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data requirements for extending quantitative models to unconventional species, but also 
demonstrate the potential of such models to bridge quantitative proteomics and 
genome-scale modeling, and provides perspectives on how future integration of regulation 
and kinetics can advance in silico biomanufacturing design. 
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CRISPRi enable precise and multiplex genome editing, while omics-based measurements 
provide quantitative validation of flux distribution and proteome allocation. Together, 
these validation steps establish the quantitative reliability of the ecGEMs across multiple 
observable levels - from global phenotypes to proteome allocation. Such comprehensive 
evaluation forms the basis for subsequent computational design and interpretation of 
experimental results presented in the following chapters. 

1.5.1 Enzyme-constrained models 
The prediction of biologically meaningful metabolic flux values is the major challenge of 
GEMs, as a result of all assumptions made upon the construction. Also, not always 
experimental yeast data are readily available for a wide variety of organisms across 
different conditions. Enzyme-constrained genome-scale models (ecGEMs) are built on 
the principle that any metabolic flux, apart from the constraints already discussed earlier, 
has a natural biological constraint equal to the enzyme’s concentration [E] multiplied by 
the enzyme’s turnover number (kcat). In the ecGEMs, this constraint, derived through 
Michaelis-Menten equation, is defined and implemented as the maximum rate of 
enzymatic reaction (vmax) that the metabolic flux (v) cannot exceed (Sánchez et al., 2017) 
(Equation 1.4): 
 

𝑣𝑣 ≤ 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐[𝐸𝐸]    (1.4) 
 

This way, GEMs are used as scaffolds for proteomic data integration and 
interpretation (Sánchez & Nielsen, 2015), and can execute simulations without 
experimental data on substrate usage. The very first enzyme-constrained model was 
developed in yeast Saccharomyces cerevisiae in 2017 (Sánchez et al., 2017) and was 
capable of capturing the Crabtree effect. 

1.6 Aims and significance 
A central challenge in modern biotechnology is to understand and predict how cellular 
metabolism responds to genetic and environmental perturbations. Achieving this 
requires computational models capable of quantitatively describing enzyme- and 
resource-limited metabolism. Enzyme-constrained genome-scale models (ecGEMs) 
provide a powerful framework for this purpose, linking enzyme capacity to metabolic flux 
and thus improving prediction accuracy beyond traditional constraint-based approaches. 
Such models are critical not only for advancing fundamental understanding of metabolic 
organization but also for accelerating design-build-test-learn cycles in metabolic 
engineering, reducing development costs and time-to-market for bioprocess 
innovations. 

The overarching aim of this thesis was to develop, apply, and critically evaluate 
enzyme-constrained genome-scale models for predicting yeast metabolism across both 
model and non-model yeasts. Specifically, the aims were: 

(i) to parameterize and validate ecGEMs of Saccharomyces cerevisiae and Rhodotorula 
toruloides as tools for quantitative metabolism studies using quantitative 
proteomics, exchange flux measurements, and targeted genetic perturbations; 

(ii) to assess their predictive capacity in reproducing experimental phenotypes and 
proteome allocation patterns; 

(iii) to identify biological and methodological factors that limit their accuracy. 
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constraints are imposed. A secondary explanation could be regulatory: downregulation 
of Swi1, a transcriptional repressor of ADH1/ADH2, may have indirectly led to Ald 
upregulation (Peterson & Herskowitz, 1992; Taguchi & Young, 1987). Together, this shows 
that cells maintain redundant or “unneeded” proteins for robustness, even when this 
reduces efficiency – a signature of evolutionary incompleteness that may be improved 
via ALE or further engineering. 

A further limitation arises from isoenzyme representation. The ecGEM systematically 
allocates flux to the isoenzyme with the highest kcat/MW ratio, even if this is biologically 
inactive. For instance, the model routed all flux through Err1, annotated as an enolase, 
since it carries the same kcat as Eno1/Eno2 but at lower molecular weight. In vivo, 
however, proteomics detected only Eno1 and Eno2 at high abundance, not Err1. This 
mismatch illustrates a fundamental modeling limitation: ecGEMs optimize catalytic 
efficiency, while real cells use isoenzymes tuned by regulation, compartmentation, and 
robustness. Isoenzyme choice can therefore be misrepresented, emphasizing the need 
for organism-specific curation of kcat values and careful validation of annotation sources. 

Overall, these results show that ecGEMs are powerful in predicting global proteome 
allocation trends (e.g., glycolysis upregulation), but can misrepresent specific pathways, 
especially in redox balancing, biosynthesis, and isoenzyme usage. This reflects the 
model’s bias toward stoichiometric efficiency rather than the robustness and flexibility 
observed in vivo. A limitation of current generation ecGEMs is also their reliance on a 
static biomass composition, whereas in vivo biomass allocation varies substantially with 
growth rate and condition. For example, ribosomal protein fraction scales directly with 
growth rate in many organisms (Björkeroth et al., 2020; Scott & Hwa, 2011), yet this 
dependency is not reflected in most ecGEM frameworks. Incorporating such variability 
could improve predictive accuracy, especially for proteome allocation and growth–rate 
trade-offs. A possible improvement would therefore be to implement automatic 
adjustment of biomass composition, even in the absence of experimental data, using 
empirical growth laws as constraints (Lange & Heijnen, 2001). However, this refinement 
must be balanced against the feasibility of maintaining efficient linear programming 
formulations, as dynamic biomass functions increase model complexity. The benefits of 
introducing variable biomass composition have been recognized before (Elsemman  
et al., 2022; O’Brien et al., 2013; Pramanik & Keasling, 1997), and doing so in ecGEMs 
could help reconcile discrepancies between predicted and observed proteome 
allocations. 
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3.2 Study 2: Predicting and validating central carbon metabolism in the 
oleaginous yeast R. toruloides (Publications II and III) 
The non-conventional Basidiomycota yeast Rhodotorula toruloides can accumulate lipids 
exceeding 50% of its dry biomass, making it a promising host for sustainable lipid 
production. As explained in the introductory section, lipid biosynthesis relies on a steady 
cytosolic supply of acetyl-CoA and NADPH, produced through interconnected central 
carbon pathways. Unlike Saccharomyces cerevisiae, R. toruloides possesses ATP-citrate 
lyase (ACL), which cleaves citrate into cytosolic acetyl-CoA and oxaloacetate, and 
phosphoketolase (PK), which generates acetyl-phosphate from sugar phosphates (Figure 
4) (Z. Zhu et al., 2012). NADPH regeneration can occur either via the oxidative pentose 
phosphate pathway (oxPPP) or, if ACL catalyzes the conversion of citrate into acetyl-CoA 
and oxaloacetate (OAA), latter can be transformed into malate and further converted 
into pyruvate through cytosolic malic enzyme (cMAE) (Figure 4). Alternatively, NADPH 
can be regenerated in mitochondria via NADP-dependent IDH (Chawla et al., 2022; 
Sreeharsha & Mohan, 2020; Yang et al., 2012). Previous studies have shown that these 
strategies are organism-specific, and ACL and oxPPP dominate in oleaginous yeasts, such 
as Yarrowia lipolytica and Rhodotorula glutinis (Blazeck et al., 2014; Dulermo et al., 2015; 
Qiao et al., 2017; Wasylenko et al., 2015; Yoon et al., 1984; H. Zhang et al., 2013; J. Zhu 
et al., 2023), whereas TCA- and malate-linked reactions contribute more in filamentous 
fungi (Wynn et al., 1997, 2001; Wynn & Ratledge, 1997; Y. Zhang et al., 2007). However, 
the relative importance and regulation of these pathways in R. toruloides remain unclear, 
particularly regarding how precursor supply strategies shift between fermentable carbon 
sources, such as glucose and xylose, and non-fermentable carbon sources, such as acetate. 

Recent genome-scale models have generated hypotheses about substrate-specific 
metabolism in R. toruloides (Lopes et al., 2020, p. 202; Pinheiro et al., 2020), but these 
lacked (i) enzyme constraints, (ii) substrate-resolved biomass composition, and (iii) 
experimental validation. Given large shifts in cellular resource allocation between 
proteome and lipidome reported in previous studies (Pinheiro et al., 2020; Tiukova, 
Brandenburg, et al., 2019; Z. Zhu et al., 2012), this is a relevant challenge for an  
enzyme-constrained model. In Publications II and III we integrated absolute proteomics, 
enzyme-constrained genome-scale modeling (ecGEM), and knockout phenotyping to 
dissect substrate-dependent flux distributions through key metabolic nodes including 
pyruvate dehydrogenase (PDH), citrate synthase (CIT), ACL, malate dehydrogenase 
(MDH1), pyruvate carboxylase (PC), and others (Figure 4), providing a mechanistic 
framework for understanding lipid precursor supply in R. toruloides. 

To obtain precise, high-quality experimental data, we performed controlled growth 
characterization on glucose, xylose, and – for the first time – acetate, analyzed global 
proteome allocation and growth constraints, constructed and curated the first ecGEM of 
R. toruloides, and validated predictions through gene knockout phenotyping. This 
integrative framework revealed substrate-specific essentiality of ACL, PK, and cMAE, and 
highlighted major discrepancies between model predictions and experimental 
outcomes. Together, these results demonstrate both the power and the current 
limitations of ecGEMs in oleaginous yeasts, providing a mechanistic understanding of 
how R. toruloides flexibly reorganizes its metabolism to support lipogenesis and 
informing future metabolic engineering strategies. 
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Together, the simulations outline substrate-dependent strategies in R. toruloides:  
(i) on glucose/xylose, PK + oxPPP dominate (with ACL acting as a conditional backup when 
PK is unavailable); (ii) on acetate, ACS is obligatory, with reinforced internal 
TCA/glyoxylate cycling and cMAE predicted for NADPH (pending validation); and  
(iii) citrate export – both cytosol and extracellularly – recurs across conditions without 
ACL activity in silico, plausibly due to ATP cost, compartmentation gaps, or missing 
regulation in the model. Given the large SDs for some routes, these are hypotheses rather 
than final calls and should be resolved by knockout phenotyping, or direct measurements 
(e.g., cofactor ratios, isotope tracing, enzyme assays) 

3.2.4 Knockout engineering demonstrates ACK, PK, and cMAE are 
dispensable for growth but differ in metabolic impact 
We validated model predictions by engineering the first single gene knockouts of ACL, PK 
and cMAE in haploid R. toruloides strain NBRC 0880 using a one-step plasmid-based 
CRISPR/Cas9 strategy that relied on frameshift mutations. Since no episomal plasmids 
are available for this yeast, Cas9, gRNA, and the G418 resistance marker were randomly 
integrated into the genome via plasmid pPBO.202 (JBEI223791) (Otoupal et al., 2019). 
Given the low homologous recombination frequency in R. toruloides (Koh et al., 2014), 
knockouts were likely obtained through Cas9-induced double-stranded breaks followed 
by error-prone non-homologous end joining. Successful gene disruption was verified by 
sequencing genomic regions flanking the gRNA cut sites and aligning them against the 
wild-type reference genome (Figure 7A). This yielded multiple mutant variants per gene, 
from which one representative per target was selected for detailed physiological 
characterization (for full details see Publication III). Growth assays confirmed that 
integration of the CRISPR/Cas9 cassette itself did not reduce fitness, as wild-type and 
cassette-containing control strains exhibited comparable growth rates, consistent with 
earlier findings (Otoupal et al., 2019). This provides a baseline for attributing phenotypic 
changes specifically to the targeted knockouts. Indeed, no significant growth differences 
were observed among PK and cMAE knockout variants during initial screening, whereas 
the ACL knockout displayed a distinct phenotype (Figure 7B). These results demonstrated 
that central carbon metabolism genes in R. toruloides can be disrupted using a 
chromosomal integration strategy with a selectable drug marker. The recovery of viable 
knockout strains carrying frameshift mutations confirms that the targeted genes ACL,  
PK and cMAE are not essential for growth under the tested cultivation conditions. 
However, conditional essentiality cannot be excluded, as gene function may vary 
depending on environmental context. 
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(e.g., citrate-malate exchange) are not fully specified, so the energetic and regulatory 
advantages of the mitochondrial route are invisible to the solver. As both ACS isoforms 
are annotated to the same gene, the enzyme constraint cannot distinguish between 
cytosolic and mitochondrial pools, further biasing the solution. Together, these 
simplifications explain why the mitochondrial ACS is present in the network but not used 
in a biologically realistic way. Third, in this scenario, ACL becomes essential for exporting 
citrate to the cytosol and regenerating acetyl-CoA and OAA, thereby sustaining lipid 
synthesis and redox balance. Without ACL, this shuttle collapses: acetyl-CoA remains 
trapped in mitochondria, cytosolic OAA supply drops, and lipid synthesis stalls. PC cannot 
compensate under these conditions. Although PC abundance on acetate was comparable 
to glucose and xylose, glycolysis is inactive, so pyruvate is scarce. This substrate limitation 
caps PC flux and prevents it from meeting cytosolic OAA demand. ACL, by contrast, 
bypasses glycolysis and directly provides both cytosolic acetyl-CoA and OAA, uniquely 
positioning it to balance lipid synthesis and redox requirements. If ACL were active, 
exported citrate would be cleaved by cytosolic ACL to yield acetyl-CoA and OAA, directly 
supplying the cytosolic acetyl-CoA pool for lipogenesis while providing a parallel source 
of OAA that can re-enter the TCA cycle via malate shuttling. Although the ACL step itself 
is cataplerotic, the resulting citrate-malate cycle contributes to overall anaplerotic and 
redox balancing functions, reducing dependence on MDH- and PC-mediated OAA 
regeneration. This not only makes the proteome signal functionally meaningful rather 
than purely “internal cycling”, but also explains why ACL mutants arrest on acetate 
despite ACL’s low proteome abundance and the model’s zero predicted flux. Thus, the 
discrepancy between phenotype (ACL essential), proteomics (low ACL abundance), and 
modeling (zero flux) can be explained by (i) compartmentation errors, (ii) a small ACL 
pool providing essential flux despite low abundance, and (iii) acetate-specific where 
glycolysis-independent OAA supply is required. Together, these factors suggest that ACL 
plays a context-dependent but indispensable role under acetate metabolism, 
highlighting need for improved isoform annotation, compartmentation, and energy 
accounting in ecGEMs, as well as the limitations of using proteome abundance or model 
predictions alone to infer enzyme indispensability. 
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ΔPK indicates overestimation of phosphoketolase flux in silico 
Although the ecGEM consistently predicted PK as the dominant cytosolic acetyl-CoA 
supplier on glucose and xylose, this was not borne out experimentally. PK knockout 
strains showed no significant changes in lipid content, growth rate, or fatty acid profile 
under any of tested conditions (Figure 8A–F), indicating that PK flux is dispensable in vivo. 
The model’s preference for PK likely stems from its stoichiometric “cheapness” – a short, 
ATP-efficient route to acetyl-CoA – and possibly high kcat values inherited from non-R. 
toruloides enzymes in BRENDA. This interpretation is consistent with ATP balance analysis, 
where ACL cleavage would appear as a costly ATP sink, while PK routes minimize energetic 
demand (Figure S13). Under nitrogen limitation on glucose/xylose, ATP consumption 
shifted toward ACC/FAS, mirroring the observed increase in NADPH flux to FAS and the 
rise in PK flux in silico (Figure 9). On acetate, as discussed above, ATP spending is 
dominated by ACS-driven assimilation and respiratory ATP production, leaving little 
energetic slack (Figure S14). In respiratory metabolism, mitochondrial NADH (mNADH) 
generated by PDH and the TCA cycle serves as the principal electron donor for oxidative 
phosphorylation. Although the ACL pathway is experimentally established as the main 
source of cytosolic acetyl-CoA during lipid accumulation in fully respiratory oleaginous 
yeasts, the model did not predict significant ACL flux (Figure 9). The model occasionally 
predicted citrate export to the cytosol followed by re-import into the mitochondria 
through auxiliary pathways, effectively creating a futile citrate cycle. This behavior likely 
reflects the rigid ATP–NADH coupling imposed by the steady-state energy balance.  
In vivo, mitochondria can produce more ATP than strictly needed for growth under high 
respiratory capacity, providing surplus energy to drive lipid biosynthesis. In contrast, 
GEMs solve ATP balance algebraically – every mole of NADH oxidation must immediately 
meet ATP demand to satisfy GAM and NGAM under steady-state assumptions. 
Consequently, cytosolic ATP required for ACL activity is never “left over.” When citrate is 
exported from the mitochondria, it carries carbon atoms but no reducing equivalents. 
The NADH produced by PDH remains in the matrix to sustain respiration, while the 
cytosol must generate its own NADPH for fatty acid synthesis. This separation of carbon 
and redox fluxes renders the ACL route energetically costly and redox-imbalanced in 
stoichiometric models, even though real cells employ regulatory mechanisms to coordinate 
these compartments during lipid accumulation. The established AMP-mediated regulatory 
switch that triggers citrate overflow under nitrogen limitation (Papanikolaou & Aggelis, 
2011a; Ratledge & Wynn, 2002b) is not represented in GEM. In vivo, a decline in AMP 
inhibits isocitrate dehydrogenase, promoting citrate accumulation that feeds ACL and 
lipid biosynthesis. In the model, however, AMP functions only as a metabolite within the 
ATP - ADP - AMP balance, lacking regulatory role. As a result, ATP/NADH turnover 
remains tightly balanced, and the dynamic energy-charge control that drives this 
metabolic transition is not captured. 

Also, in vivo PK may be constrained by (i) instability of its product acetyl-phosphate, 
(ii) insufficient activity of downstream PTA/ACK enzymes, or (iii) lack of integration with 
OAA/redox balancing that ACL provides via citrate cleavage. Proteomic data showing PK 
upregulation under nitrogen limitation suggest regulatory priming, but the absence of a 
phenotype upon deletion implies that this induction does not translate into substantial 
flux. This discrepancy underscores a broader GEM limitation: pathway selection in silico 
is driven by stoichiometric and energetic efficiency, but real cells prioritize robustness 
and metabolic integration. Refining models with constraints on PK (PTA/ACK capacity, 
acetyl-P instability, or thermodynamic penalties) would help avoid overestimating its 
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In summary, knockout phenotyping established ACL as essential for lipogenesis on 
glucose and acetate but dispensable on xylose, where alternative acetyl-CoA pathways 
compensate. PK appears redundant despite model predictions and proteome upregulation, 
while cMAE contributes conditionally in a substrate- and redox-dependent manner,  
even disfavouring lipid production. Integrating proteomics, modeling, and knockout 
phenotyping thus refines our understanding: ACL is indispensable in vivo, PK is 
overestimated in silico, and cMAE is largely dispensable but reflects metabolic flexibility.  
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4 Conclusions 
Potential and limitations of enzyme-constrained genome-scale models (ecGEMs) in 
understanding and engineering yeast metabolism were examined focusing on two 
distinct studies: (i) anaerobic 2,3-butanediol (23BD)–glycerol co-production in 
Saccharomyces cerevisiae, and (ii) lipogenesis in the oleaginous yeast Rhodotorula 
toruloides. By integrating ecGEM simulations with quantitative proteomics, growth 
physiology, and CRISPR/Cas-based strain engineering, we demonstrated how modeling 
and experiments can be combined to reveal metabolic strategies, bottlenecks, and 
design opportunities. 

Broader conclusions and future perspectives 
The predictive value of enzyme-constrained genome-scale models (ecGEMs) ultimately 
depends on how accurately simulated quantities reproduce experimental observations. 
It is therefore necessary to distinguish calibration (parameterization with exchange 
fluxes, biomass composition, and proteomics) from model validation, in which 
independent phenotypes, fluxes, and proteome allocation patterns are quantitatively 
tested. Validation provides the critical link between theoretical modeling and biological 
experimentation, establishing when a model can be relied upon for design or hypothesis 
generation. Importantly, inconsistencies between predictions and measurements also 
highlight gaps in our current understanding of cellular metabolism, pointing to specific 
biological mechanisms that call for further investigation. 

The studies described in the thesis demonstrate how enzyme-constrained  
genome-scale modeling, when integrated with quantitative proteomics and genetic 
perturbations, can bridge the gap between systems-level prediction and experimental 
validation in both model and non-model yeasts. The need for flexibilization of measured 
enzyme data in the ecGEM fitting process carries important implications for both 
biological interpretation and predictive credibility. The parametrization process 
emphasises that ecGEMs are not static predictive machines but iterative diagnostic tools 
– each round of adjustment refines both experimental and computational understanding. 
In this sense, flexibilization is not only an alarming signal, but also an informative point, 
pinpointing where future work should focus. 

Nevertheless, by quantifying proteome allocation dynamics and demonstrating that 
enzyme constraints reshape feasible flux space, this thesis established ecGEMs as 
promising platforms for rational strain design and for interpreting adaptive evolution 
(Aim I). Moreover, across S. cerevisiae and R. toruloides, ecGEMs proved capable of 
reproducing major physiological trade-offs – between growth, redox balance, and 
resource allocation – while generating mechanistic hypotheses far faster and at greater 
resolution than traditional experimentation alone (Aim II). These insights enabled the 
identification of substrate-dependent strategies for cytosolic acetyl-CoA and NADPH 
supply, revealed context-specific enzyme essentialities, but also exposed key discrepancies 
between in silico efficiency and in vivo robustness. Importantly, this work also 
emphasized that not always enzyme abundance is a reliable proxy for flux, underscoring 
the necessity of coupling modeling with isotope tracing, cofactor profiling, and genetic 
perturbations to refine quantitative predictions. Future advances – including automatic 
biomass composition, ribosome allocation scaling with growth rate, improved enzyme 
annotation, thermodynamics-based constraints, organism-specific energy maintenance 
measurements and kinetic datasets – will further enhance their predictive power  
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(Aim III). Together, ecGEMs, as part of an integrative cycle with experiments, have the 
potential to shorten design-build-test-learn cycles, improve the efficacy of metabolic 
engineering experiments, and deepen our mechanistic understanding of cellular 
metabolism under both engineered and natural conditions. 

Study 1: Anaerobic 23BD-glycerol co-production in S. cerevisiae 
In this study, enzyme-constrained genome-scale modeling was integrated with 
quantitative proteomics to dissect metabolic trade-offs and proteome allocation in 
Saccharomyces cerevisiae engineered for anaerobic (R,R)-2,3-butanediol–glycerol  
co-production. The model successfully reproduced key physiological behaviors and 
provided mechanistic insight into the interplay between enzyme capacity, energy yield, 
and proteome organization. 

The ecGEM captured the major trade-offs of 2,3-butanediol pathway operation – 
namely, a lower ATP yield and a corresponding reduction in biomass yield – while 
predicting compensatory increases in specific glucose uptake rate that offset the 
thermodynamic penalties on growth (Section 3.1.1). These predictions aligned closely 
with experimental observations (Section 3.1.2), confirming the model’s ability to 
describe key constraints in anaerobic co-production (Aim II). 

Comparisons between predicted and measured proteome allocation further revealed 
both strengths and limitations of the ecGEM (Section 3.1.3). The predicted increase in 
glycolytic investment and its experimental confirmation underscored the remarkable 
metabolic flexibility of S. cerevisiae under redox stress – a phenomenon unattainable in 
conventional GEMs that lack proteome accounting. Under detailed enzyme constraints, 
fluxes through the most catalytically efficient enzymes (as defined by kcat/Mw) often 
decreased, while flux through less efficient isoenzymes or alternative routes increased 
(Section 3.1.4), revealing a shift toward a leaner and more physiologically realistic 
metabolic strategy. Collectively, these results guided phenotype interpretations that 
would be difficult to derive through experiments alone. However, discrepancies at the 
enzyme-family level – particularly in redox balancing (Gpd/Gpp, Ald), biosynthetic 
regulation, and isoenzyme selection – reflected the model’s bias toward stoichiometric 
efficiency rather than the robustness and redundancy observed in vivo (Aim III).  
By incorporating the both coarse total-protein and proteomics- constraints (Section 
3.1.1), only a fraction of total proteome mass contributed catalytically in the model due 
to incomplete annotation, missing or uncertain kcat values, and the presence of structural, 
regulatory, or stress-related proteins that are not explicitly represented (Aim III).  

Overall, this work demonstrates that enzyme-constrained modeling, when paired with 
absolute proteomics, can accurately predict macroscopic trade-offs and capture global 
proteome redistribution, while highlighting critical gaps in enzyme annotation and 
kinetic data. The ecGEM framework thus provides a mechanistically grounded context 
for evaluating adaptive limits in metabolic engineering: distinguishing “hard limits” 
imposed by thermodynamics and ATP yield from “soft limits” imposed by enzyme capacity 
and regulation. 

Study 2: Lipogenesis in R. toruloides 
In this study, we examined how central carbon metabolism reallocates fluxes to supply 
cytosolic acetyl-CoA and NADPH in R. toruloides, and how these strategies vary  
between substrates such as glucose, xylose, and acetate. Using growth experiments and  
detailed physiological characterisation, global absolute proteomics, ecGEMs with  



 

65 

substrate-resolved biomass composition, and targeted gene knockouts, we predicted 
intracellular fluxes across substrates, and validated predictions to dissect substrate-specific 
strategies between lipogenesis and exponential growth conditions.  

Growth experiments on glucose, xylose, and acetate revealed nitrogen limitation 
consistently triggering lipid accumulation (Section 3.2.2) but through different metabolic 
routes. Absolute proteomics showed how resource allocation shifts between growth and 
storage (Section 3.2.1). Ribosomal investment was high but ribosome efficiency was low 
compared to S. cerevisiae, consistent with microbial growth laws but highlighting distinct 
proteome allocation in basidiomycetous oleaginous yeast. Key lipogenic enzymes such 
as ACL, PK, ACS, ZWF and cMAE displayed clear substrate-specific patterns, but abundance 
alone did not predict essentiality. The proteomics-constrained ecGEM reproduced 
growth rates and substrate uptake within ~30% of experimental values, and it 
systematically generated mechanistic hypotheses about acetyl-CoA and NADPH supply 
(Section 3.2.3). On glucose and xylose, the model consistently preferred the 
phosphoketolase (PK) pathway and the oxidative pentose phosphate pathway (oxPPP); 
on acetate, acetyl-CoA synthetase (ACS) and malic enzyme (cMAE) were predicted to 
dominate. Knockout phenotyping provided the decisive evidence to these predictions 
(Section 3.2.4 and 3.2.5). Results established ACL as a central node in lipogenesis, 
uncovered clear discrepancies between modeling and proteome data, and phenotypes, 
and highlighted the importance of integrating all three approaches (Aim II).  

These findings refine ecGEM predictions and underscore the importance of isoform 
annotation, compartmentation, and energy accounting in non-model GEMs (Aim III). 
Nevertheless, the modeling insights proved especially valuable because they generated 
hypotheses that would have been difficult or slow to uncover using experimental 
approaches alone. For example, the model highlighted the PK pathway as a potential 
dominant source of cytosolic acetyl-CoA on glucose and xylose, narrowing the search 
space. Similarly, the simulations revealed that ATP-consuming ACL could act as a 
conditional backup, becoming active when PK was blocked in silico. This finding 
anticipated the strong ACL knockout phenotype on glucose/xylose. Accounting for 
cofactor NADPH regeneration prompted investigation into substrate-dependent NADPH 
strategies and led to the discovery that enzyme cofactor specificity (e.g., NADPH- vs 
NADH-dependent LXR) strongly shifts redox fluxes. Finally, the counterintuitive 
prediction of citrate export without ACL flux identified redox/energy balancing as a 
bottleneck and motivated the hypothesis that citrate shuttling plays roles in overflow 
and redox balancing. However, the model’s energetic logic - favoring PK as the “cheaper” 
route - forced deeper reflection on why cells use ACL in vivo, pointing to integration with 
OAA and redox balance rather than energetic efficiency. Also, predicting cMAE 
dominance on acetate revealed its bias toward stoichiometric optimality, overestimating 
energy and carbon efficiency. These modeling discrepancies and their mechanistic 
interpretation were not examined in Publication III when it was published and are 
presented here for the first time, extending the original studies with new insights into 
enzyme essentiality and metabolic mechanisms in R. toruloides. 

Taken together, the R. toruloides case study shows that ecGEMs can capture broad 
metabolic strategies and point to critical nodes, but that proteomics and phenotyping 
are essential to distinguish between “cheap but unused” routes and “low-abundance but 
indispensable” ones. Nevertheless, it elucidated how flexibly R. toruloides reorganizes 
metabolism to achieve lipogenesis, providing both mechanistic insight and guidance for 
metabolic engineering. In future work, ecGEMs could also be used for proteome 
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allocation modeling, linking expression constraints more directly to fluxes. Future 
improvements should include generation of R. toruloides-specific kinetic and maintenance 
parameters to fit GEMs, targeted testing of uncharacterized enzymes identified in the 
proteome. Such steps will bring us closer to a predictive design framework for 
engineering R. toruloides as a robust lipid cell factory. 
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modifications were made to the original content; instead, data were reformatted and 
presented in new figure layouts created by the author. Specific sources and licensing 
details are cited in the corresponding figure legends. 



 

81 

Acknowledgements 
I would like to express my sincere gratitude to my advisor for all the opportunities and 
guidance provided throughout my doctoral studies. You taught me the importance of 
learning from actions rather than words, a lesson that will stay with me beyond science. 
I also wish to express my gratitude to our collaborators who developed the conceptual 
framework of Study 1 and invited us to be part of the study. 

I am also thankful to my former advisors for the moments we shared and learned 
science together. These experiences have contributed greatly to my growth as a 
researcher. 

To my mentors, I am deeply grateful for your time, encouragement, and belief in me. 
I extend my thanks to my lab mates and colleagues for sharing your perspectives and 

for the time we spent working side by side. 
Finally, I wish to thank my parents. None of this would have been possible without 

your support. I am proud to be your daughter. 
 

 
 
I would like to acknowledge Estonian Research Council, Estonian Doctoral School, 
Yeast4Bio COST Action for the funding support. I also acknowledge the use of the AI 
language model ChatGPT (OpenAI, 2025) to improve phrasing and clarity of writing of 
this thesis. All scientific interpretations, data analyses, and conclusions remain my own. 
 
  



 

82 

Abstract 
Computational design of yeast-based cell factories 
The design of efficient yeast-based cell factories requires predictive computational 
models that accurately capture quantitative links between genotype and phenotype. 
Among the modeling approaches available, genome-scale metabolic models (GEMs) 
enable the prediction of cellular growth and metabolic fluxes under defined 
environmental and genetic conditions. However, conventional GEMs rely solely on 
stoichiometric and steady-state assumptions and therefore fail to capture enzyme 
capacity limitations or kinetic and regulatory control. This limitation restricts their 
predictive power, particularly in non-model yeasts that display distinct metabolic 
regulation and for which experimental data remain scarce. To address these 
shortcomings, enzyme-constrained genome-scale metabolic models (ecGEMs) extend 
the GEM framework by coupling metabolic fluxes to absolute proteomics data and 
reaction-specific catalytic constants (kcat). 

The overarching aim of this thesis was to develop, apply, and critically evaluate 
enzyme-constrained models for predicting metabolism in both the model yeast 
Saccharomyces cerevisiae and the lipid-producing yeast Rhodotorula toruloides. The work 
was motivated by the exploration of thermodynamically feasible, redox neutral and ATP 
yielding pathways for anaerobic product formation, as well as by the goal of extending 
advanced metabolic modeling toward nonconventional, industrially relevant yeast 
species. 

Study 1 integrated absolute quantitative proteomics with physiological data from 
controlled bioreactor cultivations to parametrize ecGEMs and assess the predictive power 
for yields, metabolic reaction rates (fluxes), and proteome allocation in Saccharomyces 
cerevisiae strains engineered for redox-neutral, ATP-yielding co-production of (R,R)-2,3-
butanediol and glycerol. The model was further constrained by genetic perturbations, 
and the predicted fluxes, validated experimentally with the engineered strain, 
reproduced several observed physiological trends, including growth reduction and 
proteome reallocation. 

Study 2 focused on R. toruloides, an oleaginous yeast naturally capable of synthesizing 
high amounts of lipids and carotenoids. Absolute quantitative proteomics and 
physiological data from bioreactor cultivations were integrated to construct new ecGEMs 
and to simulate carbon flow through intracellular metabolic pathways during exponential 
growth and lipid-accumulation phases on three carbon substrates – glucose, xylose and 
acetate. Model-based hypotheses were evaluated through targeted gene deletions and 
subsequent growth experiments assessing the effects on growth and lipid accumulation. 
Although the ecGEM accurately reproduced growth and global proteome limitations,  
it systematically underestimated the activity of key lipid-precursor biosynthetic pathways. 
These results emphasized the need for accurate catalytic constants, compartmentalization, 
and maintenance parameters for reliable model predictions and provided new insight 
into the roles of specific genes in lipid-precursor production on fermentative and  
non-fermentative substrates. 

The thesis demonstrates the integration of genetic, biochemical and computational 
approaches to develop and validate predictive models of yeast metabolism, highlighting 
both strengths and current critical gaps in modeling frameworks, and provides perspectives 
on how future improvements can advance in silico biomanufacturing design. 
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Väitekirjas näidati, kuidas siduda geneetilised ja biokeemilised andmed mudelitega, et 
pärmide metabolismi ennustavate mudelite arendamiseks ja valideerimiseks. Töö toob 
esile nii ensüümipiiranguga modelleerimise tugevused kui ka praegused kitsaskohad ning 
pakub nägemuse, kuidas edasised täiustused võivad edendada in silico biotööstuslike 
tootmislahenduste kavandamist. 
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Number 
of 
proteins 

GSY014 vs GSY013 % of total protein 

Protein functional groups 
Upregulate
d 

Downregul
ated 

Non-
directional GSY013 GSY014 

Biosynthesis, glycan metabolism 34 1 0,026517 0,9998 0,10913066 0,10280548 

Folding sorting degradation, protein 
processing in endoplasmatic 
reticulum 42 1 0,10362 0,9998 0,30244859 0,2703966 

Translation, RNA transport 35 0,78887 1 0,9998 0,67169539 0,68602054 

Membrane transport, transport 12 0,78887 1 0,9998 0,50463491 0,56536671 

Folding sorting degradation, 
chaperones and folding catalysts 61 0,91505 1 0,9998 3,78810893 3,4605689 

DNA maintenance, chromosome-
related 113 1 0,026517 0,9998 0,73873438 0,49726759 

Transcription, basal transcription 
factors 28 1 0,76016 0,9998 0,06836305 0,06688099 

Folding sorting degradation, 
ubiquitin mediated proteolysis 16 0,83247 1 0,9998 0,10112648 0,10017797 

DNA maintenance, DNA replication 
complex 24 0,78887 1 0,9998 0,07823503 0,07682752 

DNA maintenance, DNA replication 
control 11 0,83247 1 0,9998 0,01923367 0,01451861 

Translation, ribosome biogenesis 11 1 0,13356 0,9998 0,08240959 0,06981363 

Transcription, transcription factors 27 1 0,0038996 0,9998 0,07595343 0,06522586 

Folding sorting degradation, 
proteasome 32 0,048745 1 0,9998 0,61754182 0,64410242 

Transcription, RNA polymerase 29 1 0,80527 0,9998 0,23821556 0,23391551 

Folding sorting degradation, 
ubiquitin labeling 22 0,56219 1 0,9998 0,06581475 0,07028825 

Translation, ribosome biogenesis in 
eukaryotes 55 1 0,027297 0,9998 0,45656996 0,40651673 

Folding sorting degradation, protein 
export 17 1 0,2278 0,9998 0,07331038 0,06628602 

Folding sorting degradation, RNA 
degradation 36 0,83247 1 0,9998 0,2183356 0,19722009 

Transcription, spliceosome 56 1 0,13779 0,9998 0,24065933 0,21380151 

Folding sorting degradation, SNARE 
interactions in vesicular transport 15 1 0,16417 0,9998 0,03068322 0,02902006 
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Gene name Subsystem Reaction ID Locus tag Protein accession 
(UniProt) 

Protein name 

ALDH1 Pyruvate 
metabolism 

r_2116No1 RHTO_02062 M7WSZ7 Succinate-semialdehyde 
dehydrogenase (ec 
1.2.1.16) 

ALDH2 Pyruvate 
metabolism 

r_2116No2 RHTO_04310 M7WN91 aldehyde dehydrogenase 

ALDH3 Pyruvate 
metabolism 

r_2116No3 RHTO_04425 M7X6W7 aldehyde dehydrogenase, 
mitochondrial 

ALDH4 Pyruvate 
metabolism 

r_2116No4 RHTO_05680 M7WLP6 aldehyde dehydrogenase 

ALDH5 Pyruvate 
metabolism 

r_2116No5 RHTO_05838 M7WKL7 aldehyde dehydrogenase 
(nad) 

CIT1 TCA cycle r_0300No1 RHTO_06406 M7XE29 citrate synthase 

CRC other r_1120No1 RHTO_01354 M7WMH0 carnitine acyl carnitine 
carrier, mitochondrial 

CTP1 other r_1112No1 RHTO_05609 M7WEL7 mitochondrial carrier 
protein, tricarboxylate 
carrier 

CTP2 other r_1112No2 RHTO_08140 M7WQJ3 mitochondrial carrier 
protein 

DAD-4 xylose 
metabolism 

t_0883No1 RHTO_07844 M7XGH5 D-arabinitol 
dehydrogenase 

DAD02/LXR xylose 
metabolism 

t_0884_REVNo
1 

RHTO_00373 M7X791 l-xylulose reductase 

ENO glycolysis G,X: 
r_0366No1, A: 
r_0366_REVNo
1 

RHTO_00323 M7X749 enolase 

FAS1* FA 
metabolism 

r_2141No1 RHTO_02139 M7XM89 fatty acid synthase 
subunit alpha, fungi type 

FAS2* FA 
metabolism 

r_2141No1 RHTO_02032 M7WSW5 fatty acid synthase 
subunit beta, fungi type 

FBA PPP G: r_0450No1; 
A: 
r_0450_REVNo
1; X: 
r_0990No1 

RHTO_03043 M7X5F4 Fructose-bisphosphate 
aldolase (fbp aldolase) 
(ec 4.1.2.13) 
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Gene name Subsystem Reaction ID Locus tag Protein accession 
(UniProt) 

Protein name 

FBP PPP r_0449No1 RHTO_03046 M7XYF6 fructose-1,6-
bisphosphatase i 

FUM TCA cycle r_0451No1 RHTO_05746 M7XEU6 fumarate hydratase, class 
ii 

GAPDH1 glycolysis r_0486No1 RHTO_01292 M7WNF8 glyceraldehyde 4-
phosphate 
dehydrogenase 

GAPDH2 glycolysis G,X: 
r_0486No2, A: 
r_0486_REVNo
2 

RHTO_03746 M7WI96 Glyceraldehyde-3-
phosphate 
dehydrogenase (ec 
1.2.1.12) 

GND1 PPP r_0091No1 RHTO_02788 M7X3Z4 6-phosphogluconate 
dehydrogenase, 
decarboxylating (ec 
1.1.1.44) 

GND2 PPP  RHTO_00011 M7XZ45 Phosphogluconate 
dehydrogenase 
(decarboxylating) 

GPI PPP G,X:r_0467No, 
A:r_0467_REV
No1 

RHTO_04058 M7WNZ9 Glucose-6-phosphate 
isomerase (ec 5.3.1.9) 

ICL1 Glyoxylate 
shunt 

r_0662No1 RHTO_03507 M7WQF1 isocitrate lyase 

ICL2 Glyoxylate 
shunt 

r_0662No2 RHTO_05768 M7WLD5 isocitrate lyase 

IDH1 TCA cycle r_0658No1 RHTO_01289 M7XE28 isocitrate dehydrogenase 
[nad] subunit, 
mitochondrial 

IDH2 TCA cycle r_0658No2 RHTO_01290 M7WW42 isocitrate dehydrogenase 
[nad] subunit, 
mitochondrial 

IDP TCA cycle r_2131No1 RHTO_04315 M7WN97 isocitrate dehydrogenase 
(nadp+), mitochondrial 

KGD1* TCA cycle r_0831No1,r_0
832No1 

RHTO_02312 M7WKF8 2-oxoglutarate 
dehydrogenase e2 
component 
(dihydrolipoamide 
succinyltransferase) 

KGD2* TCA cycle r_0831No1,r_0
832No1 

RHTO_07893 M7WR40 Dihydrolipoyl 
dehydrogenase (ec 
1.8.1.4) 
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Gene name Subsystem Reaction ID Locus tag Protein accession 
(UniProt) 

Protein name 

LPD1* TCA cycle r_0831No1,r_0
832No1 

RHTO_07860 M7XGI7 2-oxoglutarate 
dehydrogenase e1 
component (succinyl-
transferring) 

LSC1* TCA cycle r_1022No1 RHTO_05264 M7WM30 succinate--coa ligase 
[adp-forming] subunit 
beta, mitochondrial (ec 
6.2.1.5) (succinyl-coa 
synthetase beta chain) 
(scs-beta) 

LSC2* TCA cycle r_1022No1 RHTO_01205 M7WVW2 succinate--coa ligase 
[adp-forming] subunit 
alpha, mitochondrial (ec 
6.2.1.5) (succinyl-coa 
synthetase subunit alpha) 
(scs-alpha) 

MDH1 TCA cycle r_0713No1 RHTO_04363 M7XHF8 malate dehydrogenase 
(ec 1.1.1.37) 

MDH2 Pyruvate 
metabolism 

G,X: 
r_0714_REVNo
1, 
A:r_0714No1 

RHTO_03745 M7WQ86 l-malate dehydrogenase 

ME Pyruvate 
metabolism 

t_0027No1 RHTO_03795 M7WHN9 malic enzyme 

MS Glyoxylate 
shunt 

r_0716No1 RHTO_01459 M7WMR9 malate synthase 

ODC other r_2132No1 RHTO_03731 M7WI80 Mitochondrial 2-
oxodicarboxylate carrier 

PDC Pyruvate 
metabolism 

r_0959No1 RHTO_00098 M7X6G2 pyruvate decarboxylase 

PDH Pyruvate 
metabolism 

r_0961No1 RHTO_03543 M7WIG9 acetyltransferase 
component of pyruvate 
dehydrogenase complex 
(ec 2.3.1.12) 

PDH Pyruvate 
metabolism 

r_0961No1 RHTO_01852 M7WTI0 pyruvate dehydrogenase 
e1 component subunit 
alpha (ec 1.2.4.1) 
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Gene name Subsystem Reaction ID Locus tag Protein accession 
(UniProt) 

Protein name 

SDH1* TCA cycle  RHTO_07066 M7X332 succinate dehydrogenase 
assembly factor 2, 
mitochondrial (sdh 
assembly factor 2) 
(sdhaf2) 

SDH2* TCA cycle r_1021No1 RHTO_05714 M7X560 succinate dehydrogenase 
[ubiquinone] flavoprotein 
subunit, mitochondrial 
(ec 1.3.5.1) 

SDH4* TCA cycle r_1021No1 RHTO_06068 M7XJJ4 succinate dehydrogenase 
[ubiquinone] iron-sulfur 
subunit, mitochondrial 
(ec 1.3.5.1) 

SFC other r_1265No1 RHTO_05007 M7WW62 mitochondrial carrier 
protein, 
succinate:fumarate 
antiporter 

SHD3* TCA cycle r_1021No1 RHTO_00534 M7X6W8 succinate dehydrogenase 
(ubiquinone) cytochrome 
b subunit 

TAL PPP r_1048No1, 
except Anlim 

RHTO_06955 M7X0R7 transaldolase (ec 2.2.1.2) 

TKT1 PPP r_1049No1 RHTO_03248 M7XNL9 transketolase (ec 2.2.1.1) 

TKT2 PPP r_1049No2 RHTO_03251 M7WY13 transketolase 

TPI PPP G,X: 
r_1054No1; A: 
  
r_1054_REVNo
1 

RHTO_01329 M7WME7 triosephosphate 
isomerase (ec 5.3.1.1) 

XDH xylose 
metabolism 

r_1092No1 RHTO_01970 M7WT79 xylitol dehydrogenase 

XK xylose 
metabolism 

r_1094No1 RHTO_04556 M7X6R2 xylulokinase 

XR Xylose 
metabolism 

r_1093No1 RHTO_03963 M7X8C7 xylose reductase 

ZWF PPP r_0466No1 RHTO_07853 M7WR01 Glucose-6-phosphate 1-
dehydrogenase (ec 
1.1.1.49) 

 

 



http://github.com/alinarekena/results/generate_protModels
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Protein names Locus tag Protein accession (UniProt) 
fatty acid synthase subunit beta, fungi type RHTO_02032 M7WSW5 
dol-p-man:protein alpha-mannosyltransferase, 
glycosyltransferase family 39 protein 

RHTO_02306 M7WT33 

phospholipid:diacylglycerol acyltransferase RHTO_01945 M7WT53 
cytochrome c oxidase, subunit via RHTO_01605 M7WUI0 
protein of carbohydrate kinase, fggy type family RHTO_00950 M7WVT6 
mitochondrial carrier protein, succinate:fumarate antiporter RHTO_05007 M7WW62 
5-methyltetrahydropteroyltriglutamate-homocysteine s-
methyltransferase 

RHTO_07691 M7WXM9 

glutamate dehydrogenase RHTO_04650 M7X2B5 
fructose-bisphosphate aldolase (fbp aldolase) (ec 4.1.2.13) RHTO_03043 M7X5F4 
long-chain acyl-coa synthetase RHTO_00058 M7X6B9 
aconitate hydratase, mitochondrial (aconitase) (ec 4.2.1.-) RHTO_00539 M7X6X3 
l-xylulose reductase RHTO_00373 M7X791 
d-arabinitol dehydrogenase RHTO_07844 M7XGH5 
3-hydroxy-3-methylglutaryl coenzyme a reductase (hmg-coa 
reductase) (ec 1.1.1.34) 

RHTO_04045 M7XI04 

delta-9 fatty acid desaturase RHTO_03911 M7XI95 
phosphoribosylformylglycinamidine synthase RHTO_02389 M7XKV7 
fatty acid synthase subunit alpha, fungi type RHTO_02139 M7XM89 
dolichol-phosphate mannosyltransferase subunit 1 (ec 2.4.1.83) RHTO_06635 M7WJE8 
farnesyl-diphosphate farnesyltransferase RHTO_02590 M7WJI1 
chorismate synthase (ec 4.2.3.5) RHTO_05784 M7WKX0 
phosphomevalonate kinase (ec 2.7.4.2) RHTO_02073 M7WL39 
homoaconitase, mitochondrial (ec 4.2.1.36) (homoaconitate 
hydratase) 

RHTO_05318 M7WMT2 

c-22 sterol desaturase RHTO_01252 M7WNB5 

glyceraldehyde 4-phosphate dehydrogenase RHTO_01292 M7WNF8 
aconitate hydratase, mitochondrial (aconitase) (ec 4.2.1.-) RHTO_08030 M7WQ73 
multifunctional tryptophan biosynthesis protein [includes: 
anthranilate synthase component 2 (as) (ec 4.1.3.27) 
(anthranilate) 

RHTO_02564 M7WRD1 

short-chain dehydrogenase/reductase sdr family protein RHTO_07171 M7WS89 
adenylosuccinate synthetase (ampsase) (adss) (ec 6.3.4.4) (imp--
aspartate ligase) 

RHTO_02257 M7WSH3 

succinate-semialdehyde dehydrogenase (ec 1.2.1.16) RHTO_02062 M7WSZ7 
asparaginyl-trna synthetase RHTO_04575 M7WUY3 
phosphoribosylamine--glycine ligase / 
phosphoribosylformylglycinamidine cyclo-ligase 

RHTO_01050 M7WW40 







https://www.zotero.org/google-docs/?owF5Xh


https://www.zotero.org/google-docs/?98M7qh






https://www.zotero.org/google-docs/?Bk08Ok
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