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ABSTRACT

Objective

Phenylketonuria (PKU) is caused by a deficiency of the hepatic enzyme phenylalanine
hydroxylase, which primarily converts phenylalanine into tyrosine. Despite a phenylalanine-
deprived diet, many adult PKU patients display deficits of executive functions. These are
hypothesised to be caused by high cerebral phenylalanine and a shortage of monoaminergic
neurotransmitters.

Method

To better understand the relationship between plasma and brain amino acid levels and
monoaminergic neurotransmitter biochemistry, we constructed a computational model. The
model comprises the transport of large neutral amino acids (LNAA) across the blood-brain
barrier as well as cerebral amino acid and monoaminergic neurotransmitter metabolism and
was validated by direct measurements of brain amino acid concentrations in PKU mice on
various diets.

Results

The model predicts that brain amino acids are positively controlled by the concentrations of
the corresponding amino acids in the blood, and to a lesser extent negatively by other amino

acids competing for the transport systems. The model suggests that brain levels of
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monoaminergic neurotransmitters are controlled more by phenylalanine, probably through
non-competitive inhibition of the hydroxylases rather than by their precursor amino acids.
Therefore, the model predicts that the decrease of neurotransmitters in PKU cannot be fully
rescued by the addition of tyrosine and tryptophan alone, but also benefits from a reduction of
the phenylalanine level. Thereby, the model substantiates the experimental data of the
synergistic effect of both brain phenylalanine reduction and increased precursor amino acid
availability to improve brain neurotransmitters in PKU mice.

Conclusion

We present the first complete model of the LNAA transport through the blood-brain barrier
and subsequent brain neurotransmitter metabolism in PKU. The model leads to a better
understanding of the pathophysiological mechanisms and the influence of individual amino
acids in the diet on the underlying brain dysfunction in PKU. Moreover, it identifies gaps in
our current knowledge about the LNAA transport across the blood-brain barrier. Furthermore,
the model can be readily applied in studies of other neurological disorders in which the relation

between diet, gene activities, brain amino acids, and neurotransmitters is important.
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INTRODUCTION

Phenylketonuria (PKU; OMIM 261600) is the classic example of an inborn error of amino acid
metabolism. It is caused by a deficiency of the hepatic phenylalanine hydroxylase (PAH),
which converts phenylalanine into tyrosine [1]. As the distinguishment between ‘PKU’,
'classical PKU” and other forms of PAH deficiency is rather unclear, we here refer to PAH
deficiency causing cerebral pathophysiology referred to as ‘PKU’. If left untreated, high
plasma phenylalanine rather than low tyrosine concentrations have been associated with PKU
symptomatology. The latter is almost exclusively restricted to brain functioning, including
severe intellectual disability, seizures, motor deficits, and psychiatric problems. Today,
neonatal screening allows PKU diagnosis and initiation of treatment shortly after birth. The
cornerstone of the treatment is to reduce phenylalanine concentrations in blood and brain by a
severe phenylalanine-restricted diet. This diet consists of three parts: 1) a diet very low in
natural protein; 2) a protein substitute, supplementing all amino acids except phenylalanine

(and tyrosine-enriched) and other micronutrients that are normally present in high natural
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protein containing food, and 3) low-protein food (that especially supplies patients with energy)
[2].

Additionally, some patients respond to tetrahydrobiopterin  supplementation.
Tetrahydrobiopterin is a natural co-substrate of hepatic PAH, and of (cerebral) tyrosine and
tryptophan hydroxylases. In addition, to being their redox co-substrate, it may act as a
pharmaceutical chaperone of PAH, supporting its conformational stability and preventing
degradation [3]. While the phenylalanine-restricted diet and tetrahydrobiopterin treatment can
prevent severe intellectual disability [4], the clinical outcome remains suboptimal and warrants
additional/alternative pathophysiology-based treatment strategies [1].

In PKU pathophysiology, the blood-brain barrier (BBB) is considered to play a central role
[5,6]. Phenylalanine, as well as all other large neutral amino acids (LNAA), such as tyrosine
and tryptophan, are exchanged across the BBB by the large neutral amino acid transporter 1
(LAT1) [7]. This causes competition between the different LNAA for LATI1. Consequently,
excessive plasma phenylalanine concentrations may not only lead to increased brain
phenylalanine levels but also outcompete the transport of other LNAA across the BBB and
thereby impair their brain availability [8—10]. While high brain phenylalanine levels are
neurotoxic and affect brain metabolism [11-15], insufficient brain availability of non-
phenylalanine LNAA has been related to impaired cerebral protein synthesis [10,16].
Moreover, tyrosine and tryptophan are the precursors for the cerebral monoaminergic
neurotransmitters dopamine, norepinephrine, and serotonin, respectively [17]. High cerebral
phenylalanine content is known to inhibit (cerebral) tyrosine and tryptophan hydroxylases,
which are the enzymes performing the rate-limiting steps in the synthesis of dopamine and
serotonin [18—-21]. Thus, a combination of high phenylalanine and low tyrosine and tryptophan
may lead to low concentrations of monoaminergic neurotransmitters. This has been suggested
to play an important role in the mood and psychosocial problems of PKU patients [22-24].
However, while phenylalanine neurotoxicity, impaired cerebral protein synthesis and reduced
cerebral monoaminergic neurotransmitter synthesis have all been associated with brain
dysfunction in PKU patients [5]. Both cerebral protein synthesis and cerebral monoaminergic
neurotransmitter synthesis show correlations with the plasma phenylalanine concentration that
comprises the main treatment target and biomarker in today’s PKU management.

Based on this pathophysiological concept, supplementation of non-phenylalanine LNAA
instead of restricting dietary phenylalanine intake has been suggested as a possible alternative
non-pharmaceutical treatment strategy [5,25]. Such LNAA treatment has been shown in PKU
mice to (1) reduce brain phenylalanine, (2) increase brain non-phenylalanine LNAA, and (3)

increase brain monoaminergic neurotransmitter concentrations [26]. To ultimately establish the
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86 adequate dose of different LNAA, a better understanding of the pathophysiology of brain
87  dysfunction in PKU, and especially of the relationships between plasma and brain amino acid
88  concentrations, and between these amino acid and monoamine concentrations, is essential.
89  The competition of amino acids for the LAT1 transporter and the involvement of additional
90 amino acid transporters complicate the understanding of the effect of different diets on the
91 brain amino acid and neurotransmitter composition. Such complex systems can be studied
92  holistically using computational models. Two distinct modelling approaches exist that allow
93  mechanistic studies of metabolic networks: 1) genome-scale constraint-based models, and 2)
94  kinetic, ordinary differential equation (ODE)-type models. The genome-scale models comprise
95 the entirety of the known metabolic network, including reaction stoichiometry and mass and
96 charge balance. However, due to their scale and in contrast to kinetic models, they lack kinetic
97 information and regulation [27]. Kinetic models usually represent only smaller pathways, due
98 to their increased mechanical complexity and difficulty of obtaining accurate Kkinetic
99  parameters [28].
100 To address the problem of substrate competition for LAT1 amino acid transport in PKU,
101  several computational models have been constructed that describe the kinetic behaviour of
102  pathways involved in neurotransmitter metabolism or LNAA transport across the BBB [29—
103  34]. However, none of these models integrates the dopaminergic and serotonergic pathways in
104  the brain with the amino acid transport across the BBB. Constraint-based stoichiometric
105 reconstructions of human metabolism, such as Recon 2 and Recon 3D, do include amino acid
106  and neurotransmitter metabolism. Recon 2 correctly reproduced the elevated phenylalanine
107  levels in PKU patients [35]. Recon 2 and its successor Recon 3D [36], however, lack the kinetic
108 information that is required to grasp the impact of substrate competition for the LAT1 exchange
109 transporter and the possible existence of other transporters or exchangers. Therefore, to study
110 the consequences of the substrate competition for the LATI1 transporter, we decided to
111  construct a kinetic, ODE-type model.
112 Here we present the first, detailed, kinetic model of LNAA transport across the BBB, together
113 with the brain dopaminergic and serotonergic metabolic pathways. In this model, we studied
114  the effects of dietary interventions on brain amino acid composition, neurotransmitter
115 metabolism, and protein synthesis in PKU, as related to experimental studies in PKU mice.
116  The model was validated by comparison to a comprehensive dataset from our own research
117  group consisting of plasma and brain amino acid and monoaminergic neurotransmitter levels
118 in PKU mice subjected to several dietary interventions. Furthermore, we simulated the impact
119  of modulating individual dietary amino acids concentrations and the way this could alleviate

120  the pathophysiological cascade towards brain dysfunction as observed in PKU. Since the model
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121  is generic, it can be readily applied to other inherited defects of amino acid metabolism and
122 neurological disorders in which the relation between amino acid and neurotransmitter
123  metabolism and the transport across the BBB is important, such as Tyrosinemia type 1 [37],
124 maple syrup urine disease, urea cycle defects, depression [38], autism [39], Alzheimer’s [40],

125  and Parkinson’s disease [41].

126 MATERIALS AND METHODS

127  ETHICS STATEMENT

128  Experiments were approved by the Ethics Committees for Animal Experiments of the

129  University of Groningen (Permit Number: 6504D).

130 COMPUTATIONAL METHODS

131  The computational model, consisting of a set of 26 Ordinary Differential Equations (ODE?s),
132 was built and analysed in Copasi 4.39 [42]. COPASI is a widely used open open-source
133 software package used in modelling biological systems, because it enables easy construction,
134 simulation, and analysis of the models. It has a graphical user interface (GUI) that enables non-
135  expert programmers to study metabolic networks behaviours using many built-in tools for the
136  optimisation, parameter scans, steady state analysis, local sensitivity analysis and metabolic
137  control analysis. Time simulations were performed using the LSODA algorithm for a duration
138  of 100 s simulation time, with relative tolerance of 1-10°, absolute tolerance of 1-10"'%, and
139  maximally 10,000 internal steps. Steady states were calculated using a combination of
140  methods, according to the default settings in Copasi. The solutions fulfilled the criterion that
141  all-time derivatives of metabolite concentrations approached zero (< 107'!). No alternative
142  steady states were found when different initial metabolite concentrations were used. As an
143 input for the steady-state algorithm, the endpoint of the time simulation was used. The detailed
144  model description is available in Text S1. Copasi’s ‘Sensitivities’ algorithm was used to
145  calculate the response coefficients of brain metabolite concentrations to changes in model
146  parameters and blood amino acid concentrations. The model is publicly available together with
147  all the supplementary data in our GitHub repository (https://github.com/WegrzynAB/Papers/
148  in the folder “2024_mouse_PKU_model_diets™).

149  INDEPENDENT TEST AND VALIDATION
150  As a part of our standard quality control procedures, the model was independently tested by
151  another researcher to assure that the results are reproducible, and the model description (Text

152 S1) agrees to the Copasi script. A thorough comparison between model description and Copasi
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153  file was made to check the correctness of all equations and parameter values. Subsequently, a
154  subset of important model simulations was repeated to check if the output reproduced the

155  presented results.

156  DIETARY INTERVENTIONS IN MICE

157  Experiments were performed in BTBR Pah-enu2 (PKU) and corresponding WT mice, as
158  previously described [18]. In brief, male and female PKU mice received 1 of 5 different LNAA
159  supplemented diets beginning at postnatal day 45. Control groups included PKU mice
160 receiving an isonitrogenic and isocaloric high-protein diet, and PKU and WT mice receiving
161 normal chow. After 6 weeks, brain and plasma amino acid profiles and brain monoaminergic

162  neurotransmitter concentrations were measured.

163 BIOCHEMICAL ANALYSIS

164  Cerebrum and blood samples were processed for the analyses of brain and plasma amino acid
165 and monoamine concentrations, as described previously [26]. Monoamines and related
166  metabolites analysed in the brain included dopamine, norepinephrine, 3-methoxytyramine and
167 normetanephrine in the catecholamine pathway, and serotonin and 5-hydroxyindoleacetic acid

168  (5-HIAA) in the serotonergic pathway.

169 RESULTS

170  MODEL CONSTRUCTION

171  We constructed a computational model that describes the transport of LNAA across the BBB
172 and the metabolism of cerebral amino acid and monoamines in mice (Fig.1). The computational
173  model consists of ordinary differential equations (ODEs) and is based on biochemical rate
174  equations. It is focused on the transport of phenylalanine, tyrosine, and tryptophan between
175  blood and brain and on their cerebral metabolism, but also includes the transport of other
176 LNAA to fulfil the requirements for cerebral protein synthesis. We defined three
177  compartments: 1) blood, with fixed amino acid concentrations; 2) the BBB, a cell layer with
178 active protein synthesis, transport processes, and variable amino acid concentrations; and 3)
179  brain, with active protein synthesis [10], transport reactions, monoamine metabolism, and
180  variable metabolite concentrations. Fig.1 gives an overview of all enzymatic reactions and

181  transport processes in the model.
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183  Figure 1. Model of amino acid transport via the blood-brain-barrier and neurotransmitter
184  metabolism inside the brain. The transporter LAT1 is twice as abundant on the luminal (blood-cell)
185  side than on the abluminal (cell-brain) side of the blood-brain-barrier, while the y* transporter displays
186  areversed distribution. F — phenylalanine, Y — tyrosine, W — tryptophan, H- histidine, Q — glutamine,
187 L —leucine, I -isoleucine, M — methionine, V — valine, T — threonine, 5-Hiaa — 5-Hydroxyindoleacetic
188  acid.

189

190 The primary LNAA transporter at the BBB is LAT1. LATI is a Na*- and pH-independent
191  antiporter, which forms a heterodimeric complex with CD98 glycoprotein and exchanges one
192  amino acid for another. According to Napolitano et al., LAT1 binds the two amino acids on the
193  opposite sides of the membrane in a random order [33]. In the model, the mechanism of LAT1
194  is described by random-order two-substrates two-products kinetics. This kinetic equation has
195  been extended to account for competition between all LAT1 substrates (Eq. 1 and 2 in Text
196  S1). Since LAT]1 is an antiporter, it does not lead to a net import of amino acids. However, due
197  to the different affinities of LAT1 for specific amino acids, it leads to an altered composition
198  of the amino acid pool. In contrast, the so-called y* system is a facilitated diffusion transporter,
199  which catalyses the net transport of LNAA. This transporter shows the highest affinity towards

200 cationic amino acids, but at the same time, it is inhibited by various LNAA [43]. Since no exact
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201  mechanism is known, reversible Michaelis-Menten kinetics with an equilibrium constant of 1
202  and competition between the various substrates was used (Eq. 3 and 4 in Text S1). Finally, we
203  included the Na*-dependent large neutral amino acid transporter (Na*™-LNAA), which actively
204  transports amino acids out of the brain. It transports a range of substrates similar to that of
205 LATI, but in contrast to LAT1, Na*-LNAA is only expressed on the abluminal side of the
206  BBB. Together with the y* system, Na*™-LNAA controls the total LNAA content of the brain
207  [44]. In our model, the Na*-LNAA kinetics are described by an irreversible Michaelis-Menten

208  equation with competition between the various substrates (Eq. 5 in Text S1).

209 To account for the imbalance of cerebral monoamines, including neurotransmitters, in PKU
210  patients, we included monoamine metabolism in the model (Fig.1). It consists of two main
211  pathways: 1) tyrosine metabolism to L-dopa, dopamine (DA), norepinephrine (NE), 3-
212 methoxytyramine (3-MT), and normetanephrine (NMN); and 2) tryptophan metabolism to 4-
213 hydroxytryptophan (4-HTP), serotonin (HT) and 5-hydroxyindoleacetic acid (5-HIAA). The
214  first step in both pathways is catalysed by an amino acid hydroxylase. Both tyrosine
215  hydroxylase and tryptophan hydroxylase (TH and TPH2, respectively in Fig.1) are inhibited
216  non-competitively and competitively by phenylalanine [45]. Since phenylalanine is not only
217  an inhibitor, but also a substrate for these enzymes, it can be converted at a low rate to tyrosine
218  in the brain [46]. We modified the kinetic mechanism proposed by Ogawa and Ichinose [45]
219  to include not only the role of phenylalanine, but also competitive inhibition by L-dopa [47],
220 NE, and DA [48] for tyrosine hydroxylase, and by 4-HTP [49], L-dopa, and DA [50] for
221  tryptophan hydroxylase (Eq. 6 and 7 in Text S1). Tetrahydrobiopterin was assumed to be
222 available at a saturating concentration for both hydroxylases and therefore not included in the
223  model. Subsequent metabolic steps were described by Michaelis-Menten kinetics, with
224  substrate competition where applicable (see detailed description in Text S1).

225  Lastly, brain-protein synthesis is affected both in PKU patients [10] and in PAH-deficient
226  mouse models [16]. We included the synthesis of protein starting from the amino acids that
227  were already in the model. Implicitly, we thereby assumed the other amino acids to be present
228  in excess. The amino acid stoichiometry in protein synthesis was calculated from the mouse
229  exome [51]. The affinity constants (K values) used in the protein-biosynthesis equation reflect
230 the affinity of each of the amino acids to its cognate tRNA-ligase.

231  All parameters used in the model, except for the Vmax of LAT1, were taken from the literature.
232 Where available, we prioritised murine data, as specified in Table S2 in Text S1. All enzyme
233 rates were normalised per total mouse brain. The value of Vmax of LAT1 enzyme was found
234 by a manual fitting to the WT data, since no value was available that could be related reliably

235  to total mouse protein. Based on the above, we constructed a model of 26 variable metabolite
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236  concentrations, 105 reactions, and 89 parameters. Model simulations predicted fluxes and
237  metabolite concentrations both as functions of time and at steady state. Detailed information

238  about the parameter values and their source can be found in the model description (Text S1).

239
240 EXPERIMENTAL VALIDATION OF THE MODEL: THE EFFECT OF DISEASE AND DIET
241  ON BRAIN AMINO ACIDS

242 To better understand the relationship between plasma amino acids and brain biochemistry in
243 PKU, we simulated the effect of different diets that were previously given to PKU mice [52].
244  The blood concentrations in the model were fixed and set to the values measured in the specific
245  mice groups (see Table S3 in Text S1). PAH, the defective enzyme in PKU, is expressed in the
246  liver and kidney, but not in the brain. The PKU model is therefore distinguished from the WT
247  model by the altered concentrations of amino acids in the blood compartment. Notably, blood
248  phenylalanine is high and blood tyrosine low in PKU compared to WT mice on normal chow
249  diet (Table S4).
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251  Figure 2. Comparison between experimental data and model predictions for changes in the brain
252  levels of (A) phenylalanine, (B) tryptophan, and (C) tyrosine, in PKU mice with dietary
253  interventions, relative to the WT values. For the experimental data, each bar represents a mean (ns =
254  16) with a standard error of the man. Significant differences between diets and normal chow PKU mice
255  have been marked with *.

256

257  Our model distinguishes between the BBB compartment (called CELL) and the brain itself

258 (BR) (Fig.1). The experimental data used for model optimisation and validation, however, had
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259  been obtained from total brain samples that also included the BBB. Therefore, we calculated
260 as model output a weighted average of the concentrations in the CELL and BR compartments,
261  considering the difference in the volume of these two compartments (for details see Text S1).
262  Furthermore, since the modelled and experimental data for brain concentrations had different
263  units (umol/g wet weight and uM, respectively), we compared only values relative to the WT

264  in both experimental data, and model predictions.

265  The simulated data resembled the experimental data for cerebral amino acid concentrations,
266  based on low normalised difference scores. The most accurate predictions were obtained for
267  glutamine, tyrosine and tryptophan (Fig.S1). The model simulations correctly predicted that
268  cerebral phenylalanine accumulated in PKU mice compared to WT, when both were kept on a
269  non-supplemented chow diet (black bars in Fig.2A). The accumulation of phenylalanine was
270 larger in the model than in the experiment, which is also visible in its large relative difference
271  score (Fig.S1). Nevertheless, the relative increase predicted by the model was within the values
272 reported in the literature (Table 1). Furthermore, we observed a 17% decrease in the protein
273  synthesis rate in the brain compartment and a 27% decrease in the BBB compartment in the
274  PKU model compared to WT, in line with previously published experimental data in PKU mice
275 [16] (Fig.S3).

276  Table 1. Comparison between the model predictions and literature data on cerebral amino acid

277  and neurotransmitter levels. Relative (PKU/WT) values are shown. BTBR and C57BL/6 denominate the
278 background mice strain, M and F are used to describe males and females, respectively.

il Ped e Bemis i
model BTBR BTBR  C57BL/6  C57BL/6 C57BL/6
M+F M M M M F
Phenylalanine 778% 414% 469% 609% 684% 648% 954%
Tyrosine 59% 66% 60% 69% 78% 103%
Tryptophan 87% 69% 70% 70% 89%
Dopamine 48% 85% 60% 75% 103% 78%
Norepinephrine 47% 61% 50% 59%
Serotonin 23% 46% 35% reduced 33% 57% 48%
5-HIAA 23% 28% reduced 11% 43% 33%

279

280 Dietary supplementation of PKU mice with all LNAA (with or without threonine) reduced
281  phenylalanine levels in the brain, similarly to what is seen in the experiment (light and dark
282  blue versus black bars in Fig.2A). Furthermore, this intervention restored the protein synthesis
283  rate in the model to the WT levels (Fig.S3). This may suggest that the other LNAAs compete
284  effectively with phenylalanine for transport by LAT1 and other transporters, both in the model

285  and the experiment. We note, however, that the blood concentrations of phenylalanine were
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286  also lower in the LNAA supplemented groups (Table S4.4 and [26])). Supplementation of only
287  tyrosine and tryptophan had no effect on brain phenylalanine, neither in the model nor in the
288  experiment (yellow versus black bars in Fig.2A). Experimentally, supplementation of leucine
289  plusisoleucine reduced the phenylalanine concentration in the brain. This effect was attenuated
290 inthe model (orange bars, Fig.2A). Previously, the strong impact of leucine and isoleucine was
291  attributed to their high affinities for LAT1 [53]. We have implemented these affinities in the
292  model. In line with this, supplementation of leucine and isoleucine increased their brain
293  concentrations substantially (Fig.S2.). Apparently, however, their high affinities are not
294  sufficient to explain their impact on brain phenylalanine in the experiments, suggesting that
295 leucine and isoleucine act at least in part via another unknown mechanism. Next, threonine
296  supplementation has been given in one study showing a decrease of phenylalanine in blood
297  hypothesising that this decrease in blood phenylalanine levels would also result in a decrease
298 in cerebral phenylalanine [54]. However, this effect was neither seen in experimental data nor
299  in model simulations (red bars, Fig.2A). Finally, a high protein diet served as a positive control
300 in which all amino acids are abundant. Experimental data, as well as model simulations,
301 showed a further increase in the brain phenylalanine levels in PKU mice on a high protein diet

302  (grey bars, Fig.2A).

303  Subsequently, the impact of the different diets on tryptophan and tyrosine in the brain was
304  accurately predicted by the model (Fig.2B and C). In both model and experiment, tryptophan
305 and tyrosine were most increased by the addition of these amino acids to the diet, while
306  selective supplementation of threonine or leucine plus isoleucine had no effect on the brain
307  concentrations of tryptophan or tyrosine. The brain concentrations of the other amino acids are
308 shown in Fig.S2. First, the concentration of glutamine did not change much on any of the
309 experimental diets in either model or experiment (Fig.S2A). The model missed, however, the
310 increased brain concentration of histidine that was experimentally found in the PKU mice
311  (Fig.S2B). The brain concentrations of leucine and isoleucine did not respond very strongly to
312  either PKU or dietary supplementation of other amino acids. This was qualitatively reproduced
313 by the model (Fig.S2C and D). However, the model predicted a much higher response of brain
314  leucine and isoleucine to supplementation with these amino acids (leucine+isoleucine diet)
315  than the experimental data showed. Finally, the brain concentrations of methionine plus valine
316 (MV) and threonine (Fig.S2E and F) showed similar profiles in the model simulations and the
317 mouse experiment. Particularly, the threonine concentration increased strongly in the brain if
318 supplemented in the diet, either with or without other LNAAs (dark blue and red bars in

319  Fig.S2). Furthermore, except for glutamine and histidine, we observed a correlation between
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320 plasma and brain levels of all amino acids, both in the experimental data and in the model

321  predictions (Fig.S2).

322 EXPERIMENTAL VALIDATION OF THE MODEL: THE EFFECT OF DISEASE AND DIET
323 ON NEUROTRANSMITTERS

324  Subsequently, we compared the brain monoaminergic neurotransmitter levels between model
325 and experiments. The computational model correctly predicted the decrease in both tryptophan-
326  and tyrosine-derived neurotransmitter levels in PKU mice compared to the wild-type controls
327 (Fig.3,4, and Table 1). In general, the decrease was stronger in the model than in the
328  experiments, especially in the dopaminergic pathway (Fig.4, and Table 1). The experimental
329  data shows only a mild decrease in the dopamine levels, followed by a stronger response in the
330 norepinephrine and normetanephrine levels, whilst no change was seen in the 3-
331  methoxytyramine levels. This contrasts with our model predictions where all the dopaminergic
332  metabolites show the same decline in their levels in the PKU model compared with the WT

333  (Fig.4, and Table 1).
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335  Figure 3. Model validation for the levels of the tryptophan-derived neurotransmitter serotonin
336 (A), and its metabolite 5-HIAA (B) in PKU mice with dietary interventions, relative to the WT
337  values. For the experimental data, each bar represents a mean (ns = 16) with a standard error of the
338  mean. Significant differences between diets and normal chow PKU mice have been marked with *.
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339  Subsequently, we analysed the response of the neurotransmitter concentrations to different
340  diets. Qualitatively, the tryptophan-derived neurotransmitters showed the same dietary profiles
341  in experiments and simulations, but in the simulations the response was attenuated compared
342 to the experiments (Fig.3). In both experiments and simulations serotonin and 5-
343  hydroxyindoleacetic acid levels were effectively increased by supplementation with LNAA
344  plus threonine (Fig.3). In the model, the LNAA diet with threonine increased these
345  neurotransmitters slightly more than the LNAA diet without threonine. The difference was

346  smaller, however, than the experimental error.
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348  Figure 4. Model validation for the levels of the tyrosine-derived neurotransmitters: (A) dopamine,
349 and (B) norepinephrine, as well as their metabolites: (C) 3-methoxytyramine, and (D)
350 normetanephrine in PKU mice with dietary interventions, relative to the WT values. For the
351  experimental data, each bar represents a mean (ns = 16) with a standard error of the mean. Significant

352 differences between diets and normal chow PKU mice have been marked with *.
353

354  According to the model, the LNAA diet with threonine was the only diet with a strong
355  stimulatory effect on the dopamine pathway (Fig. 4). The simulated tyrosine- plus tryptophan-
356 enriched diet even further decreased the levels of the dopaminergic metabolites slightly if
357  compared to the PKU without treatment. This is, however, not seen in the experimental data,
358 which showed a modest increase over normal chow (PKU) in brain dopamine and

359  norepinephrine on the tyrosine- plus tryptophan-enriched diet compared to normal chow. This
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360  suggests that we miss a mechanism in the model that buffers the dopaminergic neurotransmitter

361 concentrations in mice in vivo.

362 BRAIN AMINO ACID AND NEUROTRANSMITTER LEVELS, AND PROTEIN
363 SYNTHESIS RATES ARE SENSITIVE TO THE BLOOD CONCENTRATIONS OF AMINO

364 ACIDS

365 In vivo, it is not feasible to assess the impact of each individual amino acid in the blood
366  systematically. Since the model provided a fairly good representation of the in vivo situation,
367 we calculated the response coefficients (Fig. 5A) of the clinically relevant output variables
368 towards changes in the concentrations of individual amino acids in the blood. A positive
369 response coefficient means that an increase of the blood amino acid concentration increases
370 the output variable, whereas a negative response coefficient would decrease it.
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372  Figure 5. Brain levels of phenylalanine, tryptophan, and tyrosine are susceptible to the changes
373 in the corresponding blood levels of these amino acids in both (A) WT, and (B) PKU models. Bars
374  represent positive and negative response coefficients of brain phenylalanine, tyrosine, tryptophan, as
375  well as dopamine, serotonin, and protein synthesis, to the changes in the blood amino acid
376  concentrations.

377  The response coefficients were qualitatively similar between WT and PKU model predictions
378  (Fig. 5) as well as in the different diets (Fig. S5). However, in the PKU model, the dopamine
379  and serotonin levels responded more sensitively to the changes in individual amino acid

380 concentrations (cf. Fig. 5A and B). In the following, we will focus on the PKU model (Fig.
381 5SB).
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382  Blood phenylalanine had by far the strongest impact on its own brain concentration as well as
383  on that of the neurotransmitters. The brain tyrosine and tryptophan levels responded only
384  weakly to blood phenylalanine. Surprisingly, these amino acid levels were even increased by
385 increased blood phenylalanine (Fig 5 and Fig. S10). Furthermore, LAT1 reactions showed only
386  a minor concentration control coefficient for brain amino acid levels (Fig. S11). This suggests
387  that competition for LATI, at least in the present model, is not a dominant factor for these
388 amino acids. The sensitive response of the neurotransmitters, but not of their precursors,
389  suggests that their synthesis is mostly affected by phenylalanine inhibition, rather than by the

390 lack of precursors, at least in the model.

391  Supplementation of tyrosine or tryptophan had a positive impact on their own brain levels, as
392 indicated by the relatively large, positive response coefficients. Neither had a strong effect on
393  the phenylalanine concentration, confirming that the interaction between phenylalanine on the
394  one hand and tyrosine and tryptophan on the other, was weak. Tryptophan had a positive impact
395  on serotonin, albeit less than the negative effect of phenylalanine. In contrast, the precursor
396 tyrosine had little effect on dopamine. Dopamine is overall less sensitive to blood amino acid
397 levels than serotonin. This may explain why the impact of PKU on dopamine is less than on
398  serotonin in the first place, both in experiments and model. A counterintuitive finding was the
399 negative response of dopamine to plasma tyrosine concentration in the WT, caused by substrate
400 inhibition of tyrosine hydroxylase by tyrosine (Fig. 5B and Fig. S6C). Tyrosine titration
401  showed that this effect was not present in the PKU model since the latter operated at the point

402  where substrate stimulation and substrate inhibition were just balanced (Fig. S6C).

403  The other amino acids, notably threonine, histidine, leucine, and isoleucine, reduced the brain
404  phenylalanine concentration. Individually they had a low response coefficient, but together
405  they could have a substantial impact (Fig. 5B). They also impacted positively on dopamine and
406  serotonin, presumably through alleviating the inhibition by phenylalanine. To test this
407  hypothesis, we modelled the impact of doubling the plasma concentrations of threonine,
408  histidine, leucine, and isoleucine (THLI perturbation) in the PKU normal chow diet.
409  Furthermore, we tested scenarios where only one of these AAs was increased so that the sum
410  of threonine, histidine, leucine, and isoleucine was the same as in the THLI perturbation.
411  Similarly, we tested the effect of a proportional increase in all non-phenylalanine LNAAs. Last,
412  we tested extension of THLI perturbation by additional supplementation of tyrosine and
413  tryptophan to their WT normal chow plasma levels. As response coefficient analysis suggested,
414  THLI perturbation was able to substantially decrease the brain phenylalanine levels more than

415  any of the amino acids alone (Fig. S12A). However, the effect of THLI perturbation on brain
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416  levels of neurotransmitters was only minimal (Fig. S12J-O). Since the leucine only diet showed
417  the least improvement, we decided to test a scenario where only threonine, histidine, and
418  isoleucine (THI perturbation) were added (maintaining the sum of threonine, histidine, and
419  isoleucine equal to the one in THLI perturbation). With THI only supplementation, we saw an
420 even bigger decrease in phenylalanine levels as well as an increase in neurotransmitter levels
421  (Fig S12A and J-O). Additional supplementation of tyrosine and tryptophan in both THLI and
422  THI perturbations showed a further decrease in phenylalanine and an increase in

423  neurotransmitter levels (Fig S12A and J-O).

424  Furthermore, all amino acids are shown to stimulate protein synthesis in the brain with histidine
425 and isoleucine having the biggest impact in the PKU model (Fig 5B). A drawback of
426  supplementation of these amino acids, however, would be their negative impact on the brain
427  concentrations of tyrosine and tryptophan, most likely through competition for LATI.
428 However, this may be alleviated by an increase in the tyrosine and tryptophan in the diet
429  (Fig.S12). Interestingly, histidine-only perturbation showed that at high brain histidine
430  concentrations the weak inhibition of DBH enzyme by histidine could lead to a reduction of

431  norepinephrine and normetanephrine levels while dopamine levels remain stable Fig. S12J-M).

432  INCREASE IN THE BLOOD PHENYLALANINE LEVELS ALONE DOES NOT DECREASE THE
433  BRAIN TYROSINE AND TRYPTOPHAN LEVELS, BUT IT DOES INHIBIT THE SYNTHESIS
434  OF NEUROTRANSMITTERS.

435  In PKU mice, the blood concentrations of multiple amino acids were changed simultaneously
436  compared to the WT. To disentangle the effect of the increased phenylalanine concentration
437  from that of the other amino acids, we performed an in silico experiment. To this end, all blood
438  amino acid concentrations were fixed at the levels measured in either WT or PKU mice without
439  dietary supplementation. Then, Phe was increased to PKU level in the WT (Phe 1803,
440  corresponding to 1803 uM), or to WT level in the PKU model (Phe 304, corresponding to 304
441  pM) (Fig. 6). Brain phenylalanine accumulates in response to the change in the blood
442  phenylalanine levels as expected (cf. WT Phe 304 to WT 1803; or PKU Phe 304 to PKU 1803
443  in Fig. 6A). In contrast, brain phenylalanine did not respond to other amino acids that were
444  altered in PKU (cf. WT Phe 304 to PKU Phe 304; or WT Phe 1803 to PKU Phe 1803 in Fig.
445  6A). Tyrosine and tryptophan hardly responded to the change in phenylalanine but decreased
446  in response to alterations of the other amino acids in PKU (cf. WT to PKU at either Phe

447  concentration in Fig. 6A).
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449  Figure 6. Changes to the brain phenylalanine, tyrosine, tryptophan, dopamine, and serotonin
450 levels in response to the blood phenylalanine increase/decrease in WT and PKU model
451 simulations (A), in comparison with the experimental data from mice (B). WT or PKU indicate that
452  all blood amino acid concentrations except those of phenylalanine were equal to those measured in WT
453  or PKU, respectively. Phe 304 indicates that the WT phenylalanine concentration of 304 uM was used,
454  whereas Phe 1803 indicates that the PKU phenylalanine concentration of 1803 pM was used.
455

456  The brain neurotransmitters decreased strongly in response to the increased blood
457  phenylalanine levels (Fig. 6A and Fig. S7C and D) in line with the experimental data (Fig. 6B).
458  However, the dopamine to serotonin ratio in the model was opposite to that of the one seen in
459  the experimental data (Fig. 6B). Even when the blood concentrations of tyrosine and
460 tryptophan were doubled or quadrupled, the strong inhibition of dopamine and serotonin levels

461 by phenylalanine synthesis persisted (Fig. S7-S9). Only when blood phenylalanine
462  concentration was lowered to 750 uM (Phe 750, halfway between WT and PKU values) the
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463 combined addition of tyrosine and tryptophan had a positive effect on serotonin, while

464  dopamine levels were still lower than in the WT (Phe 750, Fig. S9).

465 DISCUSSION

466  In this work, we present the first dynamic model that links the LNAA transport system across
467  the BBB to the subsequent brain neurotransmitter metabolism and protein synthesis (Fig. 1).
468 In particular, we included extensive competition between the substrates of the LATI
469 transporter across the BBB. The model was designed to ultimately understand and optimise

470  how dietary treatment affects the brain biochemistry in PKU patients.

471  As the mouse brain is experimentally more accessible than the human brain, and PKU mouse
472  models closely resemble the genetics, biochemistry, and neurobiology of human PKU, the
473  detailed mechanism of PKU pathophysiology has mostly been studied in PKU mice. Therefore,
474  the model was based on data from the BTBR mouse strain and validated against data of the
475  PKU mice in the same background strain. Considering the large number and heterogeneity of
476  the kinetic parameters (Table S2) the correspondence between model predictions and
477  experimental data was remarkably good. Moreover, while not all metabolic fates of Phe,
478  tyrosine and tryptophan were included in the model, we included the most important metabolic
479  pathways. Kinetic parameters were not fitted to the desired outcome but based on biochemical
480  data of specific enzymes. Models of this type give insight in how complete our biochemical

481  knowledge is to understand functional properties, such as the neurotransmitter levels [55,56].

482  Qualitatively, the model largely reproduced the impact of PKU and most of the dietary
483  treatments on brain biochemistry (Figures 2-4, and Table 1) as seen in the mice with PKU. The
484  most conspicuous exception was the leucine plus isoleucine diet, which reduced phenylalanine
485 levels in PKU mouse experiments, but barely in the PKU model. The affinity of LAT1 for
486 leucine and isoleucine in the model was high, in accordance with the biochemical data, and
487  these amino acids readily crossed the BBB. Yet, their calculated impact on phenylalanine
488  uptake was limited. This discrepancy led us to conclude that leucine and isoleucine probably
489  affect brain phenylalanine levels via another mechanism besides the simple competition for
490 LATI. So far, existing research on the metabolic role of branched-chain amino acids shows
491  that leucine can stimulate protein synthesis and decrease protein breakdown [57,58]. Indeed,
492  in our simulations, we saw a small increase in protein synthesis rate in leucine and isoleucine
493  diet (Fig. S3). Since phenylalanine is more abundant than tyrosine and tryptophan in mouse
494  protein [51], stimulation of protein synthesis could decrease free phenylalanine levels, without

495  depleting the free tyrosine and tryptophan levels. Another possibility might be that LATI is
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496  not the only transporter but that other transporters - such as LAT2 of which the function and

497  the location of in brain is still debated - are not sufficiently considered.

498  Another qualitative discrepancy between model and experiment was the finding that the
499  tyrosine plus tryptophan diet increased the neurotransmitter levels experimentally, but not in
500 the model. This might well be explained by the fact that, in the model, brain phenylalanine
501 levels in PKU compared to WT were much more increased than seen in the PKU mouse
502  experiments. On the contrary, the reduction of brain tyrosine and tryptophan levels in PKU

503 compared to WT in the model was less than observed in the mouse experiments.

504  Quantitatively, the calculated effect of PKU on most brain metabolites in the model was larger
505 than the measured effects in the mouse experiments, with was especially true for brain
506  phenylalanine levels. The fundamental reason why a quantitative agreement is beyond reach at
507 this stage could be the compartmentation of the brain. The available validation data are in
508 umol/g wet weight of the total brain, whereas the model predicts local concentrations in
509 umol/L. The model already includes some compartmentation, specifically the blood
510 compartment, the endothelial cells of the BBB, and the brain itself. To relate the model
511 outcome to the validation dataset, a weighted average between the BBB and the brain
512  compartment was made and an estimate of the cytosolic volume relative to the brain wet
513  weight. Most likely, the uncertainty in this conversion is an important reason for the
514  quantitative discrepancy. Naturally, uncertainties in the biochemical parameters may also play
515 arole, taken into account that only few of the parameters were mouse specific. However, not
516  all the parameters exert strong control on the brain concentrations of neurotransmitters and
517 amino acids, and in general, we found the biochemical literature of high quality. Further
518  progress could be made by using an intermediate experimental system that is closer to the
519 model. Taslimifar et al. [29,34] proposed further compartmentation of their brain model into
520 blood, endothelial cells, cerebral spinal fluid, and dopaminergic and serotonergic neurons. To
521  validate such a model experimentally, novel organ-on-chip technology holds great promise,
522  particularly since different tissue- and or cell-type-specific chips can be coupled functionally

523  [59,60].

524 At this stage, the qualitative agreement between model and mice experiments already allows
525  usto interrogate the model. For many mechanistic and clinical questions, it is sufficient to rank
526  the impact of different interventions and to predict in which direction they could work. Given
527  the complexity of the system, modelling can provide non-trivial answers. A particular

528 advantage is that, in a model, the impact of individual amino acids in the blood can be
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529 investigated one by one, in contrast to the different diets which change multiple amino acid

530 levels in the blood at the same time.

531  Firstly, the model correctly predicted the altered brain levels of amino acids in PKU (Fig. 2).
532  Notably, the phenylalanine concentration was increased, whereas tyrosine and tryptophan were
533  decreased in the brain. The model suggests that the decrease of cerebral tyrosine and tryptophan
534  is not primarily due to competition with the high phenylalanine concentration for the LAT1
535 transporter. Rather, tyrosine and tryptophan were already decreased in the blood (Table S4).
536  According to the model, this decrease of blood tyrosine and tryptophan appeared to be a
537  prerequisite for the decrease of their cerebral concentrations (Fig. 6). The lower blood levels
538  of tyrosine in PKU mice and patients can be attributed to impaired production in the liver due
539 to the PAH deficiency, but may also be caused by alterations the intestinal uptake, altered
540 microbiota composition or metabolism [61,62]. The lower blood levels of tryptophan in PKU
541 mice and patients are less well understood, but altered metabolism of tryptophan via the

542  kynurenine pathway has been suggested to play a role [63].

543  Second, the model qualitatively reproduced the decline of brain neurotransmitter levels that
544  was observed in PKU mice [18,64]. The fact that the dopamine pattern mimics that of tyrosine,
545  while the serotonin pattern mimics that of tryptophan, may seem to suggest that
546  neurotransmitter levels are controlled by precursor levels. However, the response coefficients
547  in the model (Fig. 5) showed the opposite: both cerebral serotonin and dopamine were strongly
548 negatively controlled by blood phenylalanine, most likely via the strong negative inhibition of

549  tyrosine and tryptophan hydroxylases by phenylalanine (Fig. 1).

550 Third, the response coefficients showed that isoleucine, leucine, histidine, threonine, and
551  tyrosine all contributed individually to a reduction of the phenylalanine levels and an increase
552  of neurotransmitter levels in the brain of PKU mice (Fig. 5, Fig. S12). This is surprising since
553  neither the leucine plus isoleucine nor the threonine diet affected brain phenylalanine and
554  neurotransmitter levels in the model (Fig. 2). We should keep in mind, however, that the effect
555  of individual amino acids that compete for LAT1 was very small compared to that of
556 phenylalanine. When supplemented together, however, as in the complete LNAA
557  supplementation, they have a strong impact (Fig. 2 and 3, Fig. S12).

558 A final striking result was the weak, but significantly positive, effect of blood phenylalanine
559  on the brain concentrations of tyrosine and tryptophan in the model. This was seen in the
560 positive response coefficients of blood phenylalanine on tryptophan in PKU (Figure 5B) as

561 well as in a minor increase of tryptophan and tyrosine when the impact of elevated
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562  phenylalanine in PKU was simulated without the concomitant decrease of the other amino
563 acids (Figure 6A). The effect can be explained from the fact that LATI is an antiporter;
564  phenylalanine does not only compete for LAT1 at the blood side but also serves as a counter
565  metabolite at the brain side as seen in the increased rates of tyrosine and tryptophan transport
566 to the brain with an increase of phenylalanine (Figure S10). The inverse effect was not
567  observed: when tryptophan or tyrosine were increased separately in the model, their negative

568 effect through competition for LAT1 dominated the uptake of phenylalanine (Figure 5B).

569  What do these results mean for a clinical application of the LNAA diet? To answer this
570  question, we must emphasise that we did not simulate the altered diets used in the PKU mice
571  per se, but rather the impact of altered blood concentrations of amino acids on the brain in the
572 PKU mice. For a more complete insight into the impact of diets, we should also include
573 intestinal uptake and passage through the liver. Nevertheless, the model may help to pinpoint

574  blood amino acids that are important to monitor and optimise in LNAA treatment.

575  Our present modelling confirmed that the clinical importance of reduction of blood
576  phenylalanine is not only to avoid direct phenylalanine toxicity in the brain but also - albeit to
577  an unknown degree of importance - to reduce the inhibition of tyrosine and tryptophan
578 hydroxylases by cerebral phenylalanine. Furthermore, we gave a theoretical underpinning of
579 the LNAA diet: even though each individual amino acid had a small effect on brain
580 phenylalanine, together they had a strong impact. On the other hand, some discrepancies have
581  been identified between our previous experimental data and the current modelling. These
582  discrepancies reveal the gaps in our current understanding of the pathophysiological
583  mechanisms underlying brain amino acid and neurotransmitter deficiencies in PKU. Our work
584  suggests that future studies should focus on the mechanism through which the leucine plus
585 isoleucine diet reduces brain phenylalanine, on brain compartmentation, and on the kinetic
586 regulation of neurotransmitter biosynthesis. Increased future understanding of these
587  mechanisms should aim to provide an even more solid advice on the optimal LNAA content

588  for trials in PKU patients.

589  In conclusion, this first detailed, dynamic model of the LNAA transport and subsequent brain
590 neurotransmitter metabolism gives a good, albeit qualitative, description of the impact of
591  dietary treatment of PKU mice. In the future, it may be optimised towards the human patient
592  situation. This can be readily done by changing the model parameters to be human-specific,
593  since the biochemical architecture of the network is thought to be the comparable between mice

594  and man [65]. Moreover, its generic nature makes it applicable to other diseases in which the
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595 balance of amino acids and neurotransmitters is affected, such as Alzheimer’s [40] or

596  Parkinson’s Disease [41], depression [38], and autism [39].

597 REFERENCES

598 1. Van Spronsen FJ, Blau N, Harding C, Burlina A, Longo N, Bosch AM. Phenylketonuria. Nat
599 Rev Dis Primers. 2021;7: 36. doi:10.1038/s41572-021-00267-0

600 2. Daly A, Evans S, Pinto A, Ashmore C, MacDonald A. Protein Substitutes in PKU; Their
601 Historical Evolution. Nutrients. 2021;13: 484. doi:10.3390/nu13020484

602 3. Thony B, Ding Z, Martinez A. Tetrahydrobiopterin protects phenylalanine hydroxylase
603 activity in vivo: Implications for tetrahydrobiopterin-responsive hyperphenylalaninemia.
604 FEBS Letters. 2004;577: 507-511. doi:10.1016/j.febslet.2004.10.056

605 4. Evers RAF, Vliet D, Spronsen FJ. Tetrahydrobiopterin treatment in phenylketonuria: A
606 repurposing approach. Jrnl of |Inher Metab Disea. 2020;43: 189-199.
607 d0i:10.1002/jimd.12151

608 5. van Spronsen FJ, Hoeksma M, Reijngoud D-J. Brain dysfunction in phenylketonuria: Is
609 phenylalanine toxicity the only possible cause? Journal of Inherited Metabolic Disease.
610 2009;32: 46-51. doi:10.1007/s10545-008-0946-2

611 6. de Groot MJ, Hoeksma M, Blau N, Reijngoud DJ, van Spronsen FJ. Pathogenesis of

612 cognitive dysfunction in phenylketonuria: Review of hypotheses¥. Molecular Genetics
613 and Metabolism. 2010;99: S86-589. doi:10.1016/j.ymgme.2009.10.016

614 7. Smith QR. Transport of Glutamate and Other Amino Acids at the Blood-Brain Barrier. The
615 Journal of Nutrition. 2000;130: 1016S-1022S. d0i:10.1093/jn/130.4.1016S

616 8. Moller HE, Weglage J, Bick U, Wiedermann D, Feldmann R, Ullrich K. Brain imaging and
617 proton magnetic resonance spectroscopy in patients with phenylketonuria. Pediatrics.
618 2003;112: 1580-3.

619 9. Landvogt C, Mengel E, Bartenstein P, Buchholz HG, Schreckenberger M, Siessmeier T, et

620 al. Reduced Cerebral Fluoro-I-Dopamine Uptake in Adult Patients Suffering from
621 Phenylketonuria. Journal of Cerebral Blood Flow & Metabolism. 2008;28: 824-831.
622 do0i:10.1038/sj.jcbfm.9600571

623  10. de Groot MJ, Hoeksma M, Reijngoud D-J, de Valk HW, Paans AMJ, Sauer PJJ, et al.
624 Phenylketonuria: reduced tyrosine brain influx relates to reduced cerebral protein
625 synthesis. Orphanet journal of rare diseases. 2013;8: 133. d0i:10.1186/1750-1172-8-133

626 11. de Groot MJ, Sijens PE, Reijngoud D-J, Paans AM, van Spronsen FJ. Phenylketonuria: brain
627 phenylalanine concentrations relate inversely to cerebral protein synthesis. Journal of
628 cerebral blood flow and metabolism. 2015;35: 200-205. doi:10.1038/jcbfm.2014.183


https://doi.org/10.1101/2024.01.05.574352
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.05.574352; this version posted January 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

629 12. Martynyuk AE, Glushakov AV, Sumners C, Laipis PJ, Dennis DM, Seubert CN. Impaired
630 glutamatergic synaptic transmission in the PKU brain. Molecular Genetics and
631 Metabolism. 2005;86: 34—42. doi:10.1016/j.ymgme.2005.06.014

632  13. Glushakov AV, Glushakova O, Varshney M, Bajpai LK, Sumners C, Laipis PJ, et al. Long-
633 term changes in glutamatergic synaptic transmission in phenylketonuria. Brain: A Journal
634 of Neurology. 2005;128: 300-307. doi:10.1093/brain/awh354

635  14. Horster F, Schwab MA, Sauer SW, Pietz J, Hoffmann GF, Okun JG, et al. Phenylalanine
636 reduces synaptic density in mixed cortical cultures from mice. Pediatric Research.
637 2006;59: 544-548. doi:10.1203/01.pdr.0000203091.45988.8d

638  15. Shefer S, Tint GS, Jean-Guillaume D, Daikhin E, Kendler A, Nguyen LB, et al. Is there a

639 relationship between 3-hydroxy-3-methylglutaryl coenzyme a reductase activity and
640 forebrain pathology in the PKU mouse? Journal of Neuroscience Research. 2000;61: 549—
641 563. doi:10.1002/1097-4547(20000901)61:5<549::AID-JNR10>3.0.CO;2-0

642  16. Smith CB, KangJ. Cerebral protein synthesis in a genetic mouse model of phenylketonuria.
643 Proceedings of the National Academy of Sciences. 2000;97: 11014-11019.
644 doi:10.1073/pnas.97.20.11014

645  17. Wurtman RJ, Hefti F, Melamed E. Precursor control of neurotransmitter synthesis.
646 Pharmacological reviews. 1980;32: 315-35.

647  18. Van Vliet D, Bruinenberg VM, Mazzola PN, Van Faassen MHIJR, De Blaauw P, Pascucci T,

648 et al. Therapeutic brain modulation with targeted large neutral amino acid supplements
649 in the Pah-enu2 phenylketonuria mouse model. American Journal of Clinical Nutrition.
650 2016;104: 1292-1300. doi:10.3945/ajcn.116.135996

651 19. Andolina D, Conversi D, Cabib S, Trabalza A, Ventura R, Puglisi-Allegra S, et al. 5-

652 Hydroxytryptophan during critical postnatal period improves cognitive performances and
653 promotes dendritic spine maturation in genetic mouse model of phenylketonuria. The
654 International  Journal of  Neuropsychopharmacology. 2011;14:  479-489.
655 doi:10.1017/5S1461145710001288

656 20. Hommes FA, Lee JS. The control of 5-hydroxytryptamine and dopamine synthesis in the
657 brain: a theoretical approach. Journal of Inherited Metabolic Disease. 1990;13: 37-57.

658  21. Pascucci T, Giacovazzo G, Andolina D, Conversi D, Cruciani F, Cabib S, et al. In vivo

659 catecholaminergic metabolism in the medial prefrontal cortex of ENU2 mice: an
660 investigation of the cortical dopamine deficit in phenylketonuria. Journal of Inherited
661 Metabolic Disease. 2012;35: 1001-1009. doi:10.1007/s10545-012-9473-2

662  22. Lou H. Large doses of tryptophan and tyrosine as potential therapeutic alternative to
663 dietary phenylalanine restriction in phenylketonuria. Lancet (London, England). 1985;2:
664 150-1.


https://doi.org/10.1101/2024.01.05.574352
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.05.574352; this version posted January 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

665  23. Lykkelund C, Nielsen JB, Lou HC, Rasmussen V, Gerdes AM, Christensen E, et al. Increased

666 neurotransmitter biosynthesis in phenylketonuria induced by phenylalanine restriction or
667 by supplementation of unrestricted diet with large amounts of tyrosine. European Journal
668 of Pediatrics. 1988;148: 238-245. doi:10.1007/BF00441411

669  24. Boot E, Hollak CEM, Huijbregts SCJ, Jahja R, van Vliet D, Nederveen AJ, et al. Cerebral

670 dopamine deficiency, plasma monoamine alterations and neurocognitive deficits in
671 adults with phenylketonuria. Psychological Medicine. 2017;47: 2854-2865.
672 d0i:10.1017/50033291717001398

673  25. van Spronsen FJ, de Groot MJ, Hoeksma M, Reijngoud D-JJ, van Rijn M. Large neutral
674 amino acids in the treatment of PKU: from theory to practice. Journal of Inherited
675 Metabolic Disease. 2010;33: 671-676. doi:10.1007/s10545-010-9216-1

676  26. Van Vliet D, Bruinenberg VM, Mazzola PN, Van Faassen MHJR, De Blaauw P, Kema IP, et

677 al. Large neutral amino acid supplementation exerts its effect through three synergistic
678 mechanisms: Proof of principle in phenylketonuria mice. PLoS ONE. 2015;10: 1-18.
679 doi:10.1371/journal.pone.0143833

680  27. Pantziri MDA, Klapa MI. Standardization of Human Metabolic Stoichiometric Models:
681 Challenges and Directions. Front Syst Biol. 2022;2: 899980.
682 do0i:10.3389/fsysb.2022.899980

683  28. Bruggeman FJ, Westerhoff HV. The nature of systems biology. Trends in Microbiology.
684 2007;15: 45-50. doi:10.1016/j.tim.2006.11.003

685  29. Taslimifar M, Buoso S, Verrey F, Kurtcuoglu V. Functional Polarity of Microvascular Brain

686 Endothelial Cells Supported by Neurovascular Unit Computational Model of Large Neutral
687 Amino Acid Homeostasis. Frontiers in Physiology. 2018;9: 171.
688 doi:10.3389/fphys.2018.00171

689  30. Kaufman S. A model of human phenylalanine metabolism in normal subjects and in
690 phenylketonuric patients. Proceedings of the National Academy of Sciences of the United
691 States of America. 1999;96: 3160—4. doi:10.1073/pnas.96.6.3160

692  31. Stavrum A-K, Heiland |, Schuster S, Puntervoll P, Ziegler M. Model of tryptophan
693 metabolism, readily scalable using tissue-specific gene expression data. The Journal of
694 biological chemistry. 2013;288: 34555—66. d0i:10.1074/jbc.M113.474908

695  32. Rios-Avila L, Nijhout HF, Reed MC, Sitren HS, Gregory JF, lll. A mathematical model of

696 tryptophan metabolism via the kynurenine pathway provides insights into the effects of
697 vitamin B-6 deficiency, tryptophan loading, and induction of tryptophan 2,3-dioxygenase
698 on tryptophan metabolites. The Journal of nutrition. 2013;143: 1509-19.

699 doi:10.3945/jn.113.174599


https://doi.org/10.1101/2024.01.05.574352
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.05.574352; this version posted January 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

700  33. Napolitano L, Galluccio M, Scalise M, Parravicini C, Palazzolo L, Eberini |, et al. Novel

701 insights into the transport mechanism of the human amino acid transporter LAT1
702 (SLC7AS5). Probing critical residues for substrate translocation. Biochimica et Biophysica
703 Acta (BBA) - General Subjects. 2017;1861: 727—-736. doi:10.1016/j.bbagen.2017.01.013

704  34. Taslimifar M, Buoso S, Verrey F, Kurtcuoglu V. Propagation of Plasma L-Phenylalanine
705 Concentration Fluctuations to the Neurovascular Unit in Phenylketonuria: An in silico
706 Study. Frontiers in Physiology. 2019;10: 360. doi:10.3389/fphys.2019.00360

707  35. Sahoo S, Franzson L, Jonsson JJ, Thiele |, Sahoo S, Franzson L, et al. A compendium of
708 inborn errors of metabolism mapped onto the human metabolic network. Molecular
709 BioSystems. 2012;8: 2545. doi:10.1039/c2mb25075f

710  36. Brunk E, Sahoo S, Zielinski DC, Altunkaya A, Drager A, Mih N, et al. Recon3D enables a
711 three-dimensional view of gene variation in human metabolism. Nature Biotechnology.
712 2018;36: 272—-281. doi:10.1038/nbt.4072

713  37.Van Ginkel WG, Jahja R, Huijbregts SCJ, Van Spronsen FJ. Neurological and
714 Neuropsychological Problems in Tyrosinemia Type | Patients. Tanguay RM, editor.
715 Hereditary Tyrosinemia. 2017;959: 111-122. doi:10.1007/978-3-319-55780-9 10

716  38. Baranyi A, Amouzadeh-Ghadikolai O, Von Lewinski D, Rothenh&usler H-B, Theokas S,

717 Robier C, et al. Branched-Chain Amino Acids as New Biomarkers of Major Depression - A
718 Novel Neurobiology of Mood Disorder. Seedat S, editor. PLoS ONE. 2016;11: e0160542.
719 doi:10.1371/journal.pone.0160542

720  39. Smith AM, King JJ, West PR, Ludwig MA, Donley ELR, Burrier RE, et al. Amino Acid

721 Dysregulation Metabotypes: Potential Biomarkers for Diagnosis and Individualized
722 Treatment for Subtypes of Autism Spectrum Disorder. Biological Psychiatry. 2019;85:
723 345-354. doi:10.1016/j.biopsych.2018.08.016

724  40. Griffin JWD, Bradshaw PC. Amino Acid Catabolism in Alzheimer’s Disease Brain: Friend or
725 Foe? Oxidative  Medicine and Cellular Longevity. 2017;2017: 1-15.
726 doi:10.1155/2017/5472792

727  41. Masato A, Plotegher N, Boassa D, Bubacco L. Impaired dopamine metabolism in
728 Parkinson’s disease pathogenesis. Molecular Neurodegeneration. 2019;14: 35.
729 doi:10.1186/s13024-019-0332-6

730  42. Hoops S, Sahle S, Gauges R, Lee C, Pahle J, Simus N, et al. COPASI—a COmplex PAthway
731 SImulator. Bioinformatics. 2006;22: 3067—3074. doi:10.1093/bioinformatics/btl485

732  43. O’Kane RL, Vina JR, Simpson |, Zaragoza R, Mokashi A, Hawkins R a. Cationic amino acid
733 transport across the blood-brain barrier is mediated exclusively by system y +. American
734 Journal of Physiology-Endocrinology and Metabolism. 2006;291: E412-E419.
735 doi:10.1152/ajpendo.00007.2006


https://doi.org/10.1101/2024.01.05.574352
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.05.574352; this version posted January 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

736  44. Hawkins RA, O’Kane RL, Simpson |A, Viia JR. Structure of the Blood—Brain Barrier and Its
737 Role in the Transport of Amino Acids. The Journal of Nutrition. 2006;136: 218S-226S.
738 doi:10.1093/jn/136.1.218S

739  45. Ogawa S, Ichinose H. Effect of metals and phenylalanine on the activity of human
740 tryptophan hydroxylase-2: Comparison with that on tyrosine hydroxylase activity.
741 Neuroscience Letters. 2006;401: 261-265. doi:10.1016/j.neulet.2006.03.031

742  46. lkeda M, Levitt M, Udenfriend S. Phenylalanine as substrate and inhibitor of tyrosine
743 hydroxylase. Archives of biochemistry and biophysics. 1967;120: 420-427.
744 doi:10.1016/0003-9861(67)90259-7

745  47. Haavik J. L-DOPA is a substrate for tyrosine hydroxylase. Journal of neurochemistry.
746 1997;69: 1720-8.

747  48. Chaube R, Joy KP. In Vitro Effects of Catecholamines and Catecholestrogens on Brain

748 Tyrosine Hydroxylase Activity and Kinetics in the Female Catfish Heteropneustes fossilis.
749 Journal of  Neuroendocrinology. 2003;15: 273-279. doi:10.1046/j.1365-
750 2826.2003.01002.x

751  49. Kowlessur D, Kaufman S. Cloning and expression of recombinant human pineal
752 tryptophan hydroxylase in Escherichia coli: purification and characterization of the cloned
753 enzyme. Biochimica et biophysica acta. 1999;1434: 317-30.

754  50. Naoi M, Maruyama W, Takahashi T, Ota M, Parvez H. Inhibition of tryptophan hydroxylase
755 by dopamine and the precursor amino acids. Biochemical pharmacology. 1994;48: 207—-
756 11. d0i:10.1016/0006-2952(94)90243-7

757  51. Piper MDW, Soultoukis GA, Blanc E, Mesaros A, Herbert SL, Juricic P, et al. Matching

758 Dietary Amino Acid Balance to the In Silico-Translated Exome Optimizes Growth and
759 Reproduction without Cost to Lifespan. Cell Metabolism. 2017;25: 610-621.
760 doi:10.1016/j.cmet.2017.02.005

761  52. Van Vliet D, Van Der Goot E, Bruinenberg VM, Van Faassen M, De Blaauw P, Kema IP, et

762 al. Large neutral amino acid supplementation as an alternative to the phenylalanine-
763 restricted diet in adults with phenylketonuria: evidence from adult Pah-enu2 mice s.
764 2017 [cited 14 Oct 2018]. d0i:10.1016/j.jnutbio.2017.09.020

765  53. Oldendorf WH. Saturation of Blood Brain Barrier Transport of Amino Acids in
766 Phenylketonuria. Archives of Neurology. 1973;28: 45-48.
767 do0i:10.1001/archneur.1973.00490190063008

768  54. Sanjurjo P, Aldamiz L, Georgi G, Jelinek J, Ruiz JI, Boehm G. Dietary Threonine Reduces
769 Plasma Phenylalanine Levels in Patients With Hyperphenylalaninemia. Journal of Pediatric
770 Gastroenterology and Nutrition. 2003;36: 23-26. doi:10.1097/00005176-200301000-
771 00007


https://doi.org/10.1101/2024.01.05.574352
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.05.574352; this version posted January 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

772  55. van Eunen K, Kiewiet JAL, Westerhoff HV, Bakker BM. Testing Biochemistry Revisited: How
773 In Vivo Metabolism Can Be Understood from In Vitro Enzyme Kinetics. Beard DA, editor.
774 PLoS Computational Biology. 2012;8: €1002483. doi:10.1371/journal.pcbi.1002483

775  56. Teusink B, Passarge J, Reijenga CA, Esgalhado E, van der Weijden CC, Schepper M, et al.

776 Can yeast glycolysis be understood in terms of in vitro kinetics of the constituent
777 enzymes? Testing biochemistry. European Journal of Biochemistry. 2000;267: 5313-
778 5329. doi:10.1046/j.1432-1327.2000.01527.x

779  57. Dobrowolski SF, Lyons-Weiler J, Spridik K, Vockley J, Skvorak K, Biery A, et al. DNA

780 methylation in the pathophysiology of hyperphenylalaninemia in the PAHenu2 mouse
781 model of phenylketonuria. Molecular Genetics and Metabolism. 2016;119: 1-7.
782 do0i:10.1016/j.ymgme.2016.01.001

783  58. Kimball SR, Shantz LM, Horetsky RL, Jefferson LS. Leucine Regulates Translation of Specific

784 MRNAs in L6 Myoblasts through mTOR-mediated Changes in Availability of elF4E and
785 Phosphorylation of Ribosomal Protein S6. Journal of Biological Chemistry. 1999;274:
786 11647-11652. doi:10.1074/jbc.274.17.11647

787  59. Maoz BM, Herland A, FitzGerald EA, Grevesse T, Vidoudez C, Pacheco AR, et al. A linked

788 organ-on-chip model of the human neurovascular unit reveals the metabolic coupling of
789 endothelial and neuronal cells. Nature Biotechnology. 2018;36: 865-874.
790 doi:10.1038/nbt.4226

791  60. Wevers NR, Kasi DG, Gray T, Wilschut KJ, Smith B, Vught R, et al. A perfused human blood-
792 brain barrier on-a-chip for high-throughput assessment of barrier function and antibody
793 transport. Fluids and Barriers of the CNS. 2018;15: 23. doi:10.1186/s12987-018-0108-3

794  61. Yarbro MT, Anderson JA. L-tryptophan metabolism in phenylketonuria. The Journal of
795 Pediatrics. 1966;68: 895-904. doi:10.1016/5S0022-3476(66)80208-1

796  62. Drummond KN, Michael AF, Good RA. Tryptophan metabolism in a patient with
797 phenylketonuria and scleroderma: a proposed explanation of the indole defect in
798 phenylketonuria. Canadian Medical Association journal. 1966;94: 834-8.

799  63. Ney DM, Murali SG, Stroup BM, Nair N, Sawin EA, Rohr F, et al. Metabolomic changes

800 demonstrate reduced bioavailability of tyrosine and altered metabolism of tryptophan via
801 the kynurenine pathway with ingestion of medical foods in phenylketonuria. Molecular
802 Genetics and Metabolism. 2017;121: 96—103. doi:10.1016/j.ymgme.2017.04.003

803  64. Berguig GY, Martin NT, Creer AY, Xie L, Zhang L, Murphy R, et al. Of mice and men: Plasma
804 phenylalanine reduction in PKU corrects neurotransmitter pathways in the brain.
805 Molecular  Genetics and  Metabolism. 2019 |[cited 20 Nov  2019].
806 doi:10.1016/j.ymgme.2019.08.004


https://doi.org/10.1101/2024.01.05.574352
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.05.574352; this version posted January 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

807  65. Dijkstra AM, Van Vliet N, Van Vliet D, Romani C, Huijbregts SCJ, Van Der Goot E, et al.

808 Correlations of blood and brain biochemistry in phenylketonuria: Results from the Pah-
809 enu2 PKU mouse. Molecular Genetics and Metabolism. 2021;134: 250-256.
810 doi:10.1016/j.ymgme.2021.09.004

811


https://doi.org/10.1101/2024.01.05.574352
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.05.574352; this version posted January 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

812 SUPPLEMENTARY INFORMATION
Phe Tyr Trp His GIn lle Leu Thr MV §Diet

PKU normal chow.
LNAA(-Thr) . 12
LNAA(+Thr)
Tyr+Trp 0.8
Thr ’
. 04
High protein -
Amino-acid
813 ' —0

814  Figure S1. A detailed comparison between model prediction and experimental data.
815  Heatmap shows normalised difference scores between the model prediction for a specific amino acid
816  value relative to WT, and its experimental value relative to WT, for each diet.
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821  Figure S2. Comparison between experimental data and model predictions for changes in other
822

amino acid levels after the dietary intervention. For the experimental data, each bar represents a
823  mean (ns = 16) with a standard error of the mean.
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825  Figure S3. Comparison between the protein synthesis flux in the model in response to different
826  diets.
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829  Figure S4. Sensitivities of the brain amino acids to the changes in the model parameters. Top 15
830  parameters with the most control over the amino acids and neurotransmitters concentrations in WT mice
831  are shown.
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834  Figure S5. Brain levels of phenylalanine, tryptophan, and tyrosine are susceptible to the changes
835  in the corresponding blood levels of these amino acids in other diets. Bars represent positive and
836  negative response coefficients of brain Phe, Tyr, Trp, as well as dopamine, serotonin, and protein
837  synthesis in the brain (protSyn_B), to the changes in the blood amino acid concentrations. Each graph
838  represents response coefficients calculated based on different dietary conditions as starting points.
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840  Figure S6. Changes to the amino acid and neurotransmitters concentrations in response to the
841  increasing concentration of tyrosine in the brain. All other amino acid concentrations were fixed at
842  the levels measured in WT or untreated PKU mice, respectively. The arrows indicate the blood
843  concentrations of tyrosine and tryptophan in WT and PKU mice.
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845  Figure S7. Changes to the amino acid and neurotransmitters concentrations in response to the
846  increasing concentration of phenylalanine in the brain. All other amino acid concentrations were
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847  fixed at the levels measured in WT or PKU mice, respectively. The arrows indicate the blood
848  concentrations of tyrosine and tryptophan in WT and PKU mice.
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851  Figure S8. Changes to the amino acid and neurotransmitters concentrations in response to the
852  increasing concentration of tryptophan in the brain. All other amino acid concentrations were fixed
853  atthe levels measured in WT or PKU mice, respectively. The arrows indicate the blood concentrations
854  of tyrosine and tryptophan in WT and PKU mice.
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858  Figure S9. Changes to the amino acid and neurotransmitters concentrations in response to
859  phenylalanine (F) increase and addition of tyrosine (Y) and tryptophan (W) in the WT
860  background.
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862  Figure S10. Flux rates of LAT1 exchange between phenylalanine and tryptophan and tyrosine at
863 increasing blood phenylalanine concentrations in WT background.
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865  Figure S11. Heatmap of concentration control coefficients for all reactions at WT normal chow
866  AA plasma concentrations, and PKU normal chow AA plasma concentrations. Concentration
867  control coefficients for reactions of transporters have been summarised.
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Figure S12. Changes to the amino acid concentrations in response to changes in the plasma amino
acid composition. All non_Phe — non-Phe LNAA; THLI — threonine, histidine, leucine, isoleucine;
THI -threonine, histidine, isoleucine; THLI + wt(WY) — THLI with wild type levels of tyrosine and
tryptophan; THI + wt(WY) — THI with wild type levels of tyrosine and tryptophan
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Text S4.1. Model description

1 Glossary
Table S1. Glossary of all abbreviations used in the text
Abbreviation Full name
3-Mt, Mt 3-methoxytyramine
5-Hiaa, Hiaa 5-Hydroxyindoleacetic acid
5-Htp, Htp 5-Hydroxytryptophan
AA Amino acid
AADC Aromatic L-amino acid decarboxylase
COMT Catechol-O-methyltransferase
Da Dopamine
DBH Dopamine beta-hydroxylase
F, Phe Phenylalanine
H, His Histidine
Ht Serotonin
I, Tle Isoleucine
Keq Equilibrium constant
K; Inhibitory (dissociation) constant
K. Inhibitory (dissociation) constant, competitive inhibitor
Kine Inhibitory (dissociation) constant, non-competitive inhibitor
K;, Inhibitory (dissociation) constant of a substrate
K,, The Michaelis-Menten constant
L, Leu Leucine
L-dopa L-3,4-dihydroxyphenylalanine
LAT1 Large neutral amino acid transporter 1
LNAA-Na*t Na'-dependent large neutral amino acid transporter
MAO Monoamine oxidase
MV Total pool of methionine and valine
Ne Norepinephrine
Nmn Normetanephrine
Q, Gln Glutamine
sc Stoichiometric coefficient
sf Specificity factor
T, Thr Threonine
TPH2 Tryptophan monooxygenase 2
TH Tyrosine 3-monooxygenase
v Net rate of the reaction
Vv Maximum velocity of an enzyme
W, Trp Tryptophan
Y, Tyr Tyrosine
y* Cationic amino acid transporter, y™ system

2 Kinetic rate equations

In our model, the majority of enzymes catalyze the conversion of multiple substrates (see Fig.1). However, each
enzyme is characterized by its unique rate equation, with variable, substrate-specific(indicated by the subscript),
rats v. Furthermore, LAT1 and y+ transporters are present on both sides of the blood-brain barrier at different
concentrations. To address this, we use L for the luminal side ("blood’) and A for the abluminal side ("brain’)
in the rate equations. In the abbreviations CELL indicates metabolites in the endothelial cell compartment
(blood-brain barrier), BR indicates brain concentrations, and BL indicates blood concentrations. Additionally,
the abbreviation AA is used for a general amino acid, and MV for a combined pool of methionine (Met, M)
and valine (Val, V) to simplify the equation nomenclature. Most of the equations used in the model are of
(ir)reversible Michaelis-Menten type. Exceptions to this rule are the rate equations for the transporter LATI,
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and two hydroxylases: TH and TPH2.

The model for LAT1 transporter follows the ping-pong bi-bi kinetics. It is known, that for each amino acid, LAT
1 transporter displays different maximum velocities (specificity factor sf44). Therefore a mean of sf factors was
used for each exchange reaction. Additionally, LAT1 is known to have 2 x higher abundance on the luminal side
S fiatr of the blood-brain-barrier than on the abluminal side sfj4:4, which was reflected in the rate equation.
Tyrosine and tryptophan hydroxylases are known to follow non-reversible Michaelis-Menten kinetics with
substrate [1] and product inhibition.

The unit for the rates in the model description is umol - min~" - mouse™". The rate equations for the sink
reactions, and consumption of the end products 3-Mt, Nmn, and 5-Hiaa, were constructed so that the sink
reactions do not control the flux.

1 1

. Csfanitsfans | (AAlsL[t]- AA2crrL(t]  AAlceLn[t] AA2py[t]
VLATl sflatL 2 ( Kmaa1-Kmans KmAAl'KmAA2'Keq)

Ulatl L(AA1)(AA2) = subUnit1 - subUnit2

where:

AA—Phe,Tyr,Trp,His,Ile,Lew, Thr,Gln,MV

. AAlpy[t] | AA2pp[t] | AA3RL[t] | AAdpp[t] | AASRL[t] | AA6RL[t] | AATRL[t] | AASRY[t]
subUnitl =1 BL
+ Kmaa1 + Kmapa2 + Kmaasg + Kmapa + Kmaas + Kmane + Kmaa7 + Kmaag
AA9py[t]
+ KWLAAQ
o — AAlcpLLIt] | AA2cELy(t] | AASCRLLIY | AAdopry(t] | AASCRLL(Y AAG6CRLLIY | AATCRLL[t]
subUnit2 = 1+ e 74 e e 74 = 74
mAAl mAA2 MAA3 mAAL MAAS ™A AG[t] MAAT

+ AAScELLIt] | AAICRLL (]
Kmanag Kmapag

. Csfanitsfanz | (AAlceLL[t]-AA2pgr[t]  AAlpr[t]-AA2cELL(t]
VLATl sflatA 2 ( Kmaa1-Kmans Kmaa1-Kmans Kegq )

Vlatl A(AAL)(AA2) = subUnit1 - subUnit2

where:

AA—Phe,Tyr, Trp,His,Ile,Lew,Thr,Gln,MV

subUnitl = 14+ 2ALcELLM | AA2cpLL[t) | AAScRLLIY] | AAdcELLlt] | AASceLL(t | AAGcELLIY
B Kmaa1 Kmaaz Kmaas Kmapq Kmaas Kmane

+AA7CELLM AABcELLIt] | AAICELL (]

Rmanzt Kmans Kmano
i o 1, AALpR[t] | AA2pR[t] | AA3SRRI[t] , AAdpRIt] | AASRRIt] AA6RR(t] | AATRR[H] , AASRRIt]
subUnit2 = 1+ Kmiil + KmBAF;a + Kmiis + Kmii4 + Kmiis Kmiis + Kmii7 + Kmiis
AAIRRIt]
+ K?rL]iRAg
. C(AAlpy, _ _AAlcerp
v _ Vy SfyL (KmAA1 KmAArKeq)
yL(AAL) = (1 + AA2pL+AA2cELL + AAlpL+AAlcrLL + AA3RL+AA3CELL + AA4pr+AAdcELL + A5BL+AA5CELL)
Kmaa1 Kmaaz Kmaas Kmaaa Kmaas
where: 3)
AA—Phe,His, Thr,Gln,MV
Keq=1
. C(AAlcerr _ _ AAlpr
v o Vy SfyA (K7nAA1 KmAAl'Keq)
yA(AAL) _(1 4 AA2cELL+AA2RR 4 AAlcpLL+AAlRRr 4 AA3cELL+AA3BR 4 AAdcpLL+AA4RR 4 A5CELL+AA5BR)
Kmaa1 Kmaaz Kmaas Kmaaa Kmaas
where: (4)
AA—Phe,His,Thr,Gln,MV
Keqg=1
AAlBR[t]
v _ ‘/lnaa : Kmaa1
Inaa(AAL) 14 AAlss[ | AA2pr[t] | AA3gg[t] | AAdpr[t] | AASpr[t] | AAGr[] | AATer[t] | AASpr[(]
Kmaai Kmaaz Kmaas Kmaaa Kmaas Kmaae Kmaaz Kmaas (5)
where:

AA—Phe,Tyr,Trp,His,Ile,Lew,Gln,MV
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St]

ink — mn,5—Hiaa) — K : 14
SINMKS (S—3—Mt,Nmn,5—Hiaa) Ss Kmg (14)
AAlgr AA2gRr AA3gr AAdpr
protSynB = Ksprot - . . . .
AAlpr + Kmaa: AA2pgr +Kmaas AA3gr + Kmaas AAdr + Kmaas
AA5gR AA6gr AATgRRr AA8gr
AASpRr +Kmaas AAGpr + Kmaas AATpr +Kmaa7r AA8pr + Kmaas
AA9pR (15)
AAQBR + KmAAg
where:
AA—Phe, Tyr,Trp,His,Ile,Lew, Thr,Gln,MV
B AAlceLL AA2cELL AA3cELL AAdcpLL
protSynC = Ksprot - . . . .
AAlcern + Kmaa:r AA2pr +Kmaao AA3, +Kmaas AAdcprn + Kmaag
AA5cELL - AAGcpLL AAT7cELL _ AA8cELL .
AAScELnL + Kmaas AAG6, +Kmaas AATcenn + Kmaaz AA8crrLr + Kmaas
AA9YCELL (16)
AA9cpLL + Kmaag

where:

AA—Phe, Tyr, Trp,His,Ile,Lew,Thr,Gln,MV

3 Ordinary differential equations

Based on the reaction scheme in Figure 1, a set of 26 ordinary differential equations was created. As seen in Fig.1,
many enzymes/transporters have broad substrate specificity, and many substrates can be converted by different
enzymes/transporters. Furthermore, some transporters are localized in two different membranes, luminal (L) and
abluminal(A). For instance, vjq1Lpheryr 1S the net rate of the luminal (L) transport of the Phe (phenylalanine)
from the blood to the cell compartment, in exchange for the Tyr (tyrosine) which is transported by the LAT1
transporter in the opposite direction. In the abbreviations CELL indicates endothelial cell metabolite pool
(blood-brain barrier), BR indicates total brain metabolite pool.

dPheCELL - VCELL
dt

= Viat1LPheTyr T ViatlLPheTrp + VlatlLPheHis T VlatlLPheGin T VlatlLPhelle

+ Viat1LPheLeu + VlatlLPheThr + VlatlLPhe MV + UlnaaPhe T VyLPhe (17)
— Vlat1APheTyr — ViatlAPheTrp — VlatlAPheHis — VlatlAPheGln — VlatlAPhelle

— Vlat1APheLeu — VlatlAPheThr — VlatlAPheMV — UyAPhe — SCPhe * UProtSynC

dTyI‘CELL . VCELL
dt

Vlat1 APheTyr + Vlat1 LTyrTrp + Viat1LTyrHis + Vlat1 LTyrGln + Vlat1 LTyrIle

+ Vlatl LTyrLeu + Vlatl LTyrThr + Vlat1 LTyrMV + VlnaaTyr — VlatlLPheTyr (18)
— Viat1ATyrTrp — VlatlATyrHis — VlatlATyrGin — VlatlATyrIle — VlatlATyrLeu

— Viat1ATyrThr — ViatlATyrMV — SCTyr * UProtSynC

dTI‘pCELL . VCELL
dt

Viat1LTrpHis + Viatl LTrpGln + VlatlLTrplle + Vlat1 LTrpLeu + Vlat1 LTrpT hr

+ VlatlLTrpMV + Vlat1 APheTrp + Vlat1 ATyrTrp + VlnaaTrp — VlatlLPheTrp (19)
— Viat1LTyrTrp — VlatlATrpHis — Vlatl ATrpGin — VlatlATrplle — VlatlATrpLeu

— Viat1ATrpThr — VlatlATrpMV — SCTrp * UProtSynC
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dHisCELL - VCELL
dt

= Vlat1LHisGin T Viat1LHisIle T VlatlLHisLeu T VlatlLHisThr T Vlatl LHisMV

+ Viat1APheHis T Viat1ATyrHis + ViatlATrpHis + VlnaaHis T UyLHis (20)
— Vlat1LPheHis — ViatlLTyrHis — Vlat1LTrpHis — VlatlAHisGln — VlatlAHisIle

— VlatlAHisLeu — VlatlAHisThr — VlatlAHisMV — UyAHis — SCHis * VProtSynC

dlleCELL - VCELL
dt

= Viat1LIleLeu t Viat1LIleThr + VlatlLIleMV + ViatlAPhelle + ViatlATyrIle

+ Viat1ATrpIle + Vlat1AHisIle T Vlat1AGInIle T+ Vinaalle — Viat1LPhelle (21)
— Viat1LTyrIle — VlatlLTrplle — VlatlLHisIle — VlatlLGInIle — VlatlAlleLeu

— Viat1AIleThr — Vlat1AIleMV — SCIle * UProtSynC

dLeuCELL - VCELL
dt

= Vlat1LLeuThr T ViatlLLeuMV + ViatlAPheLeu + Vlat1 ATyrLeu + Vlat1 ATrpLeu

+ Viat1AHisLeu + Vlat1AGinLeu + Vlat1AlleLeu T VinaaLeu — ViatlLPheLeu (22)
— Viat1LTyrLeu — VilatlLTrpLeu — VlatlLHisLeu — VlatlLGInLeu — VlatlLIleLeu

— Vlat1ALeuThr — VlatlALeuMV — SCLeu * UProtSynC

dThrCELL - VCELL
dt

= Vlat1LThrMV + Viat1APheThr + VlatlATyrThr + VlatlATrpThr + Vlat1 AHisThr

+ Viat1AGInThr T Viat1AIleThr T ViatlALeuThr + VinaaThr + UyLThr (23)
— Vlat1LPheThr — UlatlLTyrThr — UlatlLTrpThr — VlatlLHisThr — Vlat1LGInThr

— Vlat1LIleThr — ViatlLLeuThr — VlatlAThrMV — UyAThr — SCThr * UProtSynC

dGInCELL - VCELL
dt

= Viat1LGinIle T Viat1LGInLeu T Viat1LGInThr + Vlat1LGInMV T VlatlAPheGln

+ Viat1 ATyrGln + Viat1 ATrpGin + Viat1AHisGIn + VyLGin (24)
— Vlat1LPheGln — Vlatl1 LTyrGin — Viatl1LTrpGin — VlatlLHisGIn — VlatlAGInIle

— ViatlAGInLeu — VlatlAGInThr — VlatlAGInMV — UyAGIn — SCGIn * VProtSynC

dMVCELL - Vegrr

= ViatlAPhe MV + Vlat1 ATyr MV + Ulat1 ATrpMV + ViatlAHisMV + Vlat1 AGInMV

dt
+ Viat1ATleMV + Viat1 ALeuMV + Viat1AThr MV + VinaaMV + UyLMV (25)
— Viat1LPheMV — ViatlLTyrMV — Vlat1LTrpMV — VlatlLHisMV — Vlat1LGInMV
— Vlat1LIleMV — UlatlLLeuMV — UlatlLThrMV — UyAMV — SCMV * UProtSynC
dPheBR - Vgr
—x Ulatl APheTyr + Vlatl APheTrp + VlatlAPheHis + Vlatl APheGln + Vlat1 APhelle
26
+ Viat1APheLeu + Viatl APheThr T ViatlAPhe MV + UyAPhe — VinaaPhe (26)
— UTHPhe — UTPHPhe — SCPhe * UProtSynB
dTyrBR - Var
dt = ViatlATyrTrp + VlatlATyrHis + Viat1 ATyrGln + Viat1ATyrIle + Vlatl ATyr Leu
(27)
+ Viat1ATyrThr T ViatlATyr MV + UTPHPhe — VlatlAPheTyr
— VlnaaTyr — VTHTyr — SCTyr " VProtSyn
dTl"pBR . VBR
T = Viat1ATrpHis + Viat1 ATrpGln + Vlat1ATrplle + Vlat1 ATrpLeu + Viat1 ATrpThr
(28)

+ Viat1ATrpMV — VlatlAPheTrp — VlatlATyrTrp — VinaaTrp — VTPHTrp

— SCTrp " VProtSyn
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dHisBR - VBR
Tt UlatlAHisGin + Viat1AHisIle T Viat1AHisLeu + VlatlAHisThr + Vlatl AHisMV
(29)
+ VyAHis — VlatlAPheHis — ViatlATyrHis — VlatlATrpHis — UlnaaHis
— SCHis * UProtSyn
dlleBR - VBR
—a Viat1AlleLeu T Vlat1AIleThr T VlatlAIle MV — VlatlAPhelle — UlatlATyrIle
30
— Vlat1ATrpIle — Viat1AHisIle — Vlat1AGInIle — Vlnaalle ( )
— SCIle * VUProtSyn
dLeuBR - VBR
T = VlatlALeuThr + VlatlALeuMV — ViatlAPheLeu — Viat1 ATyrLeu — VlatlATrpLeu
(31)
— Vlat1AHisLeu — Vlat1AGInLeu — VlatlAIleLeu — VlnaaLeu
— SCLeu * VProtSyn
dThrBR - Vg AN
dt = ViatlAThrMV + UyAThr — VlatlAPheThr — VlatlATyrThr — VlatlATrpThr
32
— Viat1AHisThr — UlatlAGInThr — Ulat1AlIleThr — VlatlALeuThr — VlnaaThr ( )
— SCThr * UProtSyn
dGInBR - VBR
—a Viat1AGInIle T Viat1 AGinLeu T VlatlAGInThr T Vlat1 AGInMV + UyAGin
33
— Vilat1APheGln — ViatlATyrGln — VlatlATrpGin — VlatlAHisGln ( )
— SCGIn * UProtSyn
dMVBR - Vg
dt = UVyAMV — VlatlAPheMV — Viat1lATyrMV — VlatlATrpMV — VlatlAHisMV
(34)
— Viat1AGInMV — Viat1AIleMV — VlatlALeuMV — ViatlAThrMV — UlnaaMV
— SCMV * UProtSyn
dHtp - Vg (35)
gt~ VTPHTrp = VAADChip
dHt - Vgr - (36)
gt UAADChip ~ UMAO
dHiaa, - VBR . .
— = Vpma40 — sinkHiaa (37)
dt
dlDopa - VBr (38)
& UTHTyr + VTHPhe — VAADCdopa
dDa - VBR - (39)
g~ VAADCdopa — UDBH ~ VCOMTda
dMt - VBr .
T = VCcOMTda — sink3Mt (40)
dNe - VBR . 41
———, = UDBH — VCOMTne ( )
dt
dNmn - VBR .
———————— = VCOMTne — SINkNmn (42)

dt
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4 Simulations of diets - model validation

Parameters used in the model are summarized in Table S2. For the y+ and LAT1 transporters, the equilibrium
constants were assumed to be 1, as these are not driven by any external Gibbs-energy input. All maximum
enzyme velocities from the literature were normalized to the total brain protein content (47.5 mg prot - brain=—1),
taking into account different expression levels of each enzyme in the brain where needed. To this end, we
calculated weighted means of transcript levels for each enzyme based on the differential expression levels in the
mouse brain and then normalized them to LAT1 (see Table S3).

Table S2. Kinetic parameters.
Parameter Value Reference

LAT1 transporter

Viari 1.9665 pmol - min~!- mouse™! fitted manually to the WT data

5fPhe 1 2]

sfryr 2.341 2]

Sfrrp 0.854 2]

Sins 1.488 [2]

SfGln 1.049 [2]

Sflle 1.463 [2]

SfLeu 1.439 [2]

SfThr 0.415 [2]

Sva 1.042 [2]

$fLatL 2 2x higher expression on the luminal site [3]

SfLatA 1

Keq 1

Kmphe 11 ,uM [2]

KmTyr 64 /JM [2]

Kmprp 15 uM 2]

Kmps 100 uM [2]

KmGln 880 ,U,M [2]

Kmne 56 ,U,M [2]

Kmipew 29 (M 2]

Kmrp, 220 uM [2]

Kmpry 165.59 uM weighted average for methionine and valine
[2] (based on their abundance in the brain
in WT mice)

y+ transporter

Vy 0.1045 pmol - min~!- mouse™! original value: 2.2 nmol - min~!- mg
prot.~!, bovine [4]

SfyL 1 2x higher expression on the abluminal

sfya 2 site [3]

Keq 1

Kmppe 590 uM [4]

Kmys 630 uM [4]

Kmgin 620 pM [4]

KmThr 670 ,U,M [4]

LNAA-Na* transporter

Vinaa 0.005415 pmol - min~!- mouse™! original value: 114 pmol - min~!'- mg
prot !, bovine [5]

Kmrey 21 uM [5]

Kmphe 26.11 ,U,M

Kmry, 25.87 uM

Kmqyp 24.33 uM rough estimates based on the reported

Kmpys 30.57 uM changes in the apparent Vmax due to the

Kmye 21.32 uM substrate competition [5]
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Table S2. Kinetic parameters (continued).

Parameter Value Reference

KmT}W 30.91 ,UM

KmMV 27.00 ,uM

TH

Vry 0.001425 pmol - min~!. mouse~! original value: 30 pmol - min~!- mg prot—!,
rat midbrain slices [6]

Kmpy, 17 uM 1]

Kispy, 227 pM 1]

Kmpne 103 (M 1]

Kincppe 736 M 1]

Kisphe 1375.3529 uM unknown, value based on the K™7vr /e;.
ratio from [1]

Kisye 280 uM [7]

Kispg 600 pM [7]

Kisipopa 56 uM 8]

TPH2

Vrpy 0.00115 pmol - min~!- mouse™! original value: 0.0242 nmol - min~!- mg
prot—!, rat brain extract [9]

Kmprp 13.2 pM (1]

Kispp 1030 uM 1]

Kmppe 72.7 uM 1]

Kincppe 257 uM 1]

Kisppe 5672.8030 uM unknown, value based on the K™7r» /KiSTT,,
ratio from [1]

Kismp 35 pM [10]

Kispg 94 uM [11]

Kisipopa 17 uM [11]

AADC

Vaabc 0.2831 pmol - min~!- mouse ™! original value: 5.96 nmol - min~! mg
prot~!, human [12]

S fibopa 1 uM Vmax for 1-Dopa is 23 times higher than

S frtp 0.0435 uM for serotonin [13]

Kmypopa 70 uM human, [14]

Kmpyy 47 uM human, [15]

DBH

VoBH 0.8102 pmol - min~!'- mouse™! original value: 1500 nmol - min~—' mg
prot~!, Rat, purified protein [16], normal-
ized to LAT1

Keq 1-106 uM arbitrary number, the reaction is virtu-
ally irreversible, however, the product does
slightly inhibit the enzyme

Kmp, 200 pM Gallus gallus [17]

Kmpe 5000 uM Gallus gallus [17]

Kigs 410 uM reported in BRENDA database after [18]

MAO

Vmao 0.1501 pmol - min~!- mouse ™! original value: 3.16 nmol - min~! mg
prot—!, Rat, cell lysates, at 100 M sero-
tonin [19]

Kmpgy 99 uM Rat [20]

coMT

Veomr 0.0494 pmol - min~!- mouse ™! original value: 1.04 nmol - min~! mg
prot—1, rat liver extract [21]

Kmp, 3.3 uM human [22]

Kmpe 5.28 uM human, based on the ratio of K™~e /p.

in recombinant Sf9 cells, and K'mp, in hu-
man brain [22]
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Table S2. Kinetic parameters (continued).

Parameter Value Reference
protSyn
Viorotsyn 0.265 pmol - min~!'- mouse™! average rate based on the regional rates of

cerebral Leu incorporation (5.4565 nmol -
min~! g tissue™!) [23]

Kmphe 2.6 uM human [24]

Kmpy, 34 uM human [25]

Kmrpy, 7.4 pM human [26]

Kmpis 30 uM E.coli [27]

ngm 114 /.LM FE.coli [28]

Kmye 52 M E.coli [29]

Kmrey 45.6 uM human [30]

Kmpp, 110 uM E.coli [31]

Kmyv 7.87877 pM Met: human [32], Val: E.coli [33]

SCPhe 0.039

SCTyr 0.029

SCTrp 0.012

SCHis 0.026 protein composition based on the codon

scain 0.046

SCrie 0.045 usage [34]

SCLeu 0.105

SCThr 0055

SCM YV 0.053

Sinks

KSHiaa 30 pmol - min~!- mouse™!

Kmpiaa 49 pM

Ks3_are 10 pmol - min~!- mouse™! arbitrary values estimated to not display

Kms_pn 50 uM any metabolic control over the system

KSNmn 20 pmol - min~!'- mouse™!

Km]vmn 48 /.LM

Volumes

Var 0.00126 1 - mouse™! own data

Veerr 7.47.106 1 - mouse™! surface area of microvessels: 150cm?- g
tissue™1 [35]; brain mass = 475 mg [own
data]; average endothelial cell volume:
1009um? [36]; average area of ecapillary
endothelial cell: 962 pum3 [37]

Ver 0.004532 1 - mouse ™! (38]

Table S3. Protein expression levels in the brain.

Weight. Rel. to
mean LAT1

LAT1 19.50 22,58 23.45 33.86 17.60 18.05 21.34 2794 13.80 29.33 24.89 1

Protein A B C D E F G H I J

TPH2 0.01 003 005 0.02 - - 0.03 003 001 0.01 0.03 0.001
TH - - - - - - - 6.43 - 32.30 0.48 0.019
AADC - - - - - - - 0.91 - 2.67  0.05 0.002
DBH - - - 1.2 - - - - 0.28 0.011

MAO-A 11.68 10.57 9.52 3.19 1996 9.68 7.94 1329 11.66 12.18 9.91 0.398

COMT 13.35 11.93 10.78 11.82 13.27 13.06 13.39 12.60 1297 14.98 12.02 0.483

LNAA 1.92 313 433 294 220 199 217 467 2.03 241 3.16 0.127

y+ 4.85 876 981 9.64 445 3.73 6.69 8.64 4.03 628 834 0.335
A-Amygdala, B-Anterior cingulate cortex, C-Frontal cortex, D-Cortex, E-Caudate, F-Putamen, G-Hippocampus,
H-Hypothalamus, I-Nucleus accumbens, J-Substantia nigra
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The blood concentrations of amino acids were set, as fixed values, according to the measured values in mice
(see Table S4). The initial concentrations (in pM) for the variables were first assigned arbitrarily, and then a
time-course simulation was performed to acquire a set of initial concentrations close to the steady-state values
for WT diet. This newly acquired set of initial concentrations was then used for all the simulations.

Table S4. Average amino-acid concentrations in the blood, as used in the model (in pM ).
Amino- LNAA LNAA High

acid WT PKU (-Thr) (+Thr) Tyr+Trp  Leu+lle Thr protein
Phe 304 1803 1387 1381 1886 1826 1848 2503
Tyr 131 61 119 96 172 61 59 86
Trp 147 98 172 177 168 104 105 89
His 79 68 107 87 63 66 65 72
Gln 604 487 464 507 511 420 494 399
Ile 148 120 273 213 114 358 112 180
Leu 221 167 303 246 151 470 153 243
Thr 314 208 202 484 182 198 311 227
MV 464 363 1052 752 325 410 330 539

WT - wild-type mice, standard chow; PKU - C57B1/6 Pah-enu2 (PKU) mice, standard chow; LNAA(-Thr) -
PKU mice, standard chow with LNAA(-Thr) supplementation; LNAA(+Thr) - PKU mice, standard chow with
LNAA(+4Thr) supplementation; Tyr+Trp - PKU mice, standard chow with Tyr and Trp supplementation;
Leu-+Ile - PKU mice, standard chow with Leu and Ile supplementation; Thr - PKU mice, standard chow with
Thr supplementation; High protein - PKU mice, an isonitrogenic/isocaloric high-protein control diet

The simulation values represented in figures 2, 3, 4, 6, S2, S3, S9, and S12 were calculated as a weighted average
of concentrations of amino acids in the BRAIN and CELL compartments as in the following equation:

Veerr VBr
Adyggas = ——CFEL _ Ap o+ — BB a4
ol = VoL + Var CELL T YopLL + Vg Br

This approach reflects better the experimental data available, which does not distinguish between blood-brain-
barrier and brain compartments.
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