CHAL

UNIVERSITY OF TECHNOLOGY

Proteome reallocation from amino acid biosynthesis to ribosomes enables
yeast to grow faster in rich media

Downloaded from: https://research.chalmers.se, 2025-12-04 20:40 UTC

Citation for the original published paper (version of record):

Bjorkeroth, J., Campbell, K., Malina, C. et al (2020). Proteome reallocation from amino acid

biosynthesis to ribosomes enables yeast to grow faster in
rich media. Proceedings of the National Academy of Sciences of the United States of America,

117(35): 21804-21812. http://dx.doi.org/10.1073/pnas.1921890117

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)



Downloaded at Chalmers University of Technology on March 26, 2021

Check for
updates

Proteome reallocation from amino acid biosynthesis to
ribosomes enables yeast to grow faster in rich media

Johan Bjérkeroth®P©, Kate Campbell®?

and Jens Nielsen®P?-9-"

, Carl Malina®, Rosemary Yu®®®, Francesca Di Bartolomeo®*<®,

2Department of Biology and Biological Engineering, Chalmers University of Technology, SE-412 96 Gothenburg, Sweden; "Novo Nordisk Foundation Center
for Biosustainability, Chalmers University of Technology, SE-412 96 Gothenburg, Sweden; ‘Department of Biotechnology and Nanomedicine, SINTEF
Industry, 7465 Trondheim, Norway; “Novo Nordisk Foundation Center for Biosustainability, Technical University of Denmark, DK-2800 Kgs. Lyngby,

Denmark; and °Biolnnovation Institute, DK-2200 Copenhagen N, Denmark

Contributed by Jens Nielsen, June 17, 2020 (sent for review December 17, 2019; reviewed by Naama Barkai and Douglas Kell)

Several recent studies have shown that the concept of proteome
constraint, i.e., the need for the cell to balance allocation of its
proteome between different cellular processes, is essential for ensur-
ing proper cell function. However, there have been no attempts to
elucidate how cells’ maximum capacity to grow depends on protein
availability for different cellular processes. To experimentally address
this, we cultivated Saccharomyces cerevisiae in bioreactors with or
without amino acid supplementation and performed quantitative
proteomics to analyze global changes in proteome allocation, during
both anaerobic and aerobic growth on glucose. Analysis of the pro-
teomic data implies that proteome mass is mainly reallocated from
amino acid biosynthetic processes into translation, which enables an
increased growth rate during supplementation. Similar findings were
obtained from both aerobic and anaerobic cultivations. Our findings
show that cells can increase their growth rate through increasing its
proteome allocation toward the protein translational machinery.

systems biology | metabolic engineering | amino acid metabolism | protein
translation

Proteins are the workhorses of cells ensuring metabolism,
signaling, structural integrity, stress response, transport, re-
pair, transcription, and translation of genomic information.
Depending on environmental conditions, tightly regulated tran-
scription and translation enable the cell to fine-tune production
of proteins for these different cellular processes (1, 2). Through
demand, the cell may therefore optimize the construction of its
proteome and allocate resources to where it serves best. How-
ever, the total amount of protein within a cell is obviously finite
and the cell therefore needs to balance the allocation of proteins
to the different processes appropriately. Due to this proteome
constraint, the cell will often need to provide trade-offs between
different cellular processes, i.e., if one process will demand more
protein, this will have to be at the expense of another process (3,
4). With many different pathways and processes operating simul-
taneously in the cell, and with ~4,500 proteins being expressed to
support these processes in Saccharomyces cerevisiae (5) at any
given time, the orchestration of proteome allocation is crucial for
ensuring proper cellular function and proliferation. As a conse-
quence, enabling the optimization of the proteome usage could be
of great benefit for metabolic engineering (6), via engineering of
enhanced platform strains with more proteome mass available for
heterologous pathways.

Cellular proteome allocation, and more specifically enzymatic
constraints and its potential effects, have in recent years been
investigated in silico with, for example, protein-constrained
genome-scale metabolic models of both Escherichia coli (7)
and S. cerevisiae (8, 9). To investigate this and expand our insight
on proteome allocation, we cultivated S. cerevisiae, an important
model organism as well as a widely used cell factory, in minimal
medium or in rich medium, which is minimal medium plus
supplementation of amino acids commonly present in medium
for protein production (10), and investigated reallocations in the
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proteome and its potential impact on central and amino acid
metabolism (Fig. 14). Our analysis showed that as cellular
growth rate is limited by ribosomal capacity, cells can grow faster
in rich medium due to proteome reallocation from amino acid
biosynthesis to translational machinery.

Yeast Grows Faster in Rich Medium under Both Aerobic and
Anaerobic Growth Conditions

Yeast was grown both aerobically and anaerobically, and for
each condition, both a minimal and a rich medium (minimal
medium supplemented with amino acids) was used. All experi-
ments were carried out in biological replicates using controlled
bioreactor cultivations (Fig. 1B). The concentrations of biomass
and key medium components, including glucose, ethanol, and
amino acids, were measured, enabling precise quantification of
the specific growth rate, the specific glucose uptake, the specific
ethanol production rate, and uptake yields of all amino acids
(Dataset S1). This analysis showed that yeast grows faster in the
presence of amino acids at aerobic conditions (S Appendix, Fig.
S1A4). In anaerobic conditions, growth was found to be the same
from the biomass measurements, but by determining the specific
growth rate from the carbon dioxide evolution rate, we found
that also for anaerobic growth there was faster growth in the
presence of amino acids (Dataset S1). At all four conditions, we
quantified the abundance of 3,690 proteins by means of LC-MS/
MS (liquid chromatography-tandem mass spectrometry) and
iBAQ (11) (Fig. 1 C and D), and found 3,074 (83%) of all

Significance

The yeast Saccharomyces cerevisiae is a well-studied organism,
which is used as a model organism for studying eukaryal bi-
ology and as a cell factory for the production of fuels, chem-
icals, and pharmaceuticals. For both applications, the way that
the cell utilizes its finite protein resource and how those in-
herent trade-offs manifest themselves is of interest, not least for
their impact on cellular metabolism. Here we elucidate how al-
terations of protein-allocation allow for S. cerevisiae to increase
its growth rate. Our results on cellular proteome-allocation may
aid the engineering of more efficient strains in industrial bio-
technology as well as improve our understanding toward phe-
notypes of cancer cells that grow faster than normal cells.
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Fig. 1. Experimental set-up. (A) Schematic of selected metabolic reactions (BCAA - branched chained amino acids, AAA - aromatic amino acids, THF - tet-
rahydrofolate, TCA - tricarboxylic acid), in S. cerevisiae, involving the 14 supplemented amino acids (Asp, Arg, Glu, Gly, His, lle, Leu, Lys, Met, Phe, Thr, Trp, Tyr,
Val). Affected transporters during cultivations in rich medium are highlighted. (B) S. cerevisiae was cultivated in batch-phase, in well-controlled bioreactor
conditions, and quantitative proteomics were analyzed for cells grown in aerobic and anaerobic conditions, with our without amino acid supplementation.
(C) The allocation of 3,690 proteins was quantified for each of the 4 conditions, with a substantial overlap between all conditions. (D) PCA (principal
component analysis)-plot highlighting similarities between individual replicates for examined conditions, at the proteomic level.

quantified proteins to be present under all four conditions. The
largest variation occurred between aerobic and anaerobic con-
ditions, with 200 to 400 proteins specifically quantified to each of
these two conditions (Fig. 1C).

Amino Acid Uptake Allows for Proteome Reallocation when
Saccharomyces cerevisiae lIs Cultivated in Rich Medium

For the cultivation of S. cerevisiae in rich medium, measurements
of the extracellular concentrations of the supplemented amino
acids enabled quantification of their uptake yields. The average
values of their extracellular concentration, from biological trip-
licates, showed that nearly all of the added amino acids were
taken up by the cells. Linear regression of averaged concentra-
tions resulted in uptake yields (Fig. 24), and this showed that
glutamate had the largest uptake yield for both aerobic and
anaerobic conditions. Interestingly, the uptake yield of glutamate
was significantly higher under anaerobic conditions compared
with aerobic growth, whereas for most of the other amino acids,
the uptake yield was approximately the same for the two growth
conditions (Fig. 24). Next, we investigated if the measured up-
take yields (SI Appendix, Table S1) could meet the amino acid
need for the proteome synthesis component of biomass forma-
tion, reported from the S. cerevisiae consensus genome-scale
model, version 8.3.5 (12) (Fig. 2 B and C). In both conditions,
our analysis implied a higher uptake of arginine, methionine, and
threonine compared to the cellular proteomic need, whereas
under anaerobic conditions, there was also an excess uptake of
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glutamate, indicating a catabolism of this amino acid in the
central carbon metabolism.

In the cases of arginine and threonine, our analysis indeed
showed increased allocation of related catabolic enzymes (S/
Appendix, Figs. S2 and S3), wherein the uptake of arginine could
serve as a nitrogen source and the uptake of threonine may serve
as a precursor for the production of glycine and acetaldehyde.
Arginine catabolism is known to be induced by cytosolic arginine,
with the latter also repressing the expression of arginine syn-
thesizing enzymes (13). Here we found two catabolic enzymes
downstream of arginine, which indeed were significantly up-
regulated, independent of oxygen availability (SI Appendix, Ta-
ble S2). Although, under the same conditions, we found the ar-
ginine plasma membrane permease (Canlp) to be significantly
down-regulated (SI Appendix, Fig. S4 C and D). A potential
explanation of this could, however, be an activity-based degra-
dation of this transporter (14). Regarding threonine catabolism,
the threonine aldolase Glylp (15) had significantly higher ex-
pression in rich medium (SI Appendix, Fig. S4), regardless of
oxygen supply. This protein is also the major glycine-producing
enzyme in S. cerevisiae (15), consistent with the apparent lower
uptake of glycine, compared to the predicted cellular need
(Fig. 2 B and C).

The excess methionine uptake was associated with a lower
expression of related biosynthetic enzymes (Dataset S1). This
resulted in ~3% and 4% proteome mass saved (Fig. 2D), in rich
medium, for anaerobic and aerobic cultures, respectively. This
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Fig. 2. Amino acid uptake allows for proteome reallocation when S. cerevisiae is cultivated in rich medium. (A) Uptake yields (linear regression on average
values of n = 3, see Dataset S1 for data and methods for description) of the supplemented amino acids plotted as a comparison between anaerobic and
aerobic conditions. (B) Aerobic and (C) anaerobic uptake yields compared to estimated cellular need for the production of new biomass, reported from S.
cerevisiae consensus genome scale model, version 8.3.5. (D) Mean summarized mass allocation and SD for enzymes related to biosynthesis of supplemented
amino acids (based on Saccharomyces genome database biosynthetic pathways, see Dataset S1, and with number of quantified enzymes in parenthesis) in
aerobic (n = 2) and anaerobic (n = 3) conditions. Of note, there are many overlapping biosynthetic enzymes between BCAAs. *In the arginine biosynthetic
pathway, eight proteins were detected in aerobic cultures while nine proteins were detected in anaerobic cultures. (E) Mapping of all significantly differ-
entially expressed proteins, up- and down-regulated, to the metabolism of the different supplemented amino acids (based on Saccharomyces genome
database pathway information).

large decrease in proteome allocation may be due to the fact that
an excess methionine uptake renders this pathway, used to as-
similate sulfur into the methionine-precursor homocysteine,
obsolete (SI Appendix, Fig. S5). Also, methionine metabolism
showed the largest number of significantly reallocated enzymes
(Fig. 2E). The observed response was highly coordinated (SI
Appendix, Fig. S5), in terms of down-regulation, corresponding
to known regulation of the pathway (16). However, most of the
mass was saved via the lowered allocation of the last two en-
zymes in the pathway, Met17p and Met6p (SI Appendix, Table
S3), which were among the top 15 most abundant proteins during
growth in minimal medium, independent of oxygen supply.
Lowered allocation of these proteins ranged in decrease from
~1% up to ~2.2%.

For the branched-chain amino acids (BCAA) isoleucine, leucine,
and valine and the aromatic amino acids (AAA) phenylalanine,

21806 | www.pnas.org/cgi/doi/10.1073/pnas.1921890117

tryptophan, and tyrosine, catabolism via the Ehrlich pathway (17) is
a way for the cell to salvage nitrogen through transamination re-
actions. Catabolism of AAA is mediated through the activity of
aromatic aminotransferase II (18) (Aro9p), while the opposite re-
action, catalyzing the formation of AAA, is controlled via Aro8p
under general amino acid control (GAAC). Indeed, the proteomic
analysis shows a significant up-regulation of Aro9p in rich medium
(SI Appendix, Fig. S6). Especially for aerobic conditions there were
significant changes in downstream enzymes involved in the catab-
olism of AAA, correlating well with the seemingly high uptake yield
of tryptophan (Fig. 2 B and C).

Many enzymes engaged with the biosynthesis of BCAA had
significantly lower expression in rich medium (SI Appendix, Fig. S7),
with a collected decrease of ~1.2% in both conditions (Fig. 2D),
and with no significant increase in expression of enzymes related to
catabolism of these amino acids. For the two branched chain amino

Bjorkeroth et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921890117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921890117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921890117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921890117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921890117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921890117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921890117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921890117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921890117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1921890117

Downloaded at Chalmers University of Technology on March 26, 2021

acid transferases (Batlp and Bat2p), that initiate the utilization
pathways of BCAA, increased expression of Bat2p in aerobic cul-
tures may have compensated for the significantly lower allocation of
the major isoform, Batlp, at glucose excess (17), in rich medium.

Lastly, the seemingly high uptake yield of glutamate during
anaerobic conditions, compared to aerobic conditions, cannot be
directly explained by analysis of the proteome dataset. No enzymes
in its synthesis or catabolism were significantly up-regulated (S7
Appendix, Fig. S8), and the significant down-regulation of the major
NADP-glutamate dehydrogenase isoform (Gdhlp), during fer-
mentative growth on glucose (19), was similar regardless of oxygen
supply (SI Appendix, Table S4).

Proteomics Shows Similar Changes between Cultivation in
Rich Medium for Both Aerobic and Anaerobic Conditions

Our analysis shows that similar reallocation of proteome mass
fractions to different proteins between minimal and rich medium
occurs independently of oxygen availability, based on the
3,074 co-occurring proteins (Fig. 1C). Proteome-wide analysis of
significantly reallocated proteins showed that nine proteins had
increased expression upon amino acid supplementation in both
conditions (Fig. 34). Four of these were directly related to amino
acid catabolism (SI Appendix, Table S5) with the remaining re-
lated to transmembrane transport, based on yeast Gene Ontol-
ogy (GO)-slim mapper process terms (20). Carlp was the most
highly up-regulated enzyme, based on fold change, related to
amino acid metabolism, and was significantly reallocated in both
conditions (Fig. 3C). Furthermore, the analysis of changes in the
sum of proteome mass allocation of all significantly reallocated
proteins, for aerobic and anaerobic conditions, shows that the
decrease in allocation is over 10 times larger compared to in-
creasing proteins (SI Appendix, Fig. S9 B and C). This suggests a
pattern wherein a substantial down-regulation of a few proteins
is able to sustain a small increase in abundance of several others,
equivalent to a proteome-constrained model (21), without al-
tering the normal distribution of proteome allocation (SI Ap-
pendix, Fig. S94). From the 46 significantly down-regulated
proteins that were identified for both conditions (Fig. 3B), 34
had GO-slim mapper process terms corresponding to cellular
amino acid metabolic process, compared to the second most
abundant group response to chemical, which had six proteins
mapped to it. Biosynthetic enzymes related to many of the 14
supplemented amino acids were found, with one example being
the aforementioned Met17p (Fig. 3D). Finally, five metabolic
enzymes not directly related to amino acid metabolism, and in-
volved in different processes, were down-regulated indepen-
dently of oxygen availability (SI Appendix, Table S6), including
the pentose phosphate pathway (PPP)-initiating enzyme Zwflp.
In the PPP, cellular NADPH is generated, which is an important
cofactor for amino acid biosynthesis (22), and the AAA pre-
cursor erythrose-4-phosphate is also formed.

Another similarity between aerobic and anaerobic cultivations
was the significant change in proteins related to zinc deficiency
for cells cultivated in rich medium. Two zinc metabolic-related
membrane proteins Zrtlp and Zpslp were significantly up-
regulated in both conditions in rich media (SI Appendix, Fig.
S9 D and E), with Zrtlp being a high affinity zinc transporter
that is necessary for growth during zinc limitation (23) and Zpslp
being a cell wall protein that is induced under low-zinc condi-
tions (20). Under the same conditions, the two alcohol dehy-
drogenases, Adhlp and Adh3p, both of which utilize zinc as a
cofactor, showed a lower expression in rich media (SI Appendix,
Fig. S9 F and G) independently of oxygen availability, which is a
known strategy for S. cerevisiae to cope with zinc deficiency
(23-25).

Next we analyzed changes in summed mass allocations of
groups of proteins, based on the yeast GO-slim mapper process
terms (Dataset S1), to acquire a holistic view on how the proteome
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was reallocated in response to growth in rich medium. Proteome
allocation of each group was compared between rich and minimal
medium, and those groups that were significantly different and
with >2% summed proteome mass, in either rich or minimal
medium, were investigated (Fig. 3E). The two groups that were
significantly decreased in rich medium for both conditions, except
the group other, were cellular amino acid metabolic process and
cofactor metabolic process. In addition, the decreased allocation
of the cellular amino acid metabolic process group showed the
largest total change. On the other hand, the increasing processes
were seen to include many groups related to translation, with cy-
toplasmic translation exhibiting the largest change, regardless of
oxygen availability. We found similar trends when performing the
analysis using previously reported groups, used for summed allo-
cation (26), as validation (SI Appendix, Fig. S10). Biological pro-
cesses that related to translation, ribosomal biogenesis, or protein
homeostasis (11 out of 27 groups) showed similar trends in pro-
teome reallocation (percentual up-regulation), with for example
there being a parallel increase in ribosomal small subunit bio-
genesis and ribosomal large subunit biogenesis, by ~11% and 12%
under aerobic conditions and by 21% and 20% in anaerobic
conditions respectively. These two groups contain 115 and 99
proteins, respectively, with only 10 overlapping proteins. Taken
together, this implies a well-orchestrated up-regulation of the
translation machinery.

The Decreased Proteome Allocation for Amino Acid
Biosynthesis Is Partly Directed toward Protein Translation

Through analysis of GO-slim mapper process terms (Dataset
S1), cellular amino acid metabolic process, and cytoplasmic
translation were seen to be the most highly down-regulated and
up-regulated protein groups, respectively. Changes in mass al-
location, between minimal and rich medium, for both these
groups (Fig. 44) were very similar, and the allocation profile for
amino acid metabolism was very similar between aerobic and
anaerobic conditions. We found the summed allocation of bio-
synthetic enzymes of the 14 supplemented amino acids (Fig. 2D),
in rich medium, was 4.55% for aerobic cultivations, while it was
5.42% for anaerobic. We did see differences in allocation toward
metabolic enzymes as a whole (Fig. 4B) between conditions. The
increase in cytoplasmic translation, as well as ribosomal proteins
(RP) which are its major constituents, was seen to correlate with
increased growth rate (Fig. 4C), which is a well-known cell
characteristic (3, 25-27). In addition, the allocation of individual
RPs was compared between cells cultivated in rich or minimal
medium (Fig. 4D), since previous work has highlighted changes
in ribosomal stoichiometry (28-30) in changing growth envi-
ronments. However, the analysis shows a highly consistent in-
crease in all quantified RP subunits, including mitochondrial RP
subunits (SI Appendix, Fig. SOH).

A Majority of Central Carbon Metabolic Enzymes Retain
Their Allocation When Cells Are Growing at a Faster Rate in
Rich Medium

Central carbon metabolism, through its provision of biosynthetic
precursors and redox cofactors, is inherently linked to amino
acid biosynthesis and cell growth. We therefore analyzed protein
allocation changes across glycolysis and the tricarboxylic acid
(TCA)-cycle to determine whether proteome changes were
present, but few or no differences for individual proteins were
observed, irrespective of culture medium. Specifically, in the
subset of glycolytic enzymes (Dataset S1), all enzymes essentially
showed the same levels irrespective of culture medium (Fig. 54).
The individual levels spread over many orders of magnitude with
Pgklp and Cdcl19p showing the highest levels of allocation, in-
dependent of oxygen availability. In general, no significant dif-
ference was seen in the sum of mass allocation for glycolytic
enzymes between cells cultivated in rich or minimal medium
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Fig. 3. Proteomics shows similar changes between cultivation in rich medium for both aerobic and anaerobic conditions. Overlap of significantly differ-
entially expressed proteins in aerobic and anaerobic conditions for (A) up-regulated proteins and (B) down-regulated proteins. (C) Arginase (Car1p) showed
one of the highest fold-changes in rich medium (n = 3 for anaerobic and n = 2 for aerobic conditions), independent of oxygen supply, and is the initiating
enzyme for catalyzing arginine degradation. Mean mass allocation and SD are shown. (D) O-acetyl homoserine-O-acetyl serine sulfhydrylase (Met17p), the
enzyme responsible for the penultimate step in methionine biosynthesis, showed one of the highest down-regulations (n = 3 for anaerobic and n = 2 for
aerobic conditions), independent of oxygen supply, in terms of mass percentage of the proteome. Mean mass allocation and SD are shown. (E) From analysis
of protein groups, based on yeast GO-slim mapper process terms (Dataset S1), average summarized mass allocation for cellular processes, with SD, were
collected (n = 3 for anaerobic and n = 2 for aerobic conditions). Proteome allocation of each group were compared between rich and minimal medium, and
those groups that were significantly different and with >2% summed proteome mass, in either rich or minimal medium, are highlighted. The number of

summarized proteins within each process are shown in parenthesis. *P < 5e-2,

(Fig. 5C), nor was any significant difference in specific ethanol
production observed (SI Appendix, Fig. S1B). A lower specific
glucose uptake rate was seen in anaerobic conditions, which
correlated with a lower glycerol production rate. For enzymes
related to the TCA-cycle (Dataset S1) (Fig. 5B), however, we saw
lower allocation levels for Acolp, Aco2p, Idhlp, and Idh2p in rich
medium (S7 Appendix, Table S7). All of these four enzymes, which are
responsible for a two-step oxidation of citrate into a-ketoglutarate,
were seen to be significantly down-regulated in rich medium for
anaerobic cultures. During aerobic conditions, Aco2p in partic-
ular showed substantial down-regulation in rich medium (log2(FC)
of —2.04) as well. Reduced aconitase activity has previously been
coupled to the presence of glucose, and even more so upon addition
of glutamate (31), consistent with high glutamate uptake rates in
both conditions (Fig. 24). However, no concomitant significant up-
regulation of Gdh2p, the enzyme responsible for glutamate con-
version into 2-oxoglutarate, was seen. The decreased allocation of
the NAD(+)-dependent isocitrate dehydrogenase complex (Idhlp
and Idh2p), a crucial part of the TCA-cycle (32), could imply a
reduced need for metabolic flux through the oxidative branch of the
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£4P < @2, ***P < 1e-3, ****P < le-4.

TCA-cycle (33) upon amino acid supplementation in anaerobic
cultures. Overall, there was a significant decrease in summed protein
allocation toward enzymes of the TCA-cycle for anaerobically cul-
tured cells in rich medium (Fig. 5D), mainly through reduced allo-
cation for the aforementioned enzymes with the highest abundances.

Discussion

Cellular limitations in proteome size and its necessary allocation
trade-offs have been addressed both in silico (4, 8) and in vivo (3,
25, 26). With this work, we empirically investigated proteome
reallocation by perturbing cellular metabolism through amino
acid supplementation and analyzed changes in the context of
increased growth rate and biomass yield (SI Appendix, Fig. S14).
Most amino acids were taken up solely for protein synthesis
(Fig. 2 B and C) resulting in a massive down-regulation of amino
acid biosynthetic enzymes (Fig. 2 D and E). This was particularly
true for methionine biosynthesis. Based on the number of en-
zymes involved, but also on enzyme weights and turnover num-
bers (9, 34) in amino acid metabolism (SI Appendix, Fig. S11 A
and B), it makes sense economically for the cells to have a low
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Fig. 4. The decreased proteome allocation for amino acid biosynthesis is partly directed toward protein translation. (A) Average summed allocation, with SD,
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Colors are as in Fig. 3E.

methionine biosynthesis through high methionine uptake, and
also because the sulfur in this amino acid can be incorporated
into cysteine. Furthermore, methionine has been shown to im-
pact oxidative stress resistance (35) and has the potential to be
catabolized into a-ketoglutarate (36), which can directly enter
central carbon metabolism, providing additional support for why
the demand for cell uptake was high. Glutamate, the most
abundant supplemented amino acid (SI Appendix, Fig. S124),
showed the highest uptake yield, and although no directly linked
catabolic enzymes were significantly up-allocated (SI Appendix,
Fig. S8) glutamate may be utilized metabolically for other
transamination reactions, as it is the major amino acid for this
role (13). Moreover, its important role in oxidative stress re-
sponse (37) via the gamma aminobutyric acid (GABA)-shunt
also did not show any significantly changed expression. The al-
location per protein in glutamate biosynthesis decreased sub-
stantially (SI Appendix, Fig. S11 C and D) upon amino acid
supplementation. Finally, glycine was also found to have a high
allocation per protein (SI Appendix, Fig. S124), but low uptake
when it was supplemented. Uptake of glycine could possibly be
achieved through the Dip5p transporter (38), which was signifi-
cantly up-regulated upon supplementation in aerobic cultures (S/
Appendix, Fig. S4C). However, this would be in competition with
glutamate uptake; therefore, glycine is likely synthesized from the
breakdown of threonine via the significantly up-regulated Glylp
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(SI Appendix, Fig. S3). Such glycine production could also be an ex-
ample of justified cellular proteomic investment in catabolism of
amino acids, since another abundant enzyme Shm2p showed down-
regulation (SI Appendix, Fig. S3), particularly in anaerobic conditions.

From validation of our dataset through comparison to previ-
ously reported allocation groups (26) (SI Appendix, Fig. S10), we saw
good consistency for cells cultivated aerobically. From anaerobic
samples, the condition more than the growth rate seemed to affect
the mitochondrial allocation, highlighting that culture condition
differences have to be taken into account for proteome allocation
analyses. However, this does not impact our study as we focus on
changes from minimal to rich medium within the same conditions,
i.e., aerobic or anaerobic growth.

For aerobic and anaerobic growth conditions, a consistent
ratio between reallocation of protein mass from cellular amino
acid biosynthesis to cytoplasmic translation was observed. Ap-
proximately half (42% in anaerobic conditions and 51% in aer-
obic conditions) of the proteome mass saved by supplementing
amino acids in the medium was redirected toward proteins en-
gaged in translation (Fig. 44). Besides this, in rich medium,
proteome mass was also redirected to several other processes
related to translation (Fig. 3E). With not many other metabolic
enzymes or pathways being up-regulated, including glycolysis and
the TCA-cycle (Fig. 5), and with ethanol secretion rate not being
significantly different (SI Appendix, Fig. S1B), these data imply

PNAS | September 1,2020 | vol. 117 | no.35 | 21809

SYSTEMS BIOLOGY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921890117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921890117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921890117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921890117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921890117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921890117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921890117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921890117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921890117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921890117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921890117/-/DCSupplemental

Downloaded at Chalmers University of Technology on March 26, 2021

A = Anaerobic
S ] o
= E Pgklp
S = 6
g & y=xXx
£ 3 4
S
2 £,
g 2
= 2
g 0 . " ;

0 2 4 6 8

Aerobic

0 2 4 6 8

Mass fraction of proteome (%) (minimal)

oy]

Anaerobic

Mass fraction of
proteome (%) (rich)

0 0.05 0.10 0.15 0.20 0.
Mass fraction of proteome (%) (minimal)

(@]
O

Glycolysis

I
—

TCA-cycle

0 5 10 15 20 25
Mass fraction of proteome (%)

Fig. 5. A majority of central carbon metabolic enzymes retain their alloca

Aerobic
0.251
0.20
0.151
0.101
0.05 1
—— Aco2p
! 0 . ] , , ,
25 0 0.05 0.10 0.15 0.20 0.25

® Rich |
anaerobic

® Minimal
anaerobic

@ Rich |
aerobic
© Minimal
aerobic

— R

0 02 04 06 08 1.0
Mass fraction of proteome (%)

tion when cells are growing at a faster rate in rich medium. (A) Comparison of

average summed allocation, with SD, of quantified enzymes in glycolysis between cells cultivated in rich medium versus minimal medium (n = 3 for anaerobic
and n = 2 for aerobic conditions). Highlighting the two most abundant enzymes. (B) Comparison of average summed allocation, with SD, of quantified

enzymes in the TCA-cycle between cells cultivated in rich medium versus min

imal medium (n = 3 for anaerobic and n = 2 for aerobic conditions). Highlighting

significantly down-regulated enzymes and Aco1p, which showed the highest abundance. (C) Average summed allocation, with SD, of enzymes in glycolysis,
based on Saccharomyces genome database pathway, see Dataset S1 (n = 3 for anaerobic and n = 2 for aerobic conditions). (D) Average summed allocation,

with SD, of enzymes in the TCA-cycle, based on Saccharomyces genome d
conditions. ***P < 1e-3.

that a relief in proteomic constraint is driving the increase in
growth rate. Although altered nutrient supply is indeed related
to transfer RNA (tRNA)-aminoacylation levels, GAAC (13),
and potential regulatory effects through the target of rapamycin
(TOR) Ser/Thr kinase (39), by enabling more proteome alloca-
tion for the ribosomes this may additionally relieve a potential
limiting factor on growth rate.

In conclusion, our study provides experimental validation, at
two different metabolic conditions, to the proteomic resource al-
location model. This supports the idea that lean proteomic strains
could be pursued as a strategy to design efficient cell factory plat-
form strains that harbor large heterologous biosynthetic pathways.

Materials and Methods

Strains and Culture Conditions. The yeast S. cerevisiae CEN.PK113-7D (MATa,
MAL2-8c, SUC2) was used for all experiments. All batch cultures were carried
out in DASGIP 1 L bioreactors with off-gas analysis, pH-control, temperature-
control, and sensors for dissolved oxygen in culture medium. Fixed param-
eters for all cultures were 30 °C and a pH of 5, which was controlled through
automatic addition of 2 M KOH or 2 M HCl, as well as starting inoculum
optical density of 0.1.

For aerobic cultures, a working volume of 0.7 L, 1 vvm aeration with 21%
0,, and agitation of 800 rpm was used. For anaerobic cultures, a working
volume of 1.0 L, 20 L/h aeration with 0% O, (pure N,), and agitation of

21810 | www.pnas.org/cgi/doi/10.1073/pnas.1921890117

atabase pathway, see SI Appendix (n = 3 for anaerobic and n = 2 for aerobic

400 rpm was used. The basis of all cultures was a minimal medium that
contained 20 g/L glucose, 5 g/L (NH4);S04, 3 g/L KH,PO,4, 0.5 g/L MgSOy,
7H,0, 1 mUL trace metal solution, 1 mL/L vitamin solution, and 0.1 mL/L
antifoam 204 (Sigma-Aldrich, ). The trace metal solution consisted of 19 g/L
Na,EDTA-2H,0 (disodium ethylenediaminetetraacetate dihydrate), 4.5 g/L
ZnS047H,0, 1 g/L MnCl»4H,0, 0.3 g/L CoCl,-6H,0, 0.3 g/L CuSO4-5H,0,
0.4 g/L Na,Mo0,-2H,0, 4.5 g/L CaCl,-2H,0, 3 g/L FeSO,7H,0, 1 g/L H3BO;
and 0.1 g/L potassium iodide. The vitamin solution consisted of; 0.05 g/L
d-Biotin, 0.2 g/L 4-aminobenzoic acid, 1g/L nicotinic acid, 1 g/L D-Pantothenic
acid hemicalcium salt, 1 g/L pyridoxine-HCl, 1 g/L thiamine-HCI, 25 g/L and
myo-inositol. The rich medium used was the same as the minimal medium,
with the addition of the following amino acids: 0.19 g/L L-arginine; 0.4 g/L
L-aspartate; 1.26 g/L L.-glutamate; 0.13 g/L L-glycine; 0.14 g/L L-histidine; 0.29 g/L
L-isoleucine; 0.4 g/L L-leucine; 0.44 g/L L-lysine; 0.108 g/L L-methionine; 0.2 g/L
L-phenylalanine; 0.22 g/L t-threonine; 0.04 g/L L-tryptophan; 0.052 g/L L-tyro-
sine; 0.38 g/L L-valine. Both rich and minimal medium that was used for an-
aerobic conditions additionally contained 0.0104 g/L ergosterol and 0.42 g/L
Tween80 that had been dissolved in pure ethanol. Subsequently, medium used
for anaerobic conditions contained 2.85 g/L ethanol.

Sampling from Bioreactor. For all sampling timepoints, the dead-volume of
the sampling port was removed prior to sampling. For proteomics, samples
were centrifuged for 3 to 5 min at 3,000 x g below 0 °C; cell pellets were
washed with phosphate-buffered saline, flash frozen in liquid nitrogen, and
stored at —80 °C until analysis. Determination of dry cell weight concen-
tration was started by vacuum filtration of samples on preweighed 0.45 pm
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filter membranes (Sartorius Biolab) followed by microwaving of filters at 125
to 325 W for 15 min and placement in a desiccator for at least 3 d. The
weight increase was later determined and normalized into gDW/L. Sampling
for analysis of metabolites in extracellular medium was performed by fil-
tration of samples, with 0.45 um filters, and storage of cell-free culture liquid
at —20 °C, until analysis.

Exometabolic Analysis. Extracellular glucose, ethanol, glycerol, pyruvate, and
acetate were quantified by HPLC (high-performance liquid chromatography;
ultimate 3000 HPLC, Thermo Fisher) with a BioRad HPX-87H column (BioRad)
and an infrared detector. The elution buffer used was 5 mM H,SO,4, and all
operated at a flow rate of 0.6 mL/min with an oven temperature of 45 °C.

Analysis of Amino Acid Uptake. Ten microliters of 10% sulfosalicylic acid
containing 400 pmol/L norleucine was added to 40 pL of sample extracts that
were prediluted 1:1 with MQ water. Samples were then vortex mixed and
centrifuged, and 10 pL of supernatant was mixed with 40 pL labeling buffer
containing norvaline. Ten microliters of the supernatant was recovered and
5 pL of diluted aTRAQ A8-reagent was added, and the mixture was mixed
and incubated for 30 min at room temperature. Thereafter, 5 pL of hy-
droxylamine was added and the mixture was incubated for another 15 min
at room temperature. Thirty-two microliters of reconstituted aTRAQ Internal
Standard solution and 400 pL of water was added to the reaction mixture
followed by mixing and transferring into vials for analysis by UHPLC-MS/MS
(ultraperformance LC-MS/MS). Samples were analyzed by using a Sciex
QTRAP 6500+ system (AB Sciex) with a Nexera UHPLC system (Shimadzu).
One microliter of sample was separated on an AB Sciex AAA column (150 x
4.6 mm) held at 50 °C by using gradient elution (S/ Appendix, Table $8) with
water and methanol, both containing 0.1% formic and 0.01% hepta-
fluorobutyric acids, as mobile phases (total flow 0.8 mL/min). The mass
spectrometer was set to monitor the transitions (S/ Appendix, Table S9) with
the following ion source parameters: curtain gas 30, collision activated dis-
sociation medium, ionization voltage 5500, temperature 500, GS1 (source
gas 1) 60, and GS2 50 and compound parameters: declustering potential 30,
entrance potential 10, collision energy 30, and collision cell exit potential 5.
Samples from aerobic fermentation and anaerobic fermentation experi-
ments were run in two independent batches. For quantification, an external
standard curve of pure amino acid solution, matching amino acid supple-
ment, was constructed for four to five different concentrations. The signal
from the external standard was compared to that of the internal standard
and its correlation to the expected concentrations of the external standard
was used as a basis for deducting concentrations of amino acids in collected
samples of extracellular medium. From each sample timepoint, amino acid
concentrations that passed manual QC (quality control) and biomass con-
centrations were averaged, and through linear regression of averaged data
points uptake yields were obtained. The detailed amino acid uptake anal-
yses are described in the S/ Appendix, Supplemental Methods section.

Quantitative Proteome Analysis. All liquid chromatography-mass spectrome-
try (LC-MS) experiments were performed on an Orbitrap Fusion Tribrid mass
spectrometer interfaced with an Easy-nLC1200 nanoflow liquid chroma-
tography system (both from Thermo Fisher Scientific).

The global relative protein quantification between the samples was
performed via the modified filter-aided sample preparation (FASP) method
(40), which included the two-stage digestion of each sample with trypsin in
1% sodium deoxycholate (SDC)/50 mM triethylammonium bicarbonate (TEAB)
buffer and labeling with the TMT (tandem mass tag) 11plex isobaric reagents
(Thermo Fischer Scientific), according to the manufacturer’s instructions. The
pooled reference sample was prepared from the aliquots of the lysates of S.
cerevisiae CEN.PK 113-7D cells from the J. Nielsen Lab (Chalmers). The com-
bined TMT-labeled set was prefractionated into 20 final fractions on an
XBridge BEH C18 column (3.5 pm, 3.0 x 150 mm; Waters Corporation) at pH 10,
and each fraction was analyzed using a 60 or 90 min LC-MS method. The most
abundant peptide precursors were selected in a data-dependent manner,
collision-induced dissociation (CID) MS? spectra for peptide identification were
recorded in the ion trap, the five or seven most abundant fragment ions were
isolated via the synchronous precursor selection (SPS), fragmented using the
higher-energy collision dissociation (HCD), and the MS® spectra for reporter
ion quantification were recorded in the Orbitrap.

Peptide and protein identification and quantification were performed
using Proteome Discoverer version 2.2 (Thermo Fisher Scientific) with Mascot
2.5.1 (Matrix Science) as a database search engine. The baker's yeast
(S. cerevisiae ATCC 204508/5288c¢) reference proteome database from Uni-
Prot (February 2018, 6,049 sequences) and used for the database search on
the TMT-based relative quantification files; the concatenated database
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containing the yeast sequences and the 48 ubiquitin—proteasome system
(UPS) protein sequences was used for the processing of the UPS2-spiked
data. The TMT reporter ions were identified in the MS® HCD spectra with
a mass tolerance of 3 milli mass units (mmu). The resulting reporter abun-
dance values for each sample were normalized within Proteome Discoverer
2.2 on the total peptide amount. After manual QC, one replicate from
minimal aerobic and one replicate from rich aerobic were removed from
downstream proteomics analysis. Within each sample, the variability of the
abundance of individual peptides for each protein was quite high, and the
source of this is unknown. However, each peptide agreed very well in terms
of their relative abundance between samples; therefore, the relative
abundance of proteins, reported in Dataset S1, is of high confidence.

The intensity-based absolute quantification (iBAQ) approach (11) was
used to estimate the absolute protein concentrations in the pooled refer-
ence sample. An aliquot of 50 pg of the pooled sample was spiked with 10.6
ug of the UPS2 Proteomics Dynamic Range Standard (Sigma-Aldrich) and
digested using the FASP protocol, prefractionated at pH 10 on the XBridge
BEH C18 column (3.5 pm, 3.0 x 150 mm) into 10 fractions, and each fraction
was analyzed 3 times using a 90 min method with MS' spectra recorded at
120,000 resolution, and the data-dependent CID MS? spectra recorded in the
ion trap with 1s duty cycle. The label-free data were processed using the
Minora feature detection node in Proteome Discoverer version 2.2, and the
quantitative values from three technical (injection) replicates were aver-
aged. Forty-three proteins from the UPS2 standard were detected with two
or more unique peptides and used to calculate the linear regression coef-
ficients between the known concentrations of the UPS2 proteins and their
corresponding iBAQ measurements. The slope and y-intercept of the linear
regression were used to quantify the yeast proteins in the pooled reference
sample. The adjusted R? of the linear model was 0.95, P = 2.2e-16. The ab-
solute concentration estimates were calculated for each of the eight samples
using the iBAQ-based absolute values for the pooled reference sample and
the relative abundance values from the TMT experiment.

The detailed experimental procedures, LC-MS, and data processing pa-
rameters are described in the S/ Appendix, Supplemental Methods section.

Analysis of Proteome-Allocation for Individual Proteins. Identified proteins
with two or more peptide spectrum matches, with a sample to reference TMT
ratio between 0.1 and 10 in biological replicates of either aerobic or an-
aerobic conditions, were included in downstream analyses. Proteins were
quantified individually in the group of their respective condition (rich or
minimal medium during aerobic or anaerobic conditions) by normalizing all
proteins against total measured protein abundancies, after criteria cutoff.
Leading to each protein being represented as a percentage of the proteome,
within that biological replicate, and with the sum of all proteins adding up to
1. This was done by multiplying relative ratio with determined amount in the
reference and converting to grams of protein A per microgram of total
protein in sample, by molecular weight, and finally dividing by the sum of all
proteins. Through this analysis, every protein abundance was expressed as a
percentage of the entire proteomic mass.

For GO-slim mapper process terms analysis, all proteins in all datasets
were merged and the terms had matching proteins annotated to them
(Dataset S1; accessed March 2019), or analyzed by the Saccharomyces Ge-
nome Database Gene Ontology Slim Term Mapper online tool (accessed May
2020). For summation of allocation, each individual dataset was subse-
quently matched to the set-up GO-slim mapper process term framework, to
identify which proteins to be summed.

Statistical Analysis. Determination of statistically significant differences be-
tween protein allocations from rich medium datasets and minimal medium
datasets were made from log2-transformed values with unpaired two-sided
Student’s t test. Unless otherwise stated, significantly reallocated proteins
are proteins with a log2(fold change) greater than 1 or less than -1, and with
a false discovery rate < 0.05 for the anaerobic dataset, or a P value < 0.05 for
the aerobic dataset (41). Significant changes in protein abundance were
always compared between cells cultivated in rich medium versus minimal
medium, and never between aerobic versus anaerobic conditions.

Data and Code Availability. Processed quantitative proteomics data and
quantified cellular uptake and excretion rates of metabolites, including
supplemented amino acids, can be found in the Dataset S1. Proteomics mass
spectrometry data were deposited into the ProteomeXchange Consortium, via
the PRIDE (42) partner repository, with dataset identifiers PXD012803 for iBAQ
(43) and PXD018361 for TMT-based relative quantification (44). Custom scripts
and related data used for analysis are freely available in the GitHub repository
(https://github.com/SysBioChalmers/ProteomeReallocationForFastGrowth).
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