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Abstract		

	 Phenylketonuria	is	a	disease	that	involves	mutations	within	the	gene	that	codes	for	

phenylalanine	hydroxylase.	This	disease	leads	to	many	problems	which	include	seizures,	

behavioral	disorders	and	delayed	development.	This	article	delves	into	the	research	that	is	

currently	being	done	on	Phenylketonuria.	This	research	includes	body	and	intellectual	

development	in	infancy,	the	susceptibility	of	the	skin	to	develop	melanoma,	the	effects	of	

phenylalanine	level	on	anxiety	and	two	different	types	of	phenylalanine	detection	systems.		

Introduction	

	 Phenylketonuria	(PKU)	is	an	inherited	autosomal	recessive	disorder,	associated	with	

over	500	disease-causing	mutations.	These	mutations	are	mostly	point	mutations,	though	

insertions,	deletions,	and	duplications	can	also	be	a	cause	(Vockley).	The	mutations	occur	

within	both	copies	of	the	PAH	gene	which	codes	for	phenylalanine	hydroxylase.	Most	of	these	

mutations	cause	the	misfolding	of	enzyme,	decreased	activity,	and	increased	protein	turnover	

(Vockley).	There	are	four	categories	for	PKU.	They	are	hyperphenylalaninemia,	mild	PKU,	

moderate	or	variant,	and	classic	PKU.	Each	one	has	a	varying	severity	to	it	and	is	dependent	on	

how	functional	the	phenylalanine	hydroxylase	is.	Classis	PKU	is	the	most	severe	with	very	

limited	to	no	functionality	of	the	enzyme.			

	 Phenylalanine	hydroxylase	is	mainly	present	within	the	liver,	where	excess	

phenylalanine	is	removed	from	the	body.	It	is	the	first	and	rate-limiting	step	in	converting	

phenylalanine	to	tyrosine.	The	enzyme	works	with	another	molecule,	tetrahydrobiopterin,	to	

perform	this	reaction.	The	way	that	it	works	is	through	a	para-hydroxylation	of	the	aromatic	



side-chain	present	on	phenylalanine	and	the	simultaneous	hydroxylation	of	tetrahydrobiopterin	

(Flydal).		

	 Tyrosine	is	an	important	amino	acid	within	the	body.	Once	phenylalanine	has	been	

converted	to	tyrosine,	the	tyrosine	can	be	further	metabolized,	and	its	byproducts	can	be	

filtered	into	the	Citrate	Cycle.	It	is	also	used	in	several	hormones	such	as	dopamine	and	

adrenaline.	It	is	an	important	component	of	thyroid	hormones	which	are	important	for	

regulating	metabolism.	Tyrosine	also	makes	up	an	important	part	of	melanin.		

	 Without	the	conversion	of	phenylalanine	to	tyrosine,	phenylalanine	levels	can	become	

very	high	within	the	body,	which	in	turn	means	that	the	tyrosine	levels	become	very	low.	This	

can	lead	to	varying	affects	on	the	body.	Some	common	affects	that	are	associated	with	PKU	are	

intellectual	disabilities,	delayed	development,	psychiatric	disorders,	seizures,	and	behavioral	

problems.	Other	associated	affects	can	be	a	difference	in	body	odor	due	to	the	build-up	of	

phenylalanine.	People	affected	with	PKU	may	smell	musty	or	mouse-like	(NIH).	They	also	tend	

to	have	lighter	hair	and	skin	due	to	the	low	levels	of	melanin	and	have	been	known	to	have	skin	

conditions	like	eczema.	These	symptoms	do	vary	depending	on	the	severity	of	PKU.		

	 PKU	presence	within	a	population	depends	upon	geographic	regions	and	ethnic	

backgrounds.	Within	the	United	States,	babies	born	with	PKU	occur	1	in	every	10,000	to	15,000	

births	(NIH).	All	newborns	are	given	an	initial	newborn	screening.	This	screening	includes	taking	

a	blood	sample,	among	other	things,	and	analyzing	the	sample	to	make	sure	all	the	components	

are	within	normal	ranges.	For	screening	for	PKU,	the	amount	of	phenylalanine	within	the	

sample	is	determined.	If	the	amount	is	found	outside	the	normal	range,	further	tests	are	

needed	to	confirm	that	it	is	indeed	PKU	and	not	an	artifact	of	the	blood	sample	itself.		



	 There	is	no	cure	for	PKU,	but	there	are	treatments	to	reduce	the	effects	caused	by	PKU.	

Instead,	people	who	are	affected	with	PKU	are	placed	on	a	strict	diet.	This	diet	excludes	any	

foods	high	with	phenylalanine,	such	as	dairy	products,	meat,	beans	and	nuts	(PKU	Clinic),	and	

certain	artificial	sweeteners.	Proteins	are	replaced	by	medical	protein	supplements	that	have	

no	phenylalanine	within	them	but	have	all	the	other	important	amino	acids	that	are	necessary	

for	proper	development.		

	 Another	treatment	is	the	use	of	sapropterin	dihydrochloride,	also	known	as	Sapropterin.	

It	is	a	synthetic	version	of	tetrahydrobiopterin.	This	works	in	people	that	still	have	a	little	

function	in	their	phenylalanine	hydroxylase.	How	the	administration	of	Sapropterin	increases	

the	enzyme	activity	is	unclear,	but	it	may	act	as	a	pharmacological	chaperone	(Vockley).	With	it	

possibly	working	as	a	chaperone,	it	would	help	with	the	protein	and	possibly	increase	the	

structure’s	stability.	

	 Research	involving	PKU	focuses	a	lot	on	better	detection	systems	and	how	PKU	affects	

the	body.	The	hopes	of	these	experiments	are	to	diagnosis	PKU	faster	and	to	maybe	find	an	

underlying	trend	within	PKU	patients	that	can	be	used	to	create	a	targeted	treatment.	Some	of	

the	research	that	has	been	done	currently	will	be	furthered	discussed	here.	

Experiments	

Body	and	Intellectual	Development	

	 Intellectual	and	body	development	are	two	of	the	major	things	affected	by	PKU	when	

the	diet	is	not	following	properly.	Research	performed	by	Fiori,	Elena,	et	al.	tests	different	

aspects	of	development	in	both	mice	with	PKU,	their	experimental	group,	and	mice	with	a	wild-

type	genotype,	their	control	group.	The	mice	affected	by	PKU	had	an	ENU2	mutation,	which	is	



the	genetic	murine	(rodent)	model	of	PKU.	This	model	closely	resembles	the	phenotype	of	PKU	

in	people.	The	way	it	resembles	human	PKU	is	through	the	characterization	that	ENU2	exhibits,	

such	as	high	PHE	levels,	decreased	phenylalanine	hydroxylase	(PAH)	activity,	neurochemical	and	

behavioral	deficits,	and	hypomyelination	(Fiori).		

	 Growth	was	one	aspect	that	was	delved	into.	For	both	mice	groups,	both	the	control	

and	the	experimental,	body	weight	and	length	were	measured	on	multiple	days	after	birth,	

which	the	researchers	called	post-natal	days	abbreviated	pnd.	The	days	data	were	taken	on	

were	pnd	5,	8,	11,	14,	17,	21,	24	and	28.	The	data	that	was	collected	was	analyzed	using	a	two-

way	ANOVA.	ANOVA	stands	for	Analysis	of	Variance.	This	analysis	method	allows	for	the	

detection	of	variance	among	and	between	groups	within	a	sample	(Analysis	of	Variance).	The	

groups	that	were	defined	in	this	experiment	were;	WT	male,	WT	female,	ENU2	male,	ENU2	

female,	WT	and	ENU2	at	different	pnds	(Fiori).	

	 The	data	about	mouse	body	development	is	significant	is	because	it	shows	that	there	is	

a	significant	developmental	difference	between	the	two	genotypes,	with	ENU2	genotypes	

weighing	less	and	being	shorter	in	length	than	its	WT	siblings.	There	is	a	significant	change,	in	

particular,	that	is	associated	with	weaning	of	the	mice	due	to	the	loss	of	maternal	nutrition	

(Fiori).	There	is	some	indication	that	the	mice	do	eventually	get	closer	in	size	to	their	WT	

siblings,	but	the	ENU2	mice	never	reach	the	same	body	size	and	length	as	their	counter	parts.		

	 In	the	ANOVA	testing,	one	of	the	distinct	groups	they	created	was	male	versus	female.	

What	the	researchers	found	was	that	there	was	no	significant	difference	between	males	and	

females	with	the	ENU2	mutation	and	males	and	females	with	the	WT	genotype.	Therefore,	they	

did	not	include	gender	as	a	variable	within	the	ANOVA	testing.		



	

	

Figure	1:	(A)	Shows	a	visual	representation	of	the	body	size	difference	between	a	WT	mouse	(left)	and	an	ENU2	mouse	(right).	
(B)	shows	the	change	of	weight	dependent	on	how	many	days	have	pass	since	birth.	(C)	Shows	the	change	in	length	dependent	
on	how	many	days	have	pass	since	birth.	The	asterisks	show	the	significance.	One	*	is	p<0.05,	**	is	p<0.01	and	***	is	p<0.001	
for	WT	vs	ENU2.		

	 Another	experiment	performed	was	looking	at	brain	tissue	samples	for	early	

neurochemical	abnormalities.	At	16	postnatal	days	(pnd),	mice	of	both	wild-type	and	ENU2	

were	euthanized	and	had	their	brain	tissue	sampled.	Each	brain	tissue	sample	was	then	

homogenized,	blended	together	to	make	a	homogeneous	mixture,	to	be	run	using	an	HPLC.	

What	was	found	was	that	ENU2	mice	had	many	cerebral	deficits,	when	looking	at	the	levels	of	

5-hydroxytyptamine	(5-HT),	dopamine	(DA),	norepinephrine	(NE)	and	their	metabolites	5-

hydroxyindoleacetic	acid	(5-HIAA),	3,4-dihydroxyphenylacetic	acid	(DOPAC),	homovanillic	acid	

(HVA)	and	3-methoxy-4-hydroxyphenylglycol	(MHPG)	within	the	brain	tissue	(Fiori).		

	 With	this	experiment	about	the	homogenized	brain	tissue,	what	the	researchers	found	

was	that	ENU2	mice	had	many	cerebral	deficits.	Overall,	these	deficits	include	decreased	

aminergic	metabolism	and	a	decrease	in	cerebrospinal	fluid	(Fiori).	



Skin	Susceptibility	

	 Due	to	the	reduced	or	lack	of	melanin	that	is	associated	with	PKU,	Arbesman,	Joshua,	et	

al.	researched	whether	there	is	an	increase	of	melanoma	cases	in	those	that	are	affected	by	

PKU.	They	looked	into	whether	patients	with	classic	PKU	or	hyperphenylalaninemia	have	a	

higher	chance	of	developing	melanoma	by	using	statistical	analysis	on	data	compiled	from	

multiple	databases.	The	focus	population	used	for	this	analysis	were	Caucasian.	The	reason	for	

this	is	due	to	the	higher	occurrence	of	phenylketonuria	in	Caucasian	populations.	

Phenylketonuria	is	not	as	prominent	in	populations	with	darker	skin,	such	as	those	who	have	

South	Asia	or	African	descent.	

	 Pathogenicity	for	PKU	was	cross-referenced	through	mutation	databases,	where	the	

authors	created	three	population	groups.	These	groups	consisted	of	uncharacterized	variants,	

mutations	that	were	published	reports	of	PKU,	and	non-sense	mutations.	Using	a	one-sided	t	

test,	they	tested	to	see	if	those	with	melanoma	had	a	greater	frequency	of	being	a	carrier	of	

PKU	against	the	general	public.		This	test	was	performed	with	the	three	populations	separately	

and	combined.		One-sided	t	tests	are	used	if	data	may	vary	from	the	reference	data	in	only	one	

direction.	This	test	type	is	used	for	more	asymmetric	distributions.	The	p-value	that	the	authors	

considered	statistically	significant	was	anything	less	than	0.05.	

	 There	was	found	to	be	a	relative	enrichment	of	any	form	of	PKU	carrier	to	be	about	

twice	as	high	of	a	frequency	when	compared	to	the	general	population.	Further	data	showed	

that	there	was	an	enrichment	of	PKU	carriers	in	the	melanoma	cohorts.	The	conclusion	that	the	

authors	come	to	is	that	with	a	nonfunctional	phenylalanine	hydroxylase,	patients	can	have	an	

increased	risk	in	developing	melanoma,	even	patients	with	only	one	mutated	copy	of	the	PAH	



gene	are	at	an	increased	risk	(Arbesman).	Therefore,	patients	that	do	suffer	from	PKU	may	want	to	

maintain	regular	doctor	visits	to	monitor	melanogenesis.	

	

	

Anxiety	

	 The	experiment	performed	by	Didycz	and	Miroslaw	was	to	see	if	there	was	a	correlation	

between	blood	phenylalanine	and	anxiety	levels	within	teenaged	patients	with	PKU.	The	test	

that	was	used	was	The	State-Trait	Anxiety	Inventory	(STAI).	It	defines	anxiety	in	two	ways;	state	

anxiety	(A-State)	which	is	fear,	discomfort,	and	nervousness	caused	by	situations	perceived	as	

dangerous	and	Trait	anxiety	(A-trait)	which	is	a	disposition	to	feel	worry,	discomfort	and	stress	

(Didycz).	In	other	words,	A-State	means	that	the	anxiety	is	temporary	while	A-Trait	means	that	

the	anxiety	is	perpetual	and	does	not	tend	to	go	away.	Following	the	questionnaire,	each	

participants	blood	was	drawn.	These	two	aspects	were	correlated	through	assessment	of	

previous	blood	Phe	tests.	

	 The	relationship	between	the	severity	of	hyperphenylalaninemia	and	the	STAI	results	

showed	that	there	is	a	moderate-to-strong	correlation	between	Phe	blood	levels	and	A-Trait.	

Multiple	regression	analysis	was	also	performed.	This	was	to	show	the	influence	of	blood	Phe	

concentrations	and	blood	Phe	standard	deviations	on	the	anxiety	level	(Didycz).	There	was	a	

strong	correlation	of	standard	deviations	of	blood	Phe	for	those	with	trait	anxiety.	Overall,	the	

authors	found	that	the	A-Trait	scores	explained	more	of	the	brain	effects	due	to	PKU	than	did	

the	A-State	scores.		

Detection	using	Fluorescent	Proteins	



	 In	patients	with	PKU,	it	is	common	to	find	higher	concentrations	of	phenylpyruvic	acid	

(PPA)	and	phenylacetic	acid	within	the	blood	and	urine.	By	creating	a	more	sensitive	detection	

system,	these	catabolic	byproducts	can	be	easily	and	quickly	identified	and	quantified.	In	this	

article,	they	created	a	whole-cell	biosensor	using	E.	coli	with	the	use	of	fluorescence	proteins	by	

which	they	can	accurately	analyze	Phe	and	Tyr	content	within	urine	samples	for	faster	

detection.	

	 The	way	that	the	authors	created	this	biosensor	was	through	the	analysis	of	specific	

promoters	that	are	controlled	by	the	concentrations	of	Phe	and	Tyr.	These	amino	acids	control	

the	expression	of	the	promoters	within	this	engineered	E.	coli	by	interacting	with	the	DNA	

binding	proteins	that	help	begin	transcription.	By	testing	various	promoters	at	various	

concentrations	of	Phe	and	Tyr,	whether	the	concentrations	be	increased	or	decreased,	the	

promoters’	activity	was	monitored,	and	that	data	went	into	the	development	of	the	biosensor.		

	 Using	fluorescent	proteins,	green	fluorescent	protein	(GFP)	and	red	fluorescent	protein	

(RGP),	the	authors	were	able	to	determine	the	amount	of	activity	each	selected	promoter	was	

experiencing.	Phenylalanine	(Phe)	was	marked	using	the	GFP,	while	Tyrosine	(Tyr)	was	marked	

with	the	RGP.	Depending	on	what	promoters	were	active,	if	they	were	active,	they	could	

monitor	the	amount	of	either	amino	acid	present	at	any	given	time	using	a	Synergy	HT	

microplate	reader.	

	 Another	experiment	that	was	performed	used	Liquid	Chromatography-Mass	

Spectroscopy	(LC-MS)	to	analyze	urine	samples	to	confirm	the	sensitivity	of	the	biosensor.	This	

technique	uses	the	LC	to	separate	the	compounds	out	in	a	sample,	while	the	MS	determines	



what	components	were	present	within	the	sample.	This	technique	allowed	for	multiple	urine	

samples	to	be	analyzed	for	Phe	and	Tyr.	

	 For	the	fluorescent	proteins,	what	was	found	was	that	depending	on	the	promoter,	the	

concentration	of	the	two	amino	acids	varied.	They	found	that	Pmtr	was	activated	by	Phe	the	

strongest,	while	ParoF	was	repressed	by	Tyr	the	strongest.	For	the	experiment	involving	the	LC-

MS,	they	found	that	the	accuracy	and	precision	of	the	biosensor	were	within	acceptable	ranges	

and	allowed	for	simultaneous	analysis	(Lin).		

Detection	using	Gold	Magnetic	Nanoparticles	

	 For	this	research,	a	new	detection	method	was	created	combining	a	lateral	flow	assay	

and	an	amplification	refractory	mutation	system	(Xiaonan).	This	process	will	be	called	ARMS-

LFA	to	keep	it	short.	Using	gold	magnetic	nanoparticles	(GMNPs)	and	antibodies,	detection	of	

single	nucleotide	polymorphisms	(SNPs)	were	able	to	be	detected.		

	 The	way	this	worked	was	by	using	primers	that	were	labeled	with	digoxin.	Digoxin	is	a	

cardiac	glycoside	that	originates	from	the	foxglove	plant	(DrugBank).	With	the	labeled	primer,	

PCR	takes	place	and	incorporates	these	labeled	primers	into	the	DNA.	The	GMNPs	are	

conjugated	with	an	antibody	that	binds	to	digoxin.	The	DNA	that	has	the	labeled	primers	will	

get	attached	to	the	conjugated	GMNPs-anti-Dig	complex.	This	then	allows	for	the	DNA	to	be	

detected	either	by	magnetic	reader	or	by	visualization.	

	 The	DNA	that	was	used	for	the	experiment	was	wild-type	DNA	and	DNA	with	one	of	the	

seven	known	SNPs	that	can	occur	within	the	phenylalanine	hydroxylase	gene	which	leads	to	

PKU.		The	primers	with	the	digoxin	label	would	anneal	to	the	mutated	DNA	but	not	the	wild-

type	DNA.	This	allowed	for	the	detection	of	mutated	DNA	from	the	wild-type	DNA.		



	 Through	the	use	of	putting	ARMS	with	GMNPS	and	LFA	together,	multiple	SNPs	were	

able	to	be	detected.	This	technique	was	proven	to	work	well	with	clinical	samples	and	showed	

that	it	had	various	advantages	due	to	its	high	applicability.	Some	of	those	advantages	include	a	

simple	procedure,	short	detection	time	and	that	it	is	highly	sensitive	and	specific.	Not	only	can	

this	technique	be	used	for	the	detection	of	SNPs	related	to	PKU,	but	it	can	also	be	used	for	to	

detect	SNPs	associated	with	other	diseases	(Xiaonan).		

	

Discussion	

	 All	of	these	experiments	contribute	to	the	understanding	of	Phenylketonuria	in	some	

form	or	another.	The	experiments	done	by	Fiori,	Elena,	et	al.	are	trying	to	understand	the	

affects	of	PKU	on	the	developing	infant	to	provide	a	way	to	create	and	test	new	treatments.	

That	with	this	understanding	of	the	affects	PKU	has	on	the	developing	body	and	neural	system	

allows	for	the	ability	to	create	target	treatments	based	on	the	information	collected.	

	 	For	Arbesman,	Joshua,	et	al.	keeping	people	who	have	PKU	informed	was	their	goal.	

That	by	finding	that	there	is	a	possible	correlation	between	PKU	and	the	development	of	

melanoma,	it	allows	those	that	do	have	PKU	to	be	more	aware	and	allows	them	to	be	proactive	

about	their	skin	health.		

	 Not	only	was	PKU	found	to	be	correlated	with	a	higher	risk	of	developing	melanoma,	but	

there	is	also	a	correlation	between	high	levels	of	phenylalanine	and	anxiety.	So	PKU	does	not	

only	have	an	impact	on	the	body	physically	but	can	also	have	an	impact	on	the	body	mentally	

later	in	life.		



	 Both	detection	methods	mentioned	above,	have	great	impact	for	quick,	reliable	

detections.	Using	the	fluorescent	proteins	made	it	possible	to	detect	not	only	the	concentration	

of	phenylalanine	in	the	urine,	but	also	the	concentration	of	tyrosine	as	well.	With	the	gold	

magnetic	particles,	a	sample	of	someone’s	DNA	can	readily	and	quickly	be	analyzed	for	a	fast	

diagnosis	for	PKU.	Not	only	can	this	detection	system	be	used	for	PKU,	but	it	could	readily	be	

used	for	other	diseases	that	involve	SNPs	within	the	DNA.		

	 These	experiments	further	the	understanding	of	Phenylketonuria	and	also	open	the	

doors	to	other	research	opportunities.	These	research	opportunities	may	include	finding	a	way	

to	treat	PKU	without	the	need	for	a	diet	change	besides	the	use	of	Sapropterin	since	the	long-

term	effects	of	the	drug	are	unknown.	One	new	treatment	that	has	arisen	is	a	novel	enzyme	

substitution	therapy	called	Palynziq,	which	is	an	injection	that	the	FDA	approved	in	2018	

(Commissioner).	This	new	therapy	uses	a	recombinant	phenylalanine	ammonia	lyase	(PAL)	

enzyme	that	has	the	ability	to	convert	phenylalanine	into	ammonia	and	trans-cinnamic	acid.	

This	enzyme	has	a	moiety	that	allows	for	better	pharmacodynamic	stability	and	a	decreased	

immune	response	(Pegvaliase).	This	allows	patients	with	PKU	to	have	decreases	levels	of	

phenylalanine	in	their	systems,	which	in	turn	gives	them	a	more	normal	life	and	the	ability	to	be	

on	a	less	restrictive	diet.	
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