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Supplementary Figures 1 

 2 

Supplementary Figure 1 – Inferring function between orthologs is not trivial.  3 

(a) Example of the evolutionary history of a single gene in the most recent common ancestor of 4 

rats and humans that underwent a duplication event in rats but not humans after speciation. 5 

From this evolutionary relationship, X1 may be annotated to two orthologs, x1 and x2. 6 

Orthologous pairs of rat and human genes separated by shorter evolutionary distances were 7 

classified as high confidence and assigned the same number.  8 

(b) Assuming that function is conserved across X1, x1, and x2 after speciation and duplication 9 

events, metabolic reactions associated with X1 in a human GENRE should be associated with 10 

x1 and x2 as isozymes in a rat GENRE. This example highlights the importance of including 11 

multiple orthology annotations when converting GPR rules between species, even when X1 and 12 

x1 has stronger evidence for orthology than X1 and x2.  13 

(c) Assuming X1 and x1 catalyze the same metabolic function but x2 evolved an affinity for a 14 

different substrate after duplication, metabolic reactions associated with X1 in a human GENRE 15 

should only be associated with x1 and not x2. This example suggests that some orthology 16 

annotations may need to be discarded during the GPR conversion process (and potentially 17 
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assigned to a new rat-specific reaction). 18 

(d) Evolutionary history of a single ancestral gene that was duplicated before speciation 19 

resulting in two human genes, Y1 and Y2, and two rat genes, y1 and y2. 20 

(e) Assuming that function is conserved across Y1, y1, Y2, and y2 after duplication and 21 

speciation events, metabolic reactions associated with Y1 and Y2 as isozymes in a human 22 

GENRE should be also be associated with y1 and y2 as isozymes in a rat GENRE. 23 

(f) If the ancestral gene of Y2/y2 evolved a novel function shortly before speciation and after 24 

duplication from the ancestral gene of Y1/y1, integrating low confidence orthology annotations 25 

between Y1/y2 and Y2/y1 into the GPR conversion process could generate GPR rules with 26 

twice as many rat genes as human genes. 27 

(g) Evolutionary history of a single ancestral gene that was duplicated before speciation 28 

resulting in two human genes, Z1 and Z2, but only one rat gene, z1, after a loss of function 29 

mutation in the rat descendent of Z2’s ancestral gene. 30 

(h) Assuming that function is conserved between Z1, z1, and Z2, metabolic reactions 31 

associated with Z1 and Z2 as isozymes in a human GENRE would only be catalyzed by z1 in a 32 

rat GENRE. 33 

(i) If Z1 and Z2 were known to catalyze distinct reactions in a human GENRE, low confidence 34 

orthology annotations between Z2/z1 might inappropriately suggest the addition of a human-35 

specific reaction to a rat GENRE. 36 

 37 
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 38 

Supplementary Figure 2 – Summary of orthology annotations between rat and human 39 

genes from five orthology databases.  40 

(a) Distributions of the numbers of rat orthologs annotated to individual human genes from each 41 

database. Numbers below each database name indicate the total numbers of human metabolic 42 

genes from HMR2 with at least one rat ortholog. Human genes with more than 9 orthologs are 43 

not shown.  44 

(b) Numbers of ortholog pairs from each orthology database that are also annotated in other 45 

orthology databases. Lighter and darker purple represent weaker and stronger consensus 46 

among databases, respectively. 47 

(c) Percent of ortholog pairs in each database (x-axis) that overlapped with in orthology 48 

annotations in other databases (y-axis). 49 

  50 
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 51 

Supplementary Figure 3 – Converting GPR rules using a consensus approach.  52 

Using a consensus approach, a subset of high-quality orthology annotation from 5 databases 53 

was obtained to generate an automated draft of a rat metabolic network based on a human 54 

metabolic network. Sensitivity analysis of two parameters used to filter orthology annotations on 55 

the relative sizes of rat and human GPR rules: minimum database count (by row) and maximum 56 

orthology rank (by column). Smaller orthology rank thresholds limited fewer rat orthologs to be 57 

replaced by individual human genes. Larger database count thresholds removed ortholog pairs 58 

that were not annotated frequently across multiple databases. Dots represent the relative rat 59 

and human GPR sizes for individual reactions and the number highlighted in each panel 60 

represents the number of shared reactions with larger rat than human GPR sizes minus the 61 

number of shared reactions with larger human than rat GPR sizes. Using orthology annotations 62 
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from any database (bottom row) generated rat GPR rules that were frequently larger than the 63 

original human GPR rules, unless each human gene was limited to one ortholog (bottom left 64 

panel). Requiring orthology annotations to be described by at least 3 different databases 65 

(middle row) increased the numbers of reactions automatically annotated as human-specific 66 

(blue dots) and provided human GPR rules that were frequently larger than rat GPR rules. 67 

Ultimately, the pair of selected cutoff parameters (boxed panel) used in the GPR conversion 68 

process provided balanced numbers of disproportionately sized GPR rules between draft rat 69 

and human networks. 70 

  71 
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 72 

Supplementary Figure 4 – Simplified metabolic network diagrams capturing the known 73 

functional importance of L-gulonolactone oxidase in vitamin C synthesis. 74 

(a) Rats are capable of synthesizing vitamin C from limited substrates which was captured by 75 

iRno. The last enzymatic step of this process is known to be catalyzed by Gulo.  76 

(b) By simulating the deletion of Gulo with iRno, rats were no longer predicted to be capable of 77 

synthesizing vitamin C given glucose and oxygen.  78 

(c) Humans cannot synthesize vitamin C from limited substrates which was captured by iHsa. 79 

The human ortholog of the rat gene, Gulo, is a non-functional pseudogene. 80 

(d) By simulating the knock-in of a functional equivalent to Gulo in humans, iHsa was capable of 81 

performing de novo vitamin C synthesis. 82 

  83 
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 84 

Supplementary Figure 5 – Biomarker predictions for inborn errors of metabolism (IEMs) 85 

Comparisons between biomarker predictions generated  by iHsa and Homo sapiens Recon 21 86 

against known metabolite biomarkers for IEMs 1,2. Triangles pointing up and down represent 87 

biomarkers known to be elevated or reduced in patients with IEMs. Purple and orange co lors 88 

represent predictions that were either consistent or inconsistent, respectively, with iHsa (triangle 89 

outline) and/or Recon 2.04 (triangle filling). Biomarker predictions with increased (purple 90 

asterisks) or decreased (orange asterisks) performance in iHsa compared to Recon 2 (version 91 

2.04) are highlighted for individual metabolites. Metabolites abbreviations: methyl-imidazole 92 

acetic acid (MIMA); 5−hydroxy−L−tryptophan (5-HTP); 2,6−dimethylheptanoyl−carnitine (2,6-93 

DMHPT-crn).  94 
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 95 

Supplementary Figure 6 – A unified biomass reaction was created for rat and human 96 

hepatocytes to enable comparative predictions using iRno and iHsa. 97 

(a) Each metabolite consumed in the hepatocyte biomass reaction represents an “average” 98 

biomass subcomponent that is synthesized in a separate reaction (b-c). DNA, RNA, lipids, and 99 

miscellaneous metabolites (misc) like glycogen and vitamin C were assigned species-100 

independent synthesis reactions. Bile acids and amino acids, which can vary significantly 101 

between species, were assigned species-specific synthesis reactions in iRno and iHsa. 102 

Numbers indicate how many unique metabolites are shared (purple) or rat -specific (red) within 103 

each biomass subcomponent. 104 

(b) The biomass subcomponent for an average DNA molecule is produced by consuming 105 

experimentally-derived ratios of individual deoxynucleotides. In this reaction, more adenine (A) 106 

and thymine (T) are incorporated into DNA than cytosine (C) and guanine (G) as indicated by 107 

percent labels and by line thickness. 108 

(c) Synthesis of an “average” bile acid was defined separately for iRno and iHsa in order to 109 

account for species-specific metabolites (muricholic acids) and relative abundances. 110 

*Each lipid metabolite is comprised of glycerol backbones with 1-3 fatty acid chains of various 111 

lengths, representing over 100 unique metabolites, as extensively curated in HMR2.  112 
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 113 

Supplementary Figure 7 – Physiological constraints applied to iRno and iHsa.  114 

(a) Experimentally reported flux measurements from rat hepatocytes were obtained from six 115 

separate studies to constrain iRno and iHsa with exchange boundaries that represent 116 

physiological conditions. Minimum, median, and maximum reported exchange fluxes in fmol cell -117 

1 hour-1 are shown for each metabolite. Reaction lower bounds for exchange metabolites were 118 

set to the minimum reported value (leftmost point) as strict physiological constraints. For 119 

simulations of hepatocyte growth using the biomass objective, the maximum value for each 120 

metabolite was also applied as the upper bound to exchange reactions. Exchange fluxes for 121 
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albumin were scaled to represent the secretion of an average amino acid from albumin because 122 

the albumin metabolite represents a full-length protein with 608 amino acids (in rats). 123 

(b) Experimentally reported flux measurements from (a) were also applied as relaxed 124 

physiological constraints for toxicogenomics biomarker predictions. Reaction lower bounds with 125 

positive values (forced production) to were set to zero and upper bounds with negative values 126 

(forced consumption) were set to positive infinity (106).  127 

(c) Species-specific constraints required distinct quantities of bile acids to be produced under 128 

strict physiological conditions in hepatocytes. Each point represents the lower bound applied to 129 

either iRno (red) or iHsa (blue) based on serum concentrations in rats and humans, 130 

respectively. Synthesis and secretion of α- and β-muricholic acids in both taurine-conjugated 131 

and unconjugated forms were only requirements for iRno. 132 

(d) Inorganic ions were allowed unconstrained consumption rates of -106 fmol cell-1 hour-1. 133 

(e) Cofactors and vitamins considered essential in humans were set to an uptake value of 1 134 

fmol cell-1 hour-1 in rat and human networks.  135 

 136 
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 137 

Supplementary Figure 8 – By comparing reaction weights and reaction fluxes associated with 138 

urate production, we found that two human enzymes involved in de novo purine synthesis, 139 

PPAT and GART, were upregulated in response to theophylline but downregulated in response 140 

to caffeine. In contrast, rat orthologs for these genes (Ppat and Gart) were downregulated by 141 

both caffeine and theophylline. A human enzyme involved in purine degradation, xanthine 142 

oxidase (XDH), was also upregulated by theophylline but unaffected by caffeine; however, the 143 

rat ortholog, Xdh, was upregulated in response to both compounds. These results suggest that 144 

activation of purine synthesis and purine degradation pathways might also play mechanistic 145 

roles in the human-specific elevation of urate after theophylline treatment.  146 

 147 
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Supplementary Methods 148 

Converting a human metabolic network into a draft rat metabolic network 149 

The first step in transforming a human metabolic model into a rat metabolic model involved 150 

assigning GPR rules consisting of rat genes to reactions in HMR23 associated with human GPR 151 

rules. Metabolic networks are typically comprised of two fundamental components: the 152 

stoichiometric relationships between metabolites and reactions, termed the stoichiometric matrix 153 

or S-matrix, and Boolean relationships between enzymes that catalyze a reaction, termed gene -154 

protein-reaction GPR association rules. Reactions and metabolites in the S-matrix were 155 

assumed to be organism-independent because the molecular building blocks of a cell such as 156 

amino acids, nucleic acids, and membrane lipids are generally consistent across multiple 157 

species. In contrast, enzymes catalyzing reactions within the GPR rules of HMR2 were 158 

specifically encoded by the human genome, necessitating distinct formulations of GPR rules for 159 

the rat genome.  160 

 161 

Inferring metabolic function through orthology annotations 162 

To construct a genome-scale network reconstruction (GENRE) of rat metabolism, human genes 163 

assigned to metabolic reactions in a human GENRE through gene-protein-reaction (GPR) 164 

relationship rules were replaced with orthologous rat genes. Inferring metabolic function through 165 

orthology is not trivial because orthologs descended from the most recent common ancestor of 166 

rats and humans have endured more than 50 million years of evolutionary pressures 167 

(Supplementary Fig. 1). Additionally, mutations involving the duplication and/or inactivation of 168 

gene after speciation can lead to one-to-many, many-to-many, or many-to-one orthology 169 

annotations between rat and human genes4.  170 

 171 
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A consensus approach was used to assign a confidence score to each pair of human and rat 172 

orthologs for initial construction of the rat GENRE, iRno. We developed a quantitative method to 173 

infer metabolic function by incorporating the collective efforts of multiple genome annotation 174 

communities: UniProt, Homologene, RGD, Ensembl, and KEGG. Using these five orthology 175 

databases, we assigned a confidence score to deprioritize the conversion of ortholog pairs that 176 

were annotated in fewer databases. This prioritization step was implemented to filter out low 177 

confidence orthology annotations due to the possibility that function may not be conserved as 178 

described in Supplementary Fig. 1a. We anticipate that using orthology annotations derived 179 

from multiple computational methods will be more robust than quantitative methods such as 180 

BLAST because a single point mutation could be sufficient to alter the basic function of a 181 

metabolic enzyme while orthologs with low sequence similarity can catalyze similar reactions4. 182 

 183 

We compared orthology databases to highlight the advantages and disadvantages of using a 184 

consensus approach versus an individual database (Supplementary Fig. 2). Surprisingly, the 185 

distribution of rat orthologs annotated to each human gene varied substantially between 186 

orthology databases (Supplementary Fig. 2a). Over a third of human genes were annotated to 187 

two or more rat orthologs in KEGG while RGD was restricted to one rat ortholog per human 188 

gene. Despite this limitation, RGD had the highest coverage of human genes with orthology 189 

annotations compared to KEGG which had the second least. UniProt covered the fewest human 190 

genes but most orthology annotations were consistently found in at least 4 of 5 orthology 191 

databases (Supplementary Fig. 2b). Based on this information, orthology annotations from 192 

UniProt alone might not be sufficient to carry out the GPR conversion process at the genome-193 

scale; however, UniProt could be useful in a consensus-based GPR conversion method by 194 

reinforcing confidence in a core subset of well-annotated ortholog pairs. Most ortholog pairs 195 

were annotated in multiple databases although KEGG also included a large number of unique 196 

ortholog pairs (Supplementary Fig. 2b). Each database added between 12 and 514 unique 197 
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human genes originally represented in HMR2 and between 16 and 2371 unique ortholog pairs 198 

not found in any of the other four databases. The percentage of non-overlapping ortholog pairs 199 

between any two databases was less than 50% with the exception of UniProt (Supplementary 200 

Fig. 2c). Despite a moderate degree of overlap, these data suggest that no consensus has 201 

been established among orthology annotation resources. As an alternative to choosing a single 202 

orthology database, a consensus approach would reduce the number of unconverted human 203 

genes and potentially capture more evolutionary differences in between rats and humans 204 

(Supplementary Fig. 1). 205 

 206 

Aggregating orthology annotations from multiple databases increases the risk of inappropriately 207 

replacing human genes with rat orthologs that do not perform the same function. To identify a 208 

high-quality subset of orthology information that preserved functionality and GPR sizes between 209 

drafts of iRno and iHsa, we developed a consensus-based GPR conversion algorithm that 210 

required orthologs to be annotated in at least 1-5 databases and limited individual human genes 211 

to be replaced by a maximum of 1-5 rat orthologs (Supplementary Fig. 3). The orthology 212 

database consensus score was defined as the number of databases in which a unique pa ir of 213 

rat and human genes was annotated. Rat and human genes were represented with Entrez gene 214 

identifiers to evaluate the presence of ortholog pairs across all five databases. Entrez gene 215 

mappings were included by default for RGD, Homologene, and KEGG orthology databases 216 

while UniProt protein entries and Ensembl gene identifiers were mapped to Entrez genes by 217 

customizing data output options within each database. When limiting the maximum number of 218 

rat orthologs that replace each human gene, orthologs were first prioritized by consensus 219 

orthology scores followed by gene scores based on genome annotation information from NCBI, 220 

UniProt, and Ensembl. Four subjective parameters were discretized into integer values between 221 

zero and five and summed to calculate gene scores: UniProt gene evidence level (protein = 5; 222 

transcript = 4; inferred from homology = 3; predicted = 2; uncertain = 1; no data = 0), UniProt 223 
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Annotation Score (score between 1 and 5 = value; no data = 0), Ensembl gene status (known = 224 

5; known by projection = 4; novel = 3; putative = 1; no data = 0), NCBI protein-coding evidence 225 

(evidence = 5; otherwise = 0). Rat orthology ranks for each human gene in each reaction were 226 

determined by sorting consensus orthology scores in descending order followed by rat gene 227 

score in descending order.  228 

 229 

Without filtering orthology annotations, rat GPR rules were often much larger than human GPR 230 

rules. After manually checking the accuracy of rat GPR rules in the context of genome 231 

annotations, orthology annotations between closely related but functionally distinct enzymes 232 

were common after converting the unfiltered set of orthologs. The orthology database score and 233 

the orthology rank were developed as filtering metrics to avoid inferring function based on non-234 

specific orthology annotations that can be interpreted as false positives for metabolic reactions. 235 

However, accurate orthology annotations would also be discarded when applying stringent 236 

threshold values, decreasing the sensitivity of the approach. Instead of choosing arbitrary 237 

cutoffs for these parameters, a network-driven approach was developed to identify a subset of 238 

orthology annotations that maintains a reasonable balance between sensitivity and specificity. 239 

 240 

A network-driven approach was used to select cutoff values for the minimum orthology 241 

database score and the maximum orthology rank. We found that converting all orthology 242 

annotations present in any of the 5 orthology databases generated rat GPR rules with 243 

disproportionately more genes compared to the original human GPR rules (bottom row of 244 

panels in Supplementary Fig. 3). We assumed that this difference was more likely explained 245 

by a large number of false positive orthology annotations than an actual genome-scale 246 

difference in the redundancies between rat and human metabolic enzymes. Alternatively, 247 

requiring orthologs to be annotated in all 5 databases generated much smaller rat GPR rules for 248 

shared reactions and introduced a large number of human-specific reactions that would 249 
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substantially reduce the functionality of iRno (top row of panels in Supplementary Fig. 3). We 250 

found a balanced relationship between the numbers of reactions with larger rat GPR rules than 251 

human and numbers of reactions with larger human GPR rules than rat by removing orthology 252 

annotations found in only one database and restricting the replacement of each human gene to 253 

two rat orthologs (selected cutoff panel in Supplementary Fig. 3). Additionally, the selected 254 

cutoff preserved the same functionalities as the relaxed cutoff when evaluating metabolic tasks 255 

from HMR23. This filtering step was important because methods that integrate gene expression 256 

data or simulate the impact of genomic alterations rely heavily on the number of redundant 257 

enzymes associated with a reaction5,6. 258 

 259 

Identifying species-specific reactions 260 

We initially explored the Kyoto Encyclopedia for Genes and Genomes7,8 (KEGG) database as a 261 

starting point for identifying species-specific differences between rat and human metabolism. 262 

Prior to adding potential new reactions to iRno and iHsa, existing reactions and metabolites 263 

were updated with annotations to external databases. Throughout the entire reconstruction 264 

process, 742 reactions and 354 metabolites were assigned new or updated KEGG annotations 265 

to replace empty, incorrect, generic, or obsolete KEGG identifiers. The numbers of unique 266 

KEGG REACTION and KEGG COMPOUND identifiers represented across iRno and iHsa 267 

increased from 1376 and 1650 to 1702 and 1721, respectively, compared to HMR2 268 

(Supplementary Data 3).  269 

 270 

Updated annotations were necessary to avoid creating duplicate entries of unique reactions or 271 

metabolites and to facilitate assigning GPR rules to 122 reactions not previously associated with 272 

any genes. For example, the metabolic reaction catalyzing the conversion of threonine to 273 

glycine and acetaldehyde was originally present in HMR2 as a spontaneous (non-enzymatic) 274 

reaction with no external annotations3. This reaction was identified in the KEGG database as the 275 
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rat-specific reaction, threonine aldolase (R00751). As a result, this reaction was assigned a new 276 

GPR rule in iRno and disabled in iHsa. Of 18 rat-specific KEGG reaction annotations: 5 were 277 

already represented and removed from iHsa; 11 were added as new rat-specific reactions iRno; 278 

and 2 redundant with other rat-specific reactions were ignored (Supplementary Data 8). Of 75 279 

human-specific KEGG annotations: 4 were already represented in iHsa, and had been disabled 280 

in iRno as a result of the GPR conversion process; 14 were re-classified as shared reactions 281 

after identifying suitable rat orthologs; and 57 involved in peripheral pathways such as 282 

xenobiotic metabolism were ignored (Supplementary Data 8).  283 

 284 

iRno and iHsa were expanded and updated in parallel when possible to maintain consistency in 285 

the reconstruction process. For each new reaction added, rat and human GPR rules were 286 

constructed manually using evidence from experimental literature and functional annotation 287 

databases (Supplementary Data 1). Evidence supporting the presence of a reaction in one 288 

organism and not the other was necessary for classifying a reaction as species-specific. 289 

Otherwise, reactions directly associated with rat and human enzymes or indirectly through 290 

orthology annotations were assumed to be shared. In total, 69 biochemical, 32 transport, 40 291 

exchange reactions were added. All transport and exchange reactions were shared by iRno and 292 

iHsa and nine biochemical reactions were unique to iRno.  293 

 294 

iRno and iHsa were expanded to include species-specific reactions from the KEGG database 295 

and literature sources. Lists of reactions and modules linked to genes annotated in humans 296 

(hsa) and rats (rno) were obtained using KEGG’s Representational state transfer (REST) -style 297 

interface (http://www.kegg.jp/kegg/rest/keggapi.html). Reactions linked to humans and not rats 298 

or to rats and not humans were manually investigated for their feasibility as actual species-299 

specific reactions. To identify potential differences between the metabolic capabilities of rats 300 

and humans from literature, various searches were performed using PubMed 301 

http://www.kegg.jp/kegg/rest/keggapi.html
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(http://www.ncbi.nlm.nih.gov/pubmed) with combinations of the keywords: rat, human, 302 

comparative genomics, cross-species, species-specific, metabolism, metabolic deficiency. No 303 

comprehensive comparative analyses were identified other than original publication of the rat 304 

genome9. 305 

 306 

Curating GPR rules to include complex relationships 307 

GPR rules comprised of more than one gene were initially limited to isozymic “or” relationships 308 

because none of the 1390 unique GPR rules in HMR2 described relationships between subunits 309 

in a protein complex3. To overcome this limitation, GPR rules were manually constructed to 310 

include “and” logical operators for both rat and human models when possible. Evidence 311 

supporting the requirement of multiple enzymatic subunits to perform a metabolic function were 312 

obtained from functional annotation databases and experimental literature (Supplementary 313 

Data 1). We also compared complex human GPR rules from the second largest human 314 

GENRE, Homo sapiens Recon 2 (versions 2.0.3 and 2.0.4), with an early draft of iHsa in order 315 

to convert isozymic relationships into complex relationships. 316 

 317 

Formatting complex GPR rules for TIMBR 318 

For gene expression integration using TIMBR (Transcriptionally-Inferred Metabolic Biomarker 319 

Response), GPR rules involving redundant subunits in a protein complex were structured 320 

according to the following format: (A1 or A2) and (B1 or B2), where redundant enzymes are 321 

grouped together for each subunit. With this GPR format, a TIMBR weight represents an 322 

average change in gene expression for the subunit that experienced the largest perturbation. 323 

Because TIMBR summarizes directional changes instead of absolute values, the following 324 

alternative Boolean representation could yield different results: (A1 and B1) or (A1 and B2) or 325 

(A2 and B1) or (A2 and B2), where non-redundant subunits are grouped together for each 326 

possible protein complex. With this alternative representation, a reaction weight would represent 327 

http://www.ncbi.nlm.nih.gov/pubmed
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an average of the largest gene expression changes observed for each possible protein 328 

complex. Although both approaches are conceptually similar, TIMBR implements the former 329 

approach that summarizes gene expression changes independently for each subunit.  330 

 331 

Recapitulating biological functions with metabolic tasks 332 

Curated rat and human models successfully performed all 327 tasks (Supplementary Data 4). 333 

Removal of reactions from iHsa as part of the reconciliation process did not affect the 334 

completion of any metabolic tasks. Furthermore, the addition of new reactions to iRno and iHsa 335 

did not enable completion of 19 tasks explicitly intended to fail such as the de novo synthesis of 336 

essential amino. An important advantage of iHsa (and iRno) is that one unit of glucose 337 

regenerates 25.6 units of ATP with an unlimited supply of oxygen and 2 units of ATP in the 338 

absence of oxygen. Several new tasks were added that tested whether iRno and iHsa could use 339 

thermodynamically infeasible loops to regenerate ATP from ADP without a carbon-based 340 

energy or “fuel” source like glucose.  341 

 342 

The presence or absence of all KEGG MODULEs were queried for rats and humans, revealing 343 

2 human-specific modules and 1 rat-specific module. Each module described the ability of an 344 

organism to synthesize a product de novo from a starting substrate, as reported above for the 345 

rat-specific module M00129 where vitamin C can be synthesized from glucose. In KEGG, the 346 

human-specific modules for chenodeoxycholic acid synthesis from cholesterol and degradation 347 

of heparan sulfate into disaccharides were each characterized by a single missing enzyme in 348 

rats. For chenodeoxycholic acid synthesis, the blocked reaction, 3-alpha-hydroxysteroid 349 

dehydrogenase (EC 1.1.1.50) was not annotated for any rat enzymes. Upon review of 350 

experimental literature, the rat gene, Akr1c14, was reported to demonstrate this activity10, 351 

suggesting that this module be reclassified as complete in both rats and humans. For heparan 352 
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sulfate degradation, manually assigning the rat enzyme, Hgsnat, to its known function (EC 353 

2.3.1.78) was able to recapitulate this previously annotated human-specific function in rats11.  354 

 355 

Capturing the importance of L-gulonolactone oxidase in vitamin C synthesis 356 

L-gulonolactone oxidase (Gulo) has been described as the critical enzyme for vitamin C 357 

synthesis that differentiates rats from humans12 (Supplementary Fig. 4a). Using flux variability 358 

analysis (FVA)13, 10 reactions were required by iRno to synthesize vitamin C under glucose 359 

minimal media conditions. Only one enzymatic reaction required for vitamin C synthesis in iRno 360 

that was also absent in iHsa was L-gulonolactone oxidase (EC 1.1.3.8) (Supplementary Fig. 361 

4b). In agreement with the KEGG MODULE, “ascorbate biosynthesis, animals” (M00129), L-362 

gulonolactone oxidase (K00103) was annotated as the only enzymatic step missing in humans 363 

(Supplementary Fig. 4c). Additionally, deleting Gulo blocked the ability of iRno to produce 364 

vitamin C, consistent with a Gulo-deficient strain of rat developed to study scurvy14. Artificially 365 

adding L-gulonolactone oxidase to iHsa would enable the human model to successfully 366 

complete the vitamin C synthesis task (Supplementary Fig. 4d), as previously described in a 367 

study that restored vitamin C synthesis in a human cell line using the murine ortholog of Gulo15. 368 

 369 

Vitamin C consumption was required for biomass synthesis in iHsa but not in iRno. The 370 

functional impact of vitamin C deficiency on cellular growth was simulated by constraining the 371 

uptake of the vitamin C exchange reaction to 1 fmol cell-1 hour-1 (physiological consumption 372 

rate16) or 0 (vitamin C deficiency) (Supplementary Data 4). The maximum theoretical flux 373 

through the biomass reaction of each model, containing equimolar amounts of vitamin C per cell 374 

(0.06 fmol cell-1), was measured in silico using flux balance analysis17. When the uptake rate of 375 

vitamin C was decreased below 25% of normal physiological rates, the maximum possible 376 

growth rate was reduced exclusively in iHsa and not in iRno. Despite this distinction, limiting the 377 

uptake of vitamin C within an order of magnitude of the physiological uptake rate had no effect 378 
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on growth, suggesting that vitamin C is not likely a growth rate-limiting factor under normal 379 

conditions in either organism. 380 

 381 

Defining physiological conditions and biomass compositions for human and rat 382 

hepatocytes 383 

A novel system of reactions representing biomass synthesis was developed to enable cross-384 

species predictions of growth between iRno and iHsa (Supplementary Fig. 6). New biomass 385 

metabolites were defined for each macromolecular subcomponent present in a hepatocyte 386 

including (percent of dry weight): DNA (2.3%), RNA (3.7%), lipids (17%), protein -incorporated 387 

amino acids (59%), free amino acids (3.7%), bile acids (.1%), and miscellaneous metabolites 388 

(11%) (Supplementary Fig. 6a). Miscellaneous metabolites included vitamins, and cofactors, 389 

and other metabolites present at high intracellular concentrations such as vitamin C, citrate, and 390 

glutathione. The relative abundances of individual metabolites within each subgroup were 391 

determined from several previously published studies 16,18-32. Data directly comparing metabolite 392 

profiles between human and rat hepatocytes were available for amino acids and bile acids. To 393 

account for these differences within a generalized framework, species-specific reactions were 394 

added to iRno and iHsa for the synthesis of these two biomass metabolites (Supplementary 395 

Fig. 6b). For biomass components with similar compositions between rats and humans, shared 396 

reactions were used to produce estimated hepatocyte-specific compositions (Supplementary 397 

Fig. 6c). This new cross-species framework can be extended to formulate new biomass 398 

compositions for cross-species analyses within and between various cell or tissue types using 399 

the same centralized biomass precursor metabolites. 400 

 401 

Physiological ranges for exchange reactions were determined using a consensus approach 402 

(Supplementary Fig. 7). Experimentally measured metabolite consumption and secretion rates 403 

were obtained for rat liver cells and rat hepatocytes from 6 existing studies3,33-38. Exchange 404 
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reaction equations were formulated such that negative and positive fluxes represented 405 

consumption and secretion, respectively. Flux measurements were standardized to units of fmol 406 

cell-1 hour-1 using previously described conversion rates39. In order to normalize quantitative 407 

measurements from different experimental systems, absolute flux measurements were median-408 

scaled using metabolites measured in all 6 experiments to the average median value of the 3 in 409 

vitro experiments. To assign experimental observations as physiological constraints, lower and 410 

upper bounds for exchange reactions were determined based on minimum and maximum 411 

normalized values across all experimental observations. 412 

 413 

Physiological constraints were applied to iRno and iHsa as either relaxed constraints for 414 

treatment-induced biomarker predictions (Supplementary Fig. 7a) or strict constraints for 415 

quantitative simulations of hepatocyte biomass (Supplementary Fig. 7b). Under relaxed and 416 

strict physiological constraints, lower bound values less than zero were used to allow nutrient 417 

uptake of measured metabolites (Supplementary Fig. 7a). Under strict physiological 418 

constraints, lower bound values greater than zero were also applied requiring secretion of urea, 419 

glucose, glutamate, aspartate, 3-hydroxybutyrate, and albumin. Upper bound values were also 420 

applied to require consumption or limit secretion of metabolites under strict physiological 421 

constraints (Supplementary Fig. 7b). Additionally, estimated uptake rates for 12 inorganic ions 422 

(Supplementary Fig. 7d) and 13 essential nutrients (Supplementary Fig. 7e) were assigned 423 

under both relaxed and strict physiological constraints. For metabolites with flux measurements 424 

available in rat and human hepatocytes, differences between species were considered 425 

negligible relative to feasible flux ranges with the exception of bile acids.  426 

 427 

Under strict physiological conditions, species-specific constraints were formulated for the export 428 

of bile salts by hepatocytes (Supplementary Fig. 7c). In addition to the unique ability of rats to 429 

synthesize muricholic acids, the relative abundances of bile acids differed significantly in a 430 
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recent study that compared serum bile acid profiles of rats and humans33. Rat-specific and 431 

human-specific reactions were defined to produce an average bile salt measured for each 432 

organism, similar to species-specific reactions formulated for biomass synthesis. Under strict 433 

physiological conditions, a minimum flux of 0.4 fmol cell-1 hour-1 was required through a unified 434 

exchange reaction representing average bile salt production. 435 
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