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Amino acid metabolism
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RI CU COOH

A Lateral chain R:
I Carboxyl: Asp(b), Glu (2)
i Amine: Lys(0, Orn (U)
I Hydroxyl: Thr, Ser, Tyr
I Imidazole: His
I Guanidinium: Arg
I Thiol: Cys, Hcy ®
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Protein metabolism (Adult 70 kQg)

PROTEIN

PROTEOLYS'S SYNTHES'S
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b-oxidation
Urea cycle

TCAcycle

respiratory chain

Courtesy of Dr. John Walter
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Irreversible degradation
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Muscle aminoacids
1 g N=6.25 g protein =30 gmuscle

600 -
(8.5%) Leu MSUD: 508700 mg/d mgAA/GN (%/g N)
500 -
(5.5%)Val MSUD:303400 mg/d
400 -
| (5%) lleu MSUD: 288100 mg/d
300 - |
(4%)Phe PKU: 200400 mg/d
200 (2%) Meth HSC: 128250 mg/d
100 -
0 -
m Leucine m Valine Isoleucine ® Phenylalanine u Methionine
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De novoamino acid synthesis

AEssential and non-essential amino acids

AEssential AA: Inborn errors of AAcatabolism
I Cannot be synthesized by humans
I Must come from food

ANonressential AA: Inborn errors of AAsynthesis
| Can be synthesized by humans

| Carbon skeletal comes from glucose and other amino acids
I Nitrogen comes from other amino acids
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Amino acid classification

Threonine
Valine

Isoleucine
Leucine
Methionine
(Cysteine)
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(Tyrosine)
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Protein catabolism

AMuscle protein content is 20 g%
ANitrogen protein content is 16%
Al g nitrogen = 6.25 g protein = 30 g muscle

AAmino acid composition of proteins is genetically determined
( d o e depeddion the diet)

Aln catabolic situations amino acids released from muscles are
oxidized and nitrogen Is converted to urea
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Catabolism in control and PKU

CONTROL
Muscle 100g
Protein 20 g
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URINARY UREA NITROGEN (average dodly milligroms)

Nitrogen excretion

JJ MICKELL PEDIATRICS
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Food intake

AFeeding" exogenous proteins
I Digestion" free amino acids and peptides (di- and tri -)
I Essential and non-essential amino acids
I Allows endogenousprotein synthesis

ADefective intake
I Kwashiorkor: protein -only deficit
I Marasmus: combined deficit of protein and calories
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AmiIno acidopathies

Majority can be identified by
newborn screening
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Phenylalanine

A Essential amino acid

A Required for synthesis of proteins

A Precursor to
A Tyrosine
A Catecholamines (including dopamine)
A Seratonin

A Melanin
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Hyperphenylalaninemias

Phenotypic classification

Al C| a prenylketonuria

I untreated phe >1200 pumol/L
Al miPlKdU o

I untreated phe 600-1200 umol/L

AHyperphenylalaninemia
I untreated phe < 600 umol/L when well
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Phenylalanine hydroxylase (PAH)

Phenylalanine Tyrosine

)

BH4 qBH2

w, N
PPS DHPR PCD

GTPCH/'

BH, is also a cofactor for tyrosine hydroxylase (dopamine
synthesis) and tryptophan hydroxylase (%eratonin synthesis)
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Phenylketonuria (PKU)

ALiver phenylalanine hydroxylase (PAH) deficiency
AAutosomal recessive inheritance
Alncidence ~1:16,000 live births in the US

A Homotetramer ( i d iofdé rmer s 0)
A Allosteric activation
A confirmation determines enzyme
activity
A Phe activates enzymatically
favorable conformation
A BH4 stabilizes tetramer, but
supports lower activity confirmation
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Other causes of hyperphe

ARare variants of biopterin synthesis or recycling
(about 1% of severe hyperphe)
I GTP cyclohydrolase
I Dihydropteridine reductase

I 6-pyruvoyl-tetrahydropterin synthase
A All 3 generally more difficult to treat, require BH4 and usually dopa

I Pterin-alpha-carbinolamine dehydratase
A Generally mild, excrete 7-biopterin

AHyperphe, not BH4 deficient

I DNAJC12 1 molecular chaperone for the hydroxylases i
PAH, TH and TPH
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Untreated PKU

: AiNormal 06 devéd opment f

Sl G months, feeds well

3 A 9i 12 months signs of slowing in

> developmental progress, head

R growth slows

A About 1 year clearly
developmentally delayed, light hair,
eczema, musty odor of
uri neo, guauys have

A Severe intellectual disability with behavior problems &
eventual institutionalization
A White matter hyperintensitiesi ipseudol eukodystr oj
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Pathophysiology

AElevated total body phenylalanine
AExcessive phein the brain

AReduced large neutral amino acid transport into
the brain (including tyrosine and tryptophan)

AReduced synthesis of key neurotransmitters (e.g.,
dopamine, serotonin), especially during
development
I Mouse data suggests inhibition by CNSPhe of TH and

TPH2activity

ANo direct pathologic effect on the liver known
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ANorma
ANorma
ANorma

ANorma

ANorma

ATargets

Goals of Treatment
neurocognitive development
growth
soclal interactions
micronutrient concentrations
bone calcium content

APlasma phe 120-360 micromol/L

APlasma tyrosine normal ,7( ot oo
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Therapy
ADietary phe reduction

ACompetitive i large neutral amino acids
supplements

AChaperone therapy i sapropterin
AEnzyme substitution therapy i pegvaliase

Experimental
AGut biome manipulation of absorption
AGene correction or replacement therapy
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Diet therapy

ARestrict dietary protein

APhenylalanine intake: ~250-350 mg/day in classical
form

I Breastfeeding often manageable

ASupplement with phenylalanine-free medical food to
guarantee the daily requirements
I Non-offending amino acids
I Glycomacropeptide T low phe casein product
I Vitamins and minerals
I Distribute through the day

Afd Difeelt i f e o

1 gdietary protein a  B@phe
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Strategies for breastfeeding

AAlternate feedings

AMix in a bottle (breast milk provides intact
protein in a traditional formula recipe

ABottle first with metabolic formula with each
feed, followed by nursing (one breast for at least
10 min to access hindmilk)
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Table 3
Guidelines for PHE, TYR, and protein intake for individuals with PKU.

AGE PHE® (mg/day) TYR® (mg/day) Protein® (g/kg/day)
Infants to <4 years®

0 to <3 months*© 130-430 1100-1300 2.5-3.0

3 to <6 months 135-400 1400-2100 2.0-3.0

6 to <9 months 145-370 2500-3000 2.0-2.5

9 to <12 months 135-330 2500-3000 2.0-2.5

1 to <4 years? 200-320 2800-3500 1.5-2.1

After early childhood*®

>4 years to adult 200-1100 4000-6000 120-140% DRI for age'
Pregnancy and lactation®

Trimester 1 265-770 6000-7600 >70

Trimester 2 400-1650 6000-7600 >70

Trimester 3 700-2275 6000-7600 >70

Lactation™ 700-2275 6000-7600 >70

¢ Adapted from Acosta [118], recommendations for PHE and TYR intake for infants and
children <4 years with more severe PKU and treated with PHE-restricted diet alone. TYR

intake recommendations may require adjustment based on blood TYR monitoring.
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Monitoring diet therapy

AProvide adequate calories

AProvide adequate protein, vitamins, minerals
AMaintain normal growth and development
AMonitor blood Phe and Tyr

AMonitor other parameters (development, psychological status,
bone density)

I Consider monitoring iron and Vitamin D from time to time

Collaboration with a knowledgeable
@
IEM Dietician iIs critical! ‘? Children's Hospital Colorado @]‘ Liniversily gF Colorade
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Monitoring diet therapy

AFrequency of monitoring Phe/tyr (recommended i rarely followed)
A At diagnosis (newborn) i daily or QOD until at goal
AWeekly for first year
AMonthly or twice monthly age 1-12 years
AAdolescents and adults i monthly
AIF poorly controlled may need more frequent
APhe will go up during illness

A Other nutritional factors

AProtein adequacy i growth, amino acids, transthyretin
AMicronutrients i vitamin D, ferritin, others
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Other therapies - Large neutral amino acids

Goal to increase plasma tyr and reduce CNS phe

A 20-30% of medical food protein each day
A Does not require PAH protein to work
A Data are mixed on efficacy
A possible modest reduction in plasma phe
A improved plasma tyr
A Possible improved CNS tyr
A Some evidence of effect on neuropsych measures
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Brain (abluminal
side) Cationic AAs
(Lys, Arg, Orn)
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Other therapies - Sapropterin

Goal to enhance phe tolerance and normalize diet

I 20mg/kg/day

I Infant T 24 hour trial >30% reduction in phe (with stable or no
diet treatment)

| Older 48 hours to 30 days trial
I May have gradual onset
I Requires some PAH protein to work (null alleles unaffected)
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Some sapropterin responsive mutations

cDNA Protein Cases in PAHdb Responsive to Sapropterin
c.1222C>T p.Arg408Tp 6.7% <10%
-11G=
zl',iffo_lllg}}i ; 5.3% <10%
c.194T=C p.lle65Thr 4.1% 89%
c.782G=A p.Arg261Gln 3.6% 78%
c.842C>T p.Pro281Leu 2.9% None [Leuders et al 2014, biopku.org]
c.1315+1G=A - 12.5% [biopku org]
(IVS12+1G=A) None [Leuders et al 2014]
c473G=A p.Argl38Gln 2.7% <10%

Data obtained from: PAHdb accessed 5/82016 (biopku.org); and Leuders et al [2014]. All changes with >2.3% frequency in the PAHdb
database were included. In database searches, homozvgosity was assumed for calculations; however, this 1s a rare finding in
consanguineous individuals. It is recommended that all affected individuals be tested for personal responsiveness. Genetic changes shown
affect >2.5% of the database population. See biopku org for the most up-to-date information and additional references.
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https://www.ncbi.nlm.nih.gov/books/NBK1504/

Other therapies - Pegvaliase

Goal to enhance phe tolerance and normalize diet

A Enzyme replacement therapy

A Plant enzyme i phenylalanine ammonia lyase
A Does not reduce need for tyrosine

A Immunologic reactions must be managed

A Not recommended during pregnancy

A FDA approval for 16 years and up

Guidelines for usecIM21:1851 2019 ‘?’ Childrens Hospital Colorado @]‘ University of Colorado
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Other therapies - Pegvaliase

APegvaliase i subcutaneous injection

ATypical dose is 20 mg/day
ASome may need less
ASome may need up to 40 mg/day

ATitration i see package insert

AResponse = at least 20% reduction in baseline plasma phe
AStop if no response after 16 weeks on 40 mg/day

AMay take more than one year to achieve response

L]
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Table 1: Recommended Dosing Regimen

Treatment Palynziq Dosage Duration*
Induction 2.5 mg once weekly 4 weeks
Titration 2.5 mg twice weekly 1 week

10 mg once weekly 1 week

10 mg twice weekly 1 week

10 mg four times per week 1 week

10 mg once daily 1 week
Maintenance 20 mg once daily 24 weeks
Maximum' 40 mg once daily 16 weeks"

Additional time may be required prior to each dosage escalation based on patient tolerability.
" Individualize treatment to the lowest effective and tolerated dosage. Consider increasing to a
maximum of 40 mg once daily in patients who have not achieved a response with 20 mg once
daily continuous treatment for at least 24 weeks [see Clinical Studies (14)].
* Discontinue Palynziq treatment in patients who have not achieved a response after 16 weeks of
continuous treatment with the maximum dosage of 40 mg once daily. SETEEIE IR
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A Phenylalanine
teratogenicity

A microcephaly,
A congenital cardiac lesion
A Intellectual disability
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N Mat er n MhnagerRektU

A Ideally start aggressive therapy before pregnancy

A Phe in target range as early as possible for unplanned
pregnancy

A Often need aggressive Tyr supplements, especially 31
trimester

A Sapropterin seems safe

A Risk of high phe likely outweighs potential risk for use
of sapropterin and consideration for pegvaliase
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Universal lessons from PKU

AScreening and treatment can be effective

ANBS can uncover milder forms for which the need to treat
may not be obvious

AUnanticipated future consequences, for example maternal
PKU, may occur or be revealed

ATreatment/intervention createsan e w i nhait utr ar y 0
AThe pathogenesis is more complicated than you think
AAlternative therapies may be developed over time
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Tyrosine
catabolic
Y rosnemapell pathway

4-hydroxyphenylpyruvic dioxygenase
tyrosinemia type Il
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