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ABSTRACT
Phenylketonuria (PKU) and related forms of oon-PKU hyperphenylalaninemias

(HPA) result from deficiencies in phenylalanine hydroxylase (PAH), the hepatic

enzyme that catalyses the conversion of phenylalanine (phe) to tyrosine (tyr).

Patients are cbaracterised by a metabolic phenotype comprising elevated levels of

phe and some of its Metabolites, notably phenyUactate (pLA), phenylacetate (PAA)

and phenylpynavate (PPA), in both tissue and body fluids. Treatment from binh

witb low-phe diet largely prevents the severe mental retardation that is its major

consequence.

Mecbanisms underlying the patbophysiology of PKU are still Dot fully

understood; to this end, the availability of an onbologous animal model is

relevant. A number of N-ethyl-N-nitrosourea (ENV) mutagenized mouse strains

bave become available. 1 repon a new heteoraUelic strain, developed by crossing

female ENUI (with mUd non-PKU HPA) with a male ENU2/ + carrier of a 'severe'

PKU-causing allele. 1 descnlJe the new bybrid ENUl/2 strain and compare it witb

control (BTBRIPas), ENUl, ENU2 and the beterozygous counterparts. The

ENUl, ENUl/2 and ENU2 strains display mild, moderate and severe phenotypes,

respectively, relative to the control and beterozygous counterparts.

1 descnlJe a DOvel merbod using negative ion chemical ionization gas

chromatography/mass spectrometry (NICI-GC/MS) to measure the concentration of

PLA, PAA and PPA in the brain of normal and mutant mice. Although elevated

moderately in HPA and more 50 in PKU mice, concentrations of these Metabolites

are not sufficient to explain impaired brain function; however phe is present in

brain al levels associated with barm.

Finally, 1 describe a new modality for treatment of HPA, compatible with

better human compliance: it involves enzyme substibltion wim non-absorbable 8Dd

proteeted phenylalanine ammonia Iyase (PAL) in the intestiDal lumen, to conven

L-phenylalanine ta the barmless metabolites (trans-einnamic acid and trace
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ammonia). PAL, taken orally, substitutes for the deficient PAR enzyme and

depletes body pools of excess phe. 1 describe an efficient recombinant approach

to produce PAL enzyme. 1 also provide proofs of both pharmacologic and

physiologic principles by testing PAL in the onhologous mutant mouse strains

with HPA. The till(lings encourage further development of PAL for oral use as an

ancillary treabDent of humao PKU.

v



•

•

RÉSUMÉ
La phénylcétonurie (PCU) et autres formes d'hyperphénylalaninémies (HPA)

résultent du malfonctionnement de la pbénylalanine hydroxylase (PAH), l'enzyme

bépatique catalysant la conversion de la pbénylalanine (phe) en tyrosine (tyr). Les

patients atteints de PeU présentent dans leurs tissues et leurs liquides corporels

des niveaux élevés de pbe et certains métabolites, notamment la phényUactate

(PLA), la phénylacétate (PAA) et la pbénylpyruvate (PPA). Une diète (à la

naissance) à faible teneur en pbe prévient grandement le retard mental sévère,

caractéristique de la PCU.

Les mécanismes impliqués dans la physiopathologie ne sont pas

entièrement compris; c'est pourquoi un modèle animal onhologue est nécessaire.

fi existe les soucbes de souris ENUI (avec légère HPA) et ENU2 (avec PCU)

obtenues par mutation induite à la N-etbyl-N-nitrourée (ENU). Je décris

maintenant une nouveUe souche bétéroallélique, ENUl/2 (ENU19 x ENU21+0),

et compare cette souche avec les contrôles (BTBRIPas), ENUl, ENU2 et leurs

hétérozygotes respectifs. Les phénotypes sont: ENUI Oéger), ENUl/2 (modéré),

ENU2 (sévère), lorsque comparé aux con~les et bétérozygotes.

Je décris une nouvelle méthode utilisant la chromatographie gazeuse

d'ionisation chimique d'ions négatifs couplée à la spectrométrie de masse (NICI­

GCIMS) pour mesurer la concentration de PLA, PAA et PPA dans le cerveau de

souris. Même si les niveaux sont élevés dans la souris HPA Oégèrement) et PeU

(beaucoup), la concentration de ces métabolites est insuffisante pour expliquer le

malfonctionnement du cerveau. Cependant, la quantité de pbe est suffisante pour

causer certains dommages.

Finalement, je décris un nouveau mode de traitement de HPA qui est

compatible avec un usage chez l'humain. Ceci implique la substitution d'enzyme

avec la Iyase phenylalanine ammoniaque (LPA) protégée (non-absorbable) dans le

lumen intestinale. Ceci permet de convenir la L-pbenylalanine en métabolites
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inoffensifs (l'acide trans-cjnnamique et des traces d'ammoniaque). La LPA, prise

oralement, peut se substituer à l'enzyme déficiente PAH et éliminer l'excès de phe

corporel. Je décris une approche recombinante efficace pour produire l'enzyme

PAL. Aussi, je fournis des preuves aux niveaux pharmacologique et

physiologique en testant PAL chez les souches de souris mutantes orthologues

avec HPA. Ces découvenes encouragent le développement de PAL pris

oralement comme traitement auxiliaire de la PeU chez l'humain.
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PREFACE
Format of the Thesis

This thesis is composed of tbree cbapters (2 - 4) of scientific

experimentation and analyses, aU of which are manuscripts that bave been

published. The format is in accordance with the regulations stated in the

"Guidelines for Submitting a Doctoral Thesis", which reads as follows:

"Guidelines for Thesis Preparation: (C) MANUSCRIPr-BA8ED TBESIS

Candidates bave the option of including, as part of the thesis, the text of one or
more papers submitted, or 10 be submitted, for publication, or the clearly­
duplicated text (not the reprints) of one or more published papers. These texts
must conform to the "Guidelines for Thesis Preparation" with respect to font size,
line spacing and margin sizes and must be bound together as an integral pan of the
thesis. (Reprints of published papers can be included in the appendices at the end
of the thesis.)

The thesis must be more tban a collection of manuscripts. Ali components must
he integrated into a cohesive unit with a logical progression from one cbapter to
the next. In order to ensure that the thesis bas continuity, connecting texts that
provide logical bridges between the different Papers are mandatory.

The thesis must conform to a11 other requirements of the "Guidelines for Thesis
Preparation" in addition to the manuscripts. The thesis must include the
following: (a) a table of contents; (b) an abstract in English and French; (c) an
introduction which clearly states the rational and objectives of the research; (d) a
comprehensive review of the literature (in addition ta tbat covered in the
introduction to cach paper); (e) a final conclusion and summary.

As manuscripts for publication are frequendy very concise documents, where
appropriate, additional material must he provided (e.g., in appendices) in
sufficient detail ta aUow a clear and precise judgement ta be made of the
importance and originality of the research reponed in the thesis.

ln general, wben co-autbored papers are included in a tbesis the candidate must
bave made a substantial contribution ta a11 papers included in the thesis. In
addition, the candidate is required ta make an explicit statement in the thesis as ta
who contnbuted 10 50ch wort and ta wbat extent. This statement should appear in
a single section entided" Contnbutions of Authors" as a preface ta the thesis. The
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supervisor must attest to the ac:curacy of tbis statement at the doctoral oral
defense. Since the task of the examiners is made more difticult in these cases, il
is in the candidate'5 interest ta clearly specify the responsibilities of aU the autbors
of the co-authored papen.

When previously published copyright material is presented in a thesis, the
candidate must obraïn, if necessary, signed waivers from the co-autbors and
publishers and submit these to the Tbesis Office with the final deposition. "

Thus, this thesis is submitted in the form of manuscripts, with slight

modifications needed to meet the requirements for a uniform presentation.
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Pbenylketonuria (PKU) and related byperpbenylalaninemias (HPA) are Mendelian

disorders resulting from deficient conversion of pbenylalanine (pbe) to tyrosine

(tyr). They are explained by primary deficiencies of pbenylalanine bydroxylase

enzyme (PAR) (Ee 1.14.16.1) activity. If untreated, the patient will most

probably experience irreversible impairment of cognitive development. Although

bighly investigated, the mecbanisms underlying the patbopbysiology of the disease

are still not fully understood (1).

Discovery of PKU

The story of PKU began in 1934 wben Dr. Asbjmn Felling, a pbysician and

biochemist al the University of Oslo School of Medicine, was contacted by the

mother of (wo mentally challenged cbildren. She was determined 10 find the cause

of their retardation and of the mousy odour tbat seemed 10 be related 10 their

condition. Dr. FoUiDg asked the mother 10 bring him urine samples. She retumed

with over 5 gallons, from wbicb he identified an excessive amount of phenylpyruvic

acid (PPA) - a pbenylketone. Felling, suspecting a Iink between the excretion of

PPA and the mental retardation, surveyed several of the surrounding mental

institutions and identified other 50ch cases. He noted evidence of autosomal

recessive inheritanee. He funher demonstrated that in addition 10 the bigh

concentration of PPA, these patients also bad elevated levels of circulating phe. He

therefore bypothesised that metabolism of dietary phe was defective and 50ggested

an inberited metabolic disorder as the cause for mental retardation. He named the

disease "oligophrenia phenylpyrouvica" (2-4). Penrose and Quastel renamed the

disease "phenylketonuria", literally meaning phenylketones in the urine (5).

Penrose postulated tbat the mental retardation bad an identifiable cbemical cause (6).

Oefining HyPelphenylalaninemia

PKU and related HPAs are among the Most widely studied and well-documented of

the bereditary metabolic disorders. Various classification scbemes exist for the
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different forms of HPA (the categories defining the level of severity). The one used

bere identifies 'hyperphenylalaninemia' as an event in individuals baving plasma

[phe] > 120,uM; 'phenylketonuria' as an event in those with plasma [pbe] >

1000 ,uM and a diet phe tolerance < SOO mg/day; the term ~non-PKU HPA' is

used for those with 120,uM < plasma [phe] < l000,uM and a diet phe tolerance

> 500 mg/day (1;7). 'Variant PKU' is the term used for the patients who do not

stricdy tit the description for either PKU or non-PKU HPA (8). In reality these

terms simply describe places on the spectrum of a metrical trait called HPA.

The prevalence of the PAH-deticient forms of HPA is in its broadest terms

1 in 10,000 live binbs in Caucasian and East Asian populations, with a

heterozygote carrier frequency of 1 in 50 (1;8). However, ethnie variation in the

frequency of so-called PKU bas long been evident (9), with population rates as

high as 1 in 2000 (Turkish) and 1 in 4S00 (Irish) and as low as 1 in 43,000

(Japanese) and 1 in 200,000 (Finn and the Ashkenazi Jewish); the frequency of

the non-PKU HPA shows less stratification and is more uniform (1;8).

The Phenylalanine Hydro;xylase Gene

The PAH-deficient fOnDS of HPA are autosomal recessive traits at clinical and

metabolic levels of phenotype and codomioant at the enzymatic level (OMIM

2616(0). They result from mutations in the phenylalanine hydroxylase gene (PAIl)

which encodes the PAH enzyme (1). The buman PAR gene is localized on the long

ann of chromosome 12, band region q22-24.1 (10). It extends over - lOOkb of

genomic DNA (11). It encodes 13 exoDS, which cover less than 3% of the

genomic length (11;12). The complete genomic sequence is soon to he reponed

(O. Konecki, personal communication); meantime the full-Iength complementary

DNA (cDNA) bas been cloned and the nucleotide sequence determined (GenBank

U49897.I)(12). The corresponding mRNA spccies is approximately 2500

nucleotides in length and contains the complete genetic code for the functional

PAR enzyme (11;13). The S' untraDslated region encodes cis-acting, trans-
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activated regulatory elements and S' potential traI1SCript initiation (CAP) sites; it

lacks a TATA box and bas sequences similar ta OC boxes, ail features of house­

keeping genes (II).

Mutations Associated with PAR Deficiency

To recognise the rapid evolution of mutation research, one only needs ta go

back 32 years. In 1968, Woolf et al. reported the possibility of a tbird allele at the

PAR locus, which resulted in distinct phenotypic cbaracteristics, different from bath

the 'normal' and the 'typical' PKU allele. They were Dot sure whether an observed

phenotype was caused by a variant fonn of PAH enzyme or if it was an effect

brought about by other enzymes involved in phe metabolism (14). In 1971, Ara

Tourian suggested the possible presence of yet another site for phe-PAH

interaction, distinct from its catalytic site, resulting in a genetic variant that caused

'atypical' PKU with PAR enzyme activity of around S% normals in the affected

patients (15). Today we know of several hundred ( > 380) disease-causing alleles

barbored by the PAR gene on more than 80 different haplotypes (16). The

phenotypic outcome of these mutations covers a complete spectrum, ranging from

benign polymorphisms to non-PKU HPA and variant PKU to the severely affected

PKU phenotype. In the majority of cases, the identification of mutant genotype

can broadly predict severity of the disease (17; 18) and could indicate the level of

phe talerance of the individual patient (17).

Disease-causing PAIl mutations fall into 5 classes: missense, small

deletions or insertions (usually with frame sbift), modifiers of mRNA splicing,

termination (nonsense) alleles; large deletions are rare in this gene (1). The

missense aIleles cover - 6S% PAR mutations (19) in comparison to the -50% of

disease-causing buman alleles (20). Approximately a half dozcn PAR mutant

alleles account for over 50% of BPA cases in the Caucasian population; the

remaining mutations are either rare or private aIleles (l;16). Different sets of

alleles are found in Orientals; apin a few prevalent, most rare (16;21). Tbese
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studies bave provided interesting insigbt on the saying tbat the history of the

population cao be history of the alleles. They bave shed ligbt on the variety of

genetic backgrounds on wbich mutations are found and the spatial distnbution and

relative frequencies of a number of these mutations (22). Therefore, human

genetic diversity at the PAH locus cao teach us a great deal about the occurrence

of migration, genetic drift, natural selection (perhaps), recurrent mutation and

intragenic recombination over the past 100,000 years (1;9).

Disease-causing mutation in PAR bave their effect al tbree phenotypic

levels: (1) 6proximate', affecting enzyme structure and function; (il)

6intermediate', affecting metabolic homeostasis; and ili) 6distal, , affecting brain

structure/function, with associated cognitive developmental deficiencies (1).

PAH Expression

Transcription of the PAR gene with its TATA-Iess promoter is regutated by

multiple cis-acting elements (11). The PAR gene bas developmental- and tissue­

specifie transcription/translation, proposed ta he regulated al the transcriptional

level (1;23). Sînce the proximal promoter region of the human PAR gene bas no

tissue-specifie transcription factor binding sites, it bas been suggested tbat the

tissue-specifie expression of the gene resu1ts from the combined effect of the

interaction between multiple protein factors and multiple ds-elements (23;24).

Phenylalanine hydroxylase is present in a number of organisms from

bacteria to humans (25). PAR appears in the cytoplasm (26). In bumans, PAR

enzyme is active in hepatoeytes, with new evidence that kidney also barbors

significaot phenylalanine hydroxylating activity (1 ;27-30). In addition, there is

evidence of some illegitimate transcription as demonstrated by the presence of

mRNA in lymphocytes (31). In rodents, phenylalanine hydroxylating (symbol

Pah) (Ee 1.14.16.1) activity cao he found in Iiver, kidney and pancreas (32;33).

It bas been suggested tbat deteetion of Pah activity in the pancreas is due to the

common developmental origin of the pancreas and Iiver (34).
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The PAH PolyPeptide and Enzyme

The PAR gene translates into a 452-amioo acid polypeptide with a molecular

weight of 52kD (one subunil 50A x 45A x 45A) (35). The wild-type enzyme

fOnDS a homooligomer which is in equilibrium between its tetrameric and dimeric

forms (36). The dimer is the minimum functional unit of purified PAH (37). The

equilibrium can he shifted ta the tetrameric form and activated by preincubation

with phe and by lowering the pH (26;35;36;38;39). The minimum molecular

requirements for the normal reaction are: PAH, oxygen, L-phenylalanine and

tetrabydrobiopterin (B8.) cofactor (1).

With the use of X-ray crystallography, the structure of residues 117-427,

containing the catalytic domain of human PAH, was determined al a resolution of

2A (40). These crystallization experiments showed dimeric forms of PAH missing

the N-terminal regulation and C-terminal tetramerization domains. Therefore the

same team went further to crystallize and determine the stmcture of a truncated

fonn of human tetrameric PAU (residues 118-452) (38). Finally the

confonnational properties of the N-terminal domain were studied by the use of

infrared (IR) spectroscopic methods (39).

The enzyme is composed of three domains: regulatory (residues 1-142),

catalytic (residues 143-410), and tetramerization (residues 411-452) (13;35;36;41­

43). The secondary structural conformations and their internai and intra-subunit

(monomer) interactions bave been studied indicating a pronounced asymmetry in

the packing of the four subunits (38).

The subunit encoded off the PAR gene, men folds ioto tertiary and

quatemary structureS, detennining the catalytic efficiency, substrate specificity

and binding ability of the enzyme, each of which cao he altered in the presence of

a mutation (43). Patients with lypical PKU display < 1% nonnal PAR activity

wbile tbase with non-PKU HPA bad more enzymatic activity (> 5% normal) (1).

In some cases, interindividual variation in hepatic enzyme activity bas been

attnbuted 10 aIlelic heterogeneity. In addition, aIIelic interaction may play a mie
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wbere it is much more likely ta reduce the catalytic 8Ctivity than ta enhance it

(44).

Mutations affecting the PAH enzyme can he divided into four groups by

their apparent effect: (1) 'null' aUeles (no activity); (il) 'Vmax' alleles (reduced

activity); (iil) 'kinetic' alleles (a1tered affinity for substrate or cofactor); (iv)

'unstable' alleles (increased turnover and loss of PAH protein) (1;45).

The combined expression of two mutant alleles determines the metabolic

phenotype. Yet the independent activity of the mutant alleles is imponant for

broad prediction of the probable phenotype in newbom HPA cases. If a patient

carries two 'severe' mutant alleles each associated with classical PKU, the clinical

outeome is classical PKU. However, if there is a 'miId' mutation on one

chromosome and a 'null' on the other, the result is Iikely to he a mild pbenotype

owing to the codominance of the 'mild' allele (46).

To study the effect of a mutation, a number of prokaryotic and eukaryotic

in-vitro expression systems bave been adopted, with the mammalian ceU

expression systems probably providing a more direct retlection of the buman

situation in vivo (47). Most expressed missense mutations in PAR provide

evidence of misfoldiDg with an associated increased aggregation (48;49); there

are, bowever, a few stable mutant proteins tbat show normal levels of PAH

immunoreactive protein with decreased enzymatic activity (47). Mutant proteins

tbat bave an increased tendency ta aggregate tend ta bave enbanced degradation.

Therefore, Waters et al. proposed tbat degradation of misfolded protein could he a

general mecbanism by wbicb missense alleles cause PKU and related forms of

HPA (48;50). Variability in the cellular bandling of the protein (background

genetics) may alsa bave a significant impact explaining the range of PKUIHPA

phenotypes (48;51).
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Phenylalanine Homeostasis

Claude Bernard referred to the constancy of the internai milieu as a necessary

condition for life (52). The phenylalanine concentration is a metrical trait with an

observed steady-state and a central tendency (homeostasis). HPA resu1ts when the

non-peptide bound (free) phenylalanine is greater than the normal frequency

distributiony reflecting a different (higher) steady-state value (1).

The metabolic steady-state is dynamic. Concentrations of Metabolites in

the system are fixed tbrough fluxes imposed during standard daily dietary intake.

Howevery persistent change in a flux will eventually change the steady-state value

(53;54). Enzymes do not act in isolation; these steady-state values are determined

by kinetically-linked enzymes tbat interact via their substrates and products. The

steady-state of phe is determined by processes tbat lead to the net disposai and the

replenishing of the plasma pool (55). Therefore, the fluxes through the system

are under the control of the loci covering the overaU mecbanism. The level of

contribution by a panicular locus (enzyme) is described by its sensitivity

coefficient, Z, which is defined by the fractional change in flux over the fractional

change in enzyme activity; the SUDl of ail the coefficients combined is always

unity in vivo (56).

The free phe pool in the normal subject is derived from two sources: intake

of exogenous dietary protein and turnover of endogenous polypeptides. At normal

physiologica1 concentrations « 120 i!M),. hydroxylation of phe to tyr by PAH

accounts for approximately 75% of the phe runout in the system with the

remaining quarter incorporated into protein (sec Fig. 1) (57;58). In addition,

different urinary excretion and distribution of amino acids between extracellular

and ÎDtraceUular water and tissue companments may also bave small but

significant raies in phe runout (46;59). Other Metabolite pathways for the runout

are normally of minor consequence (see Fig. 1). However, in the absence ofy or

at reduced levels of PAR activity (wim elevated plasma concentration of phe -
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0.3 - 0.5 mM), the transamination pathway becomes significant. The correlation

between the excretion of each of the individual phe Metabolites becomes

statistically significant al these levels (60). The reaction is not fully operative in

the immature newbom (61).

Phenylalanine transaminase initiates this alternative pathway by modifying

the alanine side-ebain of phe (55). This patbway is a1so active in tissues other

than Iiver (1). This initial step involves converting phe 10 phenylpyruvic acid.

Pbenylpyruvate is subsequendy convened to phenyllactic acid (PLA), phenylacetic

acid (PAA), and phenylacetylglutamine. Decarboxylation ta phenyletbylamine

(PEA), a tertiary patbway, is a trivial part of the whole (see Fig. 1) (1;55;62).

Treatment Outcome

PKU is now a treatable genetic disease and occurrence of the associated mental

rewdation is unusual in the treated patient. The treatment entails dietary

restriction of phe intake. A large ongoing collaborative study, evaluating the

outeome of early-treated PKU cases, showed tbat IQ scores at 6 years of age were

directly related to maternaI intelligence, treatment age of onset, and average life­

lime plasma phe values during treabDent. With early treatment, patients with

good dietary maintenance attain an IQ score in the normal range. However, PKU

probands, as a group, bave a small IQ deficit relative to their normal sibs.

Patients who tenninated treatment early scored lower tban those who continued it

longer (63;64).

Sbon-temt periods without treabDent, bowever, tend not ta bave a

devastating affect on the older patients. One study measuring neuropsychological

outeomes showed tbat treated older cbildren sustaining 3 montbs of recurrent HPA

suffered minimal if any barm 10 psychological fonction (65). This suppons the

idea tbat by Iate cbildhood, the vulnerability of the nervous system ta the

neuro1oxic effect of phe may be significandy reduced (65).
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Patients, treated by diet, wim satisfactory IQ outeome, may however

display other (non-eognitive) problems. These include significandy increased

tootb wear (66), osteopenia with prominent bone loss (67) and other pbysical

phenotypes such as dec:reased sldn and haïr pigmentation, when compared witb

controls (8;68). Patients tend to meet tbeir genetic potential and bave normal

pubenal development for height, althougb they tend to he mosdy overweight (69­

72). They show impaired abstracl reasoning and executive functiODS, bebavior

may be more extrovened and they may bave problems witb task orientation. They

also bave twice the normal frequency of neurotic and emotional disorder and

hyperkinetic bebavior (73-77).

ln the event of treabDent termination in adultbood, as is often the case due

to the difficulties associated witb the cunent therapy, patients can suifer from

agoraphobia, depression and anxiety, witb impaired vigilance and reaction times.

They are deficient in social quotients with substantial behavioral problems (75;78­

81).

Brain PatbOlenesis

There are 'thresbold values' for plasma phe mat result in apparent neuroloxicity in

PKU patients. For an acute effec:t, a value of 1300 ,uM (82) is assumed; however

chronic values> 120 but < 600 ,uM (83) cao still result (in treated patients) in

changes visible by magnetic resonance imagine (MRI), and IQ score distributions

below the normal range. It is therefore suggested that any degree of persistent

HPA could he harmful ta the brain, particularly during carly life. If recurrence of

HPA occurs in later life, a reversible acute neurotoxicity will most probably

appear al tirst, and if the HPA persists, irreversible chronic neurotoxicity could

result (1).

Pathogenesis of cognitive development in PKU bas been studied for many

years; however 'cause' is poorly understood. Phenylalanine cao interfere with

the development and function of the central nervous system (CNS) by different
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mecbanisms; however, no single pracess by itself seems sufficient 10 explain the

brain phenotype in PKU (84). One of the suggested mecbanisms involves phe

transpon across the blood-bnin barrier (BBB). At least (wo components

contribute 10 this effect. One is trans-membrane fluxes of phe into parenchymal

cells (acbieving net intraeellular accumulation of phe). It requires a system

independent of the one used by several other large neutral amino acids to enter the

celle However, these amino acids exit parenchymal cells on the same system as

phe. This system is blocked in the presence of high phe concentration (85-91).

The other is that large neutral amino acids are transponed across the BBB by a

common saturable carrier; phe bas the highest affinity for the system, hence in the

presence of excess phe, the cellular influx of these amino acids is impeded (the

system is specific for large neutral amino acids). Tberefore, the net concentration

of these large neutral amino acids in brain will he reduced as they will he both

trapped in the parenchymal tissues and will have to compete at the BBB

(86;87;91).

The transpon of large neutral amino acids is an imponant control point for

the overall regulation of cerebral metabolism, including neurotransmitter

production and protein synthesis. The inhibited uptake (by phenylalanine) of

amino acids, tyrosine and tryptophan, into the brain results in reduction of

serotonin and catecholamine (82;92;93). Serotonin, and the catecholamines

(dopamine and norepinepherine) are neurotransmitters tbat act in both central and

peripheral systems, are involved with the modulation of psychomotor function, aid

in vascular tone maintenance and blood tlow, help control thermoreguJation, and

modulate pain mecbanisms. Hence, any changes in this system can have a

profound impact on central and peripheral homeostasis and MaY lead ta

neurological complications (94).

Interindividual variation in phe transpon is apparent with different

concentrations of free phe in the brain tissue of affected individuals; this also

influences the brain phenotype in PKU (1). Brain phe concentrations can he
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measured by magnetic resonance spectroscopy (MRS) (95;96). In comparing the

PKU patients, clinical outeome with various blood vs. brain phe levels, it was

found that those individuals with high blood and brain pbe levels displayed

'typica1' PKU pbenotype wbi1e those patients (some UDtreated) with high blood

and low brain pbe concentrations were of normal inteUigence (95;97;98),

suggesting that PKU aduIts with low brain phe concentration (below O.25mM) are

likely 10 do weU clinically despite high blood concentrations (97). No statistically

significant differences were found in the regional concentrations of pbe (96).

Otber studies in«licate that cerebral protein synthesis is inversely related 10

plasma pbe, and tbis effect is apparent at phe concentrations as low as 200-500

J.LM (99). Increased phe concentrations in the brain results in decrease

proliferation and increased 1055 of neurons (100-102). DNA content is apparendy

reduced in the affected brain cells and its synthesis is impaired (102;103).

Elevated phe levels result in dysmyelination and can cause decreased

neurotransmitter receptor density and ceU connectivity (104), decreased dendritic

arborization and a number of synaptic spines (105), ail associated with brain

dysfunction in HPA (106;107). Toxic levels of phe are aJso shown to affect

neuronal development during axonal maturation, resulting in hypomyelination in

the outer cortica1layers. Myelination appears to be severely inhibited during the

critical developmental period (lOS).

FinaUy, histological and biochemical analyses of brain samples from PKU

mouse onhologues and on in vitro cuItured oligodendrocytes of wildtype mouse

brain exposed to high concentrations of phe sbow evidence of myelinating

oligodendrocytes, adopting a non-myelinating pbenotype and over-expressing a

glial fibrillary acid protein (OFAP). In addition, in the PKU mouse, the increased

turnover of myelin is associated wim loss of neurotransmitter (muscarinic

acetylcholine) receptor density (104;109;110).
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The Challenge of Maternai BPA

Following the control and normal development of the affected patient, there is one

additional concem tbat plagues female patients ~ MaternaI hyperphenylalaninemia

is a form of teratogenesis, imposing its oost on the next generation. The phenotypic

effect observed here is dependent on the two mutant alleles carried by the mother

where the obligatory heterozygous PAR genotype of the fetus is of linle functional

significance (111)~ Because the placenta pumps phe 10 the fetus, untreated

pregnancies generally result in severe embryopathy and fetopathy, with other

complications~ Tbere is a greater tban 80% chance of microencephaly, mental

retardation, malformations of the hean ( - 7~S-12% probability) and other organs,

esophageal atresia, dysmorpbic facial features, and intrauterine growtb retardation

in the unbom child (112)~ Congenital cardiac defects occur at the rate of - 7.5­

12% in children born 10 mothers with PKU, but ooly at 0.8% in the control

population (113). Prevention is therefore essential and treabDent necessary for die

weU being of the fetus.

The need for preconceptional and intrapanuID treabDent ta prevent HPA

teratogenesis was highlighted by Scriver in 1967 (114) and its relevance

documented by Lenke and Levy in 1980 in their study of the outeome of over 500

untreated HPA mothers (115). Il is very effective in preventing teratogenesis.

The level of HPA is important when assessing the danger ta the fetus, as no cases

of congenital hean disease were observed in babies barn ta mothers with mild

HPA (116). However, die ultimate reproductive outeome in maternai PKU is

dependent on both prenatal metabolic control and postnatal environmental

circumstances. Tbese factors gready depend on the educational resources

provided for the PKU mother (117)~

Unfortunately -60% of female PKU patients become pregnant

unjntentionally and therefore are not in metabolic control. Such pregnancies are

usually late-treated and expose fetuses to elevated maternai phe levels (118). In

addition, there are women witb. undiagnosed PKU (who may be weil in the range
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of normal mental fonction) whose fetoses are at risk (119). Consequendy, a very

careful management of maternai HPA is necessary, albeit difficult. Without

treabDent the beneficial effects of newbom screening for PKU would be lost in

one generation, as untreated PKU women would give birth ta defective children

(120;121). Prevention requires identification and education (with reproductive

counseling) of women with HPA in the reproductive age group (112).

The MaternaI Phenylketonuria Collaborative Study was established to

assess the efficacy of phe-restricted dietary regime and estimate the quality of

outeome in reducing morbidity among the offspring of women with PKU

(116;118;122). The report states tbat the offspring derives the most benefit when

treabDent is instituted before conception or by 8 10 10 weeks' gestation (to levels

< 600 ,uM), significandy reducing the chances of teratogenesis. Preliminary data

suggests tbat optimum inteUectual status of the offspring follows preconceptional

and intrapattum treatment (116).

Relevance of Animal Models

PKU-related pathologies bave been very difficult 10 study and analyze. Some of

the reasons for this are the inberent limitations in using buman beings in

controUed studies, including low participant numbers (due to the rarity of PKU),

population beterogeneity witb respect to genetic constitution, and participant

compliance with the parameters of the experiment (123). To tbis end, the

availability and use of animal models bave been invaluable. Surrogate organisms

witb uniform genetic background aUow the accumulation of statistica1ly strong

data (as a large sample size is possible), and the manipulation of environmental

conditions 10 evaluate their contribution 10 the disease (for example, the control of

phe intake by animais to reduce variation in blood phe caused by dietary non­

compliance) (123).

For many years, hyperphenylalaninemic animal models were created by the

use of exogenous phe loads and the introduction of cbemical agents 50ch as p-
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cbloropbenylalanine and a-methylpbenylalanine ta block the Pab reaction (it was

necessary ta inbibit Pah activity ta obtain hyperpbenylalaninemia without

hypenyrosinemia). However, these chemica1 agents had additional effects, wbich

resulted in secondary consequences (neurocbemica1, among others) (124). The

obvious shoncoming of sucb metbods is tbat clear conclusions often cao not be

drawn from studies using chemica1ly induced madels.

To eliminate tbese drawbacks, Dove and bis group al the University of

Wisconsin set out ta create natural mammalian counterpans (onbologues) of

buman PKU. The mouse was chosen as the Most appropriate surrogate organism.

In the past century, the status of the mouse bas been elevated from pest to

madel, and it now serves as one of the best studied 'bonorary bumans' (125).

Mice are 2000-3000 limes lighter tban bumans; they have gestation and generation

periods of 3 and 10 weeks; the average liner size is between 5-10 pups; they bave

a postpartum estrus; they are easy ta bandle with a robust bea1th status; their

pregnancies cao be timed by the deteetion of a vaginal plug after mating; and they

are the most cost-efficient mammal ta maintain (123;126). Moreover, these

animais allow for extensive genetic manipulation and bave a bigh degree of

pbysiological similarity ta bumans. There is a growing body of evidence detailing

the similarity between the mouse and buman genomes as weU as the pbenylalanine

bydroxylase gene and protein sequences (123;127;128). Tbere is currendy an

international effort ta define the mouse structural and functional genome and to

create a mouse mutant resource with database and bioinformatics facilities (125).

The genetic map of the mouse is the most bigbly cbaracterized mammalian map,

rivaled only by the buman map (127). In addition, the map of bomology

segments between mouse and man is the one nearest saturation for any pair of

spccies in the genome initiative (128). In tact, localization of the mouse PÂlI

gene (symbol Pah) was achieved by using the rapidly consolidating map of the

buman genome ta identify a putative syntenic group including Pah, PEPB and

fFNG. Sïnce the latter two members of tbis group bad been previously found on
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mouse chromosome 10, the Pah gene was easily localized 10 chromosome 10 C2

-+ Dl (33). In 1988, the mouse Pah gene was mapped and the cDNA cloned and

sequenced (GenBank X51942) (33;129).

Mouse and human genes bave - 87% conservation of sequence, witb ­

10% of the nucleotide changes silent. No similarities are observed in the

UDtraDSlated regions (129). The mouse Pah enzyme bas 453 residues (molecular

weigbt, 51,786 Da). Some divergence (- 8%) exists between human and mouse

amino acid sequences with the majority of differences in the N-terminal region;

there is a 96% similarity at the C-terminal. (12; 129).

To create animal models of a particular disease, two different approaches

cm be taken: (1) The genotype-driven approach is labor-intensive and generally

entails large-scale genome-wide mutagenesis througb gene trapping in embryonic

stem ceUs. Here, identification of the mutated gene is relatively trivial; the focus

is on characterization of genome mutational change. The very obvious drawback

to tbis system is tbat the genotype-driven route gives no indication of the likely

phenotypic outcome. Quite olten the model does Dot closely resemble the

corresponding human condition, compounded by the fact tbat bomozygous animais

carrying a null allele could die prior to any comprehensible analyses. (ü)

Phenotype-driven approaches use mutagenic procedures tbat focus on the recovery

of novel or sougbt-after phenotypes, without focusing on the underlying gene or

pathway tbat bas been disrupted. Here, the problem lies with the identification of

the underlying gene (130-132).

One phenotype-driven approacb is by chemical mutagenesis using N-ethyl­

N-nitrosourea (ENU, CzlbN(NO)CONlh). ENU is a DNA-alkylating agent,

wbich is currendy the most powerful mutagen known for mouse germline (131­

133). It is a potent mouse spermatogonial stem ceU mutagen (134) mainly creating

point mutations (i.e. A-T base pair substitutions as weB as small intragenic lesions

rather tban large deletions). ENU injected into male mice mutagenizes

premeiotic spermatogonial stem ceUs. Therefore, one treated maIe cao produce a

16



•

•

large number of FI animais carrying different mutations (126;135). ENU

induees mutations at a frequency of - 10-3 per locus. Tberefore - 1000 gametes

need to he examined from an ENU-treated male mouse for any specifie mutant

locus recovery (135;136).

Identification of new recessive mutations requires mating of the ENU­

treated males ta wild-type females. The FI progeny (01) are bred to wild-type

miee, establishing families of siblings (02) sharing common mutations. 02

progeny cao he back crossed to G1, producing 03 progeny that cao be assessed

for recessive mutant phenotypes. The initial straiDs of hyperphenylalaninemic

mice were selected using this breeding strategy, including mutations in the gene

for Pah (135;137).

To produce these mouse onhologues, inbred ENU-treated BTBRlPas

(geDetic background) males were mated ta normal BTBRIPas females. The

BTBRlPas strain was chosen because of its excellent breeding ability and because

it was inbred for many generatioDS (carrying a uniform genetic background)

(138). Selection required the three geDeration breeding scbeme descnbed above

followed by the phenotype test (retarded ability of the animaIs to clear a phe

load). Four different mutant autosomal recessive lines were initially selected

using this strategy. In the tirst one (hph-l), HPA was mutated at the guanosine

triphosphate cyclohydrolase locus (OTP-eH catalyzes the tirst step in biosynthesis

of BH.. - the essential cofactor for hydroxylase aetivity) (137). The PaJi'I"'S

mutant (DOW renamed paJf"IÜll, ENUl) was identified next. This madel is

mutated at the Pah locus (139). Once one Pah mutant strain was established

(ENUl), funher allelie variants were selected by mating the newly selected FI

animaIs 10 the homozygous established mutant; extended HPA foUowing a phe

challenge was again the selection criteria (127;136;139-141). ENU aIlowed the

generation of multiple alleles increasing the depth of the mouse mutant resource at

this locus (135).
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To date, tbree mutant Pah enzyme~eficient homoallelic and one

heteroallelic mouse onhologues of human PIeU and non-PKU HPA have been

described: ENU1, p~ (ENU2), p~/J (ENU3) and PQh~tUl112 (ENU1/2).

The homozygous ENUI mouse was reponed in 1990 (139). ENUI mice bave a

c.364 T ~ C transition (VI06A) in exon 3. Val 106 is conserved among the

mammalian spccies but is divergent in the others (142). This mutation faIls in the

N-terminal regulatory domain of the protein, distant trom the catalytic residues of

PAH/Pah, as evidenced by crystallograpbïc analysis of the human enzyme

(38;40). This factor, in conjonction with the conservative nature of the predicted

Val to Aja substitution, MaY explain the mild phenotype of the ENUI animais

(142). On regular diet (Teklad, #8626), these animais display normal plasma phe

levels and normal coloration with no abnormal behavior. No apparent effect of

maternai phenotype on the fetus is observed; progeny shows normal growth and

survivaI of progeny rates. Under conditions of elevated phe in diet, reduced

growth is observed (139;141).

ENU2 and ENU3 strains were reponed in 1993 (141). 80th strains are

classified as PKU counterpans. The ENU2 mutation is a c.835 T ~ C transition

(F263S) in exon 7 (142). Phenylalanine 263 is in a highly conserved catalytic

domain of the protein. Also present in the active site, whicb is proposed 10 he

important for pterin binding (35;43). The presence of mutation in this critical

region in conjonction with the radical phe 10 serine substitution may explain the

severe pbenotype observed in ENU2 animais.

The ENU3 mouse mutation is still not reponed; however, it bas been

localized 10 a 301 bp portion of the coding sequence, spanning pan of exon Il

and aU of exons 12 and 13 (142). Neitber ENU2 or ENU3 bave measurable

bepatic enzyme activity; on normal diets, they both bave 10-20 fold elevated

serum phe levels and elevated phenylketoncs in urine. These animais display

retarded pre- and postnatal growtb, microcepbaly, pronounced bypopigmentation

and bebavioral abnormaIities which stan 2 weeks ioto adulthood. These include
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toppling wbile grooming, lack of alenness, tao uncoordinated to swim and

impaired discrimination, reversai and latent leaming (141;143).. In addition,

ENU2 mouse brain analyses bave sbown reduced amine contents, metabolism and

release (144).. 80th strains display severe maternai effect on the fetus with

complete loss of litten within several bOUD of binh (141).. These reproductive

problems solely depend on the maternai genotype and dietary pbe intake; patemal

or fetal genotype bave no effect (123).. Such pregnancies bave also been

terminaled pre-tenn to analyze the bean tissue; a variety of cardiovascular defects

beginning at 75% througb gestation was observed.. The defects ranged from mild

to serious and were mainly vascular in the mouse (145).

A bybrid ENU1/2 mouse onhologue for a non-PKU HPA pbenotype bas

been developed.. It is the topic of Cbapter 2 in tbis tbesis and the corresponding

publication in Appendix A ..

These ortllologous animal models bave provided a surrogate organism for

the study of potential therapies and made possible the study of mecbanisms

underlying the pathophysiology in PKU and related non-PKU HPA pbenotypes.

Phenylalanine Transamjnation MetaboUtes

Treated PKU patients wbose blood phe levels range between 300-600 ,uM excrete

6-16 limes the normal amount of the pbe transamination metabolites (60).. In an

in vivo study with stable isotopes measuring the disposaI of phe in PKU, Treacy et

al.. proposed tbat the variation in formation of pbe transamination Metabolites, and

differences in reoal clearance of tbese metabolites, play a mie in diewy phe

tolerance in PKU (146).. However, generally these patbways do not significandy

reduce the excess pbe in the system and therefore do not nullify its possible toxic

effect.. It is also extremely unlikely tbat pronounced HPA cao be caused by a lack

of transaminase (SS) .. Therefore, the question remains whether pbe itself or one

of its Metabolites is the cause of the neurotoxicity in HPA.
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Urine, plasma and cerebrospinal tluid (CSF) sampling and aoaIysis by

various methods bave shed some Iight on tbis issue. Elevated urinary levels of

PEA do not result in clinical deterioration providing no suppon for the idea that

elevatioDS in peripheral levels of PEA will interfere with normal brain lunction

(147). Loo et al. sbowed that elevated organic acid derivatives of phe cause

microcephaly and myelin defects in PKU rat models exposed to pbe and para­

cblorophenylalanine (148). However, the actual metabolite concentrations

required 10 bring about this effect were approximately of two orders of magnitude

higher tban the levels reached in HPAlPKU (147). In addition, Perry et al. who

compared various biochemical characteristics in two aduIt brotbers with untreated

PKU (one with a severe mental defect and the other with superior intelligence),

found no difference in urinary phe Metabolite levels or in their degree of HPA

(149), suggesting tbat 10xicity was not caused by any one of the acid Metabolites

at the concentrations presented in HPA1PKU. Wadman later reported on two

sisters with normal mental development that bad permanently increased amounts

of phe transamination products measured in their urine, while their levels of phe

were normal (ISO). Tbese findings provided more suppon for the non-toxic status

of phe Metabolites and funher implicated phe as the chief villain associated with

HPA pathology. No funher substantial proof of neurotoxicity was gathered since

these earlier studies (147) and the data bighly suggest tbat 16there are no abnorma1

Metabolites in PKU, only normal metabolites in abnormal amount"(151).

However an effect of phe metabolites in the brain could not be fully ruled out as

no method directly measuring brain Metabolites was available

(55;84;147;151;152). Tberefore, such a technique and a good comparable natural

model (human surrogate) for brain sampling were two very useful resources 10

elucidate this issue. This is the focus of Cbapter 3 in tbis thesis and the

corresponding publication in Appendix B.
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Treatment

Phenylalanine is an essential nutrient and in addition to its requirement for protein

synthesis, it serves as a precursor for tyr and tyr derivatives. In its absence, tyr

becomes an essential amino acid. Therefore, the treatment of HPA requires the

balanced reduction of systemic phe concentration without excessive depletion plus

the provision of satisfactory amounts of tyr, a by-product of phe hydroxylation

(1).

Hyperphenylalaninemias are multifactorial disorders, as the dietary

experience and mutant genolype are bath necessary components of the cause.

Accordingly, the metabolic phenotype is aJso multifactorial, providing the

opponunity for dietary treabDent (1). PKU treatment is a classic example of

eupbenic therapy (Lederberg's term) wbere the aim is to restore the normal

phenotype without genetic modification. It is necessary to manipulate the

experience to maintain heaJth (1; 153).

The experience here is control of dietary phe. An anificiaJ diet to reduce

phe intake became available in the mid-1950's (154-156). The story began when

Louis Woolf, a biocbemist at the Hospital for Sick Children, London, convinced

bis coUeagues 10 put a PKU patient on a diet low in phenylalanine. Sheila Jones,

17 months of age at the lime, was the child chosen for this project. Woolf prepared

a diet low in phe, by passing a protein hydrolysate tbrough active cbarcoal (157)

and with the belp of John Genard, Evelyne HickmaM and Horst Bickel,

administered it 10 Sheila (154;155;158). In a shon lime, Sheila's systemic

phenylalanine levels were reduced and although her mental status did not change

appreciably, it was evident 10 the research team and her mother that she was

benefiting from the treatment. She was able 10 make eye contact for the first lime

and smile; she had stopped drooling and was starting ta walk. Because of the

skepticism among their coUeagues, Bickel and bis team decided 10 add phe back

into the diet without telling Sheila'5 mother. One week later, Sheila was no

longer making eye contact or smiling, was again drooling and had stopped
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walldng (158;159). It was a long road from these initial experiments ta the

institution of dietary therapy. but the proof of principle was there. Efficacy of

dietary treatment in the prevention of severe IQ loss. became unifonnly accepted by

the late 1960's (1). and a population screening test was saon developed (160) ta

identify new...bom patients carly and 10 initiate therapy ta prevent postnatal cognitive

impairment.

The cunent treabDent regimen involves the careful regulation of dietary L...

phenylalanine 10 < SOO mglday, sufficient ta support protein synthesis while

preventing excess accumulation of pbe in the free pool. The exact tolerance for

phe (200-500 mglday) varies between patients even when the same mutant PAR

genotype is present (1). A semi...synthetic diet. low in pbe. presumed to he

adequate in other nuttients. is used 10 treat PKU and non-PKU HPA. Setter

plasma phe homeostasis is observed if the amino acid intake is distributed

throughout the day (161; 162).

Up to the carly 1970's. it was suggested that diet, stapped completely at

the age of 6-9. would result in normal inteUectual performance and bebavior. At

that lime, the main concem was reintroduction of diet during the reproductive

years of the affected female population, as a possible teratogenic role of PKU on

the unbom child was suspected (163). However, by the 1980·s, reports on

problems such as leaming disabilities among patients with early treatment

termination, urged reconsideration. It was at this time that recommendations for

'diet-for...life' treatment was introduced (163). In the 1990's, clinicians realized

the difficulties inherent in lifetime dietary tteatment. The need 10 consider the

quality of life for adolescents and adult PKU patients played a major role in this

debate (163), since adults with PKU can 10lerate a much bigher level of phe tban

cbildren, without the same devastating outeome. Today, quality of life. dietary

cast, and varying genetic and socioeconomic backgrounds bave ail become major

components in dietary recommendatioDS for adults (CJ7). Treatment is currendy

recommended until at least the ages of 10-12 when the brain is suspected 10 he
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fully developed (8; 164;165); however, life-Iong compliance is advised (166; 167).

In addition, reintroduction of diet cao be used as a definite option when a patient

who bas abandoned the diet develops associated shoncomings. A significant

improvement in attentiveness, a reduction in hyperretlexia and shonening of the

latencies of the evoked potentials bas been observed, even if the patient bas been

treatment-free for a number of yean (168). The optimal treatment

recommendations today generally entail carly onset (within one month of birth)

continuous treattnent throughout childbood, adolescence, conception and pregnancy,

with more and more evidence for benefits with lifetime control (169). If controlled

levels are kept below - 360 ,uM in carly childhood, a positive outeome is

expected. The individual should be able to attain normal executive fonction

(detined as higher goal-directed mental activity, organizing function and

dependent on good control of attention) (170). Delayed treatment generally results

in an IQ deficit of - 4 points for each month's delay until treatment onset, for each

300 ,uM rise in average blood phe levels and for each S month period during infancy

when blood phe coDcenttatioD stays below 120,uM (171). However, late diagnosis

( - 3 months of age) and treatment still results in significant intellectual

improvement. Therefore it is suspected that society could benefit substantially by

providing a phe-restricted diet for late-diagnosed mentally retarded persons with

PKU (172).

TreabDent Difficu1ties and Otber Associated Drawbacks

Although dietary treatment is simple in tbeory, it is demanding for the

patient and the caregiver in practice. In fact, controlled pbe intake, while meeting

the nutritional needs of the patient at various growth periods, is a science by itself.

Il involves disruption of culture (food), lifestyle (dietary choice), family bebaviour

(divided culinary aetivities) and 50 00. As the patients gets older, bisl her energy

and protein requirements decline, the diewy needs evolve and must be adjusted

accordingly (173). The imponanee of complete or almost complete intake of the
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recommended amount of pbe-free amino &Cid mixture cannot be overstated, as it

plays a major role in the control of blood phe level of patients (174).

Maternai PKU also requires treaunent and is now recommended when

maternai phe levels exceed 400 JJM (169). Nutrition takes top priority in any

pregnancy, but in women with PKU, the goal is 2-fold: (,) providing adequate

nutrients for fetal growth and (i,) controlling phe levels to proteet the fetus. The

women must consume the low-phe diet that includes multivitamins, vitamin B12,

and folie acid before and during pregnancy. Funhermore, the gestational age at

which the mother anains metabolic control is an imponant factor associated with

outeome (118). The blood phe levels must be adjusted between 120 to 360 JJM
prior to conception and throughout the pregnancy (113). Duration of treatment

prior to conception should take into consideration the fact that severe or moderate

PKU patients, who are planning a pregnancy, may bave more difficulty in getting

their blood phe levels within the recommended range (117).

The principles of treatment for PKU, non-PKU HPA may be clear enough;

however in practice, restoring normal homeostasis in tolerable fasmon, is often

sometbing else (153). Although there are general guidelines for treatment of

patients at specific developmental periods in Iife, other considerations also come

in to play, not (cast of whicb is the genetic background of the patients. Each

Patient bas his or her own form of HPA; accordingly, he/she requires bis or ber

own stringency of therapy (153), further complicating the treatment pracess. The

first consideration is the individuality of the HPA state. Diagnosis that

characterizes severity of the disease provides objective and effective criteria for

therapy of each particular case (17S). Steady-state concentration of blood phe,

blood phe clearance rate following an oral phe cballenge, and dietary phe

tolerance are ail values that help in the decision about the degree of phenylalanine

intake restriction necessary 10 achieve a satisfactory clinica1 outeome (SS). The

recent findings on brain pbe concentration may also bave a role in determjning

dietary stringency and aduIt need for üfe-Iong control, raising the fundamental
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question of whether treatment should he based on the concentration of phe in the

brain or levels in the blood, or bath. It may Mean that patients with high

transport levels would require more strïngent dietary restriction tban

recommended by the general guidelines; the reverse being true for those with low

transport levels (97).

The overall advantages of dietary HPA treatment are obvious.

Biochemical abnormalities are reversed, preventing neurologica1 deterioration,

which in tum improve neuropsychological performance and prevention of

teratogenesis in maternaI HPA. However, the diet is difficult 10 enjoy (poor in

organoleptic qualities and boring in composition), and not perfect as full

compliance is very difficu1t and requires a great deal of social support. There is

aIso a continuai worry about nutrient imbalance and deficiency (176-178). Cause

for concem are imperfections in the composition of low phe diets, deteeted

deficiencies in trace minerais: selenium, iron, copper and chromiUID; reduced levels

of Vitamin D, cholesterol, camitine, Jack of the essential nutrient, the fany acid

decosahexanoic acid, and other nutrients which are necessary for normal

development (152;153;179-181). In addition, protein catabolism occurs when

nutrition is not adequate, releasing phe and increasing the Cree pool (1). Fever and

infection cao further complicate the problem as elevated blood phe is observed

during such episodes (182). Finally, phe controUed diet ÏDitiated prior to

conception, or early in the first trimester, may still result in abnormalities (183).

Compliance with dietary therapy remains a major cballenge. Teaching and

support of an experienced healthcare team of physicians, nutritionists, genetic

counselors, social workers, nurses, and psychologists are very necessary

components in improving the chances of successful treatment (8). Efforts 10

improve the organoleptic properties of the diet continue. Sorne of the simplest

solutions bave been the production of less offensive amioo &Cid mixtures by varying

the formulation (184), or by masking tbem througb the use of gelatine encapsuIation

(initially introduced to accommodate the delicate 1Oleraoce of pregnant PKU
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females) (18S). Other resean:h, focusing on expression of genes tbat translate into

modified phe-free protein products in corn are in progress (186) and transgenic cow

production of modified human protein (alpba-Iactalbumin) lacking phe, are also

current1y in progress (187).

Non-Diet Treatment Options

Alternative fonDS of therapy deserve consideration.

TreabDent by Liver Transplants

An onhotopic Iiver transplantation was conducted on a lO-year--old PKU

patient from ltaly who also bad concomitant, unrelated end-stage chronic liver

disease. The transplantation was successful and a complete correction of the

metabolic abnonnalities was observed. Liver function was prompdy restored witb

normal phe tolerance; blood [phe] fell from 9.S mg/dl (pre-transplant with phe

restricted diet) to 1.0 to 1.2 mg/dl (post transplant on normal diet or witb oral

protein load). The success of liver transplantation observed confirmed that the

liver is the chief site of the enzymatic defect in classic PKU (188). Although tbis

metbod was effective in correcting HPA in the single patient, because of the

shortage of donated organs, complications with anti-rejection therapies and the

goad results achieved with early dietary restriction, it is not an appropriate option

for otherwise uncomplicated PKU in the population of patients (188).

Gene TherapY

Germline gene therapy could result in a potential ~cure' for the successive

generations of PKU individuals, but is the least Iikely option because of teehnica1

and ethical rcasons. On the other band, research into somatic gene therapy bas

shown great potential. Human PAH cDNA was expressed in a series of cultured

mammalian ceUs. Transient expression was observed here, as integration of the

cDNA was not stable. This problem was overcome by the use of recombinant
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retroviruses where the gene was traDSmitted to subsequent generations (1).

Primary hepatoeyte eultures from the Pah-deficient mouse bave been transfected

with wildtype mouse Pah cDNA. Transdueed cells bave shown high expression

levels of mouse Pah-specifie mRNA enzyme aetivity, and immunoreaetive protein

(189;190). ENU2 mice, treated with a recombinant adenoviral vector contaîning

a human PAH cDNA, showed normal plasma phe levels for one week; however

the effect did not persist (191). This method involves further complications such

as surgical procedure (ponal vein infusion) and the use of adenoviral vectors

(reported 10 be eytopatbie to host ceUs) (192). Other attempts at gene therapy

with the ENU2 mouse bave introduced the gene construet with a mouse muscle

creatine kinase promoter element. Here they observed Pah expression in cardiae

and skeletal musele but not in Iiver and kidney. This experiment aIso required

the repeated dosing of the cofactor BH4; however it sueeessfully demonstrated the

locus-specifie PAH enzyme activity (it expressed in heterologous tissue}.

Euphenylalaninemia was restored when the animais were supplied with abundant

cofaetor (193). Finally, one other group reponed the possibility of gene therapy

usÎDg T cells from PKU patients. These ceUs bave a small amount of biopterin,

but significant dihydropteridine reduetase (DHPR) activity. IntraceUular biopterin

content could again be increased by exogenous BH" supplementation. The cells

were able ta uptake the retrovirus contaîning the human PAR cDNA. The T

lymphocytes were able to express all that is required for phenylalanine

hydroxylation reaetion. T lymphocyte..<firected gene therapy is currendy the

salest established means of gene therapy (192). The above methods are at the

experimental stage and will ooly be used in the absence or failure of au other fOnDS

of treabDent.

Tetrahydrobiopterin-Responsive HPA Therapy

A subgroup of HPA patients is BH. responsive (194). Efficacy in tbese

panicular persans is attributed to a residual PAH aetivity stabilized when saturated
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with BH4cofactor (50 called BH4-dependent or BH4-responsive HPA). The panicular

combination of the mutant PAH subunits is likely to he important for BH4

responsiveness.

Enzyme Therapy

Enzyme therapy could he done either by replacement of PAH (via

transplantation) or by PAH enzyme substitution, with another protein involved in

phe degradation.

PAH Enzyme Replacement: This is an unlikely option, as a series of problems exist

associated with its large-sca1e isolation and purification of the proteine In addition,

the enzyme requires the (very cosdy) cofactor 10 function. Replacement therapy

with PAH will require the intact multi-enzyme complex for catalytic hydroxylating

activity (1).

Enzyme Substitution Therapy with Phenylalanine Ammonia Lyase (PAL) (EC

4.3.1.5): This is a potential alternative, probably best seen as an adjunct to

modest dietary control. PAL is a robust autoeatalytic protein without need for a

cofactor (195), an enzyme that stoichiometrically convens L-phenylalanine to

trans-cinnamic acid and ammonia by nonoxidative deamination (196-198). PAL

carries ail the information required for catalytic activity (199). Some species that

bave PAL activity are capable of utiliziDg phe as a sole source of carbon and

nittogen (200). In fungal ceUs, tbis enzyme bas a stricdy catabolic role (201). In

plants, PAL is a key biosynthetic enzyme catalyzing the tirst specializaf reaction

in the synthesis of a variety of polyphenyl compounds (Le. tlavonoids,

phenylpropanoids and lignin in plants). Induced activity is observed in response to

various stimuli, such as injury, tight and hormones (202-204). Approximately 30

- 40% of plant organic matter is derived from L-phe through the cinnamate

pathway (205).
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The complete PAL sequence for Rhodosporidium toruloides yeast bas been

reported (GenBank KSISI3) (201); it contains a 2148-bp open reading frame

(206). The genomic sequence contaïns six inttons; relatively small in comparison

with tbose found in higber eukaryotes, with sizes ranging from So-88bp

(201;202;207). It bas three transcription initiation sites with non-translated

leaders of 24-35 nucleotides (206). The 25 bases upstream of the stan codon are

Ale rich (76%) as observed in several other lower eukaryotic genes and the 4S

bases preceding the transcription initiation sites are pyrimidine-rich (90%), a

feature of genes trom filamentous fungi and particularly striking in genes lacking

the TATA box and in highly expressed genes (206). The size of PAL mRNA was

shown 10 be - 2.5kb with at least SO of these bases cODSistÎng of the 3'

polyadenylated tail. The mRNA is monocistronic (one gene copy) (207).

The PAL sequence translates into a 716 amino acid polypeptide monomer

witb a molecular weight of -77 kDa (206). The enzyme is tetrameric, consisting

of four identical monomers, Pairs of wbich fonn a single active site

(199;208;209). The molecular weight of the tetramer is estimated to be trom

275 to 300 kDa (197).

Little is known about functional groups of PAL; however, there is good

evidence that a dehydroalanine is an essential pan of the active site. Site-directed

mutagenesis of conserved serine residue 143 in the sister enzyme histidine

ammonia-Iyase (HAL, Ee 4.3.1.3) trom PseudomolltlS purida, resulted in

complete loss of activity. HAL deamioates L-histidine to trans-urocanic acid

(210). HAL and PAL are very similar enzymes with high sequence homology;

they catalyze the same reaction type and passess the same prostbetic group (211).

Serine 212 is the equivalent residue in R. toruloides PAL (210;212). Serine is the

precursor of the active-site dehydroalanine; the conversion is autoeatalytic

(195;199). Dehydroalanine is made post-translationally by fonning a prosthetic

group covalendy attached 10 the enzyme (199). This modification is suspected to

be the rate-limiting step in the conversion of the PAL 10 a catalytically competent
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form (212). PAL is also a sulthydryl enzyme (200). The optimum pH range for

PAL activity is 8.0 10 10.S and the enzyme remains stable up to SOOC, but is

destroyed above 6QOC (200).

The product, trans-eionamic acid, is a barmless Metabolite. It is present in

all vegetable matter, is used as a food additive and as a constituent of some

cosmetics (196;213) and bas no embryotoxic effects in laboratory animals (214).

The liver metabolizes it to benzoic acid and it is then excreted principally as

hippurate via urine (215). A small amount of cinnamate, uncbanged, cao also

appear in the urine, togetber with some benzoic acid (196). The - 3g of

cinnamic acid that would he generated daily with complete dietary phe conversion

by PAL is predicted to be barmless to both PKU and normal individuals. The

ammonia formed would be metabolically insignificant (196;213).

Route of PAL Administration

The proposed route of (proteeted) PAL administration is oral and it capitalizes on

tbree prior observations: (l) amino acids are in equilibrium between the various

companments of body tluids and ultimately in equilibrium with the intestinal

lumen, therefore this mode of treatment affects ail body pools (S3;85;216); (il) it

will modify phe content of body tluids in the whole organism (217;218); (iil) the

proposed theory of extensive enterorecirculation of amino acids states that the

most likely major source of intestinal amino acids is probably from gastric,

pancreatic, intestinal and other intestinal secretioDS. Tryptic digestion converts

the secreted proteins, enzymes, polypeptides and peptides ioto amino acids, wbich

are then reabsorbed back into the body as they pass down the intestine. This

forms the large enterorecirculation of amino &Cids between the body and intestine

(219). Oral PAL therapy will deplete the phe pool in the intestine whether the

phe source is dietary or from the endogenous run out of free phe from bound

pools (219).
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Oral administration of PAL avoids any possible immunological problems

tbat may occur with injected enzymes. Such immunological reactions have been

reponed when animais bave been injected with PAL (213;220).

Oral delivery of a protein 'drog', though a worthy objective, can be

extremely difficult (221). PAL may bave no toxic propenies, however the

unproteeted enzyme, exposed to the gastro-intestinal (01) environment, would not

survive to complete the job; the strong acidic condition of the stomach and the

abundance of proteases and peptidases in the 01 tract are the reasons (221).

Duodenal juices rapidly inactivate PAL, with chymotrypsin working

approximately 30 tilDes faster tban trypsin, suggesting the presence of a

hydropbobic region on the surface of the enzyme (209). PAL activity is stable in

duodenal juice with inactivated cbymotrypsin and trypsine

In ligbt of the problems associated with oral therapy, it is necessary to

create a protective yet paroos barrier that will surround the PAL enzyme before

administration. The barrier must provide the foUowing: tirst, it must prevent the

relatively large molecuIar weight digestive proteases from gaining access to the

enzyme; and second, it must provide full phe access to the PAL enzyme for

conversion (see Fig. 2). The problem with the low gastric pH is overcome by

enteric coaling of the free or formulated enzyme. Enteric coaling works with

neutralization of the expelled stomach contents in the duodenum foUowed by

dissolution of the capsules and intimate mixing of enzyme and duodenal contents.

Preliminary studies in buman PKU patients showed attenuated HPA foUoWÎDg the

administration of PAL in enteric coated gelatin capsules (213).

A number of different formulations and mechanisms have been tested to

prevent protease inactivation. Artificial ceUs (semipermeable microcapsules) of

cellular dimension witb an ultrathin (200A) membrane bave been used to

immobilize PAL (222). Administration to chemically induced HPA rats (223) as

weil as in naturally-occurriDg HPA in a mouse model bas shown significant

plasma phe reduction (218). Here, encapsulated PAL acts by the diffusion of phe

31



•

•

into the artificial eeUs where it is convened into trans-eionamie acid. Trans­

cionamic acid is then released from the artificial cell. Entrapment of enzyme in

silk fibroin was another proposed metbod of PAL protection. The investigators

here showed effective activity and protection of PAL foUowing direct injection

into rat duodenum. Efficacy was measured by the appearancc of trans-cinnamate

(224). Recendy, adenocarcinoma ccli line Caco-2 (225) as a package delivery

system with a protective cell wall bas been successfully attempted. Finally, one

other route, using a non-oral-extracorporeal multitubular enzyme reactor, with

immobilized PAL, was developed ta deplete circulating phe. Bere a shunt was

introduced and the phe-rich blood was pomped through the reactor, the phe­

depleted blood pumped back into the system. This was successfully tried on a

patient with PKU as the plasma phe levels dropped significantly without the

enzyme entering the circulation (226). These studies were not continued because

PAL was not available in sufficient amounts at reasonable cost.

Economical production of PAL is DOW possible, tbanks to cloning

technology. Protected free PAL ~enclosed' within the E. coli ceUs and studies

with the protease inhibitor aprotinin (in the mouse model), provide positive praof

of principle tbat PAL will reduce systemic pbe levels in the PKU and HPA mouse

models. Tbus tbere is the pltential for oral enzyme substitution therapy as adjunct

alternative therapy for PKU iDdependent of artificial diets. This project is the

focus of Chapter 4 and the corresponding publication in Appendix C.
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Proposai

As described above, the focus of a number of projects in the past two decades bas

been ta improve the treabDent of PKU. Yet 001 one of these attempts was effective

enough ta take the place of dietary therapy. However, with current advancements

in animal modelling and related biotechnologies, such as cloning, some of the

former difficulties associated witb new dmg development and measurement of

efficacy bave been overcome. This tbesis focuses on one of these technologies,

after an overview of other options. 1 approached my project on tbree levels:

I. An Animal Model:

PKU and HPA animal models serve as living systems ta measure

orthologous human phenotypic outeomes. Their use eliminates problems in

population genetic heterogeneity, in standardizing experimental paramelers, and

with measurements tbat would otherwise be unacceptable in human subjects. The

tirst objective of this project was ta develop a compound heteroallelic ENUl/2

mouse model and ta describe and compare their organismal phenotypes with those

of the control (BTBRIPas), mutant strains (ENUI and ENU2) and their carrier

counterparts. To achieve this, the corresponding metabolic parameters,

quantitation of Pah protein levels, hepatic Pm enzyme activity, blood and brain

phe levels, bebavioral parameters and maternai HPA effect on the fetus were aIl

measured.

u. A New AnalYtic Approacb:

A method was devised for specific measurement of pbe Metabolites in the

brain ta funher descnbe these animal models and ta answer the question of wbether

phe itself, or one of its Metabolites, is the cause of neurotaxicity in PKU. Sucb

measurements must be sensitive enougb ta analyse samples of trivial volume.

Hence the second objective of mis project was ta develop a very sensitive detection
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method tbat incorporated negative ion cbemical ionization gas cbromatograpby/mass

spectrometry (NICI-OC/MS) ta measure these Metabolites.

m. An Alternative 10 Diet Therapy for PKU

Improvement in the treabDent of PKU was my ultimate goal. 1 used enzyme

substitution therapy [with PAL] to replace the current dietary treatment. The

relevance of tbis treatment mode was demonstrated by: (1) developing an economical

industrial supply of PAL at mEX; (il) proteeting the enzyme sufficiendy to aIlow

shon-term passage tbrougb the 01 tract; and (iii) providing praofs of

pbannacologica1 and pbysiological efficacy in the Pab-deficient genetic mouse

models.
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FIG. 1. Major inputs (:» and runouts (--.) of free L-pbenylalanine in buman
metabolism. Inputs of this essential amino acid to the pool of freely diffusible
solute are from dietary protein [hence the minimal dietary requirement] and
turnover of endogenous (bound, polypeptide) pools. Runout is by (1)
hydroxylation to tyrosine (reaction 1 catalyzed by pbenylalanine hydroxylase,
followed by oxidation); (2) incorporation into bound (polypeptide) pools (reaction
2); and (3) by transamjnation (A) and decarboxylation (8). The approximate
proponional importance of the tbree runouts is 3:1:traee at normal steady state.

Dis fipre is li reproduelioll 01 Fi, 17-2 /1'0'" HYPERPHENYLAlANlNEMlA:
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l""e';'. Dis.... 8 EtIiIioIl (2001), A1IIIIors: Seme, C.R. tlIUl KiIu""" s.
Reprodlleetl witIa ".,..." DI lM JI"blish., The MeGl'tIW-HiII CotllptllÛe,.
(Copyright e ~l by The McGraw-BiD Co.puies)•
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trans-cinnamic
acid

+
NU]

digestive proteases

FIG. Z. Schematic representation of PAL enzyme proteeted from degradation for
passage through the 01 tract: A proteetive yet poroos barrier (e.g. byencapsu1ation
or cross-linked enzyme crystals) CID shield PAL witbin a microenvironmem, free
of digestive proteases that are unable ta cross the boundary. Free phenylalanine cao
be transponed tbrougb the slighdy poroos banier and be convened by PAL ta trans­
cinnarnic acid.
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CONNECTING TEXT
In this Cbapter, 1 describe the breeding of ENUI/2 compound bybrid strain. These

animais were developed for two rea5OOS, Mt, because the majority of patients are

heteroallelic and second because we needed a model tbat was more pliant 10

metabolic manipulation; as the already available ENUI animais were very difficult

10 control metabolically wbile the ENU2 animais were very fragile during long-term

manipulation. To address these objectives, animais (ENUI, ENU2, ENU1/2,

ENUI/+, ENU2/+, and BTBRIPas-wildtype counterpatts) were cbaracterised and

compared. The animais were genotyped 10 verity strain. Measuring concentration

of phe in plasma and brain, presence of ÎlDJDunoreactive Pah protein and the level of

Pah enzyme activity assessed their metabolic phenotype. They were also

manipulated with a phe cba1lenge and characterised according 10 their rate of plasma

phe clearance. Finally, the clinica1 phenotypes were evaluated according ta the

effect of parental phenotype on fetal survival and by measuring behavioural outeome

in each strain.
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CHAPTER2

A heteroallelic mutant mouse model:
A new orthologue for human

hyperphenylalaninemia
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ABSTRACT

Hyperphenylalaninemias (HPA) are Mendelian disorders resulting from

deficiencies in the conversion of phenylalanine ta tyrosine. The vast majority are

explained by a primary deficiency of phenylalanine bydroxylase (PAH) activity.

The majority of untreated patients experience irreversible impairment of cognitive

development. Althougb it is one of the best known hereditary metabolic disordersy

mechanisms underlying the pathophysiology of the disease are still not fully

understood; to tbis endy the availability of an onhologous animal model is

relevant. Various mutant hyperpbenylalaninemic mouse models with an HPA

phenotype, generated by N-ethyl-N-nitrosourea (ENU) mutagenesis at the Pah

locusy bave become available. Here we repon a new hybrid strain, ENUl/2, with

primary enzyme deficiency, produced by cross breeding. The ENUl, ENUl/2,

and ENU2 strains display mild, moderate and severe phenotypes, respectively,

relative to the control strain (BTBRIPas). The Pah enzyme activities of the various

models correlate inversely with the corresponding phenylalanine levels in plasma

and brain and the delay in plasma clearance response following a phenylalanine

challenge. The maternai HPA effect on the fetus correlates direcdy witb the

degree of hyperphenylalaninemia; but ooly the ENU2 strain bas impaired learning.
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INTRODUCTION

Phenylketoouria (PKU) and related forms of non-PKU hyperphenylalaninemia

(HPA) (OMIM 261600) are human autosomal recessive traits, cbaracterized by

elevated levels of phenylalanine (phe) in body tluids. These Meodelian disorders

result from defieieneies in phenylalanine hydroxylase enzyme (PAR) (Ee

1.14.16.1), whieh catalyzes the conversion of phenylalanine to tyrosine. Untreated

patients have elevated levels of phenylalanine in body tluids. Those with persistent

HPA from birth are likely to have irreversible impaïrmeot of cognitive

developmenl. Furthennore, transplacental transpon of excess phe from the

maternai pool to the fetus, during intrauterine development, puts offspring al risk

for microcephaly and binh defects. Tbese disease-causing effects of PKU and

maternai HPA are preveotable by treatment tbat restores euphenylalaninemia (1).

Although PKU is one of the best known hereditary metabolie disorders, the

mecbanism underlying the pathophysiology is still not fully understood (2).

Funhermore, the curreot dierary treatment of the human disease is not optimal for

either compüance or fully normal cognitive outeome. To tbis end, the availability

of an onbologous animal model is relevant (3;4).

Chemically induced HPA in the rat had long served as the animal "model"

for "PKU", however, il had many imperfections (5). These were avoided when a

mutant HPA mouse model generated by N-ethyl-N-nitrosourea mutagenesis (6;7)

manifesting alI forms of the bannful HPA phenotype, became available (1;8).

The mice thus generated had autosomal recessive forms of HPA representing bath

locus and aIlelic heterogeneity; for example, the strain first identified (9), called

hph-1, was mutated al the GTP-eH locus (10); GTP-eH catalyzes the first step in

biosynthesis of tetrahydrobiopterin, a cafaetor essential for hydroxylase activity.

Subsequently, other strains all mutated at the Pah locus, but with varying degrees

of phenotypic severityl (ortbologues of human PKU and DOD-PKU HPA), became

l palf"'"ll mice with an HPA phenotype were initially named the Pah_s strain;
p~ mice are the PKU counterpart.
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available (3;8). Here we report a hybrid strain (PahDUl1~, produced by crossing a

homozygous female paJf"'"11 non-PKU HPA mouse with a heterozygous male

pa}f'"'2'+ PKU carrier. We describe the organismal phenotypes of the control

(BTBRIPas) and mutant straiDs (paJf"'"11 and Pahlftll2l2 , the heteroallelic PahBIM/12

strain, and their carrier counterpans), their corresponding metabolic parameters,

hepatic Pah enzyme activity, blood and brain phe levels, bebavioral parameters

and corroborate prior evidence of maternaI HPA effect on the fetus. We also

discuss how this mouse model is heing used 10 measure the response to an

alternative therapy for PKU by enzyme substitution with phenylalanine ammonia

lyase (BC 4.3.1.5) to degrade excess dietary and endogenous phenylalanine (II).

MATERIALS AND METROns

ENU Mice

Wildtype mice (BTBRlPas background) were treated with alkylating agent

(N-ethyl-N-nitrosourea) and mutations mapping to the mouse phenylalanine

hydroxylase locus (Pah) were identified by byperphenylalaninemia, a metrical

metabolic trait (3;7). The original straiDs paJf"'"11 (phenotype name, ENUI) and

Pahnuûl2 (ENU2), kindly given 10 us by W. Dove and A. Sbedlovsky, were bred in

Madison, Wisconsin (3;7) and later genotyped (12). The hybrid beteroallelic strain

(PahDUl112, ENU1/2) was bred in Montreal, Canada as described berc.

The homozygous mutant ENUI mouse is a counterpan of buman non-PKU

HPA (7;8); it expresses a missense mutation (c.364T ~ C, VI06A) in exon 3 of

the Pah gene (12). The homozygous mutant ENU2 mouse is a counterpan of

buman PKU (3;8); il expresses a missense mutation (c.835T -+ C, F263S) in exon

7 of the Pah gene (12). The ENU1/2 strain was developed by selective mating of

ENUI ~ x Pa}f'"'2'+(ENU2/+)d. Genotypes at the Pah locus of ail breeders and

offspring were verified by DNA aoalysis. AlI procedures descnbed below were

reviewed and approved by the Animal Cale Committee al McGiIl University.
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Metabolic Manipulation of Animal Models

Plasma and brain phe levels were measured in ail mice when fed on breeder

mouse chow (Teklad 8626) (Madison, WI). ENU2 mice were then made

euphenylalaninemic by placing tbem, for 3 consecutive days, on solid diet devoid of

phe (Teldad 97152) supplemented wim water containing 30 mglL L-phe; then

injected wim L-phe (1.1 mglg body M, subcutaneously) to produce a controUed

predictable HPA state. ENUI and ENU1/2 mice do oot show the HPA state on

normal diet; a predictable degree of HPA was produced in these strains by

subcutaneous injection of L-phe (1.1 mglg).

Metabolic cbaracterizalion

Time-dependent plasma clearance of phe was measured after subcutaneous

injection of the standard dose of L-phe in the ENUl y ENUI/2 and

euphenylalaninemic ENU2 animais. Plasma phe was measured at baseline (zero br)

and 1y 2 and 3 br post-ebalIenge. We use this parameter as a measure of phe

"runout" .

Pah Enzyme Assay

Liver tissues were prepared and stored at -SOOC until analysis. Protein

concentration was measured using the Bio-Rad protein assay kit (Hercules, CA).

The assay (13-15), measuring the conversion of [U_14C]-L-phe ta labeled tylOSiney

was modified as foUows. Homogenate (100 J.1g) and 0.4 mM 6­

methyltetrabydropterin (6-MPH4) (Scbircks Labsy Jona, Switzerland) were added ta

the reaction mixture (0.1 M potassium phosphate buffer (pH 6.S), 1000 units

catalase (Sigma-Aldrichy Oakville, Ontarioy Canada)y 0.3 mM L-phe, 4 x lOS cpm

[U_14C]phe (DuPont NENy Boston, MA) and 10 mM ditbiotbreitol (lCNy Costa

Mesa, CA» (final reaction volume = 2SO JJ1). The samples were incubated (with

shaking) al 25° C for 1 br, then boiled for 5 min, plaœd on ice, and aoalyzed
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accordiDg to Ledley et al. (15). Preliminary experiments established linearity of

activity versus protein concentration and incubation time.

Western Blots

Liver was homogenized in buffer containing 50 mM Trizma (pH 8.0), ISO

mM NaCl, 1% (v/v) NP-40, 0.3 J,LM aprotinin (Roche Molecular Biochemica1s,

Laval Quebec, Canada), and 1 mM Pefabloc (Roche Molecular Biocbemica1s).

Samples were electrophoresed on 10% SDS-polyacrylamide gel, transferred ta

Hybond-e extra nitrocellulose (Amersham, Little CbaifODt, Buckinghamshire,

England) and immunoblotted, to deteet mouse Pab protein, widl 1 f,lgIml antï-mouse

PHS primary antibody (PbarMingen, Missisauga, Ontario, Canada) (16), deteeted

with peroxidase-Iabeled anti-mouse anbbody (1: 1000 dilution) (Amersbam) and

developed with RPN 2109 ECL (Amersbam). Human PAR was used as a positive

control.

Effect of Parental PhenotYpe on Fetal Survîval

Females were introduced to tbeir breeding pannen immediately foUowing

sexual maturity. The phenotypes for the foUowing female homozygous and

compound genotypes were studied: wildtype BTBRIPas (Control), ENUl, ENU1/2,

ENU2, and heterozygous ENUl/+, ENU2I+. Various male genotypes (and

phenotypes) were also studied for possible patemal affect. The effect of maternai

HPA on progeny was measured by counting the number of litters and number of

progeny al binh and weaning. Blood phe was measured in the dam prior ta breeding

and al delivery and weaning.

Tests of Bebavior

The T-maze a1temation test was conducted as descnbed by Nasir et al.

(17). A Win-Stay eighl-arm radial maze task was conducted 1 week following the

completion of the T-maze tests. The latter task, modified as descnbed by

72



•

•

Seamans and Phi1Iips (18) and Nasir et al. (17), coDSists of a central octagonal

platform with eight anus radiating from the middle (35 x 9 x 12 cm); eight 6-W

Hght bulbs mounted direcdy above food cups (-4cm from the base) were placed

at the end of each arm. On the tirst 2 days the mice were acclimated to the maze

for 10 minutes; DO food was introduced. For the foUowing three days, the

animais were tested (two trials/day). On each trial day, four randomly selected

anus were lit and baited with KeUogg's Froot Loops (Etobicoke, Ontario, Canada)

cereal. FoUowing food consumption, the light was tumed off. ACter ail four

peUets had been retrieved (max. lime alIowed, 10 min) the animal was removed

for a 5 min period and then placed back into the maze where the same four arms

were lit and baited once again. The arm choices, the time latencies (s/min) ta

reach the food in the tirst arm chosen, and the total lime required to complete the

daily trial was recorded.

DNA Analysis

Animais were genotyped for wildtype and mutant alleles as descnbed

(11;12).

Brain and Blood Samples

The brain was removed within 5 s after death and bomogenized (on ice) in

0.1 %(w/v) sodium dodecyl sulfate (19). Allo-isoleucine was added as an

internal standard; homogenate was then incubated for 15 min at room temperature

foUowed by the addition of 1.5 % (v/v) 5-sulfosalicylic acid dihydrate solution

then vonexed and centrifuged al 14,OOOg for 15 min. The supematant was

extraeted and frozen al -SOOC until analysis. Blood was coUected from tail ioto

heparinized tubes and plasma was obtained by centrifugation.
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Amino Acid Analysis

Amino acids were measured by HPLC on a Beckman 6300 automatic

amino acid analyzer (Palo Alto, CA).

Statistical Analysis

We used sing1~factor analysis of variance (ANOVA) between the differeDt

genotype5 (conducted for each factor measured).. The Poisson beterogeDeity test

confirmed bomogeneity within genotype5. AIl values reported on figures and text

are expressed as Mean ± SEM..

RESULTS

Metabolic Manipulation and Catabolic Rates for Pbe

ENU2 mice exlubit 10- ta 20-fold elevated plasma phe levels and 100fold

increase in brain phe levels (P = 1.13 X 10-11 and 4.7 x ur15
, respectively) when fed

wim breeder mouse cbow (Fig.. 1); the corresponding measurements for the

ENUI/2, ENUl, ENUI/+, ENU2/+ and BTBRIPas wildtype strains show near

Donnai or normal values (ANOVA conducted between these genotypes showed P =

0.. 17 and 0..7 respectively). After the standardized injection to induce HPA in the

ENU2 (initially made euphenylalaninemic, see materials and methods), ENUl, and

ENUI/2 animais, the time-depeDdent plasma clearance rates (catabolic rates) (Fig. 2)

show that ENU2 animais bave the Most severe metabolic pbenotype, ENUI animais

the least severe, and ENUI/2 mice an inteDDediate phenotype..

Pah Enzyme ActivilY

We examined the relationship between hepatic Pah enzyme activity and

plasma phe levels (Fig. 3). The ENU2 mice, witb undeteetable enzyme activity,

bave the Most elevated plasma phe levels .. ENUI and ENUI/2 mîce, with -24

and S% normal enzyme activity, respectively, bave near normal plasma phe levels

under standard diet COnditiODS. ENU2/+, ENUl/+ heterozygotes with -49 and
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61 % normal enzyme activity, bave normal plasma phe levels as expccted for a

recessive trait.

EDZY!De Protein Levels

Hepatic Pah protein levels, as visualized by immunoblotting of liver

extracts, are different in the 3 ENU phenotypes (Fig. 4). These findings imply that

enzyme stability may vary with genotype: The ENUI mutation apparendy affects

stability (and therefore activity) of the protein, evident by the clearly reduced level

of immunoreactive Pah. The ENU2 mutation, which impairs enzyme activity,

may also affect stability; it produces somewhat diminished but easily deteetable

protein, evident by the substantial amounts of immunoreactivity. The ENU1/2

compound is intermediate in bath protein stability and enzyme activity. These

findings were consistent in 6 replicates.

MaternaI Effect

The ENU2 dams with severe HPA conferred a severe maternai effect on

offspring; the other strains did DOt, the effect being dependent on the degree of HPA

(Table 1). ANOVA analyses showed a significant reduction in the number of liners

and of progeny at bi11h and of those surviving to weaning only from the ENU2

mothers (P < 0.00014 aDd 0.0008, respectively).

Behavior

The T-maze alternation test assesses simple discrimination learning and

short-term memory; we observed impaired bebavior only in the ENU2 animais

(Table 2). The Win-Stay eight-arm radial maze task measures reference memory,

babit learning, and memory for a visual stimulus. Only the ENU2 model showed

impaired behavior (Table 2).
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DISCUSSION

Animal models assist the study of disease phenotypes and potential therapies (20).

Mouse models offer the added advantage in tbat their genomes are highly

homologous with the human genome (21). In addition the mouse and human

phenylalanine hydroxylase genes bave - 87% conservation of the nucleotide

sequence, with -10% of the changes silent; the corresponding proteins bave 95%

conserved amino acid sequences (15). Here we bave descnbed and compared

phenotypes of control (BTBRlPas) and mutant strains (paJf"'Ül1, PahmûJ2 , Pahnrul12,

and their heterozygous counterpans), the mutants being orthologues of human

PKU and non-PKU HPA (Fig. 5).

The ENUI mouse, which displays a mild phenotype (non-PKU HPA),

carries a mutation in exon 3 (12) affecting the N-tenninal region of the enzyme

distant from the catalytic residues of PAHIPab, recendy identified by

crystallographic analysis of the human enzyme (22;23). The ENU2 counterpan

bas a mutation in exon 7, which includes the catalytic region; the site is predicted

to bave 1t-stacking interactions with the substrate (24). The resulting phenotype is

PKU-like (12). The ENUl/2 heteroallelic counterpan displays an intermediate

phenotype.

Pah enzyme activities of the various models correlate inversely with the

corresponding phe levels in plasma and brain and with plasma phe clearance lime.

ENU2 mice with undeteetable enzyme activity bave - 2Q-fold elevated plasma and

brain pbe levels, and the slowest clearance rate, wbile ENU1 and ENU1/2 mice with

- 24 and 5 % normal enzyme activity, respectively, bave near normal plasma and

brain phe levels and more normal clearance rates. The carrier counterparts, baving

approximately baIf the normal enzyme activity, display normal plasma and brain phe

levels. These metrical traits are thase expected for an autosomal recessive

phenotype (2S).

Pah protein shows different states of stability in the different ENU

phenotypes. The ENUI mutation results in protein instability, whereas the ENU2
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mutation bas ooly a minor effect on tbis parameter. Stability in the ENU1/2

compound is intennediate in comparison.

The bebavioral assessment of ENU2 mice sbows impaired simple

discrimination in sbon-tenn memory, reference memory, babit learning, and

memory for a visual stimulus. The other genotypes were correspondingly

unaffected in clinicat measures. These observations coneur witb earlier findings

(26).

The maternai effect on offspring correlates direcdy with the degree of HPA

and is apparent ooly with the ENU2 mothers; the effect is completely independent

of patemal genotype. These findings resemble buman data where maternai plasma

phe levels below the 400 }lM range are usually associated with normal fetal

outeome (1).

The ENUl/2 mouse model bas been particu1arly useful for measuring the

response ta an alternative therapy for PKU, namely oral administration of

phenylalanine ammonia lyase in an effort ta degrade excess phe from the

accumulated pools (11). Our present sttldies demoDStrate proof of principle, bath

pbarmacological and physiological. The present report describes in detail the

parameters available 10 measure the shon- and long-term responses ta tbis therapy

and document the advantages of the ENU1/2 strain for tbis work.
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• TABLE!
Maternai efl'ect on nomber and size of litters and survival to weaaiDg

(Mean ± SE, II = S)

MaterDal Average No. Avenge No. of Iitters AvengeNo. Average No.
Geaotype of surviVÛII to ofproceay ofproceay

Duerslmated weanlnglmeted at surviviDg to
female female birtbllitter wean'nllUder

Control 1.9 ± 0.2 1.6 ± 0.1 8.0±0.7 7.1 ±0.8

ENUl/+ 2.0±0.3 1.6 ± 0.5 S.1 ± 1.2 7.6 ± 1.4

ENU2I+ 3.1 ± 0.4 1.9±0.3 6.6±0.6 4.9±0.7

ENUI 2.7±O.2 1.9 ±0.2 6.2±0.5 5.0±O.5

ENUl/2 3.1 ± 1.3 2.1 ± 0.4 6.0±0.S 5.3 ±O.S

ENU2 1.3 ± 0.2 O±a' 1.3 ± 0.9 o± (lb

4ANOVA, P < O.()(J()J4.
bANOVA, P < 0.0008•

•
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• TABLEZ
Bebavioralasse Dlent (Me8D ± SE, II =6)

Test ENU2 Remaininl geDotypes SipiIlcaDce
combiDed (P)

T-mue a1temadoD test

Increase in average time 20.7 ± 6.7 S.2-10.3 ±0.4-2.1 < O.OOS
required 10 reach food (s)

The Win-8tay eight-arm
radial mue tut

Reduction in the No. of S.S ±0.3 6.2-7.S±0.~.S < 0.03
entries inta initially lit

arms

Increase in average time S8.3 ± IS.S S.6-13.1 ± 1.3-1.9 < 4 x 1<t9
required to reacb food (5)

Increase in average lime to 290.0 ± 36.0 71.8-138.6 ± 6.4-13.4 < 8 x 10-12

complete trials (5)
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FIG. 1. Plasma phe values (pM. Mean ± SE. n = 4): Control (BTBRlPas) mice.
91.2 ± 6 pM; ENUl/+. 58.5 ± 7; ENU2/+. 65.7 ± 1; ENUl, 93.4 + 8;
ENU1/2, 147.0 ± 29; ENU2, 1697.4 ± 175. The corresponding brain phe
values (pM, mean ± SE) are Control, 76.9 ± 6; ENUI/ +, 120.3 ± 10;
ENU2/+, 112.5 ± 5; ENUl, 123.6 + 1; ENUI/2, 150.7 ± 42; ENU2, 876.4 +
30.
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FIG. 2. Plasma phe clearancè rates for A, ENUI; ., ENUI/2; and ., ENU2
animais loaded wim a standard dose of phe (mean ± SE; n = 5).
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FIG. 3. Pab enzyme activity vs plasma phe values in control and HPA
phenotypes (mean ± SEM; n· 4). Enzyme activity and plasma phe levels of the
ENUl/2 animaIs are intermediate compared to those of ENUI and ENU2 animaIs (P
< 0.05).
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DG. 4. Western blot for Pah protein in liver extraets (representative of 6
replicates). The -52-kDa band (arrow) is the Pah monomer; other faint bands
represent non-specifie binding, confirmed by their absence with purified buman
PAH (Jane 1) and their presence in the wildtype mouse strain (Iane 7). Lane 1:
purified buman PAR (bPAH); Lane 2: ENU2, Lane 3: ENUl/2; Lane 4: ENUl;
Lane S: ENUI/+; Lane 6: ENU2/+; Lane 7: Wildtype BTBRIPas. Rainbow
Marker used for referenee.
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OG.5. Classic mouse models of PKU and DOD-PKU HPA t induced by N.ethyl­
N-nittosourea (ENU) mutagenesis: At coDtrol BTBRIPas; B, Palf""l1+
heterozygous carrier/wildtype; Ct pa/f"'ÛII DOD-PKU HPA onhologue; Dt palf"'Ü'+
heterozygous carrier/wlldtype; Et p~ PKU onhologue; Ft pa/f"'Û12
heteroaUelic onhologue.
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CONNECTING TEXT
In Cbapter 3 1 use the animal models ta measure brain concentrations of

phenylalanine derived metabolites, PPA, PAA and PLA. The pathogenic effect of

these Metabolites in PKU and non-PKU HPA bave long been debated and the

objective of this study was to understaDd better their possible contribution tawards

the phenotypic outeome. The availability of buman surrogates allowing access to

brain tissue sampling and a method sensitive enough ta measure these metabolites

were two prior problems tbat prevented the completion of this study. The first

problem was overcome witb the availability of non-PKU HPA, PKU and control

mouse orthologues, as descnbed in Cbapter 2. The solution ta the second obstacle

is described here. A method bas been developed based upln stable isotope dilution

techniques, coupled wim negative ion cbemical ionization gas chromatagraphy/mass

spectrometry ta measure PPA, PAA, PLA. 1 bave used Ibis metbod ta measure

these phe metabolites in the mouse brain tissue.
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CHAPTER3

Measurement of pbenyUactate, pbenylaeetate and
pbenylpyruvate by negative ion chemical ionization - gas

chromatograpby/mass spectrometry in brain of mouse genetie
mollets of pbenylketonuria and non-pbenylketonuria

hyperpbenylalaninemia

Christineh N. Sarkissian, Charles R. Scriver, Orval A. Mamer

Stotus: PubUshed in ÂIIlllytical Biochemistry (280) 242-249, 2000.
(Copyright e 2000 by Academie Press) (http://www.apnet.com)

Reprinted by permission of the publisher
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ABSTRAcr

Phenylketonuria (PIeU) (OMIM 2616(0) is the tirst Mendelian disease ta bave an

identified chemica1 cause of impaired cognitive development. The disease is

accompanied by hyperphenylalaninemia (HPA) and elevated levels of

phenylalanine metabolites (phenylacetate (PAA), phenyllactate (pLA), and

phenylpyruvate (PPA» in body tluids. Here we describe a method to determine the

concentrations of PAA, PPA, and PLA in the brain of normal and mutant

onhologous mice, the latter being models of human PKU and non-PKU RPA.

Stable isotoPe dilution techniques are employed with the use of rI{,]-phenylacetic

acid and [2,3,3-2}f3]-3-phenyllactic acid as intemal standards. Negative ion

chemical ionization NICI-GC/MS analyses are Perfonned on the

pentafluorobenzyl ester derivatives formed in situ in brain homogenates. Unstable

PPA in the homogenate is reduced by NaB1R4 ta stable PLA, which is labelled

with a single deuterium and discriminated from endogenous PLA in the mass

spectrometer on that basis. The method demonstrates that these Metabolites are

easily measured in normal mouse brain and are elevated moderately in HPA mice

and greatly in PKU mice. Rowever, their concentrations are Dot sufficient in

PKU 10 be Ktoxic"; phenylalanine itself remains the chemica1 candidate causing

impaired cognitive development.
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INTRODUCTION

Pbenylketonuria (PKU) and related forms of DOn-PKU hyperphenylalaninemia

(HPA) (1) are autosomal recessive disorders of amino acid metabolism, wbich result

from primary dysfunction of phenylalanine hydroxylase (PAH), the hepatic enzyme

responsible for catalysing the conversion of phenylalanine 10 tyrosine. PKU and

HPA patients bave elevated levels in body tluids of phenylalanine (phe) and of

metabolites derived from phenylalanine (phenylpyruvate (PPA), phenylacetate

(PAA), and phenyUactate (PLA» (2;3). Untreated PKU probands usually bave

severe irreversible mental retardation; the risk of mental retardation is less in the

conditions with a lower degree of HPA (non-PKU HPA).

The Cree phe pool in the normal subject is derived from two sources: intake

of exogenous dietary protein and turnover of endogenous polypeptides.

Approximately 2S % of the free pool is normally incorporated into protein; most of

the remaining 75% is hydroxylated ta tyrosine and only a trivial fraction is

transaminated to PPA onder nonnal conditions (4). PAH enzyme catalyzes the

hydroxylation reaction; when its activity is absent or reduced (as in PKU and to a

lesser degree in non-PKU HPA), the free phe pool expands, if dietary phe input is

not reduced. At tbis stage, the degradative transamination pathway, involving

conversion of phe 10 PPA (the initial reaction in this pathway) becomes significant

at a modal phe value of -0.5 mM (2-5). PPA is subsequendy convened to PLA

and PAA and phenylacetylglutarnine (1). Wbether these Metabolites actually

contribute 10 pathogenesis of cognitive impairment bas long been debated (3;5).

Orthologous mouse models of PKU and non-PKU HPA exist (6-8) wbich

allow us 10 measure pbe and its metabolites in brain in various degrees of HPA.

Here we descnbe a GCIMS method ta measure phenylalanine Metabolites based

upon stable isotope dilution teclmiques, coupled with negative ion chemical

ionization (NICI).
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MATERIALS AND METBODS

The method measures PAA as the pentaftuorobenzyl (PPB) ester with flb]­

pbenylacetic acid (PAAd5) as internai standard, and PLA as the PFB and

trifluoroacetate (TFA) diester witb [2,3,3-11b]-pbenyUactic acid (PLAdJ) as

internai standard. PPA is reduced to [2-1H]-pbenyllactic acid (PLAdl) byaddition

of sodium borodeuteride (NaB2H4) to the supematant of the tissue homogenate,

and is measured in the manner similar ta tbat for PLA.

Mouse Models

The bomozygous mutant strain Pahnt11212 (pbenotype name, ENU2) and

PahDWI11 (ENUI) are onhologues of buman PKU and non-PKU HPA, respectively

(bttp://www.mcgill.calpahdb/mouse). They were developed by treating wildtype

mice (BTBRlPas background (used as controls» with the alkylating agent N-ethyl­

N-nitrosourea (6;7;9). Produced in Wisconsin, tbey were kindly given to us by

W. Dove and A. Sbedlovsky. They display a range of phenotypic cbaracteristics

comparable to those of affected human individuals (10).

Preparation of Internai Standard Solution

PAAds: A 0.071 mM PAAd5 stock solution was prepared by dissolution of

1.0 mg (CDN isotopes) in 100 ml deionized ibO.

PUtb: PPA (17 mg, 0.1 nunol, Sigma Chemical Co.) was dissolved in

deuterium oxide (25 ml, CDN Isotopes) and made basic (pH > 12) with 3 drops of

40% NaQ2H in 21h0. The resulting solution was beld at tH C for 1 br and then

rotary evaporated to near-dryness. The residue was taken up in a 10 ml a1iquot of

11120 and held at 6QOC for 1 br. This solution was cooled to room temperature

and NaB1H4 (approximately 5 lUI, CDN Isotopes) was added. The resulting

solution was warmed ta 500c for 10 min, cooled in an ice bath, and slowly

acidified to pH < 2 wim 2 N HCI (caution: vigorous evolution of bydrogen).

The solution was saturated with NaCl and extraeted with tbree 10 ml volumes of

diethyl ether. The ether extraets were combined, made anbydrous by addition of
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solid anhydrous N82SOa (2 successive l-g lots), and then evaporated 10 dryness in

a dry nitrogen stream. The product, PLAcb. was obtained (14 mg, 83% cnIde

yield) in oil form, Cree of residual PPA as detennined by GCIMS analysis of the

trimethylsilyl derivatives. Extensive experience with reductions of ketoacids with

NaB2H4 in this laboratory shows tbat these reductioDS are quantitative. The

isotopic purity was detennined to be 97% as the triply deuterium- labeled

isotopomer. Approximately 14 mg of the cnIde product was dissolved in

deionized water (100 ml) 10 he used as the internai standard for PLA and PLAdl

determinatioDS. The concentration of this internai standard was detennined by a

reverse stable isotope dilution assay, measuring relative ion intensities in a

solution with unlabeled PLA of known concentration. The final concentration of

the PLAdJ internai standard solution was 0.787 mM.

Brain Sample Preparation

Brains were removed within S s foUowing decapitation of ENU2, ENU1

and control animais fed with standard rodent diet (Teklad 1No. 8604) (n =
6/genotype) and immediately homogenized in minimal 200C deionized water (1: l,

w/v) to which we added the labeled internaI standards (100 ,,1 each of the PLAd3

and PAAd5solutions). The total volume was made up 10 1 ml, adjusted 10 pH 10­

12 with dilute KOH, NaB2H4 (2 mg) added immediately, and the tubes placed in

SOOC water for 10 min. PFB derivatives were prepared in the manner previously

reponed (11) with the following stock solutions: A., methylene chloride (20 ml)

and pentafluorobenzyl bromide (0.4 ml., Aldrich Cbemical Co.); B, potassium

phosphate buffer (pH 7.4, 100 ml) and tetrabutylammonium hydrogen sulfate (3.4

g, Aldrich Chemical Co.) adjusted to pH 7.4 with 2 N KOR. Solutions A (0.25

ml) and B (0.25 ml) were combined in a separate tube, 0.25 ml of tissue

homogenate supematant was added, the mixture was vonexed for 2 min and then

placed in an ultrasonic bath for 20 min at room temperature. Hexane (2 ml) was

added, the mixture vonexed for 1 min, the hexane layer then removed and dried

by addition of anhydrous sodium sulfate (10 mg) with vonexing for 1 min. The
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bexane layer was next decanted inta a separate tube, N-metbyl-bis­

trifluoroacetamide (MBTFA, 50 pl, Pierce Chemical Co.) added then vonexed

and placed into a 500c water bath for 10 min. AIN sodium bicarbonate solution

(2 ml) was added to the tube and the mixture vonexed for 1 min. The hexane

layer was finally removed into a separate tube, anhydrous sodium sulfate was

added and the mixture vonexed for 1 min. An aliquot of this final bexane solution

was transferred to an autoinjector vial for OC/MS analysis.

Blank Sample

Blank samples were prepared with deionized water equal in volume to the

brain tissue homogenate supematants. These samples were processed and

analyzed as described for the tissue samples.

OC/MS Analysis

Aliquots (1 ",1) of the derivatized mixtures were analyzed in NICI mode

with a Hewlett-Packard 5988A OC/MS fitted with a 30 m x 0.25 mm Ld.

capillary column (J &. W Scientific) coated with a 0.25 }lD1 D8-1 film. The

helium flow rate was 2 mVmin; the injector and interface temperatures were 2500

C. The column was temperature programmed from 1000 C after a 1 min hold to

1200C al 4CfC/min and then al lOOC/min 10 2800C. The column was baked out at

2800C for 5 min al the completion of each sample analysis. Methane was used as

the moderator gas al an indicated source pressure of 0.6 mbar and the ion source

temperature was 1200C. Selected ion mode was used 10 measure the intensities of

negative ion fragments mlz 135, 140, 261, 262, and 264 wim dweU limes of 50

ms each. These fragments arise by the loss of the pentatluorobenzyl radical from

the molecular anions of the PFB derivatives of PAA and PAAcb, and the

PFB/TFA derivatives of PLA, PLAdl, and PLAd3, respectively.
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Amino Acid Quantitation

Whole blood was collected from mouse tails into heparinized tubes, plasma

was separated by centrifugation, and alter deproteinization the amino acid content

was analyzed by HPLC on a Beclanan 6300 automatic amino acid analyzer.

Whole brain amino acids were analyzed according to the metbod described

by Diomede et al. (12). Brain tissue was removed witbin 5 s after decapitation

and homogenized (on ice) in 0.5% sodium dodecyl sulfate solution (1:4, w/v).

Alloisoleucine was added as an internai standard and the homogenate was then

incubated for 15 min at room temperature. A 4% solution of 5-sulfosalicylic acid

dihydrate solution (1:0.6, v/v) was added, and the mixture was centrifuged at

14,OOOg for 15 min. The supematant was decanted and frozen at -SOOC until

analyzed by HPLC as above.

RESULTS AND DISCUSSION

NIC! mass spectra obtained for the PFB esters of authentic PAA and PAAw

standards are shown in Fig. 1. The most intense ions correspond ta the carboxylate

anions (ml, 135 and 140, respectively) produced by the loss of the PeDtafluorobenzyl

radical (IS1 Da) from the molecular anions (ml, 316 and 321, respectively, not

deteeted). Loss of HF (20 Da) from the molecular anions, wbich is commonly

observed in derivatives of tbis nature, is deteetable, althougb not apparent in Fig. 1.

The 140-Da fragment in the spectrum ofPAAc:b confirms that alllabelling is intact in

the ion measured. SIM analysis of PAAc:b shows tbat the unlabeled content is 1.39%

relative 10 the labelled. This is taken into account in the calculations of the

endogenous concentrations of PAA.

NIa spectra for the PFB esters of the UiOuoroaeetyl esters of unIabeUed and

labeUed PLA are shown in Fig. 2. The most intense ions (mil 261, 262 and 264)

represent the carboxyl anions produced by the 1055 of the pematluorobenzyl radical

from the molecular anions mil 442, 443 and 445 (IlOt detected) of unlabelled

autbentic PLA, PLAdt syntbesized from PPA by reduction with NaB2H4, and

synthesized PLAd3 (intemal standard), respectively. The PLAdt ÎS01Opomer
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corresponds 10 PPA in the original homogenate. It is essential tbat the 2-hydroxyl

group of the PLA isotopomers he derivatized because decomposition by dehydration

at OC temperatures would lead ta deuteriUDl labelloss. The PLAd3 synthesized and

used as internai standard was found by SIM analysis to be 97.17% PLAd3, 2.66%

PLAch, 0.001 % PLAdl. and 0.16% PLAdo. Reduction of authentic PPA by NaB2JI.

yielded PLAdl tbat was 0.29% unIabe1led, a measure of the isotopie purity of the lot

of NaB2JI. which was used for the entire study.

SIM cbromatograms obtained for one of the calibratiDg mixtures containîng

PAA, PAAd5, and unlabeUed PLA are shown in Fig. 3. The PAA isotopomers are

represented by the carboxylate anions (mil. 135 and 140) formed by the 1055 of the

pentafluorobenzyl moiety from the molecular anions (DOt deteetable). The PLA

chromatograms (mil. 261, 262, and 264) would normally represent the carboxylate

anions ofUDIabeUed PLA, PLAdl (formed by the reduction ofPPA by NaB2D.), and

the internaI staDdard PLAd3, respectively formed by the 1055 of the pentafluorobenzyl

moiety from the molecular anions of the PFB-TFA derivatives. In Ibis instance, the

measured relative intensities are for unlabelled PLA substituted with ooly natura!

abundance beavy isotopes. The inteDSities of mil. 262 and 264 measured in the ion

cluster relative to ml, 261 are 12.47 and 0.13%, respectively, and compare well

with the calculated values of 12.51 and 0.12%, respectively.

The calJbration curves for al1 tbree Metabolites, over the expected

physiological ranges, are shown in Fig. 4. A linear response is demonstrated for

each Metabolite (1t- > 0.98 for each Metabolite). The resplnse for PPA (measured

as PLAdl) is approximately 72% tbat of PLAdo. This is possibly due to lack of

purity or bomogeneity in the PPA originally weighed out. Analysis of the PPA as

the TMS derivative shows the presence of sma1l but significant quantities of PLA

and PAA. The seositivity of our metbod (for alI tbree Metabolites) is estimated ta he

0.1 umollg brain tissue.

Typical chromatograms for normal (Fig. S), ENUI (Fig. 6) and ENU2 (Fig.

7) mouse brain are sbown. In normal mouse brain PAA is detectable (mIz 135) al

low levels, wbile PLA and PPA (mlz 261 and 262) are essentiaIly absent (Fig. 5).
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The apparently invened peak (retention lime, 9.02 min) in the responses for mlz 135

and 140 results from the elution of a large unidentified peak wbicb temporarily

depletes the thermal electron atmosphere in the ion source.

The ENU1 (non-PKU HPA) mouse brain (Fig. 6) contains elevated levels of

PLA and PPA (mlz 261 and 262). The minor variation in the PM levels between

the ENU1 and normal miœ demonstrates tbat at normal or near normal

(physiological) pbe levels the transamination pathway contnbutes insignificandy ta

the brain metabolic phenotype in the variant HPA state.

The ENU2 (pKU-like) mouse (Fig. 7) shows gready increased concentrations

of all three Metabolites. The well-known teodency for deuterium-Iabeled analogs ta

elute slighdy earlier tban the corresponding unlabeUed compounds is apparent.

The correlation between plasma pbe and brain metabolites is shown in Table

1. BTBRIPas-wildtype and ENU1 animais, displaying normal « 100 ,uM) or low

(150-400 ,uM) plasma phe levels, respectively, bave low phe Metabolite levels in

brain. This finding implies tbat the transamination pathway cornes into play only at

phe levels above 0.4 mM, as implied by the findings in the ENU2 animais,

moreover correlatiDg weU with previous observations (see Fig. 15-1 in ref. (5».

When present, metabolite levels bave a rank order PLA > PM > PPA. The

relationsbip between plasma and brain phenylalanine levels in the mouse models is

given in Table 2.

Our data are among the tirst reporting direct measurements of brain phe

Metabolites in PKU and non-PKU HPA. A preliminary repon by Evans (13)

compared brain and body tluid metabolites in control and ENU2 mice. Here we

present a formai aoalysis of PLA, PAA, and PPA in brains of ortbologous miœ with

PKU and non-PKU HPA and compare them with control values. Our interest was ta

study phe Metabolite concentrations in brain independent of their levels in blood or

urine; the latter were the focus of Most earlier studîes. The data show tbat brain

Metabolite concentrations correIate positively witb plasma pbe levels. More

important, the levels of the metabolite measured bere do not reach levels of toxicity

predicted for human subjects by Kaufman (3) and documented in earlier studies (14).

98



•

•

Taking into account assumptions about distributions of metabolites in the intraœUular

and extraeellular space of brain9 the levels of metabolites measured bere are IQ-fold

lower tban those associated wim toxicity in brain (14). Nonetbeless, our PKU

(ENU2) mice exlubit the bebavioural and cognitive impairment expected in PKU

(10), and which we attribute primarily ta the effect of phenylalanine itself. On the

other band9 in certain untreated PKU patients wim normal cognitive fonction, brain

phe values are DOt elevated in the presence of high blood values, as measured by

MRI (see ref. (15); an independent impediment of bloodlbrain phe transport bas

been offered as an explanation. Our use of bath the analytical method and the

onhologous mouse model of the human is offered here as a contribution toward

resolving a long standing controversy about pathogenesis of the cognitive phenotype

in PKU.
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• TABLEl
Reladoosbip between bnin pile metaboUtes and plasma pbe Ievels in tbree

phenotypes (normal, ENUl, and ENU2)
(II = 6/pnotype, Mean ± SE)

•

Mouse
Models

Control
ENUl
ENU2

PlMDla
Pbenylalanlne
Concentration

(,aM)

< 100
150400

1400-3000

PPA
(DDlolIl
braiD)

1.2 ± 0.1
1.2 ± 0.1
2.2 ± 0.3

100

PAA
(nmollg
brain)

2.7 ± 0.3
2.2 ± 0.5
7.4 ± 1.6

PLA
(DlDolIg
bniD)

0.2 ± 0.1
0.9 ± 0.3

59.3 ± 21.8



• TABLE 2
Relationsbips between plasma and bnin phe values in tbree mouse models

(pM, D=6, Mean ± SE)

•

Mouse
Models

Control
ENUI
ENU2

Plasma
phenylalanine

cODcentratioD {J&M)

74.4 ± 8.8
181.5 ± 23.3

1882.7 ± 156.5

101

Brain
phenylalanine

concentration (,&M)

70.1 ± 6.5
120.6 ± 8.1

886.97 ± 26.6
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DG. 1. NICI mass spectra obtained for the PFB derivatives of unlabelled PAA and
PAAd5. Intensities of ions wim masses greater tban 145 Da bave been multiplied by
20, and appear DOt 10 he related 10 the sample. The intense ions at mlz 135 and 140
carry nearly the entirety of the ion current produced and correspond 10 the
carboxylate anions formed by the 1055 of the penrat1uorobenzyl radical from the
molecular aniODS. Wbile the molecu1ar anions expeeted at mil. 316 and 321,
respectively, are DOt detected, very weak ion currents attnbutable 10 1055 of HF from
the molecular anions (DOt shawn) confirm the nature of the derivatives.
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FIG. 2. NICI mass spectra obtained for the PFB derivatives of the TFA esters of
unlabeUed PLA, PLAdt, and PLAdJ. Intensities of ions with masses greater than
270 bave been multiplied by 50 ta show tbat they appear DOt 10 he related to the
sample, as the masses show no iŒrementïng dependent upon labelling. The
carboxylate anions at mlz 261, 262, and 264 formai by the loss of the
pentafluorobenzyl radical from the molecular anions (mlz 442, 443, and 445, DOt

deteeted) carry nearly all the ion current.
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FIG. 3. SIM chromatograms for a calibrating mixture containing unIabeUed PAA
(mir. 135), internai standard PAAcb (mir. 140), and unlabeUed PLA (mir. 261). Ion
currents al mir. 262 (12.47% relative to mir. 261) and 264 (0.13%) are due to natural
abundance heavy isotope inclusion in the carboxylate anion formed from the
unIabeUed PLA derivative.
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DG. 4. CaltbratioD curves, showing linear responses for., PLA; ., PPA; and .,
PAA; over physiologica1 ranges. The abscissa represents weights of unIabeled
Metabolites added 10 caltbrating aqueous solutioDS of 1 ml volume containing 114 of
PLAch and 1 14 of PAAd5. The ordinale represents the ratio of areas of unlabelled
to labeled analogues obtained for these solutioDS.
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FIG. S. SIM chromatograms obtained for phe Metabolites in the brain of a normal
mouse. PAA (mlz 135) is clearly present, wbile PLA and PPA (ml, 261 and 262)
are not deteeted in the present example. The ion current al mlz 264 is due ta the
PLAd3 internai standard.
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OG. 6. SIM cbromatograms obtained for phe Metabolites in the brain of an ENUI
mouse. PAA is present at levels somewbat lower tban in the nonnal mouse, and
PLA and PPA are elevated slightly relative to the normal mouse. The retention limes
seen here are slighdy differem from Fig. 5 because in the interim the analytica1
column was replaced.
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DG. 7. SIM chromatograms obtained for pbe Metabolites in the brain of an ENU2
mouse. PAA, PLA, and PPA are all clearly elevated. The labeUed internai
standaIds (mir. 140 and 264) elute sligbdy earlier tban their unlabelled analogues.
The retention limes seen bere are again sligbdy different from Fig. S because in the
interim the analytical column was replaced•
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CONNECTING TEXT
In Chapter 4, 1 descnbe a different approach for the treatment of Pbenylketonuria.

The current dietary therapy is difticult 10 foUow and althougb effons 10 improve the

organoleptic propenies are ongoing, imperfections in the composition of the diet and

compliance with it are a continuous concerne Therefore an alternative form of

treatment using PAL enzyme substitution is suggested bere. Access to human

surrogates for pre-clinical drug administration testing and the availability of a

commercial supply of PAL were two prior obstacles tbat needed 10 be resolved ta

make this work possible. Once again the first problem was overcome when mouse

onhologues for PKU and non-PKU HPA became available. These animals were

characterised and the protoeol required for metabolic manipulation established in

Cbapters 2 and 3. A solution 10 the second obstacle is detailed here in Chapter 4,

where an efficient recombinant approach 10 produce PAL enzyme is described and

the product tested in ortbologous ENU mutant mouse strains with HPA. Proofs of

pbarmacological and physiological principles for the efficacy of PAL therapy are

established.
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CHAPTER4

A different approach to treatment of phenylketonuria:
Phenylalanine degradation witb recombinant

phenylalanine ammonia Iyase

Christineh N. Sarkissian, Zhongqi Sbao, Françoise Blain, Rosalie Peevers,
Rongsbeng Su, Robert Reft, Thomas M. S. Chang, Charles R. Scriver

Status: published in Proceedings ofthe Natio1lQ/ Academy ofSciences (USA)
(96) 2339-2344 (1999)

(Copyright 0 1999 Pme. Nad. Acad. Sei. USA)
Reprinted with the pennission of the publisber
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ABSTRACT

Phenylketonuria (PKU), with its associated hyperphenylalaninemia (HPA)

and mental retardation, is a classie genetie disease and the first to bave an identified

chemical cause of impaired cognitive development. Treatment from binh with low

phenylalanine diet largely prevents the deviant cognitive phenotype by ameliorating

HPA and is recognjzeA as one of the first effective treatments of a genetie disease.

However, compliance with dietary treatment is difficult and when it is for lite, as

now recommended by an intemationally used set of guidelines9 is probably

unrealistic. Herein we descnbe experïments on a mouse model using another

modality for treabDent of PKU companble with bener compliance using ancillary

phenylalanine ammonia Iyase (pAL, EC 4.3.1.5) 10 degrade phenylalanine, the

barmfu1 nutrient in PKU; in tbis treatment, PAL acts as a substitute for the enzyme

phenylalanine monooxygenase (pAR, EC 1.14.16.1) wbich is deficient in PKU.

PAL, a robust enzyme without need for a cofactor, convetts phenylalanine to trans­

cinnamic acid, a barmIess metabolite. We describe (l) an efficient recombinant

approach 10 produce PAL enzyme, (il) testing of PAL in onbologous N-ethyl-N­

nitl'OSourea (ENU) mutant mouse sttains with HPA, and (iil) proofs of principle

(pAL reduces HPA) - both pharmacologie (with a elear dose-response effect vs.

HPA after PAL injection) and physiologie (proteeted enterai PAL is significandy

effective vs. HPA). These findings open a new way to facilitate treabDent of tbis

elassic genetie disease.
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INTRODUCTION

Pbenylketonuria (PKU) (1) is the prototypical human Mendelian disease (OMIM

2616(0) demoDStrating benefits from treatment (2). PKU and a related fonn of less

barmful hyperphenylalaninemia (HPA, termed non-PKU HPA) result from impaired

activity of phenylalanine hydroxylase (pAH; EC 1.14.16.1), the enzyme catalyzing

conversion of the essential amino 8Cid nutrient phenylalanine ta tyrosine. The

enzyme is responsible for disposai (by oxidative catabolism) of the majority of

nutrient phenylalanine intake. The untreated PKU patient with persistent postnatal

HPA is likely ta expcrienœ irreversible impairment of cognitive development.

Antenatal HPA, caused by traosplacental transpott of phenylalanine from the

maternai pool ta the fetus during a pregnancy in wbich there is maternai HPA, will

hann the embryo and fetus. These disease-causing effects of PKU and matemal

HPA are preventable by treatment ta restore euphenylalaninemia (1).

Present treatment relies on the observation that a (semi-synthetic) diet low in

phenylalanine (3-5) will prevent HPA and thus the disease. Because it involves a

major alteration of lifestyle, dietary treatment is difficult. Moreover, dierary

therapy cao he associated with deficiencies of severa! nutrients (1), some of wbich

may he detrimental 10 brain development (6;7). Moreover, most low phenylalanine

treatment products bave organoleptic properties sufficiendy unsatisfactory tbat

compliance with the tteabllent is compromised (8;9). Such concerns bave greater

relevance now tbat better and longer compliance with tberapy of PKU and non-PKU

HPA in all persons at risk bas been recommended (10; Il).

A combination of oral enzyme therapy witb phenylalanine ammonia lyase

(pAL; EC 4.3.1.5) and controlled low protein diet might replace dependence on the

semisynthetic diet, for tteabDent of PKU after infancy (10;12). PAL is a robust,

autoeatalytic enzyme mat, unlike PAR, does DOt require a cofactor (13). PAL

convens phenylalanine ta metabolica11y iDsignificant amounts of ammonia and trans­

cinnamic acid, a barmless metabolite; the latter is convened ta benzoic 8Cid and

rapidly excreted in urine as bippurate (14). A preliminary repon indicates tbat HPA
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is attenuated by oral administration of microencapsulated PAL in the rat with

cbemically induced HPA (15) and aIso, in pre1iminary studies, in naturally

occurring HPA in a mouse model (16-18). Pre1iminary studies in buman PKU

patients sbowed anaIogous responses after the administration of PAL in enteric­

coated gelatin capsules (19) or during use of an extraeorporeal enzyme reactor (20).

The human and even the animal studies were not continued because PAL was Dot

available in sufficient amounts at reasonable cast.

(l) We used a construet of the PAL gene from Rhodosporidium toruJoides

(21) under the conttol of a high-expression promoter and expressed it in a strain of

Escherichia coli ta obtain large amounts of PAL (22). (il) We used existing (23)

and new strains (C.N.S., J. D. McDonald, and C.R.S. at

http://data.mcb.mcgill.caIpahdb/mouse/sarkiss.banl) of the mutant N-ethyl-N­

nittosourea (ENU)-treated mouse as onbologous models of human PKU and HPA

to study enzyme substitution tberapy with PAL. (i;1) We showed tbat i.p. PAL

injection lowers plasma phenylalanine in the mouse model (praof of

pbarmacological principle), and oral gavage of tbese mice with PAL enzyme,

protected from inactivation by digestive enzymes, lowers plasma phenylalanine

(praof of pbysiological principle). Tbese developments point ta an alternative

approacb to treabDent of PKU, compatible with current guidelines (10;11).

MATERIALS AND METROns

Syntbesis of Recombinant PAL

Amplijication of the PAL Gene: R. toruloides [ATCC DO. 10788] was purchased

from the American Type Culture Collection. Cells were grown in minimal

medium containing phenylalanine as the sole carbon source (24), total RNA was

extraeted witb bot acidic phenol (25) from a mid-logaritbmic-pbase culture, and

mRNA was isolated with the PolyATtract mRNA Isolation System (Promega). A

cDNA pool was then syntbesized using the RiboClone cDNA Synthesis System

(Promega).
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Oligonucleotides (RTJP, St-AAGAAT1'CATGGCACCCTCGCTCGACT

CGATcrCG-3', and Rn, S'-CCGAATICfAAGCGATCITGAGGAGGACGT­

3'), synthesized on an Ecosyn D300 DNA syntbesizer (Eppendort) were designed to

feature an EcoRl site al their S' end and to he homologous to S' and 3' ends of the

published sequence of the R. toruloides PAL gene (refs. (26) and (21); GenBank

accession no. X51S13). PCR amplification (28) was performed in 100 pl containing

100 pmol of each primer, 20 mM Tris-HCI (pH 8.0), 2 mM MgCh, 10 mM KCI, 6

mM (NH4)2S04, 0.1 % TritonAX-lOO, nuclease-ftee BSA al 10 mg/ml, ail four

dNPrs (each al 0.2 mM), 30 ng of cDNA as the template, and 5 units of Plu DNA

polymerase (Stratagene). Samples were incubated in a DNA thennal cycler

(BamsteadlThermolyne) al 9SOC for 30 s, at SOOC for 1 min, and 720C for 3 min;

repeated for 35 cycles. The PCR product was analyzed on a 1% agarose gel

containing 0.6 mg of etbidium bromide per ml and subsequently cloned in

pBluescript KS+ (Stratagene). Identity of the PAL gene was verified by sequence

analysis using an AutoRead sequencing kit and an automated A.L.F. DNA

sequencer (pbarmacia).

E. coli Strains and Plasmids: E. coli XL-IBlue was the host used for general

cloning and vector construction; E. coli YI091 was the hast for fermentation to

produce PAL. E. coli mX-4, used in the animal study, was isolated from a

Sprague-Dawley rat and identified by using apî20Ee bacterial identification kit

(BioMerieux, Charbonnier les Bains, France). Plasmid pBluescript was used for

cloning PCR-amplified PAL fragments.

Construction of High-Expression PAL P/Qsmid pIBX-7: Plasmid pIBX-I (29) was

modified by site-directed muragenesis, cbanging the unique BamHI site ta an EcoRi

site to aIIow cloning of the 2.2-kb PAL PCR fragment; the produet was then funher

moditied. wbich resulted in the deletion of the EcoRI sites. To increase expression•

an additional tac promoter (Ptac) was syntbesized by PCR and cloned downstream
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of the existing Plac. The S· Sbine-Delgamo sequence (AGGAG) is separated from

the ATG codon by a 9-nt sequence (ACAGAATIT). Kanamycin resistanee for

selection of PAL-contaïning ceUs was conferred by substituting the Kanamycin

resistance gene for the ampicillin resistance gene of pIBX-l. The plasmid was

transformed into E. coli (hosts YI091 and IBX-4) and induced witb isopropyl:P-D­

tbiogalactoside (1 mM) for expression. The expression levels are similar in both

hosts when cultured in shaken tlasks (data not shown).

Purification o/PAL Enzyme from Cell Extract: Frozen E. coli cells (YI091; 500 g)

expressing plasmid pIBX-7 were suspended in 2 L of Buffer A (30 mM Tris-HCL,

pH 8.0/10 mM phenylalanine/2 mM cysteine) 10 wbich DNase 1 (S mglL) and 5

mM CaCh were added. The ceU suspension was homogenized tbree limes in a

Rannie Minil..ab 8.30R high-pressure homogenizer (APV Canada, Montreal) al 700

bar (1 bar = 100 kPa); between passages, the suspension was cooled to 12°C. The

homogenate was cenaifuged (14,100 x g) for 1 br at 4°C, the supematant containing

PAL protein diluted 2-3 fold in water and loaded on a column containing 1.25 L Q­

Sepharose Big Beads (Pbarmacia). Wasbes were performed at a linear tlow rate of

IS3 mlIbr with tbree column volumes of Buffer A foUowed by 3 column volumes of

Buffer B (30 mM Tris-Hel, pH 8.0/10 mM phenylalanine/2 mM cysteine/l M

NaCI). PAL protein is eluted wim Buffer B in a linear gradient (3% - 100%) in six

column volumes; the fractions wim PAL actiVÎty were pooled. Ammonium sulpbate

was added slowly 10 the eluates (final concentration, 50%), stirred (30 min) at room

temperature and then centrifuged (14,700 x g for 30 min at 4OC). The final PAL

protein peUet was dissolved in a minimal amount of Buffer C (SO mM sodium

phospbate, ph7.S/S mM phenylalanine/l mM g1utathione).

ENUMice

The ENU mouse models, deficient in hepatic Pah enzyme actiVÎty, were

created by treariog wildtype mice (BTBRIPas background) wim the alkylating agent
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ENU. The original strains Palf""lll(ENUI) and P~(ENU2), from W. Dove

and A. Shedlovsky, (University of Wisconsin, Madison), were produced in

Wisconsin (23;30) and genotyped by 1. D. McDonald (31). We produced the

hybrid heteroa1lelic strain P~I2(ENUI/2) in our facilities (sec

http://www.mcgill.caIpabdb/ Pah Mouse 1 Mouse Pab Homologues). (AlI

procedures descnbed below bave been reviewed and approved by the Animal Care

Committee, McGill University).

The bomozygous mutant ENUI mouse is a counterpart of buman non-PKU

HPA. It bas a missense mutation in the Pah gene [co 364T~ in exon 3 (VI06A»)

(30;31), and on breeder diet (product 8626, TekIad, Madison, WI), it bas bath a

normal plasma phenylalanine level and DOnnai bebavior but cao he made

byperphenylalaninemic under controUed conditions witb a pbenylalanine load [by

s.c. injection or gavage of L-pbenylalanine at LI mglg (body weight»). The

bomozygous mutant ENU2 mouse is a counterpan of buman PKU. It bas a

missense mutation [co 835T~C in exon 7 (F263S») (23;31). On breeder diet, it bas

10- 10 20-fold elevated plasma phenylalanine and pbenylketones in urine;

eupbenylalaninemia in tbis sttain was achieved for these studies by placing mice on

a diet free of phenylalanine (product 2826, Teklad) with ad libitum water containing

L-pbenylalanine (30 mgIL), for 3 consecutive days. After establishing

euphenylalaninemia, ENU2 animais received staDdardized s.c. injections of L­

phenylalanine [O.lmglg (body weigbt)] 10 achieve reproducible HPA.

We developed the new ENUI/2 suain by crossing female ENUI and male

ENU2/+; ail parents and offspring were typed by DNA analysis. The mutant

heteroallelic animais bave a normal plasma phenylalanine level on breeder diet but

easily achieve a modest elevation, to levels between mat of untreated ENUI and

ENU2, by s.c. injection or gavage of L-phenylalanine [I.lmglg (body weight)].

The ENU strains are funher descnbed on our web site (see above) .
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Protoeols ta Study the Effect of PAL Enzyme on Phenotype

i.p. Administration ofRecombinant PAL (for Proofof Pharmacological Prindple):

Studies were donc on mice, younger tban 1 year of age (ail tbree straïns). Bach

animal served as its own control; a sbam (saline) injection was given in the tirst

week, followed by the PAL injection 1 week later (same day of the week and lime

of day). Efficacy of i.p. PAL was measured by change in the plasma phenylalanine

between the tirst and second week; animais (n = S per trial) received 2, 20, and

100 units of PAL. ENUI and ENUI/2 animais were fasted ovemight before ta the

experiment. Food was reintroduced alter PAL administration. During the tirst

week, 0.2m1 of saline i.p. was followed direcdy by an L-phenylalanine cballenge

[I.lmglg (body weight) by gavage] for the ENUI and ENUI/2 mice; tail blood

samples taken at zero min and l, 2, 3, and 24 br alter the phenylalanine cba1lenge.

For the second-week protoeol, PAL (replacing saline) was diluted ta the dosage

required with O.IM Tris·HO (pH S.S).

Gavage ofRecombinant PAL (for Proof of Physiological Prindple): Studies were

done in mice younger tban 1 year of age. Each animal served as its own control

and efficacy of PAL tteabDent was measured by change in plasma phenylalanine.

We used two different PAL preparations: (1) recombinant PAL inside E. coli cells

(lBX-4) and (il) unproteeted PAL (purified from YI091 E. coli cells) in solution

with aprotinin (protease inlubitor). Saline gavage was used as the control treabDent.

Plasma phenylalanine levels were adjusted in ENU2 animaIs (n = 4) to achieve

euphenylalaninemia. In the fint week, the animais received a phenylalanine load

(O.lmglg (body weight) by s.c. injection] on day 4, followed al lhr and 2hr by

gavage of saline bicarbonate (6 mg, 10 neutralize gastric acidity). Tail blood

samples were taken befote treabDent (at lime zero minus S min), and four tilDes at

hourly interVaIs after the phenylalanine cbaIlenge. In the second week, the gavage

contaîned (1) 2S units of PAL (as induced recombinant E. coli ceUs, 01>500) or (il)
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200 units of PAL, in combiDation with 10 mg of aprotinin in the sodium bicarbonate

buffer.

ln Vitro Assays of PAL EJ/ea: We measured efficacy of the PAL preparation in

vitro by analyzing its effect on a solution containing 4mM pbenylalanine (initial

concentration) at 370C and pH 8.S. We compared (,) the individual effects of non­

recombinant E. coü ceUs (OI>fJOO = 50), chymottypsin (100 mg/ml), and mouse

intestinal tluid (diluted 1:10 with Tris buffer at pH 8.S) with (il) the effect of naked

recombinant PAL eitber aJone or in the presence of cbymotrypsin (100 mg/ml) or of

intestinal tluid (1:10 dilution with Tris buffer al pH 8.S) and (iil) the effect of E.

coli ceUs (OD600 = SO) expressing PAL (S units) aJone or in the presence of

cbymottypsin (100 mg/ml) or mouse intestinal fluid (1:10 dilution witb Tris buffer

al pH 8.S).

Analytica1

Plasma Phenylalanine Concentration: We coUected blood from tait inta beparinized

tubes, extracted plasma, and measured pbenylalanine by HPLC (Beckman System

Ooldl'M, DABS amino-acid anaIysis Kit).

DNA Analysis: Animais were genotyped, as descnbed (31), for the paJr2 mutation.

We developed a method ta deteet the paJf"I" mutation tbat elimjnates a amplification

created recognition site (ACRS) for tbe restriction enzyme TaqI. We used PCR,

with primers S'-GAGAATGAGATCAACCfGACA-3' and S'­

ITGTCTCOOGAAAGCrCATCG-3', ta amplify a 169-bp segment of exon 3

(mouse Pah) from blood spots coUected on Guthrie cards. The product subjected 10

TaqI digestion yields a distribution of fragments witb a distinct banding pattern for

each of three posstble genotypes: Pah+l
+ generates two fragments (148bp and 21bp)

, paJf"I"l+ generates three (169bp, 148bp and 21bp) and paJrlll generates one

fragment (169bp).
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RESULTS

Synthesis and Purification of PAL

We obtained PAL byexpressing the p1BX-7 construet (Fig. 1) in E. coli,

followed by purification on a Q-Sepbarose column. The produet is a yeast (R.

toruloides) PAL enzyme, at 80% purity (Fig. 2). The yield in our present system is

100-150 units/g E. coU ceUs, with a Km of 2SO ~, at specifie activity of 2.2-3.0

units/mg of PAL protein; 1 unit of PAL dearninates 1.0 ,umol L-phenylalanine 10

trans-einnamate (and NIb) per minute at pH 8.S and 300c.

Effect of PAL in ENU Mice

We used the ENU mouse onhologues of human PKU and non-PKU HPA 10

obtain proof of pharmacologie and physiologie prineiples by demonstrating efficaey

of PAL enzyme against the byperpbenylalaninemie pbenotype.

Pilot Study

PKU mice (ENU 2; n = IS) on reguiar diet were tteated with PAL (2, 20 or

100 units) by i.p. injection without any additionaI manipulations. Within 3 br, the

postinjection value for blood phenylalanine bad fallen (range, 0-984 ILM) from the

pretrealmem value (range, 389-2,012 pM). These prelirnjnary observations

demoDStrated both an apparent treatment response and troublesome inter- and intra­

individual variation. Accordingly, we controUed for the latter by adopting the

protoeols descnbed above.

Proof of Phtunulcological Principle: A single i.p. injection of PAL enzyme

significandy lowered plasma phenylalanine in PKU mice (ENU2; P < O.OS) and

showed a dose-response (Fig. 3); at each point, data are nonnal;zed ta the control

(sbam-treated) values for each animal ta accommodate inter- and intra-individual

variation. The non-PKU HPA mice (ENUI) and the heteroallelie HPA stain
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(ENUl/2) also responded ta PAL treatment (data not shown). The effect of a single

i.p. PAL injection in ENUI mouse model persisted for 24 br (P < 0.02; Fig. 4);

ENUl/2 and ENU2 mice bath bad similar 24 br responses (data not shown).

ProofofPhysiolog;cal Prindple: To demonstrate the effect of orally administered

PAL on plasma phenylalanine levels required protease..resistant PAL formulations.

Recombinant PAL enzyme activity was proteeted against inactivation by gastric

acidity and intestinal digestive enzymes by retaining and shielding it in the E. coli

cells where it was synthesized. We used these cells in the absence of a different

fonn of PAL protection.

Recombinant PAL enzyme proteeted by the ceU wall and membrane of E.

coli resists inactivation by proteolytic intestinal enzymes in vitro; otherwise activity

of naked enzyme is abolished (data not shown). PAL enclosed in E. coli ceUs was

shown ta reduce phenylalanine content of the in vitro solution (Table 1). When

given by oral gavage, recombinant PAL (15 units) expressed in an E. coli strain

isolated from Sprague..Dawley rat lowered plasma phenylalanine in ENU2 mice by

31 % in 1 br (P < 0.04) and 44% in 2 br (P < 0.0004) (Fig. 5).

Otber experiments in vivo, conducted with aprotinin (protease inhibi1Or) and

recombinant PAL enzyme purified from E. coli (YI091), gave funher proof of

physiological principle. This formulation resists inactivation by chymotrypsin and

mouse intestinal tluid in vitro (data not shown). Oral gavage of naked PAL (200

UDÎts) combined with aprotinin (protease inlubi1Or) lowered plasma phenylalanine in

ENU2 mice: by 50% in 1 br (P < 0.017) and 54% in 2 br (P < 0.023) (Fig. 6).

DISCUSSION

Wc descnbe a method 10 produce recombinant PAL (Fig. 1) that may enable the use

of this enzyme ta degrade excess phenylalanine in PKU where the normal pathway

for its disposa1 is impaired.. Why would this alternative be useful if, as is generally

assumed, carly treatment of PKU by a semisynthetic low phenylalanine diet is one
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of the success stories of medical genetics (1;2)7 The aoswers lie in the incidence of

PIeU, our expectations for its treatment, and the anticipated "prevalence" of patient

treabDent years.

The combiDed incidence of PIeU and non-PIeU HPA is on the order of l<r'

live birtbs in populations of European descente Current evidence reveals similar

rates in Asian-Oriental and Arabic populations (1). New guidelines (10;11) for the

treabDent of HPA bave apPeared sa tbat residual imperfections in outeome (1) can

he overcome and expectations met; the guidelines advise treabDent to restore blood

pbenylalanine levels as near normal as possible, as carly as possible, for as long as

possible, perhaps for a Iifetime. In tbis context, the "prevalence" for patient

treabDent years takes on new meaning wben it involves the difficu1t existing modes

of treabDent. The predicted "prevalence" in patient treabDent years for a

population of 10' penons, assuming SO years of treatment Per patient, would he

SOO,OOO patient treabDent years in balf a century.

PKU is a muItifac10rial disease; mutation in the PAR gene and diewy

explsure to the essential nutrient amino acid L-pbenylalanine are equally necessary

causes of the mutant pbenotype (1). TreabDent of HPA is feasible because the

dietary experience cao he purposefully modified, and the low pbenylalanine diet bas

been its mainstay.

Untreated PKU is a disease at tbree pbenotypic levels. At the proximal

(enzyme) level, many different mutations in the PAR gene impair PAH integrity and

function (32). Because PAR enzyme is the principle detenninant of phenylalanine

homeostasis in villO (1), its impairment leads ta HPA, which is the intermediate

(metaboüc) level of the variant phenotype. Impaired cognitive development and

neurophysiological fuDction is the distal (clinical phenotype); phenylalanine is the

neurotaxic molecule (1), and hence the rationale 10 restore euphenylalaninemia.

Tbree modalities for treabDent exist in theory or in practice: gene tberapy,

enzyme tberapy, and diet therapy. The first bas its appeal but is only at the

experimental stage (33) (aiso C. Harding, persooal communication) and un1ikely ta
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he put into practice unless the alternatives fail. The third metbod (Iow

phenylalanine diet therapy) was inaugurated in the 19505 (3-5) and bas &ehieved its

primary goal: it bas prevented mental retardation in the adequately treated patient

(1;34). However, dietary treaUllent of PKU and HPA is difticu1t; it involves

rigorous compliance, a major alteration in lifestyle, and use of treabDent products

tbat bave unusuaI organoleptie qualities. Moreover, measurements of cognitive and

neurophysiologie outeomes show subtle deficits (lQ scores are 0.5 5D helow

normal), and tbere are lacunae in neuropsychologica1 and neuro-physiological

performance. Accordingly, there is growing interest in the second form of

treabDent (enzyme therapy).

Enzyme therapy could he donc by replacement (of PAH enzyme) or by

substitution (with another enzyme 10 degrade excess phenylalanine). Replacement

of PAH requires the intact multienzyme complex for catalytie hydroxylating activity

(1); it could he done best perbaps only by hepatic transplantation and this approach

bas not been pursued. But if the PAL enzyme could he administered by mouth ta

the PKU patient, it would bave a certain appeal; therapy with enzymes proteeted

from inactivation is feasible for the treabDent of metabolic conditions (35;36). We

propose mat PAL will "substitute" for defieient hepatic PAH activity and degrade

phenylalanine in the PAH-deficient organisme To test tbis hypothesis, we used the

induced mutant (ENU) mouse orthologues of buman PKU and non-PKU HPA (23).

We tirst demonstrated praof of pharmacologie principle: given by injection, PAL

acts in vivo 10 lower ambient blood phenylalanine levels (Fig. 3). We then

demonstrated proof of physiologie principle; PAL placed in the intestinal lumen acts

in vivo 10 suppress HPA (Figs. 5 and 6). The latter is a significant finding that

capitalizes on tbree prior concepts and observations: (l) amino aeids are in

equilibrium between various comparunents of body tluids (37;38) and uItimately in

equihbrium witb the imestiDal lumen (39), 50 mat treatment of intestinal lumen

phenylalanine will affect all body pools. (il) PAL p1aced in the intestinal lumen

will modify phenylalanine content of body tluids in the whole animal (15;18). (iil)
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PAL placed in the intestiDallumen will act on bath the dietary pbenylalanine and the

endogenous runout of Cree phenylalanine from its boUDd pools (40). AccordinglY9

the appropriate dosage and scbedule (ta avoid UDder- or overtreatment) of oral PAL9

perbaps in combination with a controUed and modesdy low protein diet9 sbould

control the pbenylalanine pool size without need of the drastic restriction of dietary

phenylalanine as now practiced and requiring anificial diets. Ancillary treabDent of

PKU witb PAL and prudent protein intake would become analogous to treabDent of

diabetes meUitus with insulin9 with an additioDa1 feature - the enterai route would

avoid problems with immune recognition of PAL.

UDtil DOW9 the cost of PAL bas probibited any consideration of therapy; even

animal studies were eunailed. The recombinant enzyme we descnbe here may

avoid this constraint and bas enabled our investigations. The relatively low specifie

aetivity of the recombinant PAL product and relative inefficiency at pH 7.0 (lBEX,

unpublisbed data), may be offset by the long contact lime between enzyme and

substrate during passage througb small and large intestine. The formulation

currendy under development is focused on completely proteeting the PAL enzyme

against a protease enviromnent.
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CbaDge in phenylalanine cODtent 01 in vitro solutions under various treatmeots

Experimental Treatmentf
Conditions

Control Non·recombinant E. coli cells

Chymouypsin

intestinal tluid

PAL In induced recombinant E. coli cens

Decre8se in
Phenylalanine
(fJ, CODtro1)(9

o
o
o

76

•

ln induced recombinant E. coli cens 72
+ chymotrypsin in medium

ln induced recombinant E. coli cens 66
+ intestinal tluid in medium

, Treatments were for lhr foUowed by measurement of L·pbenylalanine content.
(9 Initial concentration, 4 mM L·phenylalanine.
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PAL

•

ftG. 1. PAL gene from yeast R. toruloides was cloned in the expression vector
pIBX-7 wbere transcription is controUed by the strong inducible tac promoter and
tenninated by the rRNA transcription terrninator sequences rrnBTl and rmBT2.
Lacfl represses the tac promoter, benœ isopropyl jl-D-tbiogalactoside is required to
release it from the promoter. The kanamycin resistance gene (Kan~ is included in
the construct to aIlow selection of ceUs contaiDing the plasmid.
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DG. %. Purified PAL enzyme (5 /4) separated on 4-15% gradient SDSIPAGE.
MolecuIar mass markers in kDa are to the right. Lanes: 1, sample of PAL with
- 20% impurities indicated by additiona1 bands; 2, low-range molecuIar mass
standards (Bio-Rad).
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1000

ftG.3. Injection i.p. of recombinant PAL enzyme reduces plasma phenylalanine
in the ENU2 mouse (y axis is logaritbmic scale) over time (x axis) (P < O.OS).
Reduction of plasma phenylalanine by PAL shows a dose-resplose relationsbip (z
axis). Data are normaUzed ta the control (sbam-tteated) values for each animal at
each point. Data depicted are the average of 5 paired series. The range of control
(100%) values was 390-2,0131&M for animais receiVÏDg 2 units of PAL, 572-1,488
1&M for animais receiviDg 20 units, and S04-1,4741&M for animais receiving 100
UDÏts•
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DG. 4. A single i.p. injection of recombinant PAL enzyme (100 units at zero
time), reduces plasma phenylalanine level in ENUI mice by 95% al 24 br (P <
0.02) relative ta sbam-treated contrais. Data for five paired series (means ± 1 SD)
are nonnalized ta paired control values ta accommodate inter- and intra-individual
variation, The range of control values (100% al zero time) was 41-528 ~; every
animal showed a response ta PAL.
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ftG. 5. Plasma phenylalanine levels in ENU2 mice after oral administration (25
units per mouse) of induced recombinant E. coli cens expressing PAL: 31 %
reduction within 1 br (P < 0.04) and 44% reduction in 2 br (P < 0.0(4). Data are
normalized to control values (mean ± 1 SD). ., sbam; • , PAL enclosed in E.
coli. The range of control values (100%) was 425-800~; every animal showed a
response to PAL.
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nG. 6. Plasma phenylalanine levels in ENU2 mice after combined oral
administration of naked PAL enzyme (200 units per mouse) and protease inlubitor
(aprotinin): 50% reduction within 1 br (P < 0.017) and 54% in 2 br (P < 0.023).
Data are normalized to control values (means ± 1 SD)... sbam; ., unproteeted
PAL plus aprotinin. The range of control values (100%) was 4S8-1,OSI~; every
animal showed a response ta PAL.
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ln the history of lite sciences, mutants bave been imponant resources for gaining

insigbt into the biological fonction of genes (1). Orthologous animal models bave

served science by providing surrogates for human subjects in the study of disease

phenotypes and their potential therapies (2). The particular advantages in mice as

the onhologue are (1) bigbly bomologous genome segments between mouse and man

(3), (il) the shon mouse generation time, (iil) large liner size, (ill) their relatively

small cost in care and maintenance and (v) the possibility of producing a model

(transgenic) if a 'natural' one is DOt available (1;4). Access to mouse models bas

been a great belp towards the understanding of underlying disease mechanisms

(1).

The initial development of mouse models of human disease entails either a

genotype-driven approach wbich required lengthy process of gene mutagenesis

followed by isolation of the mutant strain and funber inbreeding, or a phenotype­

driven approach (i.e. by ENU tte8b1lent) whicb focuses on the recovery of novel

or sougbl after phenotypes witbout focusing on the underlying gene.

Identification of the associated gene is secondary. Either method resu1ts in models

tbat ooly bave the potential ta measure the metrical traits of a specific mutant allele,

and since conclusions about the role of a gene product drawn from a single

mutation may be misleading (especially with the genotype-driven approach where

the mutation may produce an atypical phenotype), il is importanl, if al aU

possible, to try and look al more than one mutant aUele al a particular locus (S;6).

The BeteroaUelic Mouse

ln the presence of formerly established mutant lines, the potential developmenl of

heteroallelic animal models becomes an added advantage. Generation of

heteroallelic mouse models provide the opportunity to produce additional variants of

disease pbenotypes, in sorne iDstauces, also allowing the expression of mutant genes

tbat wouId otberwise not he viable in the bomoallelic fonn. In addition, when

various alleles are available, series of heteroallelic models cao he developed
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providing a spectnIID of phenotypic cbaracteristics associated witb the disease in

question. For HPA, heteroallelism at the (human) PAR locus is representative of

- 75% of probaDds in the population (7), therefore the corresponding mouse models

cao provide a better understaDding of phenotypes associated with tbis disorder. To

this end, the heteroallelic mouse model developed here contnbutes ta a more

complete understanding of the human condition.

ln Cbapter 2 and in the mouse genetic Pah homologues web page presented

in Appendîx D, we report on a new beteroallelic ENUI/2 mouse model and

describe and compare phenotypes of control (BTBRIPas) and mutant onhologues

of human PKU and non-PKU HPA strains (ENU2, ENUI and ENUI/2) and their

heterozygous counterparts. The mutations associated with each of the homoallelic

models were described in Chapters 1 and 2. The ENUI mouse displays a mild

phenotype (non-PKU HPA) and cames a mutation tbat affects amino acid residue

106 (VI06A). Val 106 is conserved among mammalian species but is divergent in

others; it is in a region tbat carries the majority of divergence (8). To date, no

human PAH mutation bas been identified affecting this amino acid residue. The

nearest affected human amino acid changes accur at alanine 104 (AI04D) ­

associated with variant PKU (7;9) or at serine 110 (SIIOL) (9); bath mutants

appear to affect secondary structure and protein stability (10). They are bath

located in N-terminal regulatory domain of the PAH enzyme (10). The ENU2

mouse bas a severe PKU-like phenotype and cames a mutation affecting amino

acid residue 263 (F263S). One human PAR mutation bas been reponed al this

residue (F263L) (9). Position 263 is located 4.9 A away trom the Fe atom in the

active site; substitution with leucine in the human protein is suspected to interfere

with the protein's 1t-stacking interactions witb the substrate (10). The substitution

occurs at a position direcdy adjacent to amino acids involved in the pterin binding

(10-15). In the ENU2 aIlele (F263S), a similar relationship may existe The

majority of amino acid changes in tbis region are a5S0Ciated with variant ta severe
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PKU phenotypes (7;16). As sbown bere, the heteroallelic (VI06A1F263S)

ENUl/2 mouse counterpart displays an intermediate HPA phenotype.

Metabolic Manipulation

Like human subjects, the mice are pliant to metabolic manipulation. (See

Chapter 2, Fig. 2). An extended HPA can be induced in the ENUI and ENUl/2

mice by injection or oral gavage with phe-containing solutions. For the ENU2

animais, euphenylalaninemia cao he established after a three-day dietary control of

phe intake. An oral dose or injection of phe can quicIdy reestablish PKU

phenotype in the ENU2 animal. Although HPA can be easily induced in the

ENU1 strain, the plasma phe clearance rate is fast and therefore levels do not

remain high for an extended period of tilDe; in contrast, the plasma phe clearance

rate is slowest in the ENU2 animal making controlled HPA difficult to establisb

and maintain. The ENU1/2 model, with its attenuated clearance rate, displays

HPA, suitable for experiments requiring highly monitored plasma phe regulation.

Pah Enzyme ActivitY

Hepatic Pab enzyme activities of the various models correlate inversely

with the corresponding plasma and brain phe levels (See Cbapter 2, Fig. 1 and

3). The ENU2 mice on normal diet with bighly elevated plasma and brain phe

levels have no deteetable Pah activity, while ENVI and ENU1/2 mice with -24 %

and S% normal enzyme activity respectively have near normal plasma and brain pbe

levels. Enzyme activity in the kidney (as measured in bumaos by Lichter-Konecki

et al. 1988 (17», may also bave an affect on the overall phenotype of the mice.

This was oot measured in our studies, however one would expcct these mutations to

bave similarly deleterious effects. The ENU1/2 animais could be considered

functionally hemizygous for their ENUI aIIeles since they carry the ENU2 allele

tbat apparendy abolishes PAH activity (18). However, the tact tbat the activity of

the enzyme in the heteroal1elic mouse is lower tban the average of the ENUl and
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ENU2 hints at a possible negative complementation between the alleles. The

carrier counterpans with approximately 50% normal enzyme activity, display

nonnal plasma and brain pbe levels, an expected result for autosomal recessive

pbenotypes. These observations agree witb the suggestion by Kacser and Burns tbat

"enzymes do not act in isolation" (19). AIl systems fonction in response 10 a series

of enzymes tbat are kinetically linked 10 other enzymes via their substrates. Fluxes

tbrougb sucb systems are therefore a product of the systemic properties, and 50

variation at one locus must be measured as pan of the wbole system (sensitivity

coefficient). There are as many coefficients for a given flux as there are enzymes in

the system; the sum of these coefficients is equal 10 1, with each coefficient being

small. Therefore any large change in a specific enzyme's activity (a single

coefficient) results in a negligible change in the flux. Fifty percent activity los5, as

is the case with our heterozygote, results in a minimal change in phenotype (19).

Pah Enzyme Stability

Variation in Pah protein stability is observed in the different ENU treated

HPA mouse models. Premature degradation of mutant protein cao be triggered by

structural abnormalities tbat are generally associated with altered oligomerization

and increased aggregation of the protein (20). This may explain the results

observed from the western blots for the ENUI mutant protein, which displayed

apparent protein instability. The ENUI mutation does not lie in close vicinity 10

the PAH epitope (amino acids 139-155) reeognised by the PHS monoclonal ann"body

(13). Therefore loss of the epitope does not explain the lack of deteetable PAR on

the western blots. On the other band, some misseose mutations bave minimal or

no effect on the stability of the enzyme but result in loss of activity, as the

affected residue is critical for proper enzyme function. This is the suspected cause

of the phenotype observed in the ENU2 mouse where the protein is stable but does

not bave any detectable aetivity. In the ENU1/2 model the oligomer assembly,

with interaction between the IWo different mutant subunits, results in a compound
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with an intermediate stability in comparison 10 the ENU1 and ENU2 mutant

proteins.

MeasuriDg Bebavior

Bebavior measurement is difficult in the animal Madel. However maze­

tests bave been developed tbat measure 'executive fonction' in animais (21-23).

The T-maze altemation test and the Win-Stay eigbt-arm radial maze task, which

were used here, measure simple discrimination leamiDg, shott-term memory on

spatial-reversai and reference memory, babit leamiDg and memory for visual

stimulus, respectively. In studying and comparing the various mouse models, the

ENU2 mice (on normal diet) were the only ones showing impaired behaviour. No

significant difference was observed between wildtype, ENU1, ENUl/2 and their

heterozygous counterpans (none of these mutant animais was dietarily manipulated).

Reproductive Problems

Reproductive problems associated with maternaI HPA in bumans are also

observed with the PKU mouse. These are again independent of either patemal or

fetal genotype, depending solely on the maternai genotype and dietary pbe intake

(24). The maternai effect on offspring correlates direcdy with the degree of HPA,

witb 1055 of progeny ooly observed with ENU2 mothers. The level of HPA bas

also been effectively manipulated in the ENU2 mouse model allowing a measure

of the dose-response relationsbip between maternaI HPA and pregnancy outeome

(25). A number of investigators bave looked at the possible cause of these

problems. It is apparent that mice, like bumans, bave a transplacental gradient for

phe, favoring the fetus (25). This elevated HPA is the cause of cardiovascular

developmental defects, different from those observed with burnans. They were

vascular (26), in comparison 10 those most reponed in humans, wbich were

cardiac (2). Once apin, no significant differences were observed between

wüdtype, ENUl, ENUl/2 and their heterozygous counterpans (again, none of the
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animais were manipulated dietarily). The natural HPA experienced by the ENUI

and ENUl/2 animais was oot high enough ta significantly affect reproductive

status. These findings do resemble buman data sinee maternai plasma pbe levels

below 400 J.lM range are usually associated with normal fetaI outeome (2;27).

Phenylalanine MetaboUtes

The steady state level of plasma pbenylalanine is determined by those processes

tbat lead ta the net disposai of pbe and those that replenish the plasma pool (28).

For the normal population, the disposal pathway mainly involves bydroxylation of

pbenylalanine ta tyrosine with a partial fraction of pbe used for net increase in

body protein in growing children. However in the absence or reduced function of

PAR, a secondary route, the transamination pathway, becomes significant. This

patbway converts pbe ta PPA, whicb is subsequendy convened to PLA and PAA

and pbenylacetylglutamine. Wbether these products are the ones responsible for

the brain abnormalities associated witb PKU bas long been debated. In the past,

ooly analyses of urine, plasma and CSF sampies were possible. These studies

strongly suggested that the levels of transamination products achieved in vivo

would not be taxie ta brain (29). However, their potential toxicities in the brain

could not be fully ruled out as no method was available tbat directly measured

brain Metabolite levels.

In Chapter 3 we descnbed a novel metbod for measuring the concentrations

of PPA, PLA and PAA in mouse brain tissue. To acbieve tbis, we used NICI­

GC/MS. This metbod requires the reduction of the PPA Metabolite ta a singly

deuterium-Iabeled PLA (pLAdl) as PPA is very unstable and decomposes in basic

environments necessary for sample extraction. In addition, as PLAdl, it cao be

measured in a standard stable isotope dilution assay, using PLAd3 as internaI

standard, wbich is also used ta measure the natura! PLA Metabolite. PLA, PLAdl

and PLAd3 are men derivatized wim PFB and TFA, and PAA and PAAd, (internai

standard) with PFB. The extra derivatization of PLA isotopomers wim TFA is
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necessary, as the 2-hydroxyl group of the phenyUactic acid would otberwise

decompose by debydration wben passing tbrough the gas ebromatograph.

Derivatization transforms the acids into thennally stable, ebemically inert

compounds tbat are volatile at temperatures below 3000c. The gas ehromatograpby

column separates the compounds based on volatility.

As the molecules elute from the column and pass through the ionization

cbamber, tbey acquire an electron and become negatively charged. This ionization

destabilises the molecular stnlcture, which results in the loss of the

pentafluorobenzyl radical for eacb of the PAA and PLA molecules and their

isotopomers. The ions are then passed tbrough a quadrupole mass analyzer, whicb

sons the ioDS according to their mass/cbarge ratio.

The ions produced by PAA and PLA were initially identified by a complete

scan of their NICI mass spectra to identify the MOst intense ioDS. SIM was tben

applied, wbich measures the intensities of only the intense-significant ions identified

in the full scans of the PFB esters of authentic PAA and PAAd5 internaI standard

and the PFB and tritluoroacetyl esters of unlabeUed and labeUed PLA. SIM

enbances the measured intensities by a few oRlers of magnitude.

To calcu1ate the fiDaI endogenous concentrations of the compounds, the

isotopie impurities of the internai standards and the natura! abundances of heavy

isotopes in the constituent atoms were measured and taken into account in the

subsequent calculations. Calibration curves for ail three Metabolites, over the

expected physiological ranges, demonstrated a linear response. The sensitivity of

tbis metbod is estimated to be -0.1 nmol/g brain tissue.

The use of deuterium-Iabelled analogues as internaI standards contnbutes

greatly to the accuracy of this method, as endogenous PPA (as reduced to PLAdl),

PLA and PAA are compared wim virtuaIly the same Molecules, affected in the same

manoer duriDg each step of sample preparation and analysis.

This NICI-GCIMS metbod was used to measure the concentration of PPA,

PLA, and PAA in the brain tissue of wildtype, ENUl and ENU2 mice. Metabolite
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levels correlated direcdy with the corresponding plasma and brain pbe levels

indicating tbat at normal or near normal phe levels, the transarnination pathway

contributes insignificandy 10 the brain metabolic profile. The ENU2 mouse levels

of Metabolites measured in brain tissue did not reacb levels of toxicity necessary for

pathogenesis, as documented in earlier studies (29;30); levels were in fact lQ-fold

lower tban tbose associated with 1Oxicity, yet the ENU2 mice exlubit bebavioural

and cognitive impairment. We attnbute tbis effect 10 phe itself until evidence

indicates otherwise, and therefore agree tbat "there are no abnorma1 metabolites in

PKU, oo1y normal Metabolites in abnormal amounts" (31). In this way the

combined use of both the analytica1 method and the onhologous mouse models bas

made a contribution toward resolving a long-standing controversy about PKU

associated pathologies.

Logic and Rote of Low Phenylalanine Diet

With pbenylalanine once again verified as 6the villain' associated with the natura!

course of the mutant pbenotype, it is reassuring tbal the mode of therapy applied

for the PaSt four and a half decades bas becn functioning to eliminate the problem

direcdy al the source. Low-phe dietary therapy was inaugurated in the 1950'5

(32-34) and bas since been the mainstay of treatment. It is effective because the

dietary experience cao he purposefully modified affecting the internai milieu

(2;35). It lowers and normalizes the steady-state value of phe concentration,

reestablishing euphenylalaninemia. This treatment modality acbieved its primary

goal by preventing mental retardation and providing a positive pregnancy outeome

(27;36;37). Yet the process is anytbing but simple, requiring rigorous compliance

and a major alteration in lifestyle. DifficuIties stem in pan trom the restrictions

usociated with constant dietary coostraints and in part from the poor organoleptic

qualities of the treabDent itself (2;38). In addition, outeomes (whether a product

of imperfect overall compliance or deficits in diet composition) remain less tban
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optimal, displaying subtle deficits in IQ scores and neuropsychological and

physiological performance (2).

The problems associated with the diet...based treabDent are even more

cogent with recent recommendations for 'life long treabDent' (37). There is now

a growing interest in other forms of treatment that may be less rigorous and far

less sociaUy imposing.

Various alternative treabDents of PKU and their apparent feasabilities were

described in Cbapter 1. Enzyme substitution therapy with phenylalanine ammonia

lyase (Cbapter 4) in tbis context is relevant.

Prior attempts (3943) al PAL treatment did not progress beyond the

occasional experiment, as the limited supply and costly acquisition of the purified

form of the PAL enzyme prohibited any consideration of human therapy.

Treatment with PAL, purified from natura! sources, bas a predicted daily cost of

10 to 10,000 times the yearly...approximated $5000 (CDN) cost/patient of the diet

therapy (lBEX Technologies, personal communication). For the PAL modality

of treabDent to he economically feasible, the cost had to be lower or equal to tbat

of dietary treabDent.

PAL Protection and Use as an Alternative 10 Diet TherapY

Cloning teebnology offers the opponunity for an economical supply of

PAL 10 eoable enzyme substitution as an alternative treatment for PKU. The PAL

gene from yeast R. toruloides bas been inserted into a plasmid onder the control of

a high expression modified double Ptac promoter and expressed in non...invasive

strains of E. coli. Active enzyme is easily isolated and purified from the bacteria.

The recombinant enzyme descnbed bere provides a vinually limitiess supply of

PAL at sustainable cost.

Stabilized (protected) PAL, taken orally, could 'substitute' for the native

mutant PAR protein; the bypothesis is as follows: PAL would fonction by

depleting bath dietary phe and the endogenous runout of free phe from its bound
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pools (44) as ail systemic phe pools are in flux equilibrium witb the intestinal

lumen (41;45-47). Recent profiles of the amino acids in the duodenum, jejunum

and ileum bave indicated extremely bigh (10-100 fold) concentration of intestinal

free amino acids as compared 10 the plasma (44;48). Chang et al. proposed tbat

the major sources of intestinal amino acids are from gastric, pancreatic and

intestinal and other secretions and not from the dietary source, thus tbis phe pool

would be endogenous in origin (44;48). The secretions are bigbly concentrated

witb peptides, polypeptides, proteins and enzymes, whicb are broken down into

amino acids by tryptic digestion in the intestine. These amino acids are

reabsorbed as they pass down the intestine (indicated by the steady decrease in

amino acid concentrations down the intestine), constituting the large recirculation

of amino acids between the body and the intestine (44;48). Oral ingestion of

stabilized PAL would metabolize phe from ingested foods as weil as the gastric,

pancreatic and intestinal secretions, preventing the undesirable amino acid from

reabsorption back into the body (44). The enzyme is protected (stabilized) to

avoid degradation and digestion in the gastro-intestinal tract. In addition, the

enzyme will pass tbrough the intestine, metabolize phe and then be excreted in the

s1OOl, bypassing problems with immune response associated with accumulation of

syntbetic injectable drugs (39;41;49-51).

PAL, Dot requiring a cofactor, convens phenylalanine to the Metabolites

trans-einnamic acid and trivial amoUDts of ammonia (52). The trans-cionamate

metabolized by the Iiver to benzoic acid, is tben excreted in the urine as bippurate

(53); it bas no toxic propenies (52;54;55).

To test the efficacy of recombinant PAL, we used mutant ENU mouse

onhologues of non-PKU HPA and PKU and demonstrated both praof of

pbarmacological and physiological principles. The tirst objective was necessary

10 verity the efficacy of the recombinant PAL in depleting systemic phe levels.

lotta-peritoneal injection of PAL acted in vivo to lower ambient blood phe levels.

The effect persisted over 24 bours foUowing PAL treatment, with plasma phe
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levels markedly lower tban those measured at zero lime prior 10 PAL

administration.

The second objective was 10 show tbat PAL cao be administered orally and

proteeted from degradation by intestinal digestion while actively depleting

pbenylalanine. This was effectively demonstrated using two different systems.

Filst, recombinant PAL was expressed in a non-pathogenic E. coli organism tbat

provided an environment for PAL, proteeting it from the action of digestive

enzymes, wbich were unable ta penetrate the ceUs. The free phe, in the intestinal

lumen, was transponed through the bacterial membrane and convened by PAL to

'rans-einnamic acid.

PreUminary experiments were canied out in two stages to measure the

efficacy of the E. coli system. ln vitro pbe conversion was measured. Control

cells (empty of PAL), chymotrypsin solution and intestinal tluid were compared to

ceUs filled wim active PAL, in protease free environment and exposed to

chymotlypsin solution and intestinal fluid. The tirst three had no effect on phe

levels in solution, whereas the cells filled witb active PAL rapidly reduced phe

levels by an average of -71 %, with a minimal impairment of the PAL effect on

phe by cbymotrypsin or intestinal enzymes in the media. In addition, naked PAL,

unproteeted by cellular membrane, lost aU activity witbin minutes upon exposure

10 chymotrypsin and intestinal fluid. Our second approach was to observe the in

vivo effect of PAL proteeted from degradation inside the E. coli vebicle. Gavage

of ENU mice with tbis system acted 10 offset hyperphenylalaninemia in the mouse

model.

We tben studied a second system. PAL was delivered in solution witb

aprotinin protease inhtbitor. This mixture, placed in the intestiDal lumen, again

acted in vivo effectively depleting the systemie phenylalanine levels.

The long contact time between enzyme and substrate during passage

tbrougb smal1 and large intestine cao offset, in part, the relatively low specifie

activity of recombinant PAL (2.2-3.01U/mg). In addition, systems adopted here
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were interim experimental approacbes used purely for proof-of-physiological

principle. The application of tbis form of therapy in bumans would ideally

require a PAL enzyme of bigber specific activity and require a formulation tbat

will (a) effectively proteet the protein against protease attack9 and (b) Dot disturb

the intestinal environment9 allowing for normal digestion. With sucb a

formulation, a more appropriate prediction of the dosage and treatment regiment

for the various fonns of HPA will he possible. The assumption stands tbat as

with dietary therapy, PAL treatment will he adjusted on an individual basis.

However, unlike dietary treatment9 PAL should control the phenylalanine pool

size without drastic life style restrictioD9 making it far more user friendly. What

would be considered an awesome fcat with the current treatment could he more

easily acbieved with PAL; far better compliance on a day 10 day basis and

potentially for a lifetime. It will also eliminate the worries associated with diet

related nutrient imbalance and deficiency (56-58) as no major dietary adjustments

(trom the nonn) will be required with the PAL treatment modality.

ln The Metabolie and Moleeular Bases of Inherited Disease9 Scriver et al.

recognized the major milestones in the PKU joumey since its discovery in 1934.

Among them were the discoveries in the 1950'5 of deficient PAR enzyme as the

major cause of PKU and the restriction of dietary pbe intake, a functional

treatment for tbis disease; in 1963, the Guthrie test was inttoduced wbich allowed

for population screening and in the 198O's, the PAIl gene was mapped and cloned

(2). Here wc recognized the 1990's development of mouse models wbich opened

the door to investigations tbat would bave othenvise been impossible with human

subjects. For the future decade, we hope 10 go a step furtber by inttoducing a

new oral drug therapy for HPA. The work we bave done bere could transform

the treatment of PKU ta a more companble approach (adding a positive effect

with a mecbanism vs. removing a negative intluence by drastically cbanging life

style and culture) and more imponandy, improve the lives of the affected patients.
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Future Aims

The findings in this tbesis may bave implications on a numher of levels. The

heteroallelie ENUl/2 mouse model, displaying HPA tbrough metabolie

manipulation, is suitable for experiments requiring a model with plasma phe levels

tbat don't tluetuate constandy. Different severities of HPA, easily induced and

maintained in tbis animal model, would he helpful in measuring clinical

parameters such as maternai effect (viz McDonald, 2(00) (25) and bebavior.

We see tbree ongoing initiatives with PAL: 1. The goal here is ta produce

a PAL fonnulation tbat will bave long-term efficacy. Various oral protein drug

strategies bave been attempted at IBEX with the aim of improving PAL protection,

bioavailability and producing a fonnulation bt is fit for repeated administration.

Cross-Linted Enzyme Crystal (CLEC) fonnulation, involving bateh crystallization

of PAL and ehemical cross-linking, bas been suggested as a beuer option for PAL

delivery; both steps are equally eritical in producing a stable protein with good

mecbanical properties (IBEX unpublished data). CLEC technology bas been used

with other proteins 10 produce catalysts tbat bave increased stability against

denaturation by heat, organie solvents and exogenous proteases (59). This

stability may he explained by the exclusion of proteases, owing to the size of the

solvent channels (60). With PAL, the small substrate (pbe) will easily penetrate

the body of the crystal 10 reaet witb the active sites.

2. Animais continue 10 he a 1001 for ongoing studies with PAL therapyas we

bave DOW developed a protoeol for long-term PAL administratiOD, using a route tbat

provides direct access 10 the duodenum (See Appendix E). This route will serve at

the interim experimental stage wbile enterie coaling, wbieh proteets against the &Cid

environment of the stomach (a possible contributor 10 enzyme inactivation), is not

applied.

3. Long-tenn efficacy of oral formulated PAL will he demonstrated by

extended (week-long) stable plasma and brain eupbenyJalaninemia and normal pbe

Metabolite (pAA, PPA and PLA) levels (measured by NICI-GCIMS) in the mouse.
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First-in-man studies will follow praof of long-tenn efficacy established in the

mouse model. Like in animais, the end point here will be ta establish long-tenn

euphenylalaninemia in patients, following routine oral dosing of PAL. This fonn

of treatment will ultimately replace the cunent dietary treatment of PKU.
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• CL~STOOUGINALITY

1. Creation of a hybrid beteroallelic ENUl/2 (non-PKU HPA like) mouse

strain, with descriptions and comparisoDS of control (BTBRlPas), mutant

onbologues of human PKU and non-PKU HPA strains (ENU2, ENUI and

ENUI/2) and the beterozygous counterpans.

2. Development of an amplification-ereated recognition site (ACRS) method for

fast deteetion of the ENUI mutation.

3. Metabolic manipulation and measures of the rate of plasma phe clearance for

the HPA mouse strains. Demonstration of an intermediate phenotype for the

ENUl/2 animais, lying between severe ENU2 and mild ENUl phenotypes.

The ENUl/2 mouse, more pliant to metabolic manipulation, displays an

HPA phenotype tbat is suitable for experiments requiring bighly monitored

plasma phe regulation.

4. Comparison of measured hepatic Pah enzyme activities of the various mouse

strains, showing inverse correlation belWeen activity and the corresponding

phe levels in plasma and brain and plasma phe clearance tîme. ENUI/2

anjmals display levels intermediate to those of the ENU2 and ENU1 mice.

S. Variation in Pah protein stability is shown for the different HPA mouse

models. Stability of the ENUl/2 mutant protein is intennediate 10 the ENUI

(unstable mutant) and the ENU2 proteins.

• 6. Measures of the maternai HPA effect on offspring correlate direcdy with the

degree of maternaI HPA; abnormal phenotype observed ooly with the ENU2
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7.

8.

9.

mouse model. Measures of bebaviour demonstrate an abnormal pbenotype,

again observed only witb the ENU2 mouse (resembling buman data where

low levels of HPA are associated with normal CNS function).

A NICI GCIMS method was developed for analyses of PFB ester derivatives

of PAA, PPA and PLA, when formed in situ in brain bomogenates. A stable

isotope dilution technique was used with PAAds and PLAdJ as internaI

standards.

Unstable PPA in the homogenate was reduced by NaB1H4 to stable PLAdl,

labeled with a single deuterium and discriminated from endogenous PLA in

the mass spectrometer on tbis basis.

NICI mass spectra were obrained for the PFB esters of authentic PAA and

PAAds and for the PFB esters of the trifluoroacetyl esters of unlabeUed and

labeUed PLA and their a5S0Ciated ions were identified.

•

10. Concentrations of PLA, PAA and PPA in the brain tissue of wildtype, ENUI

and ENU2 mice correlated direcdy with the corresponding plasma and brain

levels of pbe. The bigbest levels of the Metabolites measured in the ENU2

brain tissue were lo-fold lower tban tbose 1inked with toxicity (as described in

literature reports). PKU-related CNS dysfonction is thus associated witb

elevated levels of pbe itself.

Il. Use of the ENU mouse onbologues to obtain praof of pbarmacological

principle: Intraperitoneal injection of recombinant PAL acted in vivo to

lower ambient blood pbe levels. The effect persisted for over 24 bourse
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12. Use of the ENU mouse orthologues 10 obtain proof of physiological

principle: Two recombinant PAL formulations (proteeted against degradation

by intestinal digestion) were delivered ioto the intestinal lumen. Depletion

of the endogenous pool (plasma phe) was demonstrated.

13. Development of a protoeol for long-term PAL administration. using a route

that provides direct access 10 the duodenum.
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Pbenylketonuria CPKU) and related forma of non­
PKU hyperpbenylalanjnemia (HPA> (OMIM
261600) are human autoBomal reœ&Bive traits, char·
acterized by elevated leveJs of phenylalanine (phe>
in body f1uids. These Mendelian diaorders result
from deficiencies in phenylalaDine bydroxylase en­
zyme <PAR> (Ee 1.14.16.1). which catalyzes the con·
version of phenylalanine to tyrosine. Untreated pa­
tients have elevated leveJa of phenylalanine in body
f1uids. Thoae with persiBtent HPA from birth are
likely to have irreversible impairment of cognitive
development. Furthermore, transplacental trans­
port of exœu phe from the maternal pool to the
fetua. duriDg intrauterine deveJopment, puts off­
spriog at riait for IDicncephaly and birtb defec:ts.
Theae dUeaae-causiDg etJ'ec:ts of PKU and matemal
HPA are preventable by treatment that restores
eupbenylalaninemia (1).

Although PKU is one ofthe best Imawn hereditary
metabolic d.i8onIers, the mecbanism underlying its
pathopbysiolocy is still DOt fuIly understood (2). Fur­
thermore, the c:urrent dietary treatment of the hu­
man diaeue ia DOt optimal for either complianœ or
fidly BonDai cognitive outcome. To this end. the
availability of an ortbologoua animal model is rele­
vant (3,4).

Chemically induced HPA in the rat had loog
served 88 the animal -model- for "PKtr; bowever. it
had many imperfections (5). These were avoided
when a mutant HPA moU8e mode! generated by
N.ethyl-N'-nitrœourea mutagenesis (6,7), mani­
festing aD forma oC the hanoful HPA phenotype,
became available (1.8). The miœ thus generated had
autosomaI rec:essive forma ofHPA representing both
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locus and allelic heterogeneity; for example. the
strain first identified (9), calIed hph-l. was mutated
at the GTP-CH locus (10); GTP.cH catalyzes the
first &tep in biosynthesis of tetrahydrobiopterin, a
cofactor essential for hydroxylase activity. Sub&e­
quently, other &trains aU mutated at the PaJ& locus.
but with varying degrees of phenotypic severitr
(orthologues of human PKU and non-PKU HPA),
became available (3,8). Here we report a hybrid
strain (paJaMalI'). produced by CJ'088ÏDg a homozy­
gous femaJe PaJ&MalIl nOD-PKU HPA mouse with a
hete.rozygous male PohMdh PKU carrier. We de­
scribe the organismal phenotypes of the control
(BTBRlPas) and mutant straiD8 CPahMalIl and
PahMd/a , the heteroalleüc PaJ&MalII stra.in, and tbeir
carrier counterparts), their correspondiDg metabolic
panuneten, hepatic Pah enzyme activity, blood and
brain phe leveJs, behavioral parameters and corrob­
orate prior evidence of maternai HPA eff'ect on the
fetus. We aIso discu88 how this mouse model is being
used to measure the respDnse to an alternative ther­
apy for PKU by enzyme substitution with phenylal­
anine ammonia lyase CEC 4.3.1.5) to degrade exceas
dietary and endogenoua phenylalanine (18).

MATER1AL8 AND METRODS

ENU mïœ. W"Jld-type mice (BTBRlPas back­
ground) were treated with alkylating agent eN­
ethyl-N' -nitrœourea) and mutations mapping tG the
mouse phenylalanine hydroxylase locus (PaA) were
identified by hyperpbenylalaninemia, a metricaJ
metaholic trait (3.7). The original straiDs PahMalIl

(phenotype name, ENU1) and PahMdta ŒNU2),
kincilr given tG us by W. Dove and A. Shedlovsky,
were bred in Madison, WiscoD.8În (3,1) and later
genotyped (11). The hybrid heteroal1e1ic: strain
(Pall-z ta• ENUlfl) was bred in Montreal, Canada,
as describecl here. •

The homozygous mutant ENUI mouse is a coun­
terpart ofhuman DOn-PKU BPA (7.8); it expresses a
m.issenae mutation (c.364T - C, VI06A) in UDn 3 of
the Pah gene (11). The bomozygous mutant ENU2
mouse is a counterpart of human PKU (3,8); it ex­
presses a mi888nse mutation (c:.835T - C, F2638) in
esDn 7 of the Pail gene (11). The ENUlfl strain was
deve10peci br selective matiDgofENUl C2 x Pah-zt

+

(ENU2I+)à. Genotypes at the Pail locus ofall breed­
ers and offspring were verified by DNA analysis. AlI

Z PaA-.l11 mice with an &PA pbeDotype were ioitially aamecl
the Pah"'- st.nio; PaA-~mice are the PKU eDUDterpart.
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procedures described below wete reviewed and ap­
proved by the Animal Care Committee at McGill
University.

Metabolic manipulation of animal modela.
Plasma and brain phe levels were measured in all
mice when fed on breeder moUBe cbow (Teklad 8626)
(Madison, WIl. ENU2 mice were then made euphe­
nylalaninemic: br placing them, for 3 consecutive
days. on 80lid diet devoid of phe (Teldad 97152)
supplemented with waœr containing 30 mgIL L-phe,
and then injeded with L-pbe (1.1 mglg body M,
subeutaneously) tG produce a controUed predictable
HPA state. ENUl and ENU1J2 miœ do DOt show the
HPA state on normal diet; a predic:table degree of
HPA was produced in tbese strains by subcutaneous
injection of L-phe Cl.1 mglg).

Metabolic~ TiJDe.depeadent plasma
clearance of phe was measured after subc:utaneous
injection of the standard dose of L-phe in the ENUl,
ENUlfl, and euphenylalaninemic: ENU2 animais.
Plasma pbe was measured at baseline (zero h> and l,
2 and 3 h postcba11enge. We use tbia parameter as a
measure of phe "nmout...

Poh enzyme CISSCIY. Liver tissues were prepared
and stored at -80°C until analysis. Protein conœn­
tration was measured using the Bio-Rad protein
8888y kit (HeRUles. CA). The 8888r (12-14), mea­
suring the conversion oC [U-14C}-L-pbe to labeled ty­
rosine, was modified 88 foUows. Homogenate (100
1&1> and 0.4 mM 6-methyltetrahydropterine (6­
MPH4) (Scbircks Labs. Jona, Switzerland) were
added tG the reaction mixture (0.1 M potassium
phosphate butrer (pH 6.8), 1000 units catalase
(Sigma-Aldrich, Oakville, Ontario, Canada>, 0.3
mM L-phe, 4 x 105 cpm [U_14C}phe (DuPont NEN.
Boaton, MN, and 10 mM dithiothreitol (lCN. Costa
Mesa, CA» (final reaction volume = 250 ,dl. The
samples were inc:ubated (with shaking) at 25°C for
1 ho then boiled for 5~ plac:ed on ice, and ana­
lyzed aa:ording to Ledleyet al. (14). Preliminary
experiments established linearity of activity versus
protein concentration and incubation tÏJDe.

Western blots. Liver was homogenized in buffer
c:ontaining 50 mM Trizma (pH 8.0), 150 mM NaCl,
1~ (vlv) NP-40, 0.3 #oLM aprotinin (Roc:he Molec:ular
BiocbemicaJs, Laval Quebec, Canada). and 1 mM
Pefabloc: (Roche Molecular Biochemicals). Samples
were eIectrophoresed on 1~ SDS-polyacrylamide
gel, transferred to Hybond-C extra nitrocellulose
(Amersham, Little Cbalfont, Buckinghamshire, En-
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gland). and immunoblotted to detect mouse Pah pro­
~ with 1~ml anti-mouse PH8 primary antibody
(PbarMin~ Missisauga, Ontario. Canada) (15).
detected with peroxidase-Iabeled anti-mouse anti­
body (1:1000 dilution) (Amersham). and developed
with RPN 2109 ECL (Amersham). HWDan PAH wu
used as a positive control.

Effect ofparental phenotype on(etal suruival. Fe­
males were introduced to their breeding partners
immed.iately following sexual maturity. The foUow­
ing female homozygous and compound phenotypes
were studied: wild-type BTBRlPas (Contron. ENUl,
ENU1I2, ENU2. and heterozygous ENUlI+.
ENU2I+. Various male genotypes (and phenotypes)
were aJso studied for possible patemal affect. The
efTect ofmaternai HPAon progeny was measured by
counting the number of litters and number of prog­
eny at birth and weaning. Blood phe was measured
in the dam prior to breeding and at delivery and
weaning.

Tests of behauior. The T-maze altemation test
was conducted as described by Nasir et al. (16). A
Win-5tay eight-arm ramai maze task was con­
ducted 1 WeR foUowing the completion of the T­
maze tests. The latter task, modified as described by
Seamans and Phillips (11) and Nasir et al. (16).
consista of a central octagooal platform with eight
arms radiating hm the middle (35 x 9 x 12 cm);
eight 6--W light bulbs mounted directlyabave food
cups (-4 cm hm the base) were plaœd at the end of
each anD. On the first 2 days the miœ were acdi­
mated to the maze for 10 min; no food was in~
duced. For the following 3 days. the animais were
tested (two trialafday). On each trial day. four ran­
domly selected arms were lit and baited with
Kelloggs Froot Loups (Etobicoke, Ontario, Canada)
cereal Following food conaumptîon. th~ light was
turned off. After all four pelleta bad been retrieved
(max.. time alIowed, 10 min) the animal was removed
tor a 5-min period and then plaœd baclt into the
maze where the same four arms were lit and baited
once again. The arm c:hoices. the tilDe latencies (si
min) to reach the food in the finit arm c:h~ and
the total tilDe required to complete the daily trial
were recorded..

DNA analysi8. Animais were genotyped for wild­
type and mutant aDeles as described (11.18).

Brain and blood samples. The brain was le­

moved within 5 s after death and homogenized (on
ice) in 0.1% (wlv) sodium dodecyl sulfate (19). Allo-
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FIG. 1. ~ pbe values (JIJDOl. mean :!: SE, Il • 4): cootI'Dl
(BTBRIPas) mice. 91.2 :!: 6 ~I; ENOlI+. 58.5 :!: 7; ENt/21+,
&6.1:!: 1; ENUI. 93.4:!: 8; ENUJJ2.147.0:!: 29; ENU2.1697.4 :!:
175. The corntllpoDdiDc braiD pb. value- (1&IDOl. mean :!: SE ) are
control. 76.9 :!: 6; ENUlI+, 120.3 :!: 10; ENU2I+. 112.5 :!: 5;
ENVI. 123.6 ~ 1; ENU1J2. 1SO.7 :!: 42; ENU2. 876.4 ~ 30.

isoleucine was aclded as an internai standard; bD­
mogenate was then incubated for 15 min at room
temperature followed by the addition of 1.590 (vlv)
5--sulfosalicylic acid dihydrate solution and then vor­
texed and centrifuged at 14.000g for 15 min. The
supematant was extracted and frozen at -sooC un­
til anaIysis. Blood was coUected hm the taiI into
beparinized tubes and plasma was obtained by cen­
trifugation.

Amino acid analysis. AlDino acids were mea­
sured by HPLC on a Beckman 6300 automatic
amino ac:id anaIyzer <Palo Alto. CAl.

Statistical analysis. We used single-fac:tor anal­
ysis of variance (ANOVA) between the different ge.
notypes (conducted for each factor measured). The
Poisson heterogeneity test confirmed homogeneity
within genotypes. AlI values reported on figures and
tut are expressed as means ~ SEM.

BESULTS

Metabolic manipulation and catabolic rates for
Phe. ENU2 mice exhibit 10- to 2G-fold elevated
plasma phe levela and 10-foid increase in brain phe
levels (P = 1.13 X 10-11 and 4.7 x 10-15

• respec:­
tively) wben fed with breeder mouse chow (Fig. 1);
the corresponding measurements for the ENU1J2.
ENUI. ENUlI+. ENU2I+. and BTBRIPas wiId-type
strains show near normal or normal values (ANOVA
conducted between these genotypes showed P =
0.17 and 0.7. respectively). After the standardized
injection tu induce HPA in the ENU2 (inîtially made
euphenylalaninemic. see Materials and Methods>.
ENUI. and ENU1J2 animais. the time-dependent
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na. 2. Plasma pbe clearance rates (or" &Wl; ., ENUlI2;
ami • ENU2 animais loaded with a atandud doee o( phe
(mean :: SE; /1 = 5).

plasma clearance rates (catabolie rates) <Fig. 2)
show that ENU2 animaJa have the most severe met­
abolie phenotype, ENUI anjmals the least severe,
and ENUIn mice an intermediate phenotype.

Pah enzyme actiuity. We examined the relation­
ship between hepatic Pah enzyme ae:tivity and
plasma phe levels (Fig. 3). The ENU2 mice, with
Wldetectable enzyme activity, have the most ele­
vated plasma phe leveJs. ENUI and ENUIn mice,
with -24 and 5~ normal enzyme activity, respec­
tively, have near normal plasma phe levels under
standard diet conditions. ENU2I+, ENUl/+ het­
erozygotes with -49 and 61% normal enzyme activ­
ity, have normal plasma phe levels as expected for a
reeessive trait.

Enzyme protein kuels. Hepatic Pah protein lev­
els, as visualized by immunoblotting of liver ex-

~

nG- 3. Pah enzyme acUvity YS pluma pbe values in control
aad ENU pbeoocypes (mean :: SEM; Il :; 4). Enzyme activity and
plasma pb.e levels of the ENUVl auimala are iDtermectiate com­
pared to thoee ofENUl and ENU2 animals (P < 0.05).

-46&

=ftL
IJJ456 ,

PlG.4. Westem blDt (or Pah protein in liver extracta (repre­
IIeDtative oCaix repliacesl. The -52-1dla baad (arrow) Ua the Pah
IDODOmer. oeber (ainl buda repnseot DOUpec:ifie triodinI. COIl­
finoed by Uleir abeence with puri6ed bWIUID PAR (1aoe 1) and
tbeir preaenc:e in the lriJd·type IDOUM stra.iD (Jane 7). Laue 1:
purified hUlllUl PAU (hPAH>: laDe 2: ENU2. Jane 3: ENU1J2; Iaae
4: ENUl; laoe 5: ENUV+; laoe 6: ENU2I1o ; laDe 1: wild-lype
BTBBIPaa. Raiubow lDarbr uaecl (or menace.

tracts, are difTerent in the three ENU phenotypes
(Fig. 4). These findinp imply that enzyme stability
may vary with genotype; The ENUI mutation ap­
parently affects stability (and therefore activity) of
the protein, evident by the cJearly reduced levelof
immunoreactive Pah. The ENU2 mutation, which
impairs enzyme activity, mayalso affect stability; it
produees somewhat djminjsbed but easily detect­
able protein. evident by the substantial amounts of
immunoreactivity. The ENU1J2 compound is inter­
mediate in both protein stability and enzyme aetïv­
ity. These findinp were consistent in six replicates.

MalenuJl effect. The ENU2 damB with severe
HPA conferred a severe maternai effec:t on offspriDg;
the other strains did DO~ the effect being dependent
on the degree of HPA <Table 1). ANOVA analyses
showed a significant reduc:tion in the number of
Iitters and progeny at birth and ofthose surviving ta
weaning only !rom the ENU2 mothers CP <
0.00014 and 0.0008, respectively).

BeluJuÎor. The T-maze altemation test aBBesSes
simple discrimination learning and short-term
memory; we observed impaired behavior ooly in the
ENU2 animais (Table 2). The W"m-Stay eight-arm
radial maze task measures reference memory, habit
leaming, and memory for a visual stimulus. Only
the ENU2 model showed impaired behavior
(Table 2>'

DISCUSSION

Animal models assist the study of disease pheno­
types and potential therapies (20). Mouse models
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TABLE 1
Maternai Etreet GD N1IIII..... and Sa of Litten aad Survival to WelllÜDC <Mean % SE. ,. =5)

Average No. or litten Averap No. o( Average No. o(
Matema1 Average No. or surviving ID WIUUlincI pnpnyat progeny surviviDg
genocype littenlmated remale mated (emaJe birtbllitter tG welUlingllitter

Control 1.9 ~ 0.2 1.& ~ 0.1 8.0 ~ 0.7 7.1 ~ 0.8
ENUlI+ 2.0 ~ 0.3 1.& ~ 0.5 8.1 ~ 1.2 7.& ~ 1...
ENU2I+ 3.1 ~ 0.4 1.9 ~ 0.3 &.& ~ 0.6 ".9 ~ 0.1
ENU1 2.1 ~ 0.2 1.9 ~ 0.2 &.2:: 0.5 5.0 ~ 0.5
ENU1f2 3.1 :: 1.3 2.1:: 0.4 6.0:: 0.8 5.3:: 0.8
ENU2 1.3 ~ 0.2 o~ 0" 1.3:: 0.9 0 ~ O·

• ANOVA. P < 0.00014.
• ANOVA. P < 0.0008.

oirer the added advantage in tbat their genomes are
highly homologoua with the human genome (21). In
addition the mouse and human phenylalanine hy­
droxylase genes have -87% conaervation of the nu­
cleotide sequence, with -10'lJ of the changes ment;
the corresponding proteins bave 95% conserved
amino acid sequences (14). Here we bave described
and compared phenotypes of control (BTBRlPas)
and mutant strains (Pah-m , Pah..u4/2, Pah.-II2 ,

and their beterozygoua counterparts), the mutants
being orthologues of buman PKU and non PKU­
HPA (Fig. 5).

The ENUl mouse, whic:h displays a mild pheno­
type (non-PKU HPA), carries a mutation in exon 3
(11) affecting the N-tenninal region of the enzyme
distant Û'Om the catalytic residues of PAHIPah. re­
cenUy identified by c:rystaliographic analysis of the
buman enzyme (22,23). The ENU2 counterpart bas
a mutation in Bon 7 whic:h includes the catalytic
region; the site is predicted ta bave 11'-stacking in­
teractions with the substrate (24). The resulting
phenotype is PKU-like (11). The ENUW heteroal­
lelic counterpart displays an intermediate pheno­
type.

Pah enzyme activities of the various models cor­
relate inversely with the corresponding pbe levels
in plasma and brain and with plasma phe clear­
ance time. ENU2 mice with undetectable enzyme
activâty have -2o-fold elevated plasma and brain
pbe levels and the slowest clearance rate, wbile
ENUI and ENUlJ2 mice with -24 and 5% normal
enzyme activâty• respectively, bave neat normal
plasma and brain phe levels and more normal
clearance rates. The carrier counterparts. baving
approximately hall the normal enzyme activity,
display normal plasma and brain phe levels. These
metrica1 traits are thase expected for an autoso­
mal recessive phenotype (25).

Pah protein shows different states of stability in
the dift'erent ENV phenotypes. The ENUl mutation
results in protein iDstability, whereu the ENU2
mutation bas ooly a minor eirect on this parameter.
Stability in the ENU1J2 compound Î8 intermediate
in comparison.

The bebavioral assessment of ENU2 miœ shows
impaired simple discrimination in short-term mem­
ory, reference memory, babit learning, and memory
for a visual stimulus. The other genotypes were cor-

TABLE 2
8e11aYionl AaR "Dt.... ~ st:. " = 1)

•

Test

T·mue alterDatioo test
Increaae ÎIl averap time required ta reach food (a)

The W"m-Stay eigbt-anD radial maze tallit
Reduction in the No.. oCeotries iDto iDiciaIIy lit arDIS

Uu:reue in average tilDe nquired ta reach (ood (a)

Increaae iD average time tG complete triaJa Cs)

ReIlUliDiDg paotypes Significaaat
ENU2 combiDed (P)

20.7 ~ 6.7 5.2-10.3 :: 0.4-2.1 <0.005

5.5 0.3 6.2-7.5 0.4-0.5 <0.03
58.3 15.5 5.~13.1 L3-L9 <4 x 10··

290.0 36.0 71.8-138.& 6.4-13.4 <8 x 10-12
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•

respondîngly unaffected in clinical measurès. Tbese
observations coneur with earlier findings (26).

The maternal et1"ect on offspring correlates di·
rectly with the degree ofHPA and is apparent only
with the ENU2 mothers; the effect is completely
independent of paternal genotype. These findings
resemble human data where maternai plasma phe
levels below the 4OO-1LfD01 range are osuaUyassoc:i­
ated with nonnal fetaI outeome (1).

The ENU1J2 mouse model has been particuJarly
useful for measuring the response to an alternative
therapy for PKU. namelyoral administration ofphe­
nylalanine ammonia lyase in an effort ta degrade
excess phe from the accwnuJated pools (l8). Our

present studies demonstrate praof of principle. both
phannacologicaJ and physiological. The present re­
port desc:ribes in detail the parameters available ta
measure the short- and long-term responses to this
therapy and document the advantages of the
ENU1J2 strain for this work.
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PbenyDœtonuria <PKtJt and related fonDS of Don­
PKU byperphenylalanjnemia (}IPA> (1) are autœomal
receaive diaonIen of amiDo acid metaboliam, wmm
result fiom primary dysômctioo of phenylalanine by­
drœylaae (PAIl). the hepetie enzyme respoasible for
catalyzing the COOveniOll ofphenylalanine to tyrœiue.
PKU and BPA patienta have elevated levela iD body
ftuids oC phenylalanine (phe) BDd of metabolites de­
rived &vm phenylabmiDe (pbenylpyruvate (PPAJ. pbe.
nylaœtate (PAA). and pbenylladate (pLA» <2. 3). Un­
treated PKU proINmds U81UIIJy baYe severe inevenible
mental retanlation; the ri8k oC mental retardatiOll ÙI
leu iD the CODditioDa with a lower depee of BPA
CDOD-PKU HPA)•

'nie Cree pbe pool iD the normal subject Î8 derived
&om Pro sourœs: iDtaJœ ofexogenous ctieta:ry protein
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MATEIlIAU AND METHODS

The method measures PM as the pentafluorobenzyl
<PFB) ester with [~J-phenylaceticaeid CPAAds) as
internai standard, and PLA as the PFB and triftuoro­
acetate (TFA) diester with [2,3.3-:!HJ-phenyUactic aeid
(PLAd3) as internai standard. PPA is reduced to [2-:lHl­
phenyllactic aeid (PLAd t ) by addition of sodium boro-
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FIG. L NlCI mua Ipec:tra obtaiDed for the PFB derivativea oC
UD1abeJed PM and PAAd•. IDteDsities or Îou with ...... IJ'fttat
tban 145 Da have beeD mulliplied b,. 20. and apparDDt co be related
co the IlUDple. The ÎIlteDae IODa at m/z 135 and 140 ClUTY Dearly the
mtinty or the iDil c:urnDt prodau:ed and awnçond tG the carboxy­
late aniou formed by the (ou orthe peatdUOl'lllleuyI ndical &Dm
the molecular 8IÙDDL WhiJe the moIeculu lIIlioIW upected al m/z
316 and 321. respllCtnely. an IlOt decected. very wnk ion eurnnta
aUributabJe CO Jou or HF &om the molecuJar uUou (DOt abowD)
conIirm &he aatun oC the derivativa.

100

FlG.2. NlCI maaa spectra obtained for the PFB derivacives of the
TFA esters of unlabeled PLA. PLAd I• and PLAd,. lntenaiCies of ioM

with lDUMlI greater than 270 bave been multiplied by 50 co show
tbat chey appear oœ CO be reIa&ed CD the sampje, as the lDaSIIeIS show
no inc:remeDtiDcdepeadeat lIpDIllabelîDg. The c:arbos:ylace aaiDM at
mJz 261.262, and:!&l fonned by the Jou orthe pentaftuorolJeDzyl
radical &am the molecWar anioDs (m/z 442, 443. and .us. Dot
det:ected) carry oearIy ail the laD cunenL
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lated to tyrosine and onIy a trivial fraction is transam­
inated to PPA onder normal conditions (4). PAR en­
zyme catalyzes the hydroxylation reaction; when its
activity is absent or reduœd (as in PKU and to a lesser
degree in DOD-PKU HPA>. the &ee phe poofexpands. if
dietary phe input is DOt reduced. At tbis stage, the
degradative transamiDation pathway, involving con­
version ofphe to PPA (the initial reaction in this path­
way), becomes signüicant at a modal phe value of -0.5
mM (2-5). PPA is suhsequently converted to PLA and
PAA and phenylacetylglutamine (1). Whether these
metaboütes actually conbibute ta pathogenesis ofcog­
nitive impairment has long been debated (3,5).

Orthologous mouse modela of PKU and Don-PKU
HPA exist (6-8) which allow us to measure phe and its
metaboütes in brain in various deg.rees of HPA. Here
we describe a GCIMS method to measure phenylala­
nine metabolites based upon stable isotope dilution
techniques. coupled with negative ion chemical ioniza­
tion <NICD.

•
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deuteride <NaB:tH.J to the supernatant of the tissue
homogenate. and is measured in the manner similar to
tbat for PLA.

Prrparation of Internal Stœadarr:l Solutions

PAAd$o A 0.071 mM PAAd5 stock solution wu pre­
pared by dissolution of1.0 mg (CDN isotopes) in 100 ml
deionized H20.

PLAd:J- PPA 07 mg. 0.1 mmo4 Sigma Cbemical
Co.) wu dissolved in deuterium oxide (25 ml. CDN
Isotopes) and made basic (pH>12) with 3 drops of~
Na02JI in za20. The resuJting solution was held at
60°C for 1 h and then rotary evaporated. to near--<fry-

Mouse Modela
The homozygous mutant strain Pah.....-...a (pheno­

type name, ENU2I2) and Pah-a-t (ENUlIl) are or­
thologues of human PKU and non-PlCU-HPA. respec­
tiveJy (http://tRww.mcgill.caIpaheib'mouse). They were
developed by treating wild-type mice (BTBR back­
ground (used as contrais» with the alkylatiDg agent
N-ethyl-N'.nitrosou.rea (6, 7,9). Produced in Wiscon­
~ they were kindly given to us by W. Dove and A.
Sbedlovsky. They display a range of pbeDotypic: char­
acteristics comparable to chose ofaffec:ted buman indi­
viduaJs (l0).

2
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Dess. The residue was taken up in a lo-ml aliquot of
2JfzO and held at 6QDC for 1 h. This solution was cooled
to room temperature and NaB2Jf. (approximately 5
mg. CDN Isotopes) W88 added. The resulting solution
W88 warmed to SODC for 10 min. cooled in an ice bath.
and slowly acidified to pH < 2 with 2 N ReJ (caution:
vigorous evolution of hydrogen). The solution W88 sat­
urated with NaCl and extracted with three lo-ml vol­
umes of dietbyl ether. The ether extracta were com­
bined, made anhydrous by addition ofsolid anhydrous
NaaSO. (two successive l-g lots). and then evaporated
to dryness in a dry nitrogen stream. The product.
PLAd:r. was obtaiDed (14 mg. 83% c:rude yield) in oïl
form. &ee of residual PPA 88 determined by GCIMS
analysis of the trimethylsilyl derivatives. Extensive
experience with reduc:tiona of keto acids with NaBZU.
in this laboratory shows that these reductioDS are
quantitative. The isotopie purity was determined ta he
97% as the triply deuterium-Iabeled isotopomer. Ap'
proximately 14 mg of the crude product was dissolved
in deionized water (lOO ml) ta he used as the internal
standard for PLA and PLAd I determinatioDS- The con­
centration ofthis intemal standard was determined by
a reverse stable isotope dilution aasay. measuring rel­
ative ion intensities in a solution with wùabe1ed PIA

of Imown concentration. The final concentration of the
PLAd:l internai standard solution was 0.787 mM.

Brain Sample Prr!paration

Brains were removed within 5 s foUowing decapita­
tiOll ofENU2I2, ENUlIl. and control animaIs fed with
standard rodent diet (Teldad No. 8604) (n = 61geno­
type) and immediately homogeaized in minimal 20°C
deionized water (1:1. wlv) ta wbich we added the la·
beled intemal standards (100 '" each ofthe PLAd;s and
PAAd, solutions). The total volume was made up to 1
ml. adiusted ta pH 10-12 with dilute KOa NaBZU. (2
mg) was added immediately. and the tubes were placed
in SO-C water for 10 min.. PFB derivatives were pre­
pared in the manner previously reported <11) with the
fonowing stock solutions: A, methylene chloride (20 101)

and pentaftuorobenzyl bromide (0.4 ml. Aldrich Chem·
ic:al Co.); B. potassium phosphate butTer (pH 7.4. 100
ml) and tetrabutylammonium hydrogen sulfate (3.4 g.
Aldrich Chemical Co.) adjusted ta pH 7.4 with 2 N
KOH. Solutions A (0.25 ml) and B (0.25 ml) were com­
bined in a separate tube. 0.25 ml oftissue homogenate
supematant was added, the mixture was vortexed for 2
min and then plaœd in an ultrasonie bath for 20 min at
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room temperature. Huane (2 ml> W88 added. the mix­
ture wu vOTtesed for 1 min. the hexane layer W88 then
removed and dried by addition of anhydrous sodium
sulfate (10 mg) with vortexing for 1 min. The huane
layer was nen dec:anted into a separate tube. N-meth­
yI-bis-triftuoroac:etamide (MB'l'FA. 50 ,.d. Pierce Cbem­
iœl Co.) added was then vol'teXed and pJaced into a
50°C water bath for 10 min. AIN sodium bicarbonate
solution (2 ml) was added to the tube and the mixture
W88 vortexed for 1 min. The besane layer _as 6na1ly
removed into a sepante tube, anhydrous sodium sul­
fate was added, and the mixture W88 vortexed for 1
min. An aliquot oftbis final hexane solution W88 t:raJ1s..
ferred to an au~ec:torvial for GClMS analysis.

Blanit Scunpk

Blank samples were prepared with deionized water
equal in volume to the brain tissue homogenate super­
natants. These samples were proc:essed and anaIyzed
88 described for the tissue samples.

OC/MS Analysis

Aliquots (1 pl) of the derivati2ed mixtures were an­
alyzed in NICI mode with a Hewlett-Packard 5988A

GCIMS fitted with a 3O-m x O.2S-mm Lei. capillary
column (J & W Scientific) coated with a 0.25-f&JD DB-l
film. The helium 80w rate was 2 mJImin; the injector
and interface temperatures were 250°C. The column
was temperature programmed from l00·C after a
l-mïn hold to 120·C at 40°C/min and then at 10·Clmin
to 280·C. The column was baked out at 280°C for 5 min
at the compJetion of each sample analysis. Methane
was WIed 88 the moderator gas al an indicated source
pressure of 0.6 mbar and the ion source temperature
was 120°C. SeJected ion mode W88 WIed to measure the
intensities of negative ion fragments m/z 135, 140.
261. 262. and 264 with dweU âmes of 50 ms each.
These fragments arise by the 1088 of the penta1luoro­
ben.zyl radical from the molec:u1a.r anions of the PFB
derivatives of PAA and PAAds• and the PFBIl'FA de­
rivatives ofPLA. P1.Adlt and PLAd:ao respectively.

AmiIlO AJ:id Quantitation

Whole blood was coUected from mouse tails into hep­
a.rinized tubes, plasma was separated by centrifuga­
tion, and after deproteinization the amino acid content
was analyzed by HPLC on a Beckman &300 automatic
amino acid analyzer.
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Whole brain amino acids were anaJyzed according to
the method described by Diomede et al (12). Brain
tissue was removed within 5 s after dec:apitation and
bomogenized (on ice) in 0.590 sodium dodecyl sulfate
solution (1:4, ."Iv). Alloiaoleucine was added as an in­
terna! standard and the homogenate was then i.Dcu­
bated for 15 min at room temperature. A 41ft solution of
5-sulfoealicylic acid dibydrate solution (1;0.6, v/v) was
added, and the mixture was centrifuged at JA,OOOg for
15 min. The supematant was decanted and frozen at
-8O"C until analyzed by HPLC as ahove.

IlESULTS AND DISCtTSSION

NIC! mass spectra obtaiDed for the PF8 esters of
authentic PAA and PAAd~ standards are shawn in Fig.
1. The must intense ions correspond to the carboxylate
anions (m/z 135 and 140, respec:tively) produœd by the
1088 of the pentafluorobenzyl radical (181 Da) !rom the
moleeular anions (m/z 316 and 321, respec:tive1y, Dot
detected>. Losa of HF (20 Da> !rom the molecuJar an­
ions, which is commonlyobserved in derivatives ofthis
nature, is detectable, although not apparent in the Fig.

1. The 14o.Da fragment in the spectrwn of PAAd5

confirma that an labeling Î8 intact iD the ion measured.
SIM anaJysis of PAAds shows that the unlabeled con·
tent is 1.3~ relative to the labeled. This is taken into
account in the caJcu1ations of the endogenous concen­
trations of PM.

NlCI spectra for the PFB esters ofthe triftuoroacetyl
esters of unlabeled and labeled PLA are shown in Fig.
2. The most intense ions (m/z 261. 262, and 264)
represent the earboxyl anions produced by the loss of
the pentaftuorobenzyl radical &am the molecular an­
ions m/z 442, 443, and 445 (not detected) ofunlabeled
authentic: PLA, PLAd. synthesized !rom PPA by redue­
tion with NaBZJ{... and synthesized PLAd:l (internaI
standard>. respective1y. The PLAd l isotopomer corre­
sponds to PPA in the original bomogenate. It is essen­
tial that the 2-hydroxyl group of the PLA isotopomers
he derivatized because decomposition by dehydration
at Ge temperatures would lead to deuterium labelloss.
The PLAd:s synthesized and used as intemal standard
was found by SIM analysis tG he 91.17'11 PLA.d" 2.66%
PLAdz, 0.001% PLAdlt and 0.16% PLAdo. Reduction of
authentic PPA by NaBzH.. yielded PLAd l that was
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TABLE 1

Relationship becween Brain Phe Metabolites with Plasma Phe 1..t!ve1s in Three Phenotypes
(normal, ENUI. and ENU2) (n = 61genotype. X ~ SE)

Pluma pbenylalaoine PPA PM PLA
Mouse mode1s concentration(~ (omaJlg braiD) (IUDOJlC bnm) (omoJlr braiDJ

Control <100 1.2 =0.1 2.7 =0.3 0.2 = 0.1
ENU-1 150-100 1.2 =0.1 2.2 =0.5 0.9 = 0.3
ENU·2 1400-3000 2.2 =0.3 7.4 =1.6 59.3 =21.8

TARE Z

Relatiooshipa between Plasma and Brain Phe Values in
Th.ree Moue Modela (~, n = 6. X ~ SE)

mal or near normal (physiologicaJ) phe levels the
transamination pathway contributes insignificantly to
the brain metabolic: pbenotype in the variant HPA
state.

The ENU-2 <PKU-like) mouse (Fig. 7) shows greatly
incre88ed concentrations of ail three metaboütes. The
well-Imown tendency for deuterium-labeled analogs ta
elute süghtly earlier than the correspondïng unlabeled
compounds is apparent.

The correlation between plasma phe and brain me­
tabolites is shown in Table 1. BTBR-wild-type and
ENUl animals, displaying normal « 100~ or low
(150-400 1o&M> plasma phe levels. respectively. have
low phe metabolite levels in brain. This fincling implies
that the transamination pathway cames into play only
at pbe levels above 0.4 mM, 88 implied by the 6ndinp
in the ENU2 animais, moreover correlating weU with
previous observations (see Fig. 15-1 in Ref. 5). When
present. metaboüte levels bave a rank order PLA. >
PAA > PPA The relationship between plasma and
brain phenylalanine levela in the mouse modela Ï8
given in Table 2.

Our data are among the first reporting direct mea­
surements of brain phe metaboütes in PICO and Don­
PKU HPA. A pre1iminary report by Evans (13) com­
pared brain and body fluid metabolites in control and
ENU-2 mice. Rere we present a formai analysis of
PLA. PM. and PPA in brains oforthologous mice with
PKU and non-PKU HPA and compare them with con­
trol values. Our interest was to study phe metaboüte
concentrations in brain independent of their leveIs in
blood or urine; the latter were the foc:ua ofmost earüer
studies. The data show tbat brain metabolite concen-

70.1 6.5
l2O.6 8.1
88&.97 26.6

74.4 8.8
181.5 23.3

1882.7 156.5

Cootrol
ENU-l
ENU·2

MOURmadela

O.2K unlabeled.. a measure orthe isotopie purity ofthe
lot ofNaB~. which W88 WIed for the entire study.

SIM chromatograms obtained for one of the calibrat­
mg mixtures containing PM, PAAd,. and unlabeled.
PLA are shawn in Fig. 3. The PAA isotopomers are
represented by the carboxylate anions (mlz 135 and
140) fonned by the loss ofthe pentafluorohenzyl moiety
&nm the molecular anions (not detectable). The PLA
chromatograms (mlz 261. 262. and 264) would nor­
maIly represent the carboxylate anions of unlabeled
PLA, PLAd l (formed by the reduction of PPA by
NaBDJ. and the internaI standard PLAd,. respec­
tively. formed. by the 1088 ofthe penta1luorobenzyl moi­
ety from the molecular aniClns of the PFB-TFA deriv­
atives. In thi.s instanœ. the measured relative
intensities are for unlabeled PLA substituted with only
natural abundance heavy isotopes. The intensities of
m1z 262 and 264 measured in the ion cluster relative
to mlz 261 are 12.47 and 0.13,*", respec:tively, and
compare weU with the calculated values of 12.51 and
0.12%. respectively.

The calibration curves for ail three metaboütes. over
the expec:ted physiological ranges. are shown in Fig. 4
A linear response is demonstrated for each metabolite
(R 2 > 0.98 for eam metabolite). The response for PPA
(measured 88 PLAd1) Ï8 approximately 72'*" that of
PLAdo. This Ï8 possibly due to lack ofpurity or bomo­
geneity in the PPA originally weighed out. Analysis of
the PPA as the TMS derivative shows the presence of
small but significant quantities of PLA and PAA. The
sen.sitivity of our method (for aU three metaboütes> Ï8
estimated to he 0.1 nmoVg brain tissue.

Typical chromatograms for normal (Fig. 5). ENU-l
(Fig. 6), and ENU-2 <Fig. 7) mouse brain are shown. ln
nonnal moUBe brain PAA is detec:table (m1z 135) at
low levels, wbile PLA and PPA (m1z 261 and 262) are
essentiaUy absent (Fig. 5). The apparently inverted
peak (retention time. 9.02 min) in the respooses for
m1z 135 and 140 results !rom the elution of a large
unidentified peak whim temporarily depletes the ther­
mal electron atmosphere in the ion source.

The ENU-l (non-PKU OPAl mouse brain (Yag. 6)
contains elevated levels of PLA and PPA (m1z 261 and
262). The minor variation in the PAA leve1s between
the ENU-l and normal mice demonstrates that 8t nor-
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tratiODS COrreJate positively with plasma phe levels.
More important, the leveJs of the metabolite measured
here do Dot reacb levels of toxic:ity predicted for human
subjects by Kaufmao (3) and documented in earlier
studies (14). Taking iDto account assumptiODS about
distributions of metabolites in the iDtracellular and
estracellular space of brain, the levels of metabolites
measured here are lo-fold lower thao those assoc:iated
with toxicity iD brain (14). Nooetheless. our PKU
(ENU-2) mice exJuDit the behavioral and cognitive im­
pairment expected iD PKU (10). whim we attribute
primarily to th., efl'ect of phenylalanine itaeH: On the
other band. in c:ertain uotreated PKU patienta with
normal cognitive functioD. brain phe values are oot
elevated iD the preIeDce of higb bloocl values. as mea­
sund br MRI (Bee Ref. 15); an iodepeadeot impedi­
ment of bloodlbrain phe transport bas been otrered as
an aplanatioD. Our use of bath the analytical method
and the ortbologous mouse mode1B of the human is
otTered bere as a coDtnDutiOD toward resolving a loog­
standing cooUoversy about pathopnesia of the cogni­
tive phenotype iD PKU.
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A different approach to treatlllent of phenylketonuria:
Pheny1aJauine degradation with recombiDant
phenylalaDine ammonia lyase
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•

AIIS1"RACl PkeJlbtoallria (PKV). wilh iu auadakd
• , ......., (HPA) ....................... la •
dauk pMIic ad lM fini .. _ft .. idntilled
c...... Q , c.lÙllft..e Tra 1
,.,. bkIJa widI ....,.......... ...., die
.... c 1tYe pIIeIIaIJpe .., .-lion'" HPA is
ne as _ 01die lint dfecIift l''''''''U 01. pMIic
diaeue. Rawenr. c..pI_ce ••11I diehrJ arnuaer.1 is dif-
..... ad il • rer .1Ie. as ... ne........ .., ..
ÙI......IieuJJJ MCof~. pnMbIy uraJbIk.
lIeniII .. dacriIIe aper'-u _ ......... u'"
811G111er ., '01'1,...1oIPItU c_paliMewidt better
ca.plw.ce aciIJIarJ ....,...... .-- .,..
(PAL. EC oU.J.!) .. ..,.. .....,....... die ........
••trialt la PJaJ; i lnae.na. PAL KIl as a IUINIIhIk
.... die~ ,.., _ .......,..... (Ee L14.1'-l).
.1Iidlù"""t i. PIW. PAL.. nIMut..,.. ....
rw.c~. c .,upM.,...... .. traIII-CùIauIk .....
............ _ IL We dacribe (i) .. dIIdeM nc..-..
...1 PALeIIZJ'" (li) ......~PAL la
....1.11. N-edtJI-N'·IIiI~ (ENV) --. --
"nia ..dt HPA. (Ui) pnoIs of ........ (PAL ........
HPA)-1Iadt oJGIic (widt • clar ---.... eI-
lm ... HPA PAL iIIjcctiN) ~ (.........
..1enI PAL ia sipiIIcutIJe&cthe HPA). 1'IIae ftIMIiap
.............,1.lKiUtaCe ....18n1eldU dauic anetic.....
Pbenylketonuria (PIW) (1) is the protorypical buman Men­
delian disease (OMIM 2616(0) demoastrating benefirs from
tteatmenl (2). PIeU and a rdaled fonu of 'css barmlul
bypcrpbenylaJanincmia (HP~ lCrmed noo-PKU-HPA) rcsuJl
from impaircd activily of pbenylaJanine bydtoxylasc (PAIl;
EC 1.14.16.1). the enzyme calalyzing conversion of the csscn­
tia1 amiao acid Dulrienl pbenylaJaniDe to tyrosine. The enzyme
is respoosible for disposai (by œidativc c:alabolism) of the
majorily ofnulrieot phenylalanine intde. The untrcated PIeU
patient with persisleDt postnatal HPA is 1ikc1y to experience
irrcYersiblc impaïrmeot of cognitive de<lelopmcnL Antcnalal
HP~ c:aused by uamplacental transport of pbenylalanine
from lbe maternai pool to the fetus during a pregnaoc:y in
wbich there is maternaI HPA. will harm the embryo and fcfUS.
Tbc:se diseasc-c:ausing cffee:ts of PKU and maternai HPA are
preventable by treabDcot ID restore cupbenylalaninemia (1).

Pn:scnt treatmCDt relies on the ObscrvatiOD tbat a (semi­
synthetic) diet low in phenylalanine (~5) will prevcnt HPA
and mus the diseasc. .Bccausc it involves a major attention of

ne pubIicaIion c:odS oC dus uW:lc wac defrayed id part by piF dwF
paymeaL "Ibis attidc mll5t lbereCorc be bcrcby martcdM~'iD
~ with 18 U.s.e. §l7'.34 soIcJy 10 iadic::atc Ibis raa.
PNAS is avaiable oatiae:al _.pnaofl.
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lifestyle. dictary Ucatmeot is difficuJt. Moreover. dietary ther·
apy cao bc associated with dcficicncies ofSCVCralllUtricDlS (1)•
some ofwhich may bc dctrimcntatto brain devclopmcnt (6. 7).
Morcoycr. mast low phenylalanine matment prodUClS bave
organoleptic propcrties sutfaaenùy unsatisfaetory that com­
püaDce with thc trcatment is compromised (8, 9). Sud\ coo­
cems have greater relcvance now rbat bctter and longcr
compliance with therapy of PIeU and non·PKU-HPA in all
pcrsoas at rislt has been recommended (10, 11).

A combination of oral enzyme thenpy with pbcnylalanine
ammooia Iyase (PAL; EC 4.3.1.5) and controUed low protein
diet might replace depcndence on thc scmisynlhctic dier. for
trcatmcnt of PKU alter infancy (10. 12). PAL is a robust
autocatalytic enzyme thar. uoIike PAH. docs not rcquin: a
cofador (13). PAL converts phenylalaninc to metabolica11y
insignific:anr amouolS of ammonia and trans-cinnamic acid. a
bannless dlctabolitc; the latter is c:onverted to benzoic acid and
rapidly acretcd in urinc as bippurate (14). A preliminary
report indic:ates tbar HPA is anenuated by oral administration
of mic:rocnc:apsuJatcd PAL in the rar wilb c:hcmicaJJy induœd
HPA (15) and also. in preliminary studies. in naturally occur­
ring HPA in a lIlOU5C dlodel (16-18). Prdiminary srudics in
buman PKU paticnts sbowcd anaIogous responses alter the
administration of PAL in enteric-coated gelatin capsules (19)
or during use of an extracorporeaJ enzyme reactor (20). Thc
buman and evcn the animal stUdies _cre not continued
bccausc PAL wu not availablc in sufficicnt amoUDlS at
rcasooable cost.

(1) Wc uscd a coustruet of the PAL &Cne from RJrodDspo­
ridilIm roruIoUln (21) undcr the cootrol of a bigh-e:xpression
promotcr and expresscd it in a main of E.scJamchùl coli ID
obtain large amouots of PAL (22). (ü) Wc used existing (23)
and ncw st:ra.ins (CN.s.. J. D. McOonald. and c.R.S. at
bttp://www.mcgil1.ca/pahdblPah Mousc/Mousc Pah Homo­
logues) of the mulant N-ethyl-,v··nittosourea (ENU}-ucaled
mouse as orthologous modcfs of buman PKU and HPA to
study enzyme substitution Ibcnpy witb PAL (üi) Wc showcd
lhat Lp. PAL injection lowen plasma phenylalaninc in the
mousc model (proof of pharmacologic:al princ:iple). and oral
gavage of thcsc mic:c with PAL enzymc. protca:cd from
inactivation by digestive cmymcs. lowers plasma pbenylala­
ninc (praof of pbysiologicaJ principle). Thc:se devclopmcots
point ta an alternativc approac:h ID ttcatmcnr of PKU. com­
patible with c:um:nt guidelines (10. Il).

Abbrcviations; ENU.,oV-etbyl..V-·nittosour=: PIeU, pbenylketoouria;
HPA, byperpbcny"'anincmia ' PAL L·phenyla1aainc ammonia lyasc;
PAIl. bUDWl L.pbcnylaJauine bydroxylasc.
A Commenlafy on dUs article begins on pap: 1811.
tro .bom repriat rcqucm shouJd bc addrcAed al: Debc:Dc Labora­
tory. McGill UnÎYCrsity·Montn:aI Cbildn:D·s Hospiral. 2300 Tupper
Sucer. A-nI. Montreal oc. fOH lP3. Canada. e·mail: mcn@
musica.mqill.ca.
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MATERIALS AND METOOOS

SJ1IdIesIs or Rec"'billul PAL Amplification of the PAL
~ne. R. toruloidD [ATCC no. 10788] was purchased from the
Amcrican Type Culture CoUee:tion. Cells were grown in min­
imal mcdium cootaining phcoylalanine as tbe sole carbon
source (24), total RNA was extraeted witb bot acidic phenol
(25) from a mid-logaritJunjc-pbasc culture. and mR.NA was
isolated with the PolyATtract mRNA isolation system (Pro­
mega). a cDNA pool was then syntbesizcd witb the RiboClone
cDNA syntbesis system (Promega).

Oligonucleotidcs (RTJP, S'-AAGAATTCATGGCAC·
CCTCGCTCGACfCGATCTCQ.3'. and Rn S'·CCGAAT­
TCTAAGCGATClïGAGGAGGACGT.3'), synthesized on
an Ecosyn 0300 DNA synlbcsizer (Eppendorf) were dcsigned
to fcalUre an EcoRI site at their S' cod and to bc: bomologous
to S'and 3' cnds of the publisbed sequence of the R. londoidu
PAL gene (refs. 26 and 27; GenBank accession 00. XS1S13).
PCR amplification (28) was performed in 100 loÙ containing
100 pmol of eacb primer, 2D mM Tris·HO (pH 8.0). 2 mM
MgOü 10 mM Ka. 6 mM (NH.hSO.. 0.1% Triton"X-1oo,
nuclease-frec &sA at 10 mg/ml. ail four dNTPs (cach at 0.2
mM), 30 ng of cONA as the template. and 5 units of Plu DNA
polymerasc (Stratagcnc). Samplcs were iacubatcd in a DNA
tbermal cyder (Bamstcad/Tbennolync) at 9S"C for 30 sec. at
SO'"C for 1min. and 7rC for J min; rcpcatc:d for 35 cycles. The
PCR product was anaJyzed on a 1% aprose gel containing 0.6
mg of ctbidium bromidc: per ml and subscquentJy cloned in
pBlucscript KS+ (Siratagene). ldenticy of tbe PAL gene was
verified by sequence anaIysis using an AutoRcad sc:quenciog
kit and an automated ALF. DNA sc:quencer (Pbarmacia).

E. coli stnlins and p/4mUds. E. coli XL-IBlue was the bost
uscd for gc:nc:n! cloniDg and vcc:lor construction;E. coli YI09I
was the bost for fermentation to produœ PAL E. coli IBX-4,
uscd in the animal Jaudy, wu isolated from a Spraguc-Dawlcy
rat and identified by usine api20E bacterial identifkation kit
(BioMcrieUX, Charbonnicr les Bains., France). Plasmid pBlue­
script was usc:d for cJoniog PCR-amplified PAL fragments.

COfUtnu:titNI of1IiP~PAL pItumid pIBX-7. Plas­
mid plBX-I (29) wu modified by silc-c1irc:etc:d mutagencsis,
chaDging the unique &unHl sile to an EcoRI sile to allow
cloning of the 2.2-kb PAL PCR fragmcnt; the product was tben
further modified, wbicb rcsuJted in the dclction of the EcoRI
sites. To incrcase expression. an additional tllC promoter (Ptllc)
was synthesizcd by PCR and doncd downstream ofthe c:xisting
Ptllc. The S' Sbine-Delgamo sequence (AGGAG) is scparated
from the ATG codon by a 9-nt sequence (ACAGAATTT).
KaDamycin resistance for sel«tion of PAL-cootaining ecUs
wu confened by substituting thc kaoa.mycin resistance gene
for the ampicillin resistancc gcne of plBX-l. The plasmid was
transformcd into E. coli (bosts YI091 and IBX-4) and induecd
with isopropyllJ-l>tbiogaJactoside (1 mM) for expression. Thc
expression levels are similar in both basts wben cultured in
shaken flasla (data nol shawn).

Ptmficalion ofPAL OIZ}'J'W{rom cd aber. Frozcn E. coli
ecUs (YI09I; 500 g) cxpressing plasmid p1BX-7 were sus­
pcndcd in 2litcrsofbuffer A (30 mMTris·Ha. pH S.0/10mM
pbeny1aJaninc/2 mM c:ystcine) to wbicb DNasc [ (S mg/liter)
and S mM ea02 were addcd. The ecU suspension was bomog­
eDÎ2Cd thrce limes in a Ranuie MiniLab 8.30H bigb-prcssure
bomogenizcr(APVCanada. MontreaJ)at 700 bar (1 bar = 100
ltPa); bo;:twccn passages, the suspension wu coofed to l?C.
The bomogcnacc wu ccntrifuged (14,100 x g) for 1 br at 4°C.
the supematant containîng PAL protcin diluted 2- to 3-fold in
Wilter and Ioadcd on a column containïng 1.25 liters of
Q-Sepbarosc Big Bcads (Pbarmacia). Wasbes were performed
at a ÜDcar flow rate of l53 mI/htwith three colwnn volumes
of buffer A foUowed by duce column volumes of buffer B (30
mM Tris'Ha. pH 8.0/10 mM pbcnylalanine/2 mM cys­
leine/lM NaO). PAL protein is elutcd with buffer B in a
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linear gradient (3%-100%) in six column volumes; tbe fnc·
tioos with PAL activicy werc pooled. Ammonium sulfate was
added slowly to the cluates (final concentration. SO%), stined
(30 min) at room temperature, and tbenccntrifuged (14.700 x
g for 30 min at 4°C). The final PAL protein peUet wu dissolved
in a minimal amount of buffer C (50 mM sodium pbosphate.
pH 75/5 mM phenylalanine/l mM glutatbione).

ENV Mice. The ENV mouse models. dcficienl in bepatic
PAH enzyme activicy, wcre crcated by Ireating wild·typc mice
(BTBR background) with the altylating agent ENV. The
original strains PahCIIIIU-J(ENUl/l)andPah~ENU2/
2), trom W. DoYe and A Sbedlovsty (University of WISCOnsin.
Madison). wcre produc:ed in Wisconsin (23, 30) and genotyped
by J. D. McDonald (31). We produccd the bybrid heteroaUelic
strain Pah"'d/..uJ(ENUI/2) in our faci1ities (sec bttp://
www.mcgilLca/pabdb/Pah Mouse/Mouse Pah Homologues).
(AlI procedures dcscribcd bclow bave been reviewcd and
approvc:d by the Animal Carc Committee. McGiII University).

The bomozygous mutant ENUl/I mousc is a counterpart of
buman DOn·PKU-HPA. le bas a misscosc mutation in the Pah
gene [e. 364T -C in exon 3 (VI06A)J (30, 31), and on breeder
dic:t (product 8626, Teldad. Madison, WI), it bas both a normal
plasma phenylalanine level and normal bebavior but cao bc
made h}perpbenylaJaninemic under conlroUed conditions
with a pbenylalanine load [by I.e. injecUc.n or gavage of
L-phcnylalaninc at 1.1 mg/g (body wcigbt)). The bomozygous
mutant ENU2/2 mousc is a counterpart of human PKU. It has
a DÙSlcose mutation [e. 83ST -C in cxon 7 (F263S)} (23,31).
On breeder diet. it bas la. to 2a.fold elcvated plasma pbenyl­
alanine and pbenylkctones in urine; eupbcnylaJaninemia in
dûs strain wu achicved for thcse studies by placing micc on a
diet (ree of pbcnylaJanine (product 2826. Teldad) witb ad
libitum water c:ontaining L-pbcnylalanine (30 mg/liter). for 3
consecutive days. Arter cstablisbing eupbcnylaJaninemia.
ENU2/2 animais rcceivc:d standardizcd I.e. injections of L­
phenylalanine [0.1 mg/g (body weigbt») ta acbicve reprodul:­
ible HPA

We dcveloped the oc:w ENUI/2 strain by aossiDg femaJc
ENVI/1 and male ENU2/-...; ail parents and offspring wcre
typcd by DNA anaJysis. The mutant beteroaUcüc animais bave
a normal plasma pbenylalanine lcvel on breeder diet but casüy
acbicve a modcst elcvation. to lcvels between that of untrc:ated
ENUl/l and ENU2!2. by I.e. injection or gavage of L­
pbenylalanine [1.1 mg/g (body we:igbt)l. The ENU strains are
furtbcr dcsc:ribcd on our web site (see abovc).

ProIecoas CG SIIIIIJ Ille lEIrect oIPAI- Eay-.e _~
i.p. administnuio" of lKombÏ1llull PAL (JO' proof ofpIuJrm4­
co/qgiQll principk). Studics we:re done 00 mia:. youngcr tban
1ycar of age (ail tbree strains). Eacb animal sc:ncd as ils OWD

control; a sbam (saline) inj«tion wu givcn in the first wecft.
foUowed by the PAL injection 1 wcelt later (same day of the
wec:1t and lime of day). Effacacy of i.p. PAL wu measurcd by
cbaoge in the plasma pbenylalanine bctwccn the first and
second 'Neck; animaJs (ra = S pel trial) recc:ived 2. 20, and 100
unilS of PAL ENUI/l and ENUl/2 animals were fasted
overnigbt before the c:xpcrimcnt. Food wu rcintroduc:cd after
PAL administration. During the fint weele. 0.2 ml ofsaline i.p.
was foUowed direc:tJy by an L-pbcnylaJanine c:baJIengc [1.1
mg/g (bodyweigbt) by gavage} for the ENVI/1 and ENUl/2
mic:e; tail blood samples taltcn at zero min and 1. 2. 3, and 24
br after the phenylalanine challenge. For the second-week
prolocof. PAL (replacing saline) wu diluted to the dosage
required with O.IM Tris'HO (pH 8.5).
Gawl~ofT«ombiNurZ PAL (jor proo{of~ prin­

~). Studies wcre done in micc younger than 1 ycar of age.
Each animal scrved as its OWD control and efficacy of PAL
treatment wu measured by c:bange in plasma pbenylalanine.
We uscd IWO diHercnt PAL preparations: (1) rccombiDant
PAL inside E. coli ceIJs (lBX-4) and (ü) unprotcacd PAL
(purified from YI091 E. coli cells) in solution with aprotinin
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FIG.2. Purified PAL cmyme (51&1) sep.raled on 4-IS.IJi gradienl
SOS/PAGE. Molcc:ulac mus markcn m IDa are 10 me ri&hl Lanes:
1. sample of PALwilb - 2O.IJi impunlics indicaced by additionaJ bands;
2. low-ralllC molccuJat mass standards (Bio-Rad).
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RESULTS
S,...... ad PurilicalioD or PAL Wc obtaincd PAL by

c:xpressing the pfBX·7 consrruet (Fig. 1) in E. coli. Collowcd by
purification on a Q-Sepharose column. The produet is a ycasr
(R. tonI1oida) PAL enzyme. ar 80% purity (Fig. 2). The Ylcld
in our presenr system is lOO-ISO units/g of E. coli eeUs. with
a K.. of 250 lUDol/liter, ar spcdf'te: activity of 2.2-3.0 units/mg
of PAL protein; 1 Wlit of PAL dcaminates 1.0 mmol oC
L-phenylalanine rD tnIIV·cinnamarc (and NH) per min Olt pH
S.5 :and 34rC.

EIfect et PAL .. ENV Mice. Wc uscd rhe ENU mouse
ortbologues of human PKU and non--PKU-tIPA to obrain
proof of pharmacologie: and physiologie principlcs by demon·
srrating cfficacy of PAL enzyme agaiosr the bypcrpbenylala­
ninemic pbenotype.

POol sa.Iy. PKU micc (ENU 2/2; Il = 12) on reguJar dict
'Nere Irealed with PAL (2. 20. or 100 Wlits) by i.p. injCdion
withour any additiooal manipulations. Wirbin 3 br, che postin­
jection value for blood phenylalanine had fal1cn (range, 0-984
J&lQol/tirer) from che pretrcatmenr value (range. 389-2.012
I&JIIOl/tirer). Thcse preliminary observations dcmonstrated
bath an apparent treatmeot responsc and troublesome inter·

Ori

(proteasc inbibilor). Saline gavage was uscd as tbe control
Ireatment. Plasma phenylalanine levels were adjusted in
ENU2/2 animais (n = 4) to achicve euphenylalaninemia. In
the fusl weck., Ihe animaIs received a phenylalanine load (0.1
myg (body weighl) by s.c. injectionl on day 4. foUowed al 1 br
and 2 br by gavage of saline bicarbonale (6 mg. ta neutralize
gaslric acidity). Tail blood samples were laken before Ireal·
menl (ar timc zero minus 5 min), and five times at hourly
intervals aCter the phenylalanine challenge. In the second
week. the gavage eonraincd (i) 25 units of PAL (as induced
recombinant E. coli ecUs. OO~) or (ii) 200 units or PAL. in
combination with 10 mg ofaprotinin in the sodium bicarbonale
buffer.

[n II"1ùD Au.)'. of PAL Elrect. We measured efficacy of the
PAL preparation in virro by anal}'2ing its effeet on a solution
eontaining 4 mM phenylalanine (initial concentration) at 37"C
and pH 8.5. We eompared (Illhe individual effeets of nome·
combinant E. coli eeIls (OOIiOO = 50), chymotrypsin (100
mg/ml), and mOuse intestinal fluid (diJuted 1:10 witb Tris
butferat pH 8.5) wilh (ù) the eHeet ofnated recombinant PAL
cither alone or in rhe presence of chymouypsin (100 mg/ml)
or of inlestinaJ fluid (1:10 dilution witb Tris buffer at pH 8.5)
and (iii) the effeet ofE. coli eells (00600 = 50) expressing PAL
(5 units) aJone or in the presence ofchymotrypsin (100 mg/ml)
or mouse intestinal f1uid (1:10 dilution with Tris buffer at
pH 8.5).

Aul)'1kaI. PilufNI phmylaltmine concenrnzlion. We col­
lecred blood from rail into heparinized tubes, extraeted
plasma. and measured phenylalanine by HPLC (Bcc:kman
Sysrem Gold, DABS amino acid analysis kit).

DNA Ana/y.fir. Animais were genotyped. as dc:scribed (31),
for rhe PaJamu2 muration. We developed a metbod to deleet the
PaJa-lUIl mutation lbat climinares il recognition site for che
restriction enzyme Taql. We used PCR. witb primers S·­
GAGAATGAGATCAACCfGACA-)' and S'·TGTcrCGQ.
GAAAGCTCATCG-3', ro amplify il 169-bp segment of exan
3 (mouse Palr) from blood spots colleeted on Gurhrie cards.
The produet subjeetcd ro Taql digestion yields a distribution of
fragments witb il distinct bandiog pattern for each of duce
possible genorypc:s: PaJa ~/+ gcnerares two fragments (J48 bp
and 21bp). PaltauU+ generates thrcc (169 bp. 148 bp. and
2Ibp). and PaJa-an-! gcncrales one fragment (169 bp).........

•
FIG. 1. PAL genc fmm yeast R. toruloIdn was cloned IR the

expression ~r plBX-7 wben: traoseription is cODuollcd by me
5UOng iDducible tlU: promocer and terminalcd by tbe rRNA rranscrip­
tionlCrmiDalor scqueuces rmBT1 and rrnBT2.lAcJ'f rqKl:SSeS me tlU:
promolcr. and hcncc l$OpfOpyl ~~tbiopJactosidc is rcquitcd 10
relcasc il from the promolcr. The ltanamyaD resislana: gcne (KanA)
is induded iD Ibc CODSUUCI 10 ailow scJc:etion of cdJs contaming lhe
pJasmjel

FIG. 3. [ujcctioD i..p. of recombinant PAL enzyme redur:c:s plasma
phenylalaniDe ÎD tlle ENU2/2 mouse (y iUÙS IS Iogaritbmic scaIc:) avcr
time ~ u.is) (P < 0-05). Reduction of plasma pbenylaJanine by PAL
shows a dosc-respoase reJationship (: uis). Data an: 1I0rma!izl:d ID

me CODItoI (sbam-UQtcd) values for C3Ch animal al cxh poinL Data.
dcpieted an: !he average of 6Ye paircd series. The raDse of CODItoI
(1~) values wu 390-2,013 1UDOi/liier for animals rccc1'Ying 2 unil5
of PAL. ffi-1.48S J&IIlOI/liler for animais rca::iving ZO units, and
S04-1•.J74 j.UJloi/litcr for animais rco:iving 100 units..
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Flo. s. Plasma phenylalanine Jevds in ENU2/2 lIlicc arter oral
admlnisttalion (25 unilS pel' mousc) of iaduced recombinanl E.. coli
ecUs aprc:sain& PAL: 31'" reducrion witbin 1 br (P < 0.04) and 4415
redUClion in 2 br (P < 0.(04). Data an: norlDllÜZC:d to control vaJues
(mean =150)... Sham; .. PAL eDdoIcd in E. coli. l'he raille of
conerol values (100CJ&) wu 42S-8OO ,amol/lilcr, eYery mUlw sbowcd
ôI rcsponse ra PAL

This formuJation resists inaetÎvation by chymotrypsio and
mouse inrestinal fJuid in "ÎITO (data not shown). Oral gavage of
na.ked PAL (200 wùrs) l:ombined with aprotinin (protease
inhibitor) lowered plasma phenylalanine in ENU2/2 miee: by
SO'K7 in 1 br (P < 0.017) and 54% in 2 br (P < 0.023) (Fig. 6).

DISCUSSION

We dcscribe a method to producc recombinant PAL (Fig. 1)
mat may enable the use of Ibis enzyme ta degrade excess
phenylaJauine in PKU where the normal pathway Cor its
disposai is impaired. Wby would dùs aJlernalive be usetW if. as
is gcnetally assumed. carly treatmeO( of PKU by a semisyn.
tbetie: low pbcnylalanine dict is one of the suc:cess stories of
medic:aJ geactic:s (1. 2)1 The answen lie in the incidence of
PICU. our expec:tations Cor its treatmcnt. and the anticipated
··prevaJencett of patient rreaunent ycars.

Tbc combined incidence of PIeU and non·PKU-HPA is on
the arder of 10-' live birtbs in populations of European
desœnL Cunent cvidcnc:e reveaJs simiIar rares in Asian­
Oriental and Arabie: popuJations (1). New gujdelines (l0. Il)
for the trealment of HPA bave appeared 50 that residuaJ
imperCections in outc:ome (1) c:an be overcome and apec:ta­
tioos met; the guidelines advise treabDent to rcstore bJood
pbenylalanine leveJs as near normal as possible. OIS carly as
poa.Iole. and Cor as loog as possible. perhaps (or a liCetime. In
thiscon~ the "prevaJenc:e" (or patient ttcatment years tùcs
on new meaning wbcn it involvcs the diffic:uJt existing modes
of treatmcot. The predided "pn:valcnc:e" in patient treatment
years Cor a population of l()ll persons. assuming 50 ycars of
treabDcot per patient. wouJd bc 500,000 patient treabDent
years in b:ùf a century.

1
o 50 100

ohr (:......---•...--

Sham

24 hr ·1---4.-----

Ohr ··• .... •·· .. • .. ·· .. ·t-...~
PAl

24hr + .
Fla. 4. A sut&fe i.p. injcdion of recombinant PAL enzyme (100

units al zero limc). reduccs plasma phcoylaluùac levcl in ENUI/I
miœ by 959ft Olt 24 br (P < O.al) reJalive 10sbam·ueated conerols. Dala
for me païred series (mean =LSO) are aormaLizcd 10 pain:d control
values 10 accommodale inler- and intrainCÜYiduahariatioa. T'be ranac
of control values (1009rt al zero lime) wu 41-528 l'DIol/lirer. eYery
mimai sbowed ;a rc:sponsc: 10 PAL

and intra-individuaJ variation. AçcordingJy. we controUed for
the laner by adopting the prolocols desaibcd above.

Proofofpluum4co/ogical principk. A siagle i.p. injection of
PAL enzyme significandy lowered plasma pbenylalanine in
PKU mice (ENU2/2; P < 0.05) and showed il dosc·respoosc
effcer (Fig. 3); al cach point. dala Me normalized ID me control
(sbam-trcaled) values for cach animal to ilCCommodare inler­
and intra-individuaJ variation. The non-PKU-HPA mice
(ENUl/l) and the beleroallelie: "PA nain (ENUl/2) aIso
responded to PAL uearment (dala not shawn). The effeet of
a single i.p. PAL injection in ENUl/1 mouse model persisled
Cor 24 br (P < 0.02; Fig. 4); ENUl/2 and ENU2/2 micc both
bad similar 24-hr rcsponses (data not shawn).

l'roofofphysi%ricalprincipk. Ta demoDStralc the effce:t of
orally adminislered PAL on plasma pbenylalaniac levels re­
quired protease-resistant PAL formuJations. Recombinant
PAL enzyme activity -..s protected againat inaetinoon by
gastrie: acidity and intestinal digestive enzymes by retaining
and shieJding it in the E. coü ccJIs wbere it WU synthesizcd. Wc
used these œUs in the absence of a different (orm oC PAL
protection.

Recombinant PAL enzyme protce:tcd by the ecu wall and
membrane of E. coü resists inactivation by proteolytie: intes­
tinal enzymes in vitro; odlerwise activity of nalted enzyme is
abolished (data not shown). PAL encloscd in E. coli c:eIJs WiIS
shawn 10 reduce pbenylalanine content of the in lIil70 solution
(Table 1). Whcn given by oral gavage. reeombiDant PAL (25
units) expressed in an E. coli straiD isolated from Sprague­
Dawley rat lowercd plasma phenylalanine in ENU2/2 micc by
31'K7 in 1 br (P < 0.04) and 44,*, in 2 br (P < 0.00(4) (Fig. 5).

Other experiments in vivo. cooduacd with aprotinin (pro­
lea3e inbibitor) and recombinant PAL enzyme purified from
E. coli (yl091). gave furtber proof of pbysiologic:a1 principlc.

o 2

rune Ihrsl

3 4

Table L Change in pbcnytaJaninc conlent in "UI'O solutioas undcr various tte:ltmeJ1ts

•
Experimental cooditioos Tre;atment

Control N'onrecombiDant E.. coli ceJJs
CbymotrypsiD
mlatiaal fiuid

PAL In iDduced rccombinaDt E. coli a:&
In iaduœd recombinant E. coli cdIs + cbymoU)'pSiD in medium
In iDduccd recombiDaDt E.. coli c:dJs + illtestiDa1 fiuid in medium

'"Trcatmcnts wen: for l h [oUowed by mcasuremcut of L·pbcnyJalaniuc CODICDt.
tInïtial CODœDttatiOa. 4 mM of L-pbenylalanine.
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the induced mutant (ENU) mouse ortbologuc:s of human PKU
and non-PKU-HPA (23). Wc fllSt demonstrated praof of
pharmacologie principal: given by injection. PAL acts in vivo
[0 lower ambient blood phenylalanine levels (fig. 3). We then
demoDStrated prao! of physiologie princ:ipal; PAL plaeed in
the intestinaJ lumen aets in ..00 [0 suppre:s.s HPA (Fig$. 5 and
6). The latter is a signific:ant finding tbat capitalizes on three
prior concepts and observations: (i) Amino ac:ids are in
equilibrium between various compartments of body nwds (37.
38) and ultimatc:ly in equilibrium witb the: intestinal lumen
(39), 50 that treabDent of intestinal lumen pbenylalanine will
affect ail body pools. (ü) PAL placcd in the intestinal lumen
will modify pbenylalanine content of body fluids in the wbole
animal (15.18). (üi) PAL plac:cd in the intestinal lumen will ICt
on both the dictary phenylalanine and the endogenous run out
of free pbenylalanine from its bound pools (40). Accordingly.
[he appropriale dosage and scbeduJe (10 avoid under- or
overtrc:abnent) of oral PAL. perhaps in c:ombination with a
controlJed and modestly low protein diee. sbould control the
pbenylalanine pool size witbout need of the drastic restriction
of cüetary phenylalanine as now practiced and requiring
arti6ciaJ diets. AncilJary treatment of PKU with PAL and
prudent protcin intakc would bccome anaIogous to treattnent
of diabetes tnCUirus witb insulin. with an additional feature­
the enterai route would avoid problcms with immune recog­
nition of PAL.

Untîlllow. the cast ofPAL has prohibited any consideration
of thcrapy; even animal studies were cunailed. The recombi­
nant enzyme wc describe herein may avoid tbis constrainl and
bas eoabled OUI' investigations. The relatively low specific
aetiviry of the: recombinant PAL product and relative ineffi­
cieocy at pH 7.0 (R.H.. unpublisbed data) may bc offset by the
long contact lime belWecn enzyme and substratc during
passage tbrough smal1 and large intestine. The formulation
c:unently under development is focuscd on completely pro­
tec:tiog the PAL enzyme against a protease envitonmenL

We Ihank Or. Ac:bim R.cckIcawlIId ra.- prqlIUlUioa of the cuzytDe.
P:ImcIa o...aper and Or. KiD& Lee who pt: iawluable aIIisraPc:e
durias tbc carly Slap of tbâs projecf. lIId Maqarct Fuller and BevaIy
Akmnan Cor ce:dJnjcaJ bcJp and~ We abo lICknowIedF the
acMa: of tbc flCICCPlM: n:vic:wers of dUs maauacnpt. This work wa
supponcd in put by tbc Medical Raarcb Council (Canada), the
Canadian GcaiI:œ Discases NelWOdc (CGDN) (Nctworb of Cearas of
EJœIJa:oœ). and a caatna (or mÙI"CMocr of t!lc nùa: (rom IBEX via
COON. SIudcoISbip awards "CR supponed br !he McGiIJ UniYenity­
Montreal ChiIdrcD's HœpuaI Racan:b Iasntutc.!he Garmd AsaociatioD
(Caoada). and The: AIDilWy (Montreal CliIdtal's Hospital).
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PKU is a multiCaaorial discase; mutation in LIte PAH genc
and dietary aposure to thc esscntial nutrient amino ac:id
L-pbenylalanine are equally nec:essary causes of the mutant
phenotype (1). Treatment of HPA is feasible because the
dietary expericnc:c cao be purposefuJly moditied. and the low
pbenylalanine diet bas been ilS mainstay.

Untreated PKU is a discase at tbree pbenotypic: levels. At
tbe proximal (enzyme) level. many different mutations in the
PAR gene impair PAH intc:grity and func:tion (32). Bccause
PAH enzyme is the principal detcrminant of phenylalanine
homeostasis in vivo (1 >. its impairmcnt Ic:ads to HPA. wbic:b is
the intermediate (metabolic:) level of the variant phenotype.
lmpaired cognitive development and neuropbysiological func­
tion is the distal (clinical phenotype); phenylalanine is the
neurotoxic: molec:ule (1), and hence the rationale to rcstore
euphenylalaninemia.

Three modalities for treatment exist in theory or in praetic:c:
gene therapy. enzyme therapy. and dict therapy. The 6rst bas
Îts appeal but is ooly at the aperimental stilge (33) (also C.
Harding, personaJ communication) and unlikely to be put into
practic:c unless tbe alternatives fail. The tbird method (low
phenylalanine dict thcrapy) was inaugurated in the 19SOs (~S)
and has acbieved its primary goal: it bas prevented mental
retardation in che adcquately treated patient (l, 34). However,
dietary tteatment of PKU and HPA is difficult; it involves
rigarous compliaoœ. a major alteration in lifestyle, and use of
treatment produClS that have unusual organoleptic qualities.
Moreover. measurements of cognitive and neurophysiologie
outcomes show subtJe de6cits (la scores are 05 SO below
normal), and there are lacunae in neuropsyc:hological and
neurophysiological performance. Ac:cordingly, there is grow­
ing interest in the second fonn of treatment (enzyme tberapy).

Enzyme tberapy could be donc by replacement (of PAH
enzyme) or by substitution (with another enzyme to degrade
c:xcess phenylalanine). Replacement of PAH rcquires the
intact multienzyme compla for c:ataJytic: hydroxylating activily
( 1); il could bc donc bc:at pcrbaps ooly by bepatic: transp1aJl.
tation and tbis approacb bas Dot bcen pursued BUI if tbc PAL
enzyme c:ould bc administered by mouth to the PIeU patient.
it wouJd have a c:crtain appcal; tberapywith enzymes protectcd
from inactivation is feasible for the treatment of metilbotie
conditions (35. 36).Wc propose: that PAL will '·substitutc" for
defic:ienl bepatic: PAH aetiviry and degrade phenylalanine in
tbe PAH-deficicnt organism. To test tbis bypotbcsis. wc used

2

rmelhrsl

FIG. 6. Plasma phenylalanine lads iD ENU2/2 mice airer com­
binc:d oral administration or nated PALcazyme (200 Wlits pee mousc)
md prolease inhibitor (aprotinin): SO"J(, reductian within 1 br (P <
0.017) and 54"i iD 2 br (P <: 0.023). Data an: aormaüzcd ro control
values (1I1CUl :: 1 SD)... Sbam; .. UDproteeted PAL plus aprotinÙL
The range of cODtrol values (11JO"O) wu 458-1,051 JUl1OlIlitcr; cvcry
animal showcd a n:spoasc: ta PAL•
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The Mous. Genette Pah Homoloau. Page.

Prepared by: C.SaOOssian. and PAHdb Curators.

Authors: CoN. Sarkission. J.O. McDonalcl C.R. Scrivc:r.

MoUR eazy..c ud ceDe for plae.y.....iae .ydrosylase

The mouse phenylalanine hydroxylasc genc (symbol Pah) was mapped to chromosome
lOin 1988 [l] (Reviewed in 8); the cDNA was cloncd and sequenccd in the same 100
~ (GcnBank UID: X51942. (EC 1.14.16.1».

The cDNA is 1978 bp and bcgins ilS coding sequence al position 48. followed by an
open reading frame ( (359 bp) and a 17-rcsiduc poly A signal (beginning al position
c: 1965). Mouse and human gc:nes bave -87% conservation ofsequence. with -1 ()oAt of
the changes silent (in the third codon position). No similaritics are obscrved in tbcir
UDtranslatcd rcgiODS ffi].

The murinc Pab enzyme bas 453 n:sidues (molc:cuJar weight. 51,786 Da). Thcre is -8%
divcrgcncc betwcen buman and mousc sequences; the majority ofditrcrcnccs are in the
N-tmninaI rcgïon (thougbt to he involvcd in rcguIaaory or binding function ratbcr than
catalytic activity). In addition. thcœ an: rcciprocal substitutions ofcysteioc rcsiducs in
mousc and human cnzym~ prcscrving the numbcr ofcysteincs but altcring their
relative positions. DitTcn:ntial stcady-state concentrations orthe two enzymes in the ccII.
potential topologicaJ changes.~may alter sttucture and fimction. possible
ditrcreoecs in the rates oftnmscription, traoslation, stability, activation or intrinsic
caIa1ytic activity are aJJ possible conttibulors ta the still uncxplaincd ditrcrcnce in mousc
and human PAH activitics; mouse enzyme bas an order ofmagnitude greatcr specifie
activity tban bwDan enzyme 00.

Natural (genetie) mousc modcls for PKU and non-PKU Hypcrphcnylalaninemia (HPA)
now cxist. Inbrcd BTBR males wcrc treatcd with N-ethyl-N-nitrosourca (1), mated to
normal BTBR fcmalcs. and the potentially bcterozygous progcny from this cross were
mated and thcir progcny screcoed for HPA. Thrcc mutant pbenotypes wcn: identificd;
Pah(enuJ), Pah(emt2) and Pah(e1lll3).

The bomozygous Pah(enuJ) mousc was reported in 1990 [2]. On the basis ofils
retarded clearance ofan injectcd phenylalanine load. it was classificd as a non-PKU
HPA counlerpalt. Pah(enul) micc have a c.J64T>C transition CV I06A) in exon Jill
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lliJ. Note: StructurelfunctiOD studies (rat Pab) show tbat the region in which this
mutation falls (the N-terminal regulatory domain) cao he cleaved by chymotryptic
digestion with the enzyme still retaining its catalytic activity [1]. Crystallograpbic
analysis ofthe human enzyme reveals that this mutation is distant from the calalytic
residues ofPAHlPah [b~. This factor in conjunction with the conservative nature of
the pm:Iicted Val 10 AJa substitution may explain the mild phenotype of the Pah(enu/)
animais [ll). These animais display normal plasma phenylalanine levels. normal
coJouration and no abnormal hebaviour on regular met creklad. #8626). Tbere is no
apparent effec:t of maternai phenotype on the ferus; and progcny show normal survival
and growth rate. Pah enzyme activity is -5-24% normal [lQ,1lI. Under conditions of
elevated Phe in die~ reduced growth is observed l2J.1l.

P"h(enu2) and Pah(enuJ) strains weœ reported in 1993 ill]. 80th strains are classified
as PKU counterpans. The Pah(enu2) mutation is a c.83ST>C transition (F263S) in exon
1 W lliJ. Nole: This mutation affec:ts a residue shown (by the crystal structure anaIysis
orthe human PAH eata1ytic and lell'amerization domaios) 10 he in the active site. This
residuc is implicated in plerin binding with predieted 1t -sracking interactions with the
substrate QA]. The region is bighly conscrved.~. The presence ofmutation in the
criticaJ region in coojunctioo with the non-conservative phe to ser substitution may
explain the sever phenotype observed in Pah(enuJ) animais. The Pah(enuJ) mouse
mutation remains 10 he identified, bowever. il bas becn localized 10 a 301 bp portion of
the coding sequence, spanning part ofaon 11 and ail ofaoos 12 and 13 U> Ull.
Neilber Pah(enu2) or Pah(enuJ) have measurable hc:patic enzyme activity; 00 normal
diets. they bath display a 10-20 fold elevated senun phenylalanine level and elevated
phenylketones in urine. These animais have retarded pre- and postnatal gro~ smaller
hcads. hebavioraJ abnonnalities and. like their bwnan PKUcoWl~show
pronounced hypopigmentation. 80th strains have a severe maternai effec:t on the relUS.
resulting in the loss of litters within severaJ hows or binh l!bil].

We bave bled a variant of the Pah(enu) mouse using Pah(enuJ) (femaJe) x Pah(enu2)
(maie) crosses. Melabolic profiling. fol1owing L-pbenyJalaoioe cba1Ieng~ rcvea1s a HPA
phenotype inlCllDcdiale between Pah(enul) and Pah(enu2). On regular mouse cllow.
this Pah(enuJn) heteroallelic strain bas near normal plasma plie levels and DOnnai
coloration. Pah enzyme aetivity is -5% DOnnai. This strain bas DO abnormal bebavior. a
low matemal eifect on the fetus and is pliant ta metabolic manipulation [ll).

FoulDoles:

(t)N-dhyl-N-nilrwauna. an alkyllJling eJgenr. indw:u nrulatiom al~ /(rJ fr"fIMUICJI pu loc:as. in
Spurrtlllogoma/ slem ails.

(t) MOlISe Pah cDNA Iras Mltn seqMUlCedbulnot tIw completll gmll. tMnfO#'e. U1dt lftJIlation Itœ bun
a:ssig1Wdto a specifie uon(s) iIy ,q;onal Jwmology bfttwllm lJtOUSe tmd /ramlUf gcna..

up [oC df..,,,,.,.,,,.,. ra=:1c."l!f/!f:m1•.wp.... ! ! ...

A. Gcaeral Rdereaces:
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Protocol for Lonl-Term PAL Administration Providing Direct Access
to the Duodenum

Animais are injected with Tnbrissen 24brs prior to, the day of and the day

following surgery. On the day of the surgery, they are injected (i.p.) with

Pentobarbital, foUowed by an injection of Atropine sulfate (s.c.). The mouse is

sbaved around the abdominal area and the back (between the scapulae) and

disinfected with isopropyl-alcohol, Htbitane and Iodovet. An incision is made on

the back and abdominal area. A piece of silicone tubing is insened tbrougb the

back incision and directed (s.e.) towards the abdominal incision. The end, which

appears at the posterior opening, is sealed with a sterile-removable plug (this cao he

accessed for administration of the enzyme). The peritoneal membrane is incised,

and the duodenum located. Theo a circular suturing is introduced and an incision

made in the middle where the silicone tubing is insened. FoUoWÎDg insenion, the

suture material is tightened around the tubing and Vetbond used to reinforce the

seal. The abdominal cavity and skin is closed by suturing. The animais receive

Buprenorphine (SC) prior to waking up and for the following 3 days.

One week following the surgery, the PAL formulation can he tested by

injecting the solution, tbrougb the catheter, direcdy into the intestine. Efficacy of

the enzyme cao he measured by reduction in plasma pbenylalanine levels over a

period of a week.
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