data (Supplementary Figure 6). For a small number of
proteins (see Supplementary Table 6) not included in the QconCAT
design, absolute abundance values were obtained by label-free
quantification using a Waters Synapt G2 mass spectrometer in MsE
acquisition mode (Silva et al, 20006).

Western and northern blotting

Multiple dilutions of protein extracts (von der Haar, 2007) from tetO7
strains and the PTC41 reference strain were used for western blotting
(Towbin et al, 1979; Sangthong et al, 2007). Each translation factor was
detected by a specific primary antibody (overnight incubation, dilution
ranging from 1:500 to 1:10000). Quantitation of translation factor
signal via IRDye-800CW-tagged secondary antibodies was normalized
against hexokinase using an Odyssey scanner (LI-COR), thus generat-
ing values for each translation factor that were expressed as a
percentage of the wild-type physiological abundance (the 100% value,
determined in absolute terms as molecules per cell via mass spectro-
metry). Northern blots were performed essentially as described
previously (Sambrook and Russell, 2001) using formaldehyde/
formamide gels and Hybond-N* membranes (GE Healthcare);
quantitation of radioactivity was performed using a PharosFX
Molecular Imager (Bio-Rad). RT-qPCR was performed according to a
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protocol adapted from Teste et al (2009) using a Qiagen Rotorgene Q
gPCR thermocycler. Primers for qPCRs were design using Clon
Manager software, with the exception of UBC6-specific primers. Cell-
culture images were analysed using Cellometer M10 software
(Supplementary Figure 4).

Computational modelling

A detailed mathematical model (Supplementary Figure 1D), based on
ordinary differential equations, was built in the software COPASI
(Hoops et al, 2006). The model assumes that 15 codons are occupied
by each ribosome, as reflected in reaction R18 in initiation and also
reaction R26 (ribosome translocation during elongation). The kinetic
functions of these two reactions are based on MacDonald et al (1968)
and Heinrich and Rapoport (1980). All other kinetic functions follow
mass-action Kinetics. The concentrations of transfer RNA species (Met-
tRNA, aa-tRNA, and tRNA in the model) are kept constant, while the
other species’ concentrations can change in the course of the
simulation. The model describes the translation of a short mRNA
with 20 codons. Therefore, all reactions in the elongation cycle (R22,
R23, R25, R26, R28, and R29) and the corresponding species are
replicated accordingly to model the species with ribosomes bound at
different positions. The initial concentrations of the various factors
were made equal to the protein concentrations determined by the
quantitative mass spectrometry method. In total, the model contains
165 different species and 141 reactions. COPASI was used to estimate
the value of the 56 parameters (rate constants) involved in the
reactions of this model by fitting against the experimental data of
modulation of the various translation factors, a total of 212 data points
(Figure 1; Supplementary Figure 3). The large number of observations
relative to the number of parameters estimated indicates that the
problem is identifiable. The minimization of the least-squares
objective function was carried out with parallel random search using
the Condor-COPASI system (Kent et al, 2012) on a pool of 2500 CPU
cores, consuming a total of 17290 CPU hours.

Supplementary information

Supplementary information is available at the Molecular Systems
Biology website (www.nature.com/msb).
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