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Amino acid metabolism
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Muscle aminoacids
1 g  N = 6.25 g  protein = 30 gmuscle

mg AA/gN (%/g N)(8.5%) Leu MSUD: 500ð700 mg/d

(5.5%)Val MSUD:300ð400 mg/d

(5%) Ileu MSUD: 280ð400 mg/d

(4%) Phe PKU: 200ð400 mg/d

(2%) Meth HSC: 120ð250 mg/d



De novo amino acid synthesis

ÅEssential and non-essential amino acids

ÅEssential AA: Inborn errors of AAcatabolism

ïCannot be synthesized by humans

ïMust come from food

ÅNon-essential AA: Inborn errors of AAsynthesis

ïCan be synthesized by humans

ïCarbon skeletal comes from glucose and other amino acids

ïNitrogen comes from other amino acids
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Protein catabolism

ÅMuscle protein content is 20 g%

ÅNitrogen protein content is 16%

Å1 g nitrogen = 6.25 g protein = 30 g muscle

ÅAmino acid composition of proteins is genetically determined  

(doesnôt depend on the diet)

ÅIn catabolic situations amino acids released from muscles are  

oxidized and nitrogen is converted to urea



Catabolism in control and PKU

CONTROL

Muscle 100g

Protein 20 g

20AA 3.2 N

CO2+H2O UREA

(100 mmol)

PKU

Muscle 100 g

Protein 20 g

19AA

(Leu, Ileé)

PHE(4%) 3.2 g N

800 mg (186 mmol)

CO2+H2O UREA

(100 mmol)

Leu, Ile, Phe.. 186 mmol



Nitrogen excretion

ÅRelationship between  

urinary urea nitrogen  

excretion and

body surface area



Food intake

ÅFeeding " exogenous proteins

ïDigestion " free amino acids and peptides (di - and tri -)

ïEssential and non-essential amino acids

ïAllows endogenous protein synthesis

ÅDefective intake

ïKwashiorkor: protein -only deficit

ïMarasmus: combined deficit of protein and calories



Amino acidopathies

Majority can be identified by  

newborn screening



Phenylalanine

ÅEssential amino acid 

ÅRequired for synthesis of proteins

ÅPrecursor to 

Å Tyrosine

Å Catecholamines (including dopamine)

Å Seratonin

Å Melanin



Hyperphenylalaninemias

Phenotypic classification

ÅñClassicòphenylketonuria

ïuntreated phe >1200 µmol/L

ÅñmildPKUò

ïuntreated phe 600-1200 µmol/L

ÅHyperphenylalaninemia

ïuntreated phe < 600 µmol/L when well



Phenylalanine hydroxylase (PAH)

Phenylalanine Tyrosine

BH4 qBH2

SR

PTPS
DHPR PCD

GTPCH

GTP

BH4 is also a cofactor for tyrosine hydroxylase (dopamine  

synthesis) and tryptophan hydroxylase (seratonin synthesis)



Phenylketonuria (PKU)

ÅLiver phenylalanine hydroxylase (PAH) deficiency

ÅAutosomal recessive inheritance

ÅIncidence ~1:16,000 live births in the US

ÅHomotetramer (ñdimer ofdimersò)

ÅAllosteric activation

Åconfirmation determinesenzyme  

activity

ÅPhe activates enzymatically  

favorable conformation

ÅBH4 stabilizes tetramer, but  

supports lower activity confirmation

PNAS v116 p112292019



Other causes of hyperphe

ÅRare variants of biopterin synthesis or recycling  

(about 1% of severe hyperphe)

ïGTP cyclohydrolase

ïDihydropteridine reductase

ï6-pyruvoyl-tetrahydropterin synthase

ÅAll 3 generally more difficult to treat, require BH4 and usually dopa

ïPterin-alpha-carbinolamine dehydratase

ÅGenerally mild, excrete 7-biopterin

ÅHyperphe, not BH4 deficient

ïDNAJC12 ïmolecular chaperone for the hydroxylases ï

PAH, TH and TPH



Untreated PKU

ÅñNormalò development for 6ï9  

months, feeds well

Å9ï12 months signs of slowing in  

developmental progress, head  

growth slows

ÅAbout 1 year clearly  

developmentally delayed, light hair,  

eczema, musty odor of ñmouse  

urineò, may haveseizures

ÅSevere intellectual disability with behavior problems ð

eventual institutionalization

ÅWhite matter hyperintensities ïñpseudoleukodystrophyò



Pathophysiology

ÅElevated total body phenylalanine

ÅExcessive phe in the brain

ÅReduced large neutral amino acid transport into  

the brain (including tyrosine and tryptophan)

ÅReduced synthesis of key neurotransmitters (e.g.,  

dopamine, serotonin), especially during  

development

ïMouse data suggests inhibition by CNS Phe of TH and  

TPH2activity

ÅNo direct pathologic effect on the liver known



Goals of Treatment
ÅNormal neurocognitive development

ÅNormal growth

ÅNormal social interactions

ÅNormal micronutrient concentrations

ÅNormal bone calcium content

ÅTargets

ÅPlasma phe 120-360 micromol/L

ÅPlasma tyrosine normal



Therapy
ÅDietary phe reduction

ÅCompetitive ïlarge neutral amino acids  

supplements

ÅChaperone therapy ïsapropterin

ÅEnzyme substitution therapy ïpegvaliase

Experimental

ÅGut biome manipulation of absorption

ÅGene correction or replacement therapy



Diet therapy
ÅRestrict dietary protein

ÅPhenylalanine intake: ~250-350 mg/day in classical  

form

ïBreastfeeding often manageable

ÅSupplement with phenylalanine-free medical food to  

guarantee the daily requirements

ïNon-offending amino acids

ïGlycomacropeptide ïlow phe casein product

ïVitamins and minerals

ïDistribute through the day

ÅñDiet for lifeò

1 g dietary protein å 50 mgphe



Strategies for breastfeeding

ÅAlternate feedings

ÅMix in a bottle (breast milk provides intact  

protein in a traditional formula recipe

ÅBottle first with metabolic formula with each  

feed, followed by nursing (one breast for at least  

10 min to access hindmilk)



Molecular Genetics and Metabolism 118 (2016)72ï83



Monitoring diet therapy

ÅProvide adequate calories

ÅProvide adequate protein, vitamins, minerals

ÅMaintain normal growth and development

ÅMonitor blood Phe and Tyr

ÅMonitor other parameters (development, psychological status,  

bone density)

ïConsider monitoring iron and Vitamin D from time to time

Collaboration with a knowledgeable

IEM Dietician is critical!



Monitoring diet therapy
ÅFrequency of monitoring Phe/tyr (recommended ïrarely followed)

ÅAt diagnosis (newborn) ïdaily or QOD until at goal

ÅWeekly for first year

ÅMonthly or twice monthly age 1-12 years

ÅAdolescents and adults ïmonthly

ÅIF poorly controlled may need more frequent

ÅPhe will go up during illness

ÅOther nutritional factors

ÅProtein adequacy ïgrowth, amino acids, transthyretin

ÅMicronutrients ïvitamin D, ferritin, others



Other therapies - Large neutral amino acids

Goal to increase plasma tyr and reduce CNS phe

Å 20-30% of medical food protein each day

Å Does not require PAH protein to work

Å Data are mixed on efficacy 

Å possible modest reduction in plasma phe

Å improved plasma tyr

Å Possible improved CNS tyr

Å Some evidence of effect on neuropsych measures



https:// www.frontiersin.org/files/Articles/570922/fphys-11-00973-HTML/image_m/fphys-11-00973-g001.jpg



https:// ojrd.biomedcentral.com/articles/10.1186/s1
3023-017-0685-2/figures/2



Other therapies - Sapropterin

Goal to enhance phe tolerance and normalize diet

ï20mg/kg/day

ïInfant ï24 hour trial >30% reduction in phe (with stable or no  

diet treatment)

ïOlder 48 hours to 30 days trial

ïMay have gradual onset

ïRequires some PAH protein to work (null alleles unaffected)



Some sapropterin responsive mutations

Genereviews
https://www.ncbi.nlm.nih.gov/books/NBK1504/

https://www.ncbi.nlm.nih.gov/books/NBK1504/


Other therapies - Pegvaliase
Goal to enhance phe tolerance and normalize diet

ÅEnzyme replacement therapy

ÅPlant enzyme ïphenylalanine ammonia lyase

ÅDoes not reduce need for tyrosine

ÅImmunologic reactions must be managed

ÅNot recommended during pregnancy

ÅFDA approval for 16 years and up

Guidelines for use: GIM21:1851 2019



ÅPegvaliase ïsubcutaneous injection

ÅTypical dose is 20 mg/day

ÅSome may need less

ÅSome may need up to 40 mg/day

ÅTitration ïsee package insert

ÅResponse = at least 20% reduction in baseline plasma phe

ÅStop if no response after 16 weeks on 40 mg/day

ÅMay take more than one year to achieve response

https:// www.accessdata.fda.gov/drugsatfda_docs/label/2
018/761079s000lbl.pdf

Other therapies - Pegvaliase





ñMaternalòPKU

ÅPhenylalanine  

teratogenicity

Åmicrocephaly,

Åcongenital cardiac lesion

ÅIntellectual disability



ñMaternalò PKUManagement

ÅIdeally start aggressive therapy before pregnancy

ÅPhe in target range as early as possible for unplanned  

pregnancy

ÅOften need aggressive Tyr supplements, especially 3rd 

trimester

ÅSapropterin seems safe

ÅRisk of high phe likely outweighs potential risk for use  

of sapropterin and consideration for pegvaliase



Universal lessons from PKU

ÅScreening and treatment can be effective

ÅNBS can uncover milder forms for which the need to treat  

may not be obvious

ÅUnanticipated future consequences, for example maternal  

PKU, may occur or be revealed

ÅTreatment/intervention creates a new ñnaturalhistoryò

ÅThe pathogenesis is more complicated than you think

ÅAlternative therapies may be developed over time



Genetics in Medicine 19:1380(2017)

4-hydroxyphenylpyruvic dioxygenase  

tyrosinemia type III

Tyrosine amino transferase  

tyrosinemia type II

Tyrosine

catabolic

pathway


