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Absence of functional phenylalanine hydroxylase results in phenylketonuria (PKU). 

Viable treatments remain few, expensive and secondary conditions such as osteopenia occur in 

most PKU patients.  Objective 1: Given the recently described roles of gut microbes to aid host 

digestion, an orally administered genetically engineered probiotic as the delivery vehicle for 

enzyme replacement therapy was created.  The engineered probiotic, pHENOMMenal, produced 

phenylalanine ammonia lyase with significant production of trans-cinnamate (phenylalanine 

cleavage product) in vitro and resulted in a reduction of 515 μM in blood phenylalanine when 

fed to PKU animals for 14 days (from 2307µM ± 264µM to 1792µM ± 261µM, n = 6, P < 0.05).  

The control probiotic produced no change in blood phenylalanine.  Thus, pHENOMMenal 

treatment in PKU mice demonstrated engineered microbes could compensate for a metabolic 

deficiency of the host.  Objective 2: Evaluate the PAHenu2 mouse model of PKU for a genetic 

discrepancy causing ocular enlargement and delayed development observed only after the 

PAHenu2 mutation was crossed to the C57BL/6J mouse.  When compared to healthy littermates, 

ELISA indicated a consistent but insignificant decrease in plasma IGF-1 and an increase in 

ocular IGF-1 in PKU animals. SNP screening demonstrated a differential inheritance of IGF-1 

alleles in healthy and PKU animals based on PAH allele inheritance.  Ocular and developmental 

phenotypes in the PAHenu2 colony match those described in previous IGF-1 studies.  

Understanding the IGF-1 inheritance discrepancy will enable better osteopenia research using 

PAHenu2 mice and allow breeding of a healthier mouse colony for continued research. 

Collectively the results from this work describe a new therapeutic approach for treatment of PKU 

as well as a better understanding of the PAHenu2 mouse model to study this disease. 
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GENERAL INTRODUCTION 

 

PHENYLKETONURIA 

 Phenylketonuria (PKU) is a well-characterized genetic (autosomal recessive) metabolic 

disease (Enns, Koch et al. 2010) which occurs when a patient lacks functional phenylalanine 

hydroxylase (PAH) in hepatocytes.  Patients with PKU either have two copies of one defective 

PAH allele or two different defective PAH alleles from the greater than 500 known 

alleles/mutations associated with PKU disease (de Baulny, Abadie et al. 2007).  PKU was first 

discovered in two siblings noted as being mentally retarded and having a mousy odor in 1934.  In 

the process of performing several tests, Dr. Asbjorn Folling discovered that the addition of ferric 

chloride to their urine resulted in a green coloration of the liquid.  Upon further examinations he 

discovered this color change indicated phenylketone in the urine of these two children, which 

gave the condition its name (http://www.pkunews.org/about/history.htm).  It was later discovered 

that the cause of phenylketone excretion in the urine was due to the above mentioned loss of 

function mutation/s in the hepatic enzyme PAH (Levy 1999).   

 There are four general classes of PKU; classic PKU, atypical PKU, hyperphenylalanemia 

(HPA), and co-factor deficiency (de Baulny, Abadie et al. 2007). Classic PKU and HPA are 

most commonly caused by PAH mutations. Classic PKU is the most severe form of the disease, 

with patients exhibiting plasma phe greater than or equal to 1200µM. Patients with HPA fall 

below this cut off, but are above the desired treatment range of plasma phe less than or equal to 

300µM.  It is not currently understood how the severity of the PAH genotype translates to the 

PKU phenotype (see below).  Patients with atypical PKU, the second lowest proportion of PKU 

patients (17.2% of PKU patients, (de Baulny, Abadie et al. 2007)) exhibit high plasma phe 
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levels, but unlike classic PKU and HPA, plasma phe levels do not lower in response to restriction 

of dietary phe. Co-factor deficiency, the least common form of PKU, is caused by a defect in the 

pathway responsible for producing the PAH co-factor tetrahydrobiopterin (BH4). The 

insufficiency of BH4 also disrupts the pathways for converting tyrosine into tryptophan and 

converting catecholamine into serotonin.  

 In determining phenotypes of PKU from mutations in PAH, there is no clustering of 

mutations at specific locations along the 450 amino acid sequence 

(http://www.uniprot.org/uniprot/P00439#section_seq).  Furthermore, siblings with identical PAH 

genotype do not exhibit the same phe tolerance (quantity of phe which can be ingested while 

maintaining treatment levels of blood phe) (Enns, Martinez et al. 1999), and biochemical enzyme 

activity assays indicating residual PAH function of a given mutation are not predictive of PKU 

phenotype (Enns, Martinez et al. 1999).   

 Untreated PKU leads to severe mental retardation and seizures.  Even when treated, it has 

recently been noted that several secondary conditions often accompany PKU.  These include 

mood disorders (Brumm, Bilder et al. 2010), minor cognitive defects (Hamman, Clark et al. 

2005), early onset osteopenia (Roato, Porta et al. 2010) (Porta, Roato et al. 2008), and markers 

of systemic inflammation (Roato, Porta et al. 2010).  Additionally, women with PKU must 

obtain extremely low phe levels prior to and during pregnancy in order to prevent cardiac and 

neurological birth defects in their infants (McDonald, Dyer et al. 1997).  Women with PKU who 

do not maintain an ideal treatment phe range during pregnancy give birth to children with 

Maternal PKU.  Maternal PKU is the severe mental retardation of the child as a result of brain 

damage caused by the extremely high phe values the fetus was exposed to in utero. 
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DIGESTION IN PKU 

 In a healthy (non-PKU) person, protein in food is chewed for mechanical breakdown and 

swallowed before entering the stomach for the first phase of chemical break down.  Once in the 

small intestine, proteases further cleave proteins and peptides.  The proteinaceous portion of the 

food is reduced to free amino acids (AAs) and small peptides (di-peptides and tri-peptides).  The 

AAs are transported across the lumenal barrier of the small intestine predominately by sodium 

coupled amino acid transporters (Broer 2008).  The AAs are then transported out of the 

basolateral membrane of the intestinal lining into the blood stream via a second set of transport 

proteins (Broer 2008).  The blood of the intestinal lumen’s capillaries empties into the hepatic 

portal vein for transport of the nutrient rich blood to the liver for filtering and processing, and a 

proportion of phe is then absorbed by the liver cells (Geier, Schlessinger et al. 2013).  PAH 

within the hepatocytes then converts excess phe into tyrosine.  Tyrosine leaves the hepatic cells 

and enters the blood stream.  Tyrosine, phe, and other AAs leave the liver in the blood for 

transport to the tissues.  AAs are then taken up by individual cells’ transport proteins and 

absorption mechanisms for cellular metabolism. This AA uptake is slightly altered in the brain 

and fetus as AAs must first be transported across the blood brain barrier or placental barrier for 

access to central nervous system tissue or fetal tissues prior to cellular AA uptake.  AAs not 

taken up by cells continue to circulate and are broken down for removal from circulation/the 

body. 

 A PKU patient follows the same processes up to the point of hepatocyte processing of 

phe.  In contrast to a healthy person, a PKU patient’s mutated PAH is unable to transform phe 

into tyrosine in hepatocytes, resulting in neurotoxic build-up of phe in the blood.  The lack of 
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functional PAH in PKU also prevents the patient from producing tyrosine, making tyrosine an 

essential AA rather than a conditional AA in these patients.   Tissues requiring AA transport 

across a barrier to enter their systems (brain and fetus) represent an additional problem. The 

predominant large neutral amino acid (LNAA) transporter at the blood brain barrier and placenta 

has similar binding affinities for all of its many transported amino acids, including: 

phenylalanine, valine, leucine, isoleucine, threonine, histidine, tryptophan, methionine, and 

tyrosine (O'Kane and Hawkins 2003).  With heightened blood phe seen in PKU, kinetics force 

the LNAA transporter to transport significantly more phe and less of the other LNAA, resulting 

in heightened phe in the brain (Joseph and Dyer 2003) and a further concentration of phe in the 

fetus (McDonald, Dyer et al. 1997) of untreated and under treated PKU patients. 

  

CURRENT TREATMENTS FOR PKU 

 The most common treatment of PKU disease is restricting intake of dietary phe.  This is 

quite difficult. Phe is an essential AA, yet too much phe results in a worsening of PKU health 

complications.  Further difficulty arises from the fact few proteins are low in phe and no natural 

full-length proteins are phe free.  The only known phe free peptide is glycomacropeptide, a waste 

bi-product cleaved from a full-length protein during cheese production (Solverson, Murali et al. 

2012).  The specialized foods and supplements of this phe restricted diet are expensive, and are 

reported as having unfavorable flavor and odor both by the scientific literature (Levy 1999) and 

by non-patients who sample these foods at PKU conventions and conferences (pers. com.).  

Exacerbating the high cost of these medically necessary specialized foods is the inability to 

receive insurance coverage on the cost of these foods in several states (pers. com. NPKUA 2012-

2014).  From a practical standpoint, maintaining a diet restricted in phe is extremely costly and 
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time consuming.  No two patients have identical daily phe allowances/tollerance, and all food 

must be made from scratch.  Often recipe ingredients and serving size of a prepared dish to be 

served must be weighed to determine the allowable portion size.   

 Another challenge in PKU treatment arises from the medical guidelines for treatment.  It 

is true the defects caused by a lack of treatment in infancy and childhood have long been 

understood, resulting in medical guidelines stating the need to treat PKU at these ages.  Recently 

adults have noticed prolonged periods off diet cause neurological damage as well (pers. com. 

NPKUA 2014).  However insurance covering childhood treatments do not always cover/fully 

cover medical foods for PKU adults due to the lack of inclusion of adults in the medical 

guidelines of treatment for PKU.  As a result of the above difficulties in following the PKU phe 

restriction diet, many PKU patients relax or abandon the diet upon leaving their parents (pers. 

com. NSPKU and NPKUA conferences 2012, 2013, 2014). 

 A functional PKU treatment under the name Kuvan
®
 supplies an enzymatic cofactor of 

PAH, tetrahydrobiopterin (BH4), by oral administration.  By providing excess enzymatic cofactor 

to PAH, any residual PAH function is increased to a level allowing relaxation or elimination of 

the phe restricted diet (http://www.biomarin.eu/products/kuvan.php). Kuvan
®
 also provides an 

excellent treatment for patients whose PKU is caused by co-factor insufficiency rather than a 

mutation in PAH.  Patients vary in the dosages of BH4 required (mg of drug/kg of patient body 

weight) to achieve clinical significance.    

 Additionally BH4 only produces clinically significant reduction of blood phe in 30-40% 

of patients (Elsas, Greto et al. 2011).  New data indicates BH4 responding and non-responding 

patients are not dependant on the exact PAH mutations, and the exact reasons behind responders 

and non-responders are unclear (pers. com. BioMarin Pharmaceutical Inc 2014).  Unfortunately 



6 

 

this treatment is infrequently used in the United States in responding patients because of its 

prohibitively high cost ($14,000.00/year for school age children, and up to $40,000.00/year for 

adults and teens (http://www.pkunews.org/research/matalon.htm).  In the United Kingdom, 

Kuvan
®
 has not been approved for use given its high cost and a lack of data demonstrating its 

advantages when compared to the traditional PKU diet (pers. com. NSPKU 2013). 

 

TREATMENTS UNDER DEVELOPMENT FOR PKU 

 A potential set of treatments under investigation are hepatocyte and amniotic epithelial 

cell (AEC) transplantation.  Both are less invasive than total liver transplantation, but unlikely to 

be used for PKU patients in the near future for several reasons.  First, if the patient’s own cells 

are given the missing DNA through a viral vector, results from the mouse model show the DNA 

is silenced after a period of several months (Dr. Harding, OHSU, pers. com.) (Ding, Harding et 

al. 2008, Rebuffat, Harding et al. 2010).  This is consistent with the fact that mammalian cells 

have mechanisms for silencing virally encoded genes.  Second, when hepatocytes from a non-

self donor are used, the patient must undergo immunosuppressive therapy similar to a regular 

transplant patient to retain the donor cells (Mitamura 2007).  AEC seem to require little to no 

immunosuppressive therapy when used to treat mice, but there is no long-term data to validate 

this trend in human patients with PKU (NPKUA conference 2014).  In both methods of 

transplant, it is difficult to obtain proper engraftment numbers in non-infants without the use of 

radiation, further limiting the willingness of patients to undergo the procedure (NPKUA 2014 

conference).  These complicating factors reduce the probability of cost effective widely available 

transplants to treat PKU in the near future. 
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 Another investigational potential therapy for PKU was the oral administration of the 

enzyme phenylalanine ammonia lyase (PAL).  Unlike the lactase enzyme administered orally to 

patients with lactose intolerance, PAL enzyme is not stable in the gastrointestinal tract.  

However, oral administration of PAL along with co-administration of a protease inhibitor created 

a 50% reduction of blood phe in the mouse model within 6 hours of ingestion (Sarkissian, Shao 

et al. 1999).  A similar study using once daily administration of artificial cells containing PAL 

reduced blood phe to almost normal levels within 7 days (Bourget and Chang 1985).  

Unfortunately, protease blocking is not an option in human treatment and artificial cells are far 

too expensive to result in an affordable therapy. 

 Despite the failure of oral PAL as its own therapy, success of oral PAL in lowering blood 

phe prompted the new enzyme replacement strategy named PEG-PAL.  Now in phase 3 clinical 

trials polyethylene glycol coated (PEG) PAL is injected under the skin.  As PAL enzyme enters 

the blood stream, blood phe is reduced by PAL cleaving phe molecules into ammonia and trans-

cinnamate, while the PEG protects the enzyme from host immunodetection (Sarkissian, Gamez 

et al. 2008).  Based on the high production cost of PAL (Sarkissian, Shao et al. 1999) in 

combination with the cost of the PEGylation procedure, it is uncertain what the final cost of this 

therapy will be for large scale and long term use.  Further, there is evidence that patients develop 

an antibody response against PEGylated proteins (Chaffee, Mary et al. 1992, van der Eijk, 

Vrolijk et al. 2006, Booth and Gaspar 2009) and recent data indicate PEG-PAL is no exception 

(pers. com. Dr. Harding Oregon Health and Science University, pers. com. Dr. Suyash Prasad of 

BioMarin Pharmaceutical Inc).  Despite PEGylating PAL, the immune response to this therapy is 

frequently seen in the form of a rash and swollen joints.  This display of immune response is 

likely the result of antibodies recognizing the un-PEGylated active site of the PEGylated 
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enzyme, as seen in other PEG coated therapies (Chaffee, Mary et al. 1992, van der Eijk, Vrolijk 

et al. 2006, Booth and Gaspar 2009).   Additionally Dr. Harding  reported at the 2013 ESPKU 

meeting that anti-PEG and anti-PAL antibodies have been detected in blood samples from 

patients with these adverse reactions. Antibody recognition of this nature would block the active 

site of PEG-PAL, and potentially reduce its effectiveness resulting in an increase in the required 

dosage to achieve the same therapeutic benefit. Increased dosage for PEG-PAL  would further 

raise the cost of this treatment. Data already indicates a wide variation in the amount of enzyme 

that must be administered in order to produce therapeutic benefit to the patient (pers. com. 

BioMarin Pharmaceutical Inc and NPKUA).  It is also possible that like other subcutaneously 

injected medications capable of eliciting an immune response in patients, some patients will 

become completely resistant to this treatment due to the immune system's antibody response 

within 7 years (Bartelds, Krieckaert et al. 2011).  Given the above information and data, it is 

clear that a low risk and inexpensive treatment for PKU is still critically needed. 

 

RATIONALE FOR EXPERIMENTS PERFORMED 

 Recognition of the critical and varied roles of commensal gut microflora in promoting 

human health has become more accepted as inclusion of dietary probiotics have increased.  

Studies have found that 10-30% of mammalian caloric intake is due to the bacterial break down 

of molecules that the host otherwise cannot use (Shanahan 2002, O'Hara and Shanahan 2006).  

Shanahan (2002) states that: “Given the metabolic activity of Escherichia coli, one can 

appreciate that the collective metabolic activity of the gut flora eclipses that of the liver and is 

tantamount to a virtual organ”. This concept of digestion by microbiota inspired the studies in the 
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first chapter of this thesis to create a novel function for a specialized probiotic that, if effective, 

may be able to reduce blood phe levels in PKU patients.  

 

PROBIOTICS 

 Probiotics have been used by humans for thousands of years in the form of fermented 

foods such as kefir and yogurt.  Unsurprisingly, many of these probiotic fermented foods had 

recognized health benefits before the advent of modern medical research.  As defined by the 

World Health Organization probiotics are organisms that, when administered in sufficient 

quantity, provide a benefit to the host.  Commonly used probiotics have been routinely 

demonstrated as unable to colonize the human intestinal tract (Bezkorovainy 2001) (Alander, 

Satokari et al.), which explains why a loss of probiotic benefit is noticed within two weeks of 

discontinuing a probiotic treatment.  Although there is a wide range of ailments that probiotics 

can treat, the medicinal value of each probiotic strain varies (Million and Raoult 2013), and at 

times a combination of strains will have a different effect than each of the solitary strains alone 

(Collado, Grzeskowiak et al. 2007).  It is currently not well understood how oral probiotics 

interact and affect the resident gut microbes, though this may partly be due to the large variances 

seen in each individual gut microbiome. 

 

THE GUT MICROBIOME 

 The resident gut microbes are responsible for a host of functions including assistance of 

host metabolism (Turnbaugh, Ley et al. 2006), shaping the developing immune system (Clarke, 

Davis et al. 2010) (Cerf-Bensussan and Gaboriau-Routhiau 2010), anti-inflammatory stimulation 

of the mucosal immune system (Hooper and Macpherson 2010), stimulating epithelial cell gene 
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expression, especially those for proliferation (Reikvam, Erofeev et al. 2011), protecting the host 

from microbial pathogens (Hooper and Macpherson 2010), brain development (Diaz Heijtz, 

Wang et al. 2011) and intestinal development (Bates, Mittge et al. 2006).  With this in mind it is 

not unexpected that the gut microbiome and its exact composition is becoming increasingly 

connected to non-gastrointestinal diseases such as osteoporosis (Sjogren, Engdahl et al. 2012), 

depression (Shelton and Miller 2010), rheumatoid arthritis (Scher, Sczesnak et al. 2013), heart 

disease (Wang, Klipfell et al. 2011), and diabetes (Musso, Gambino et al. 2010).  Studies into 

the gut microbiome have also shown a striking difference in the gut microbiota between identical 

twins when one twin is lean and the other twin is obese (Turnbaugh, Hamady et al. 2009).   

 The concept of our gut microbial genomes having such broad effects on our health is 

changing the way we look at many diseases and the symptoms associated with them.  For 

example, inflammatory bowel disease (IBD) had frequently been noted to have osteoporosis as a 

complication (Katz and Weinerman 2010). Altered gut microbiome is now linked to 

development of osteoporosis in IBD patients via systemic inflammation (Sjogren, Engdahl et al. 

2012).  Discovering not only diet and exercise, but also the gut microbiota, play a major role in 

the development of diabetes (Musso, Gambino et al. 2010), heart disease (Wang, Klipfell et al. 

2011), and obesity (Turnbaugh, Ley et al. 2006) (Turnbaugh, Hamady et al. 2009) (Macia, 

Viltart et al. 2006) is changing how these diseases are treated.  In fact, microbial studies to re-

introduce a “skinny” phenotype microbiome in obese mice have shown permanent phenotypic 

change is possible when certain conditions are co-administered with the “skinny” microbes 

(Ridaura, Faith et al. 2013).   

 Reintroducing a more normal microbial content has been a new focus for treatment of the 

most costly infectious disease in the United States of America, Clostridium difficile associated 
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diarrhea  (Kyne, Hamel et al. 2002).  C. difficile is resistant to many antibiotics, and frequently 

survives in the gut during the administration of antibiotics used to treat other infections. This 

leads to increased C. difficle populations, and results in C. difficle associated diarrhea during or 

shortly following antibiotic treatment of a non-intestinal infection. This organism causes 

diarrheal disease as a result of producing two toxins named toxin A and toxin B (Gerding and 

Johnson 2010).  These toxins are only a problem if C. difficile populations become large enough 

for the toxin levels to cause disease symptoms.  Particularly difficult to treat are recurrent 

antibiotic resistant strains of C. difficile where organism levels are reduced but not completely 

killed off by antibiotics which specifically target C. difficile.  In various studies reintroduction of 

a microbially healthy, balanced stool sample (Brandt 2012) or artificial stool (Petrof, Gloor et al. 

2013) to the large intestine of patients with antibiotic resistant recurring C. difficile resulted in 

remission of disease symptoms for the duration of the study.  Another microbial approach for the 

treatment of C. difficile is the administration of a high quantity of a toxin-less C. difficile strain 

prior to and or during conditions, such as severe antibiotic administration, that are likely to cause 

the disease in hamsters (Merrigan, Sambol et al. 2003) (Sambol, Merrigan et al. 2002) and 

humans (https://idsa.confex.com/idsa/2013/webprogram/Paper42880.html).  Toxin-less C. 

difficile strain administered prior to and during antibiotic treatment prevents C. difficile 

associated diarrhea by acting as a direct niche specific competition to toxin-carrying strains.  

Reduced growth of toxin bearing strains as a result of the competition provided by the toxin-less 

strain prevents the accumulation of toxins and provides protection against C. difficile associated 

diarrhea (Merrigan, Sambol et al. 2003) (Sambol, Merrigan et al. 2002). 

 A probiotic/microbial delivery of enzyme replacement therapy for PKU may alter the 

resident gut microbiota (microbiome). As such, information of the gut microbial composition 
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under current PKU treatments should be established prior to probiotic enzyme replacement 

therapy.  This composition should be compared to the gut microbial composition after/during 

probiotic treatment to ensure the microbial content of the gut is not being altered by the probiotic 

to a composition with known negative health associations.   

 

MODERN MEDICINE AND THE GUT MICROBIOME 

 Other alterations of the gut microbiome are becoming more prevalent with certain current 

medical practices.  People born by cesarean section, or patients on long/repeated antibiotic 

treatments have an altered gut microbiome compared to healthy controls (Jernberg, Lofmark et 

al. 2007) (Jernberg, Lofmark et al. 2010), and this antibiotic altered gut microbiome is associated 

with a much higher risk of autoimmunity and allergies in Western nations (Russell, Gold et al. 

2012) (Wlodarska and Finlay 2010) (Russell, Gold et al. 2013).  The over active immune 

phenotypes of autoimmunity and allergy are greatly improved if not entirely ameliorated by 

specific cocktails of probiotics for treating allergy, (Tang, Ponsonby et al. 2015) (Barletta, Rossi 

et al. 2013); IBD, (Bibiloni, Fedorak et al. 2005) (Chapman, Plosker et al. 2007) (Fedorak 

2008); celiac disease, (De Angelis, Rizzello et al. 2006) (Lindfors, Blomqvist et al. 2008); and 

rheumatoid arthritis, (Vaghef-Mehrabany, Alipour et al. 2014).  As seen with mouse obesity 

studies, it is also possible that microbiome reconstitution may benefit people with inflammatory 

associated microbiome shift. To better understand which conditions would be best treated with 

traditional probiotics as opposed to a microbiome reconstitution, the fine balance between the 

microbiome and the host must be understood. 
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THE MUCOSAL IMMUNE SYSTEM 

 There are cause and effect interactions within the triad comprised of the gut microbiome, 

the host immune system, and the host nervous system. The immune system and the nervous 

system have long been known to “talk” to each other as they often use the same signaling 

molecules, such as cytokines, to send and receive messages about the status of the body.  

Although less obvious, there have been many studies demonstrating the bidirectional 

communications of the gut microbes and host nervous system (Cryan and Dinan 2012) (Matteoli 

and Boeckxstaens 2013) (Collins, Surette et al. 2012) (Macia, Viltart et al. 2006) (Diaz Heijtz, 

Wang et al. 2011).  The need for interaction of commensal microbes with a host immune 

response is perhaps the most obvious bidirectional interaction listed above.  The microbes 

require a suitable host environment, while the host benefits from retaining commensals for the 

functions listed previously. 

 To this end, vertebrates have a partitioning of the immune system into systemic or 

mucosal subunits.  This is done to facilitate the differential response type required in the mucosal 

tissue when compared to the rest of the body.  The mucosal tissues, especially the gut, do not 

serve their primary function as a transport barrier/regulator when inflamed, even though many 

immunological pathogen clearance mechanisms are highly inflammatory. To accommodate this 

discrepancy, inflammatory immune responses are allowed in non-mucosal tissues at all times, 

while mucosal tissues only use an inflammatory immune response as a last resort. 

 The first mechanisms of the mucosal immune system to prevent microbial penetration 

into host tissues are physical barriers.  Goblet cells produce mucin glycoproteins to cover 

epithelial cells of the intestine (Hooper and Macpherson 2010).  This constant mucous secretion 

makes it difficult for bacterial cells to physically contact host cells. The intestinal epithelial cells 
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themselves serve as the second physical barrier, as bacteria must either adhere to, gain entry into, 

or go between epithelial cells to access other host tissues. Adhesins allow commensal and 

pathogenic bacteria to attach to and or be taken up by an epithelial cell (Klemm and Schembri 

2000) (Dussurget, Pizarro-Cerda et al. 2004).   

 Further protection of the host from gut commensals is provided by Immunoglobulin A 

(IgA) and antimicrobial peptides.  IgA is secreted into the intestinal lumen as a dimer, with the 

two Fc regions of the antibody joined by a J chain, to bind to bacteria in the gut (Hooper and 

Macpherson 2010). The dimerized form of IgA contains 4 antigen specific binding sites and 

allows for the binding of up to 4 separate bacteria, resulting in a bacterial conglomerate that no 

longer has the ability to pass through spaces a single cell might be able to breach.  A final 

protection is afforded to the gut by antimicrobial peptides such as defensins, c-type lectins, and 

cathelicidins, which are secreted by most intestinal epithelial cell types to attack bacteria directly 

(Hooper and Macpherson 2010). 

 For the reasons stated above, it is mutually beneficial for the host to retain good 

commensal bacteria.  There is still a lot that is not known of why and how certain microbes are 

retained in different hosts.  For example, when testing microbial reconstitution with artificial 

stool, retention of species from the artificial stool was quite different in each patient (Petrof, 

Gloor et al. 2013). It is believed this is, at least in part, a result of immunogenetic influence on 

the retention of specific bacterial species.  This is more clearly seen in inbred mice, and has been 

demonstrated to be dependent on the adaptive branch of the immune system and not on innate 

immunity (Scholz, Badgley et al. 2014) (Campbell, Foster et al. 2012) (Ubeda, Lipuma et al. 

2012).  
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 Host genetic influence on the gut microbiome has been further demonstrated in studies 

comparing monozygotic and dizygotic human twins.  The gut microbiota of the monozygotic 

twin pairs were always closer in composition than the dizygotic twin pairs (Turnbaugh, Hamady 

et al. 2009).  All of the above information makes it difficult to determine exactly how an enzyme 

replacement therapy delivered by a probiotic will change a PKU patient’s microbiome. 

 

MICROBES WITH PAL IN THE TREATMENT OF PKU 

 At present, utilizing bacteria as a therapeutic vehicle for PKU has only been addressed by 

two studies. Of these studies the first uses the PKU mouse model, but bacteria were only 

employed as a protective barrier to prevent degradation of the enzyme prior to entry into the 

small intestine rather than as a viable probiotic organism (Sarkissian, Shao et al. 1999).  Results 

showed that blood phe reduction by bacteria carrying PAL was similar to orally administered 

PAL proteolytically protected by microencapsulation or PAL administered with protease 

inhibitors. In this study phe levels were only monitored for six hours post administration, at 

which time the ingested E. coli were only half way through the gastrointestinal tract (Bellier, Da 

Silva et al. 2005).  At 6 hours post ingestion, the E. coli used would still be approximately in the 

distal end of the small intestine and would not have reached the large intestine for colonization 

and growth.  As E. coli prefer the large intestine for colonization, they would presumably have 

less metabolic activity in the small intestine (Reuter 2001).  Although the 1999 Sarkissan study 

only considered points less than six hours post-ingestion, which did not coincide with food 

administration, these results demonstrating a drop in blood phe with oral administration of PAL 

enzyme supported a potential role for phe degradation in the intestine.  The second study (Liu, 

Jia et al. 2002) used wild-type rats loaded with phe by injection to mimic PKU.  These animals 
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were then treated with an oral probiotic. The treatment probiotic contained a PAL gene, and 

resulted in a modest decrease in blood phe levels when compared to control animals receiving 

probiotic without PAL (12-17% reduction in treatment when compared to control) (Liu, Jia et al. 

2002).  The PAL gene in the study was conditionally activated by a chemical not co-

administered with oral probiotic treatment, limiting the production of PAL in the intestine (Liu, 

Jia et al. 2002). In fact, the injected phe by- passed the intestinal location of the probiotic and 

was directly available to the liver via the blood stream. It is therefore probable that the majority 

of phe catabolism occurred by PAH in the liver and resulted in a major reduction of blood phe, 

biasing the results.  However, given that intestinal PAL does lower blood phe concentrations in 

both the PKU mouse and phe-loaded rat studies, and that the most common treatment for PKU is 

restriction of dietary phe intake, developing an oral probiotic to supplement a PKU patient’s 

deficient phe catabolism seemed feasible.  

 

MICROBES AS A DELIVERY VEHICLE 

 A microbial delivery method for PAL enzyme offers several benefits over previous 

approaches.  First, probiotics are cheap and easy to produce.  Second, microbial probiotics are 

often a generally recognized as safe (GRAS) form of bacteria to persons of all ages and health 

statuses.  Third, microbes which are probiotics or gut commensals better survive the stomach 

environment and proliferate in the intestine where they are metabolically active.  Fourth, by 

keeping the enzyme inside the microbial cells it is less subject to degradation by intestinal 

enzymes.  Fifth, gut microbes and their proteins/enzymes do not elicit a systemic immune 

response in a phenomenon known as immunological ignorance.  Immunological ignorance of the 

gut microflora prevents the intestine from constant immunological inflammatory bombardment 
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(Hooper and Macpherson 2010), which would interfere with nutrient uptake.  In summary, by 

allowing the microbes to act as a safe delivery system and shield, PAL enzyme should reach the 

intestine (intact) and reduce the amount of phe present in the intestinal lumen.  This will reduce 

the amount of phe entering the blood stream from the diet, and at times in between meals the phe 

degradation in the intestine might act as a phe sink, similar to the effect seen in other ingestion 

studies (Bourget and Chang 1985, Sarkissian, Shao et al. 1999). 

 

BACTERIAL STRAIN SELECTION 

 In order to select the most appropriate bacterial strain for the present study, three major 

factors were taken into consideration.  First, in selecting a bacterium for PKU treatment it was 

necessary to select a bacterium that will be active prior to, or in the same compartment of the 

intestine as phe uptake.  While it is generally accepted that the absorption of AAs occurs in the 

small intestine (Matthews 1975, Tyssandier, Reboul et al. 2003), there is some debate as to 

which sections of the small intestine are specifically involved in this process. To select a 

bacterium for the present study we assumed that all three sections of the small intestine 

(duodenum, jejunum, and ileum) participate in AA absorption.  Although E. coli are a commonly 

grown gut commensal species, they are found at much higher proportions of total gut bacteria in 

the large intestine (Mushin and Dubos 1965, Esteves, Jones et al. 2005, Bollinger, Barbas et al. 

2007, Gyles 2010) compared to their low prevalence in the small intestine (Mushin and Dubos 

1965, Reuter 2001, Gyles 2010).  Of the many species of bacteria throughout the small intestine, 

Lactobacilli naturally colonize all three sections of the small intestine in both humans (Reuter 

2001, Valeur, Engel et al. 2004, Hayashi, Takahashi et al. 2005, Quigley and Quera 2006, van 

Baarlen, Troost et al. 2009) and mice (McConnell 1993, Walter, Heng et al. 2003, Hoffmann, 
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Rath et al. 2008, Livingston, Loach et al. 2010). Specifically, Lactobacillus reuteri (L. reuteri) is 

a well-studied bacterium with strains indigenous to the mammalian intestine.   

 Second, for optimal efficacy in PKU treatment the species of bacterium selected should 

be found in both mouse and human intestines.  A species of bacteria with strains specific for 

mouse and humans will facilitate the translation of results obtained from trials using the mouse 

model to human clinical trials in the future.  As previously mentioned L. reuteri is present in 

both mouse and human intestines and a variety of L. reuteri strains are used in probiotics for 

human consumption. Further, the L. reuteri strain 100-23 has already been used and 

characterized in several mouse studies (Walter, Heng et al. 2003, Hoffmann, Rath et al. 2008, 

Livingston, Loach et al. 2010). Additionally, in order for the work proposed to be successful, the 

species of bacterium selected must be capable of genetic manipulation. L. reuteri species 

including L. reuteri 100-23 have been shown to be amenable to genetic modification when using 

electroporation techniques (Walter, Heng et al. 2003). 

 The third issue to be considered is safety. Some L. reuteri strains are used as probiotics in 

humans (Johansson, Molin et al. 1993, Valeur, Engel et al. 2004) and mice (McConnell 1993, 

Walter, Heng et al. 2003, Hoffmann, Rath et al. 2008, Livingston, Loach et al. 2010) and as such 

are believed to be safe to use in persons of all medical backgrounds.  Despite the fact L. reuteri 

can colonize the mammalian intestine and live as a commensal, it is still considered a probiotic 

based on the definition of probiotic by the World Health Organization.  As all three required 

conditions for microbial selection were met by L. reuteri 100-23, it was selected as the host for 

our studies. 
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ENZYME SELECTION 

 The PAL gene from Anabaena variabilis ATCC 29413 was selected for use in these 

studies, denoted as AvPAL.  The reasons for selecting this enzyme over the myriad of other 

choices are as follows.  This enzyme is highly specific for phenylalanine with no detectable 

degradation of tyrosine (Moffitt, Louie et al. 2007).  AvPAL has a smaller size than eukaryotic 

PAL enzymes, placing less of a burden on the cell in its production when compared to eukaryotic 

sources (Moffitt, Louie et al. 2007).  Unlike other prokaryotic sources of PAL, AvPAL is nearly 

as efficient as the plant PAL enzymes at breaking down phenylalanine and retains solubility in 

the cytoplasmic environment (Moffitt, Louie et al. 2007). AvPAL folds properly in E. coli and 

does not require a co-factor or co-enzyme.  Finally, when introduced into E. coli, AvPAL 

remained reasonably stable and was not rapidly degraded (Moffitt, Louie et al. 2007).   

 

CREATING A USABLE PAL GENE 

 To create a therapeutic probiotic, the AvPAL gene must be modified from its original 

host to allow transcription and translation in Lactobacilli.  First, the indigenous promoter must be 

replaced with a promoter with known functional ability in Lactobacillus species.  The promoter 

to ermB (erythromycin resistance gene B) was selected as it is a constitutive promoter with the 

ability to induce high levels of expression in multiple Lactobacilli (Lizier, Sarra et al. 2010).  

Second, to stop transcription a transcriptional terminator must be added to the end of the gene.  

The transcriptional terminator from the ermGT  (erythromycin GT resistance) operon is a known 

strong terminator.  As this terminator functions by forming secondary structures in the 

transcribed product (Tannock, Luchansky et al. 1994), it does not require products of other genes 

to function and was considered an ideal selection.  Lastly, due to differential codon usage in 
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microorganisms, the original AvPAL sequence was checked for codon usage compatibility in 

Lactobacilli.  Codons in AvPAL were  optimized/altered for Lactobacillus codon usage to enable 

expression of the enzyme in L. reuteri 100-23.  The resulting construct has been named 

FuzErmAvPAL ."Fuz" identifies the gene as a fusion of genes from multiple sources.  "Erm" 

indicates the erythromycin B promoter and erythromycin GT terminator for this gene.  "AvPAL" 

denotes codon optimized AvPAL in this engineered gene. 

 

CREATING A USABLE SHUTTLE VECTOR 

 When working with plasmids in microbes other than E. coli, it is highly desirable to use a 

plasmid capable of transforming both E. coli and the desired host of the study. This is due to the 

fact that few hosts accept DNA as readily as E. coli.  This becomes especially important when 

few if any copies of the desired plasmid are present in a solution, such as after a ligation reaction.  

If the ligation reaction is used to transform E. coli, there is a good chance a few colonies will 

contain the desired product due to their high propensity to take up the re-circularized DNA.  

Species with lower transformation efficiencies, such as Lactobacilli, are unlikely to pick up the 

rare ligated copy.  For this work a shuttle vector backbone of pSLER1 was used for insertion of a 

L. reuteri 100-23 origin of replication, the pGT232 fragment of plasmid pNCKH103, to create a 

functional E. coli to L. reuteri 100-23 shuttle vector. 

 

THE PKU MOUSE MODEL 

 N-ethyl-N-nitrosourea (ENU) mutagenesis was used in multiple studies to induce point 

mutations in the BTBR mouse strain (McDonald, Bode et al. 1990, Shedlovsky, McDonald et al. 

1993).  Subsequent screening in the second mutagenesis attempt returned two new mutations to 



21 

 

the PAH gene including PAHenu2, which resulted in PKU-like disease when animals were 

homozygous for the mutation.  Animals heterozygous for the mutation were phenotypically 

normal, much like human carriers.  Over time, animals homozygous for the PAHenu2 mutation 

have become the gold standard for the animal model when studying PKU disease.  Crossing the 

mutant allele to the C57BL6/J (B6) background facilitated more successful breeding in several 

ways (Ding, Georgiev et al. 2006) (Ding, Harding et al. 2008).  For this study, B6 animals with 

the PAHenu2 allele were used to study the efficacy of therapy when L. reuteri 100-23 cells were 

used as a vehicle to deliver AvPAL to the intestine.    

 Differences between the PKU mouse model and humans relevant to the proposed 

probiotic treatment should be noted.  1) The net intake of phe for the average mouse (based on 

the standard 0.79% phe chow) is 240 mg phe/kg body weight while the average healthy human 

ingests only 70 mg phe/kg body weight (pers. com. Kathleen Mosley, dietician).  2) A healthy 

mouse has a blood phe concentration of 180 – 200µM while a healthy human’s blood phe 

concentration is approximately 60µM.  A male PKU mouse typically has a plasma phe 

concentration of 2250µM, and a human with classic PKU has a blood phe value of 1200µM or 

greater.  3) Mice eat constantly and have a gut transit time of 10 hours (Bellier, Da Silva et al. 

2005).  Humans usually have meals spaced 3-8 hours apart, and have a gut transit time of 36 – 60 

hours (http://www.vivo.colostate.edu/hbooks/pathphys/digestion/basics/transit.html). 4) The 

lowest quantity of phe that can be given in mouse chow to PKU mice still results in blood phe 

higher than a human treatment range, and makes direct comparison of phe tolerance of humans 

to this model impractical. 
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THERAPEUTIC DELIVERY METHOD 

 To reduce the number of variables involved and to reduce the stress of treatment on the 

animals, the control and treatment probiotics were administered by adding freeze-dried probiotic 

to a meal (powdered) form of the regular mouse chow.  This reduces variability by enabling the 

delivery of a known ratio of probiotic colony forming units (CFU) per gram of food. For 

example, if a daily dose was given, it is possible some animals would have differential eating 

habits leading to variance in efficacy.  It also reduces stress on the animals by not requiring more 

invasive administration procedures such as gastric gavage. 

 

DOSAGE TESTING 

 Prior to the longer-term efficacy experimentation, proper dosage of the therapeutic 

probiotic must be established.  While it is known that L. reuteri 100-23 cells delivered by gastric 

gavage succeed in surviving the mouse stomach at some percentage, and are capable of 

colonizing the intestine of Lactobacillus free mice (Hoffmann, Rath et al. 2008, Livingston, 

Loach et al. 2010), the percentage of CFU which reach the intestine alive is unknown.  As such it 

is impossible to predict the number of CFU that would be required in the chow to survive 

passage through the stomach in sufficient numbers to breakdown phe in the intestine.   

 As it was suspected that L. reuteri 100-23 would only cause transient colonization of the 

conventional (Lactobacilli containing) mouse gut (personal communication Dr. Tannock), the 

control and therapeutic L. reuteri 100-23 strains were administered at a steady ratio of CFU per 

gram of chow for the duration of the dosage test.  The initial daily dosage of CFU administered 

corresponded with the quantities used to inoculate Lactobacillus-free animals by gastric gavage 
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(1x10
6
 CFU) (Livingston, Loach et al. 2010), as that inoculation dose of L. reuteri 100-23 cells 

has been shown to survive and colonize the intestine to reach maximum colony size over a 

period of six days (Hoffmann, Rath et al. 2008, Livingston, Loach et al. 2010).   

 

GENETICS OF THE C57BL6/J PAHENU2 MOUSE COLONY 

 As mentioned above, the PAHenu2 mutation was originally created in the BTBR strain of 

mouse (McDonald, Bode et al. 1990, Shedlovsky, McDonald et al. 1993), and later backcrossed 

to the C57BL6/J (B6) strain to facilitate better breeding (Ding, Georgiev et al. 2006) (Ding, 

Harding et al.).  The number of generations the PAHenu2 mutation was crossed to the new 

background strain was not found in the literature, and no data existed on the proportions and 

locations of retained BTBR DNA within the genome of the B6 PAHenu2 mice.  To this end it 

was unclear how many attributes of the B6 PAHenu2 homozygous mice were due to the 

PAHenu2 mutation, as opposed to other alleles genetically linked to the PAH locus and therefore 

unequally distributed between PKU animals and their healthy littermates (heterozygous for 

PAHenu2).  The PAH gene is located on mouse chromosome 10 and is located on the positive 

DNA strand in the forward orientation from base pair 87521795 through base pair 87584136 

(http://www.informatics.jax.org/marker/MGI:97473). Relative to PAH the closest gene of 

concern was Insulin-like Growth Factor-1 (IGF-1). As expressed in the name, IGF-1 is important 

in many growth processes. Particularly of interest was the effect of potentially different IGF-1 

alleles on circulating IGF-1, which effects bone growth and bone density (Yakar, Rosen et al. 

2002).  With early onset osteopenia as a common health problem in PKU patients (Porta, Roato 

et al. 2008, Roato, Porta et al. 2010), several studies of bone health have been conducted with 

the B6 PAHenu2 mouse model (Solverson, Murali et al. 2012) (Solverson, Murali et al. 2012). 
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   None of the previous studies addressing bone health in the mouse model of PKU 

investigated potential allelic differences in IGF-1 inheritance between PKU animals and healthy 

heterozygous littermates. Furthermore, although it has been indicated that Insulin-like Growth 

Factors vary in their plasma concentrations based upon overall metabolic fitness (Houston 2004), 

no data has been published on IGF-1 concentrations in treated or untreated PKU mice of the B6 

background.  Slow postnatal total growth and sporadic ocular enlargement have been observed 

by many researchers working with the B6 PKU mice (pers. com. Dr. Harding, pers. com. Dr. 

McDonald, pers. com. Dr. Skvorak, this study).  Both the total growth phenotype and the ocular 

phenotype could potentially be explained by differential inheritance of IGF-1 alleles (Ruberte, 

Ayuso et al. 2004) (Haurigot, Villacampa et al. 2009).   

 

MURINE IGF-1 

 Each of the commonly used strains of mice exhibit different total expression levels of 

IGF-1 (Yuan, Tsaih et al. 2009).  When two strains with stark differences in IGF-1 levels are 

crossed to create the F2 generation, IGF-1 levels of the progeny distribute in a bell curve with 4 

identified loci (including the IGF-1 gene itself) involved in total blood IGF-1 levels (Rosen, 

Churchill et al. 2000).  Interestingly, mouse strains, that exhibit high IGF-1 concentrations do not 

contain high expression alleles at all 4 loci involved in determining total circulating IGF-1 

(Rosen, Churchill et al. 2000).  In addition to the polygenic determination of IGF-1 expression, 

the IGF-1 gene on mouse chromosome 10 has two promoters.   Promoter 2 drives expression of 

IGF-1 secreted into the blood via production of IGF-1 in the liver, while promoter 1 drives 

expression of IGF-1 in other tissues such as the eye (Oberbauer 2013). In situations when the 

location and quantity of DNA from the original mouse strain is unknown, single nucleotide 
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polymorphisms(SNP) are often analyzed to determine which genetic regions are from which 

mouse strain. 

 

SNP GENOME ANALYSIS 

 A SNP occurs when, as the name suggests, a single DNA base pair differs in the germline 

of one population/strain when compared to another.  By analyzing the SNPs that differ between 

the original and backcrossed strains investigators can determine 1) the purity of the desired 

(backcrossed) background strain, 2) the locations of genetic islands left behind by the initial 

mouse strain, and 3) if any difference exists between the SNP map of heterozygous and 

homozygous mutant animals due to genetic linkage of two loci (i.e. the test can determine if each 

SNP is homozygous or heterozygous for the strains tested).  Several companies, such as Jackson 

Labs, perform genome wide SNP scans for determination of full genome composition, and 

databases exist with additional SNP data for creating more detailed assays in an individual 

research lab as needed. 

 

OBJECTIVES OF PRESENT STUDIES 

  Based on the demand for improved PKU therapy and the above information, the work 

conducted in this study was started with two objectives: 1) to engineer a probiotic with 

functional AvPAL produced in vitro, and,  2) to verify the ability of the engineered probiotic to 

treat PKU in vivo using PAH enu2 mouse model of PKU. Administration of engineered 

probiotics to lower the phe levels in PKU mice may lead to an effective way to reduce blood phe 

levels in PKU patients. 
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 A follow-up study into the genetics and expression of IGF-1 in the PAHenu2 B6 mouse 

was investigated to determine if the cause of the new phenotypes observed in the mouse colony 

resulted from genetic linkage.  Specifically, studies were performed to determine the possibility 

of genetic linkage between PAH and IGF-1 and the negative impact such a linkage might cause 

in PAHenu2 PKU experimentation. 
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CHAPTER 1 

 

INTRODUCTION 

 Phenylketonuria (PKU) is a well-characterized autosomal recessive metabolic disease  

(Enns, Koch et al. 2010).  Patients with PKU have genetic mutation/s, which result in deficient 

function of the hepatic enzyme phenylalanine hydroxylase (PAH).  PAH is responsible for 

converting phenylalanine (phe) into tyrosine.  In contrast, mutations in PAH render the enzyme 

incapable of phe breakdown resulting in neurotoxic accumulation of phe and its incomplete 

metabolites in the blood.  Subsequently, excess phe is converted into phenylketone and excreted 

in the urine giving the condition its name.  Untreated PKU results in severe mental retardation 

and seizures.  When treated, many PKU patients and their families have noticed several 

secondary conditions accompany PKU including mood disorders (Brumm, Bilder et al. 2010), 

minor cognitive defects (Hamman, Clark et al. 2005), early onset osteopenia (Porta, Roato et al. 

2008, Roato, Porta et al. 2010), and markers of systemic inflammation (Roato, Porta et al. 2010).  

Additionally, women with PKU must maintain extremely tight control of their phe levels within 

the treatment range in order to prevent cardiac and neurological birth defects in their infants via 

maternal PKU (McDonald, Dyer et al. 1997).   As an essential amino acid, phe cannot be 

completely removed from the diet. Further difficulty in treating PKU arises from the fact few 

proteins are low in phe and no natural full length proteins are phe free. The only known phe free 

peptide, glycomacropeptide (a waste bi-product cleaved from a full length protein during cheese 

production), lacks several essential amino acids rendering it an unfit independent protein 

substitute (Solverson, Murali et al. 2012). Unfortunately the synthetic foods and supplements of 

the low phe diet are expensive, require time to prepare and are reported in the scientific literature 
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as having unfavorable flavor and odor(Levy 1999).  Exacerbating the high cost of these 

medically necessary foods is the inability to receive insurance coverage on the cost of medically 

necessary foods in several states for patients of all ages, and lack of coverage for adults in most 

of the USA (pers. com. NPKUA 2012-2014).  As a result of the above difficulties following the 

PKU diet, many PKU patients relax or abandon the diet upon leaving their parents (pers. com. 

NSPKU and NPKUA 2012-2014). 

 Despite the initiation of newborn screening for PKU and other diseases in the early 

1960s, the only treatment effective for all PKU patients is restriction of dietary phe.  The 

synthetic foods and supplements of the low phe diet are expensive and distasteful (Levy 1999)  

resulting in poor compliance in teens and adults.  Alternative PKU treatments have only begun 

development in the last ten to twenty years.   

 Kuvan
®
, BH4 supplementation, held significant promise to enhance residual PAH activity 

by providing excess PAH cofactor.  However, oral supplementation with PAH co-factor,  

tetrahydrobiopterin (BH4), fails to reduce blood phe to acceptable concentrations in 60-70% of 

PKU patients, and remains too expensive for some patients who respond to BH4 to afford (Elsas, 

Greto et al. 2011).   

 Enzyme replacement therapy has been investigated for several disorders, including the 

use of phenylalanine ammonia lyase (PAL) to treat PKU (Bourget and Chang 1985, Sarkissian, 

Shao et al. 1999, Liu, Jia et al. 2002, Gamez, Sarkissian et al. 2005, Sarkissian, Gamez et al. 

2008).  Oral PAL applications (naked enzyme) were not developed past initial animal studies due 

to unrealistic protections required to allow PAL enzyme passage through stomach acid and 

prevent proteolysis in the intestine (Sarkissian, Shao et al. 1999).  The concepts developed in 

oral PAL studies lead to PEG-PAL, a subcutaneously injected form of PAL enzyme. Although 
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polyethylene glycol (PEG) coating of the PAL enzyme reduces immunological response to PAL 

(Gamez, Sarkissian et al. 2005, Sarkissian, Gamez et al. 2008), antibodies to both PEG and PAL 

components of PEG-PAL have been observed in animals and patients in longer term trials (pers. 

com. BioMarin) (Gamez, Sarkissian et al. 2005), indicating an immune response which could 

eventually require higher doses to achieve the treatment goal as found in other PEG coated 

enzyme therapies (Chaffee, Mary et al. 1992, van der Eijk, Vrolijk et al. 2006).  Some patients 

already require a high volume of PEG-PAL (6 ml subcutaneous) each day to achieve the desired 

phe level on an unrestricted diet (pers. com. Dr. Harding, BioMarin).  Another undesirable aspect 

is that this form of therapy must be injected, introducing the standard risks (primarily injection 

site infections) and discomfort (pain of initial injection, bruising) associated with injections, and 

a non-injection based therapy is highly desirable.  

 At present utilizing bacteria as a vehicle for enzyme replacement therapy in PKU has 

only been addressed by two studies. One study employed E. coli bacteria as a protective barrier 

to prevent degradation of PAL prior to arrival of the enzyme in the small intestine of the PKU 

mouse rather than as a true probiotic (Sarkissian, Shao et al. 1999).  Blood phe reduction by PAL 

in E. coli  six hours post ingestion was similar to  orally administered PAL proteolytically 

protected by microcapsules or PAL administered with protease inhibitors in the same study, and 

later time points were not assessed (Sarkissian, Shao et al. 1999).  Further evidence of a possible 

oral PAL therapy was demonstrated in a second study using wild-type rats injected with phe and 

then treated with an oral probiotic containing an inducible PAL gene.  Animals given PAL 

treatment probiotic showed slightly lower blood phe concentrations than animals receiving the 

control probiotic (Liu, Jia et al. 2002).  This possibility of digestion done by microbes in the gut 

lumen is not in and of its self a new concept. 
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 Studies have found 10-30% of mammalian caloric intake is due to bacterial break down 

of molecules the host cannot otherwise use (Shanahan 2002, O'Hara and Shanahan 2006).  

Shanahan (2002) states that: “Given the metabolic activity of Escherichia coli, one can 

appreciate that the collective metabolic activity of the gut flora eclipses that of the liver and is 

tantamount to a virtual organ”. With microbes of the gut already performing metabolic functions 

of the host, it seemed a simple matter to create a microbe capable of catabolizing excess phe in 

PKU patients.  Given the natural role of microbes in daily digestion, and the decreased blood phe 

concentrations in both microbial PAL studies, developing an oral probiotic to supplement a PKU 

patient’s phe catabolism seemed plausible.  

While it is generally accepted that absorption of amino acids occurs in the small intestine 

(Matthews 1975, Tyssandier, Reboul et al. 2003), there is some debate as to which sections of 

the small intestine are specifically involved in this process. To select a probiotic bacterium for 

the present study it was assumed that all three sections of the small intestine (duodenum, 

jejunum, and ileum) participate in amino acid absorption.  Although Escherichia coli  are a 

commonly grown gut commensal species, they are found predominately in the large intestine 

(Mushin and Dubos 1965, Esteves, Jones et al. 2005, Bollinger, Barbas et al. 2007, Gyles 2010) 

compared to their low prevalence in the small intestine (Mushin and Dubos 1965, Reuter 2001, 

Gyles 2010).  Of the many species of bacteria throughout the small intestine, Lactobacilli 

naturally colonize all three sections of the small intestine in both humans (Reuter 2001, Valeur, 

Engel et al. 2004, Hayashi, Takahashi et al. 2005, Quigley and Quera 2006, van Baarlen, Troost 

et al. 2009) and mice (McConnell 1993, Walter, Heng et al. 2003, Hoffmann, Rath et al. 2008, 

Livingston, Loach et al. 2010). Specifically, Lactobacillus reuteri is a well studied probiotic 

bacteria indigenous to the mammalian intestine with strains deemed safe for human (Johansson, 
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Molin et al. 1993, Valeur, Engel et al. 2004) and mouse (Heng, Bateup et al. 1999, Tannock, 

Ghazally et al. 2005, Hoffmann, Rath et al. 2008, Livingston, Loach et al. 2010) use. 

 Similar to probiotic strain selection, PAL enzymes were evaluated to determine which 

enzyme would provide the best fit for this therapy.  AvPAL was selected over other PAL genes 

for its high processivity, low degradation rate in foreign bacterial hosts, small size, eukaryotic 

origin, substrate specificity, and ability to fold without chaperone proteins (Moffitt, Louie et al. 

2007).    

 Using a L. reuteri for microbial delivery of PAL enzyme replacement therapy offers 

several benefits over other PAL therapeutic approaches (oral microcapsules, PEG-PAL).  

Probiotic microbes are inexpensive to produce and are safe to ingest for persons of all ages and 

health statuses.  Many oral probiotic bacterial strains survive the stomach environment and 

proliferate in the intestine where they are metabolically active, and PAL expressed and kept 

inside the probiotic cells will not be degraded by intestinal enzymes.  PAL placed within orally 

administered probiotic prevents a systemic immune response against PAL due to the unique 

immunological privilege of the intestinal lumen.  Gut microbes and their proteins/enzymes 

participate in a phenomenon known as immunological ignorance, where by the mucosal immune 

system ensures containment of all microbial components to prevent an inflammatory based 

systemic immune response in the intestine (Hooper and Macpherson 2010).  By allowing the 

probiotic to act as a safe delivery system and shield, PAL enzyme will reach the intestine intact 

and functional to reduce the amount of phe present in the intestinal lumen.  Theoretically, lower 

phe concentrations in the intestinal lumen should reduce the amount of phe entering the blood 

stream from the diet.  At times between meals, phe degradation by PAL in the intestine might act 
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as a phe sink, similar to the effect seen in other ingestion studies (Bourget and Chang 1985, 

Sarkissian, Shao et al. 1999).  

  Based on the demand for improved PKU therapy and the above information, the work 

conducted in this study had two objectives: 1) to engineer a probiotic and verify in vitro function 

of the replacement enzyme at catabolizing phe, and 2) to verify the ability of the probiotic to 

function as an enzyme replacement therapy in vivo using PAH enu2 mouse model of PKU.  If 

administration of the engineered probiotic lowers blood phe in PKU mice, this therapeutic 

approach may be effective in human PKU patients. The experiments below detail the creation of 

a probiotic for enzyme replacement therapy with evidence of phe catabolism in vitro and in vivo.   

 

MATERIALS AND METHODS 

 

Table 1 - Genotypes and characteristics of bacterial strains obtained from outside sources and 

used in this study 

 

 

 

 

Bacterial Strain Relevant characteristic/genotype Source/reference 

Top 10 E. coli 

Plasmid propagation;  F- mcrA Δ( mrr-hsdRMS-mcrBC) 

Φ80lacZΔM15 Δ lacX74 recA1 araD139 Δ( araleu)7697 

galU galK rpsL (StrR) endA1 nupG Life Technologies 

Rosetta 2 DE3 E. 

coli 

His-tagged AvPAL production; F- ompT hsdSB(rB
-
mB

-
) gal 

dcm (DE3) pRARE2(CAM
R
) Novagen Millipore 

L. reuteri 100-23C plasmid free derivative of L.r.100-23 (McConnell 1991) 
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Table 2 - Plasmids with information on relevant resistance genetics and origin of the plasmid 

used to perform various functions within this study. 

Plasmid Relevant genotype 

Resistance (Lacto/E. 

coli) Source 

pNCKH103 

High in vitro and in vivo 

retention in L. reuteri 100-

23 strains, published as E. 

coli shuttle vector erm
R
/ erm

R
 Heng et al, 1999 

pSLER1 High copy E. coli vector __NA__/ erm
R
 Hale et al, 2005 

pSLERGT 

Functional E. coli L.reuteri 

100-23 shuttle vector erm
R
 / erm

R
 and amp

R 
This work 

pHENOMM pSLERGT+FuzErmAvPAL erm
R
 / erm

R
 and amp

R
 This work 

p-HIS8-

AvPAL 

Contains His-tagged 

AvPAL gene for 

purification and use in 

ELISA ___NA_/Kanamycin
R 

Moffitt et al, 2007 

 

 

 

Table 3 - Primers used for the PCR amplification reactions to create pGT232 for ligation and to 

amplify the region of PAH necessary to identify PAH genotype. 

Primer name Sequence Enzyme/Tm 

pGT232 fwd 5’tagctgagtcgacaacagttgttaa 3’ Phusion/64°C 

pGT232 rev 5’gagagaataaatcctccatggtttcttaga 3’ Phusion/64°C 

PAHenu2 fwd 5’tgctgcaacctggtaatactgatcc 3’ 

Hemo 

KlenTaq/61°C 

PAHenu2 rev 5’gaacattggagcttgatggaatcc 3’ 

Hemo 

KlenTaq/58°C 

 

 

Growth and transformation of Top 10 E. coli 

 Top 10 Chemically Competent E. coli were used for plasmid propagation (Life 

Technologies, USA).  Top 10 E. coli cells were grown in Luria Broth (LB) (MoBio, USA) and 

Terrific Broth (TB) (MoBio, USA) or agar plates as required by the protocol and plates were 
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incubated at 37°C in a standard aerobic incubator, liquid cultures in a 37°C aerobic shaker. 

Antibiotic was added as appropriate for the selected plasmid (pNCKH103*, pSLER1, 

pSLERGT) at concentrations of 50µg/mL ampicillin or 300µg/mL erythromycin.  

Transformation of Top 10 chemically competent cells performed according to strain manual.  

*pNCKH103 did not successfully transform E. coli in this work. 

 

Rosetta E. coli transformation, growth and protein purification 

 Rosetta 2 DE3 chemically competent E. coli (Novagen Millipore, USA) were 

transformed with p-HIS8-AvPAL plasmid (a gift from Dr. Bradley Moore, UC San Diego 

(Moffitt, Louie et al. 2007))  as directed by the cell strain manual. A successful transformant 

growing on an LB agar plate with 20µg/mL kanamycin and 35µg/mL Chloramphenicol was 

cultured in TB with 20µg/mL kanamycin and 35µg/mL Chloramphenicol at 37°C  in an aerobic 

shaker to produce a final OD600 of 0.600 for use in creating culture stock. Stock vials were made 

by using 50µl 10% glycerol in 1xPBS, and 50µl of the above liquid culture for storage at -80°C.  

10µl of frozen Rosetta E. coli (Rosetta cells hereafter) stock carrying the p-HIS8-AvPAL 

plasmid were added to a flask with 50ml of TB with 20µg/mL kanamycin and 35µg/mL 

Chloramphenicol to shake at 225rpm aerobically 37°C overnight.  An aliquot of the overnight 

cultured Rosetta cells were transferred into 250ml fresh TB with above antibiotic concentrations 

for a new OD600=0.100 and grown for 3-4 hours at 225rpm and 37°C to reach an OD600 = 0.600. 

Once at this OD600, isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to induce protein 

expression at a final concentration of 100mM IPTG, then shaken at 225rpm 23°C overnight.  

 Protein extraction from the IPTG induced Rosetta cells was performed by affinity 

purification using B-PER 6xHis Fusion Protein Purification kit (Pierce Protein Products, USA) 
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or the reagents of this kit with Amicon Pro Purification Columns (Millipore, USA) (full reagents 

and conditions in supplemental S3). When necessary, extracted protein was concentrated with an 

Amicon Ultra Concentration Column (Millipore, USA) per manufacturer's directions.  Purified 

AvPAL protein was run through High-Capacity Endotoxin Removal Resin spin columns (Pierce 

Protein Products, USA) per manufacturer’s directions in 4-5 serial removal protocols/columns to 

reduce endotoxin contamination of the sample to acceptable levels as determined by Limulus 

amebocyte assay (LAL) Chromogenic Endotoxin Quantitation Kit (Pierce Protein Products, 

USA). Final protein concentration was determined by Bradford assay, using BSA pre-mixed 

standards (Pierce Protein Products, USA), and Coomassie blue stain in 96well UV transparent 

plates in the Synergy 2 plate reader detecting absorbance at 595nm. 

 

Growth and Transformation of Lactobacillus reuteri 100-23 strains 

 Lactobacillus reuteri 100-23 strains were grown using deMan, Rogosa and Sharpe 

(MRS) broth (Fisher Scientific, BD Difco, USA) and MRS agar (Fisher Scientific, BD Diffco, 

USA).  L. reuteri 100-23C (a gift from Dr. Gerald Tannock, University of Otago, New Zealand) 

contains no plasmids, and was grown in plain MRS. L. reuteri 100-23 strains with erythromycin 

resistance were grown in with 5µg/ml of erythromycin in MRS.  Agar plated and liquid cultures 

were incubated at 37°C in anaerobic jars using gas packs (Thermo Scientific Oxoid, USA) to 

generate anaerobic conditions.  Anaerobic indicator slips (Thermo Scientific Oxoid, USA) 

verified O2 absence.  Liquid cultures were grown 12-18 hours, plated cultures 48 h.  To produce 

frozen stock of various L. reuteri 100-23 strains, liquid cultures were aliquoted as 50µl over 

night culture with 50µl of sterile 10% skim milk and stored at -20°C or -80°C. 



36 

 

 For transformation L. reuteri 100-23 cells were grown (37°C anaerobic) to an optical 

density at 600 nm (OD600) of 0.8 - 1.0 and harvested by centrifugation (9,820 x g for 10 minutes 

at 4°C) and media eliminated.  Cells were washed twice with ¼ original volume sterile 3.5X 

SMEB (952 mM sucrose, 3.5 mM MgCl2, adjusted to pH 7.2) with repeats of the centrifugation 

and liquid removal after each wash.  The cell pellet was re-suspended in 1/20
th

 original volume 

chilled sterile 3.5X SMEB.  400 µl of cell suspension and 1.0 µg plasmid DNA were added to a 

0.2 cm electroporation cuvette on ice.  GenePulser (BioRad, USA) subjected cells to a pulse 

of 12.5 kV/cm, 200 ohm parallel resistance, 25 uFD capacitance.  Cells were immediately 

transferred to 10ml pre-warmed sterile MRS and incubated 3 h at 37°C, aerobic.  Cells were 

centrifuged (7,740 xg, 5 minutes, 5° C) and re-suspended in 500 µl of MRS, diluted and plated 

for colony positive clone isolation (pers. com., Dr. Nicholas Heng, University of Otago, New 

Zealand).  

 

Growth to harvest L. reuteri 100-23 cells for freeze drying 

 The first growth stage was performed in a 50ml conical tube with 40mL MRS (5µg/ml 

erythromycin, ery, for plasmid retention) and 10µl of the desired frozen L. reuteri 100-23 stock 

added and allowed to grow overnight. OD600 was assessed after overnight growth and cells were 

diluted into multiple flasks of 600ml fresh MRS (5µg/ml erm) to an OD600 of 0.05-0.150 for the 

second growth phase at 37°C in anaerobic jars and gas packs (Oxoid, USA). Once the second 

growth reached an OD600 between 0.575 and 0.800, cells were placed on ice for 10 min to stop 

growth. 
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CFU counting of freeze dried L. reuteri 100-23 cells 

 A small aliquot of freeze dried powder (FDP) L. reuteri 100-23 cells was suspended in 

sterile chilled PBS at a rate of 0.001g FDP/ml PBS to make the starting suspension. This 

suspension was serially diluted (10x) in MRS with 5µg/ml erm. For agar plate counting; 

dilutions of 10
-3

 through 10
-6

 were used when triplicate plating 100µl of dilution on MRS agar 

plates with 5µg/ml ery and incubated at 37°C anaerobically (see above) for 48h.  For liquid MRS 

in 96 well plate counting; dilutions of 10
-3

 through 10
-8

 were plated with ten replicates per 

dilution when using 70µl of each dilution with 180µl MRS with 5µg/ml ery per well and grown 

at 37°C anaerobically (see above) for 24h.  

 

Creation of the shuttle vector pSLERGT and creation and insertion of FuzErmAvPAL 

 pNCKH103 plasmid (a gift from Dr. Gerald Tannock, University of Otago, New 

Zealand) DNA harvested from transformed L. reuteri 100-23 cells served as template for 

extension PCR of the pGT232 fragment using 6µl 10x Q5 polymerase reaction Buffer, 1.5µl of 

15ng/µl total DNA including pNCKH103 DNA from L. reuteri 100-23, 1.5µl  of 10µM Forward 

Primer 5’tagctgagtcgacaacagttgttaa 3’, 1.5µl of 10µM Reverse Primer 

5’gagagaataaatcctccatggtttcttaga 3’, 2.4µl 10mM dNTP, 18.6µl Molecular water, 0.25µl Q5 

DNA polymerase (New England Biolabs, USA).  Thermocycler conditions: initial denaturation 

98.0ºC 30 s ; 4 cycles of 98ºC 10 s, 57ºC 12 s, 72ºC 90 s; 30 cycles of 98ºC 10 s, 65ºC 12 s, 72ºC 

90 s; final extension at 72ºC for 120 s then hold at 4ºC. PCR products were run as a mirror gel 

and gel purified from the portion without ethidium bromide using the UltraClean
®
 GelSpin

®
 

DNA Extraction Kit (MoBio, USA Laboratories, Inc., USA).   
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This pGT232 fragment was cut using NcoI FastDigest (ThermoScientific, USA) for one sticky 

and one blunt end.  pSLER1 vector (a gift from Dr. Nicholas Heng, University of Otago, New 

Zealand) was cut using FastDigest enzymes NcoI and SmaI (ThermoScientific, USA) resulting 

in a sticky/blunt vector.  Both digests were run utilizing recommended concentrations from the 

manufacturer and 90 min reaction time at 37ºC. Reactions were each cleaned using the solutions 

protocol of the UltraClean
®
 GelSpin

®
 DNA Extraction Kit (MoBio, USA Laboratories, Inc.) and 

eluted into molecular water.  2µl 10x T4 DNA ligase buffer (ThermoScientific), 2µl 50% PEG 

4000 (ThermoScientific), 1µl digested pSLER1  at 21ng/µl, 5.5µl digested pGT232 fragment at 

6ng/µl, and 8.5µl molecular water were combined for ligation at room temperature for 60 min. 

5µl of the ligation reaction was added to 50µl of chemically competent Top10 E. coli from Life 

Technologies, USA for transformation (see above). 

 Colonies with ligated plasmid were selected on LB agar containing 50µg/mL of 

ampicillin, and further growth for plasmid extraction (UltraClean 6 minute mini prep, MoBio, 

USA) was performed in TB dry broth containing 300µg/ml of erythromycin. Desired ligation of 

the plasmid in each colony was determined from extracted plasmid (Ultraclean 6 Minute Mini 

Plasmid Prep Kit, MoBio, USA) by restriction digest with FastDigest enzymes NcoI and SalI 

(Thermo Scientific, USA) and visualization on ethidium bromide gel.  The clone with successful 

insertion, pSLERGT, was sequence verified by BioBasic Inc. (Canada).   

 In order to create an AvPAL gene capable of expression in Lactobacillus, the indigenous 

AvPAL promoter was replaced with a Lactobacillus high production constitutive promoter and 

ribosome binding sequence from the erythromycin resistance B gene (ermB) (Lizier, Sarra et al. 

2010).  The ermB promoter was selected for its high protein expression levels noted in several 

Lactobacillus strains.  Codons in AvPAL were optimized (altered) to match Lactobacilli codon 
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usage to increase efficiency of expression in L. reuteri 100-23.  To reduce potential 

complications caused by the insertion of an AvPAL gene into the system, the transcriptional 

terminator from the ermGT resistance gene (ermGT) was added after the AvPAL stop codon.  

ermGT is an ideal terminator in this construct; because its utilization of secondary structures 

causes transcriptional termination and requires no additional proteins or cofactors(Tannock, 

Luchansky et al. 1994).   The name FuzErmAvPAL denotes the presence of the erythromycin 

and AvPAL sections, and was synthesized, inserted into pSLERGT and sequence verified by 

BioBasic Inc (Canada).  

 

AvPAL function in vitro 

 Trans-cinnamate produced by PAL cleavage of phe is detectable by the increased 

absorbance of light at a wavelength of 280nm (Moffitt, Louie et al. 2007).  This absorbance 

change was measured in various conditions to determine best assay to monitor the presence or 

absence of functional AvPAL in L. reuteri 100-23 cell lines.  In all experiments a suspension of 

L. reuteri  100-23 whole cells or L. reuteri  100-23 cell lysate (details below) was placed in plain 

PBS or in PBS 10mM phe (final concentration) and allowed to react at 37°C. Fluid was 

monitored for an increase in absorbance at 280nm to indicate the production of Trans-cinnamate 

( whole cell suspensions  were centrifuged to remove cells prior to absorption measurement).  

Known  concentrations of 0 µM, 6.25 µM, 12.5 µM, 25 µM, 50 µM, 100 µM, 125 µM, 250 µM, 

and 400µM trans-cinnamate in PBS served to create a standard curve.  A control of plain PBS 

for each cell line/condition was run to account for other cell processes causing an increased 

absorbance at 280nm.  This plain PBS control was subtracted from the PBS+phe for each sample 

to subtract non-trans-cinnamate metabolites that could increase the absorbance reading at 280nm.  
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Trans-cinnamate standard solutions were produced by dissolving trans-cinnamate in PBS to the 

desired concentration.  For the final protocol, control and experimental L. reuteri 100-23 cells 

were grown separately to the same OD600 in 25mL of MRS media (OD600 0.600-0.750).  Cells 

were chilled on ice 5 min then centrifuged (9,000xg for 7 min, 4°C).  Cells were washed in 5mL 

sterile chilled PBS and re-pelleted (9,000xg for 7 minutes at 4°C).  Supernatant was removed 

completely, and cells were re-suspended in 500µl sterile chilled PBS for sonication on ice (four 

cycles, 40V, pulse 5 s on, 10 s off).  Post sonication solutions were centrifuged (20,000xg for 15 

minutes at 4°C) to separate lysate and solids. 30µl of the appropriate lysate was added to 150µl 

PBS or 150µl PBS with 12mM phe for a total volume of 180µl/well. Each condition was run in 

triplicate in a BioTek Synergy 2 plate reader at 37°C using a 96 well UV transparent plate, an 

absorbance wavelength of 280nm, and measurements taken every 5 minutes. This assay was 

performed in triplicate, each replicate utilizing a fresh growth of bacteria. 

 

Animal care and Usage 

 PAHenu2 mutant mice on the C57BL6/J background were acquired from Dr. Harding of 

Oregon Health and Science University.  Animals were bred and maintained in the University of 

North Texas animal facility.  Water and standard 5LL2 pelleted mouse chow (LabDiet, USA) 

were available to animals not on experimental diets ad libitum. Experimental diets are detailed 

below, water continued to be administered ad libitum.  A 12/12 light cycle and temperature of 

23ºC were maintained at all times.  All procedures were approved by the UNT Institutional 

Animal Care and Use Committee.  

 Female mice homozygous for the PAHenu2 mutation will not rear young.  For this reason 

females heterozygous for the PAHenu2 mutation were crossed with males homozygous for the 
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mutation when maintaining a PAHenu2 colony.  This produces litters containing 50% 

heterozygous PAHenu2 animals and 50% homozygous PAHenu2 animals.  The produced 

heterozygous animals served as healthy littermate controls.  PAHenu2 homozygous males were 

preferred as replacement breeders to reduce the production of excess heterozygous and 

homozygous healthy offspring not usable in experimentation.   

 

PCR based PAH genotyping of mice 

 HemoKlen Taq kit (New England Biolabs, USA) was used as needed for genotyping the 

PAH alleles following the manufacturers concentrations and reaction conditions for PAH PCR 

product length and primer sequence. Primer sequences for the amplification of PAH were 

PAHenu2 forward primer of 5’TGCTGCAACCTGGTAATACTGATCC 3’, and PAHenu2 

reverse of 5’GAACATTGGAGCTTGATGGAATCC 3’.  The product is 616 base pairs, and 

digestion with restriction enzymes BbsI or BsmAI (Thermo Scientific, USA) used as directed in 

the manual.  Differential banding patterns are visualized on a gel for genotype determination.  If 

using BbsI, the PKU allele of PAHenu
2
 remains uncut at just over 600 base pairs in length (616) 

while the wild type allele is cut into nearly identical bands at 300 base pairs in length.  If using 

BsmAI, the PKU allele of PAHenu
2
 is cut to produce DNA products at 308, 274, and 34 bases 

while the wild type PAH allele is cut into DNA of 342 and 274 bases. 

 

Mouse blood collection 

 Dried heparin tubes were created prior to blood draw by adding 10 IU Heparin (dissolved 

in water) to each autoclave sterilized microcentrifuge tube.  The tubes were then placed into a 

speed vac rotor to remove all liquid while leaving the heparin behind.  Blood was collected by 
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cheek bleed (no more than 125µl) into a dry heparin coated tube and centrifuged at 1,000xg for 

10 minutes.  Plasma collected from the tube and stored in a clean microcentrifuge tube at -20°C 

until utilized in the desired assay. 

 

Plasma phe assay 

 Quantifying plasma phe for genotyping or experimental data was performed by 

fluorometric assay (McCaman 1962).  Alterations to total volume were made to accommodate 

use of a plate reader (Synergy, BioTek2, USA) and 96 well plates (black plastic with black 

bottom by Corning, USA). Briefly; standards of 0 µM, 180 µM, 300 µM, 600 µM, 1200 µM, and 

2400µM were created by spiking 1xPBS + 7.5% Bovine serum albumin with phe.  Standards 

were aliquoted in microcentrifuge tubes and stored at -20°C until needed, and tubes were used a 

maximum of 3 times before disposal and opening of a new set of standards.  Step 1: 10µl of 

plasma (see above) or phe standard and 10µl of 0.6M Trichloroacetic acid were placed into a 

microcentrifuge tube to react for 10min, then centrifuged at 13,000xg for 10min.  Step 2: 3.3µl 

of liquid per sample was removed from step 1 tubes and added to a new microcentrifuge tube 

containing 50µl of solution 2 (50µl Solution 2; 6.25µl 5mM L-leucyl-L-alanine + 12.5µl 30mM 

Ninhydrin + 31.25µl 600mM Sodium Succinate buffer), one tube per sample.  All samples were 

sealed and placed in a 60°C water bath to react for 2 hours. Samples were briefly cooled on the 

counter after the reaction period, and were centrifuged to ensure all lid condensate rejoined the 

total sample volume. Step 3:  40µl of each sample from step 2 were placed into individual wells 

of the black 96 well plate.  Once all samples were loaded, 250µl of solution 3 (250µl Solution 3; 

100µl 0.6mM copper sulfate + 150µl 25mM Sodium potassium tartrate) was added to each well 
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with a multi channel pipettor, and a fluorometric read (360/420) was performed by the Synergy2 

BioTek plate reader. 

 

Freeze drying of Lactobacillus strains 

 Various trials were conducted in creating the final functional protocol.  Total volume of 

cell growth, centrifugation, and freeze drier conditions remained constant in all trials.  Variables 

tested included ideal growth density, best solution for final cell suspension to be frozen in, and 

ideal time to freeze cells at -80°C prior to placing the dish in the freeze drying chamber.   

 Up to 3.6 L of the appropriate L. reuteri 100-23 cell lines grown to an OD600 0.550 - 

0.750 were centrifuged (9,000xg for 15 minutes, 4°C).  Supernatant was aspirated, and cells re-

suspended in ¼ the original volume of chilled sterile PBS and pelleted again (9,000xg for 10 

minutes, 4°C).  Final cell pellet was weighed, and 1.5x the pellet weight added of sterile chilled 

PBS for re-suspension.  Cell suspension was spread thin in sterile Petri dishes and placed in a -

80°C freezer for one hour.  Plates were transferred to freeze drying chamber, temperature of -

40°C, and maintained at this temperature for the drying process with a vacuum pressure of 0.080 

mBarr for 72 hours.  Freeze dried cells were manually crushed into a powder with a glass mortar 

and pestle (sanitized with 70% ethanol prior to each use), weighed and placed into sterile O-ring 

gasketed microcentrifuge tubes (Denville Scientific, USA) for storage at -20°C.   A small 

weighed sample (0.10 - 0.25g) of this was used to determine the number of cfu/gram of freeze-

dried powder for each batch (see above). 

 

Probiotic treatments 
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 Preliminary feeding experiments were conducted for 3-4 days with two animals per 

experiment to determine freeze drying and feeding conditions required for survival of the L. 

reuteri 100-23 cells in the mouse gut, and to assess ability of pHENOMMenal treatment function 

with reduced phe chow. Aside from number of animals used and shorter time scale, experimental 

preparations for preliminary experiments were the same as those listed below for longer 

experiments with the exception of the two experiments utilizing reduced phe chow.  0.79% phe 

chow was the standard Lab Diet 5LL2 chow, 0.59% phe chow was created by mixing 1/3 regular 

5LL2 chow (0.79%) with 2/3 reduced phe chow (0.2% phe). 0.2% phe chow was fully synthetic 

and was synthesized by LabDiet based on their Baker Amino Acid diet altered to contain 0.2% 

phe. Plasma phe values in chow comparison studies are not paired, i.e. animals kept on chow 

without probiotic were used to obtain non-treatment values while a separate set of animals were 

used for the treatment values. 

 Groups for seven and fourteen day experiments began with 3-4 male mice between the 

ages of 12 and 14 weeks old.  Mice consumed powdered chow during experimentation to allow 

addition of freeze-dried probotic to the chow (2.0 x10
7
 cfu probiotic/gram chow).  Powdered 

chow was administered via mouse feeder shield 148-4-MFS (Unifab Corp, USA) with an inner 

pedestal and shallow food dish to minimize spillage and soiling.  Old chow dishes were removed 

every 24 hours, and replaced by fresh dishes of chow.  4 grams of chow per mouse were 

prepared each day with 2.0x10
7
cfu probiotic/gram chow for the 14 days mice received probiotic 

treatment.  Cages receiving probiotic infused food were maintained with micro-isolator lids to 

prevent undesirable spread of the microbes. Blood was taken prior to treatment, and once every 7 

days including  7 days post treatment for blood phe assessment as described above.  An 

additional blood sample was taken at 4 months post treatment in several mice to assess retention 
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of the treatment microbe.  This 14 day treatment study was performed in triplicate.  In the third 

replicate of this 14-day treatment study, animals had been returned to regular chow from reduced 

phe chow 2 weeks prior to probiotic feeding. Assessment of permanent pHENOMM colonization 

was performed by collecting fecal samples from the animals in the third experimental run and 

allowing growth under conditions to allow E. coli (LB + ampicillin, aerobic) or L. reuteri 100-23 

(MRS + erythromycin, anaerobic) to grow if they retained the pHENOMM plasmid.  Timeline 

for the 14 day experiment is listed at the end of Materials and Methods. 

 

Anti-AvPAL antibody detection in treated animals by quantitative ELISA 

 AvPAL protein with his-tag was produced in Rosetta E. coli as described above. 

Endotoxin levels in purified AvPAL samples were confirmed with LAL Chromogenic Endotoxin 

Quantitation kit (Pierce Protein Products, USA) as less than 10ng/ml endotoxin for coating 96 

well plates for ELISA.  AvPAL for injection into positive control animals contained less than 

2.5ng of endotoxin per weekly injection. Positive control animals received 30µg or 150µg 

AvPAL via intraperitoneal (IP) injection once weekly for 3 weeks. 

 For the assay, 96 well transparent plates with 100µl per well of 10µg/ml AvPAL were 

sealed and incubated at 4ºC overnight. 7.5% sodium caseinate was added for 15 min to block any 

unbound well surface area. Wells were washed with wash solution (1xPBS X% Tween-20) 3x 

and a rinse (1xPBS). 100µl/well of antibody standard (6x-His Epitome Tag Antibody an anti-

mouse IgG2b monoclonal antibody, Pierce Protein Products USA) or diluted mouse plasma were 

added for incubation at room temp, 1 h.  Concentrations for the antibody standard were 0 µM, 50 

µM, 75 µM, 100 µM, 150 µM, 200 µM, 250 µM, and 300 µM.  After incubation 3x wash and 

one rinse were performed and 150µl/well detection antibody, anti-mouse IgG horseradish 
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peroxidase conjugate at 0.4µg/ml (Pierce Protein Products, USA) was added for incubation of 1 

h.  Six washes and one rinse repeated followed by addition of 150µl ABTS substrate added for 

20 min incubation. 100µl stop solution was added (1% Sodium dodecyl sulfate) and final 

absorbance measured at 410nm in BioTek Synergy2 plate reader.   

 

Timeline for experiments with 14 days pHENOMMenal probiotic 

 

Timeline for experiment with 7 days pHENOMMenal probiotic 
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Statistical analysis 

 Statistical analysis was performed utilizing the Sigmaplot 12.3 software package by 

Systat Software Inc. All data are presented as mean ± SD.   A student’s two tailed unpaired t-test 

was used to analyze in vitro trans-cinnamate production using triplicate wells for each condition 

in each of the three independent replicates of the in vitro experiment.  Dietary studies comparing 

chow to chow with treatment probiotic were assessed with a paired two tail t-test to determine if 

blood plasma phe was reduced during the treatment period compared to pretreatment control 

values.  When simultaneously testing 0.79% phe chow, 0.59% phe chow, and 0.2% phe chow, 

samples were not paired and a Mann-Whitney test was performed to determine significance. 

Differences between groups were considered significant if P < 0.05. 
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RESULTS 

 

E. coli/Lactobacillus shuttle vector 

 Initial attempts to use the shuttle vector pNCKH103 in E. coli proved unsuccessful, and it 

was discarded as a cloning shuttle vector.  Instead pNCKH103 was used to transform L. reuteri 

100-23C directly to allow for plasmid purification and downstream PCR of the desired pGT232 

fragment. 

 High copy E. coli plasmid pSLER1 was used as the backbone for the creation of the 

experimental shuttle vector.   The antibiotic resistance gene ermB in pSLER1 functioned in both 

E. coli and Lactobacilli and acted as a selection cassette to allow screening for successful 

transformants in both bacterial species.  The pGT232 fragment of pNCKH103, a Lactobacillus 

reuteri origin of replication with high in vitro and in vivo retention (Heng, Bateup et al. 1999), 

was amplified by PCR (Fig. 1a) from pNCKH103 carrying L. reuteri 100-23 cells.  Gel purified 

pGT232 PCR product and plasmid pSLER1 (Fig. 2a) were digested and ligated for E. coli 

transformation and extracted plasmid DNA from ten screened E. coli clones was examined for 

the desired ligation product (Fig. 1b).  Clone 2’s banding pattern for the desired shuttle vector 

pSLERGT (Fig. 2b) is shown in lanes 4 and 5 of Fig. 1b; undigested plasmid at greater than 5kb 

was observed in loaded lane 4 (Fig. 1b) and digested bands are seen for clone 2 in loaded lane 5 

at 2.7kB and 4.1 kb for the pGT232 fragment and pSLER1 backbone respectively.  Although the 

secondary structure in the strongest portion of the pGT232 fragment prevented sequencing of 

one region, sequencing of the rest of the pGT232 fragment in pSLERGT indicated an unaltered 

sequence from that of the literature (Heng, Bateup et al. 1999) with the exception of one silent 

mutation.  It is presumed the strongest secondary structure is unaltered from the original 
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sequence as transformation of L. reuteri 100-23C (ery sensitive) with pSLERGT (Fig. 2b) 

resulted in ery resistant L. reuteri 100-23 cells.  Synthesized FuzErmAvPAL (sequence in 

supplemental materials S1) inserted into pSLERGT created the vector pHENOMM (Fig. 2c).  L. 

reuteri 100-23 cells carrying pHENOMM vector are referred to as pHENOMMenal cells, L. 

reuteri 100-23 cells carrying pSLERGT serve as an empty vector control. All plasmids maps are 

shown (Fig. 2), with plasmid sequences in supplemental materials (S2).   

 

AvPAL phe cleavage in vitro 

 To evaluate trans-cinnamate production, a set of reliable standard concentrations was 

determined.  Values up to 400µM trans-cinnamate were within the readable range of the 

Synergy2 BioTek plate reader, setting the highest concentration of trans-cinnamate in the 

standard curve at 400 µM.  A trans-cinnamate standard curve with the indicated linear regression 

and r
2
 values is shown (Fig. 3a).   A concentration of 400 µM trans-cinnamate was sufficiently 

high as the highest concentration in the curve for the calculations performed in this experiment 

when used with the lysate quantities stated for the final protocol. 

 Various assays were attempted to determine if functional AvPAL was produced by L. 

reuteri 100-23 cell lines.  During optimization whole cell assays for trans-cinnamate in the 

supernatant were incapable of detecting trans-cinnamate.   

 To determine if functional AvPAL enzyme was created within the pHENOMMenal cells, 

lysate from L. reuteri 100-23 cells carrying pHENOMM (pHENOMMenal) was compared to 

lysate from L. reuteri 100-23 cells carrying pSLERGT (control) in their ability to produce trans-

cinnamate in the presence of phe (Fig. 3b).   
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Figure 1a                              Figure 1b 
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Figure 1. DNA for shuttle vector/plasmid creation. (a) Products of pGT232 fragment PCR in an 

ethidium bromide gel.  The band at 2.7kb in lane 2 is the desired product containing the full L. 

reuteri origin of replication.  Lanes 1 and 3 are 1kb ladders from MoBio and Quick-load 1kb 

extend ladder from NEB respectively.  (b) DNA isolated from five clones after a pSLER1 + 

pGT232 fragment ligation in an ethidium bromide gel.  A 1kb MoBio ladder is seen in the lane 1.  

Other lanes are paired for each clone, and include uncut plasmid on the left and plasmid digested 

with SalI and NcoI (to excise the pGT232 fragment) on the right.  Clone 2 (lanes 4 and 5) 

exhibited the proper size in both uncut and cut states and indicated a successful ligation 

(pSLER1 at 4.1kb and pGT232 fragment at 2.7kb).  
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Figure 2a 
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Figure 2b 
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Figure 2c 
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Figure 2. Plasmid maps.  (a) pSLER1, an E. coli plasmid used as the backbone for the insertion 

of pGT232, (b) Shuttle vector pSLERGT created from insertion of the full L. reuteri origin of 

replication (pGT232 fragment) into pSLER1. (c) Shuttle vector pHENOMM made by inserting 

FuzErmAvPAL into the pSLERGT plasmid. Denoted sequences: repA protein (RepA), double 

stranded origin (DSO), single stranded origin (SSO), E. coli origin (OriE), erythromycin B 

resistance (ermB) and ampicillin resistance (bla, functional only in E. coli). 
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To eliminate background readings of other processes causing an increased absorbance at 280nm, 

a control of PBS without phe was run for each cell line, and the value of these PBS control wells 

were subtracted from the value of the PBS with phe wells for final calculations.  Cell lysate from 

cells carrying the pHENOMM plasmid produced a significant increase in absorbance at 280nm 

compared to empty vector control lysate (5, 10, 15, 20, 25, and 30 minutes P  <  0.05, 0.001, 

0.0005, 0.001, 0.00025, and 0.0001 respectively in a 2 tailed t test) (Fig. 3b). 

In vivo optimization experiments  

 Freeze drying and administration of the engineered pHENOMMenal probiotic line 

required optimization to enable in vivo studies.  Freeze dried probiotics demonstrated a reduction 

in cfu of 2.5-5 fold upon exposure to room temperature with ambient oxygen and humidity, and a 

cfu reduction of 100 fold by 48 hours in the same conditions.  By mixing fresh food every 24 

hours, the reduction in cfu count was minimized to the reduction seen after 24 hour exposure to 

room temperature conditions.  Freeze dried cells also lost viability quickly in screw cap 

containers (greater than 10 fold loss of cfu per 6 days of storage), but remained more viable 

when stored in O-ring gasketed vials (initial loss of 3 fold cfu within 2-3 days, with no additional 

cfu  loss 1 month later).     

 Prior to receiving treatment probiotic, feces from the mouse colony were incapable of 

growing bacterial colonies on MRS agar plates with 5µg/ml of ery in anaerobic conditions at 

37°C.  However, colonies could be detected in the same culture conditions from feces collected 

24 hours after the start of feeding with an ery resistant probiotic, indicating survival of the 

engineered probiotic in the mouse gastrointestinal tract.   
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Figure 3a 
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Figure 3b 
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Figure 3.  Trans-cinnamate absorbance at 280nm.  (a) A trans-cinnamate standard curve 

measured by absorbance at light wavelength 280nm and linear regression for quantitation of 

unknown samples.  (b) Trans-cinnamate produced as a result of phe catabolism by vector control 

(pSLERGT) or pHENOMMenal (pHENOMM) cell lysates when held at 37ºC.  Time points  5, 

10, 15, 20, 25, and 30 minutes showed significant production of trans-cinnamate in 

pHENOMMenal cell lysate compared to the control pSLERGT lysate (P  < 0.05, 0.001, 0.0005, 

0.001, 0.00025, and 0.0001 respectively) Each data point represents the mean of  triplicate wells 

at 5 minute intervals starting at 0 minutes and ending at 30 minutes.  Error bars indicate standard 

deviation.   
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Preliminary feeding at 5.0x10
6
- 2.5x10

7
cfu probiotic/gram of chow for 3-4 days failed to 

produce permanent colonization by the probiotic as demonstrated by a lack of ery resistant 

colonies on MRS agar plates with 5µg/ml ery from feces collected 2 days after cessation of 

probiotic feeding. 

 Prior to probiotic administration, male PKU mice exhibited an average plasma phe value 

of 2268 µM SD  ± 225.6 µM (n = 15), and high and low outliers at 1847 µM and 2719µM on the 

0.79% phe chow (S3).  Plasma phe remained unchanged when probiotics lacking AvPAL 

enzyme (harvested in exponential growth phase) were administered in the chow for 4 days 

(2x10
7
 cfu control probiotic/gram chow) (Fig. 4b, n=4, P > 0.5).  In comparison, when ingesting 

pHENOMMenal harvested during exponential growth for freeze drying and administered at 

2.0x10
7
cfu pHENOMMenal/gram chow, plasma phe lowered from 2281µM ± SD 22µM to 

1582µM ± SD 13µM in 4 days (Fig. 4c), and this drop in plasma phe was significant (n =2, P < 

0.01). This data trend was consistent in trials with male or female PKU mice.   

 pHENOMMenal cells harvested during stationary phase for freeze drying survived the 

freeze-drying process in higher proportions than cells harvested in the exponential growth phase.  

Cells harvested at exponential phase had reduced but measurable trans-cinnamate production in 

the trans-cinnamate lysate assay indicating the presence of functional AvPAL. Despite in vitro 

survival and retaining functional AvPAL, pHENOMMenal cells harvested in stationary phase 

failed to reduce plasma phe in PKU mice fed the 0.59% phe chow by any measureable amount (n 

= 2, P > 0.05, Fig. 4d).   

 To determine if chow phe content effected efficacy of pHENOMMenal, three chows of 

differing phe contents were examined.  Consistent with previous experimentation, 0.79% phe 

chow produced an average plasma phe concentration of 2272µM ± SD 181µM (n = 4), and 
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administration of 2.0x10
7
cfu pHENOMMenal/gram chow for 6 days to animals on the 0.79% 

phe chow resulted in plasma phe of 1659µM ± SD 3.3µM (n = 2,  Fig. 5a).  Feeding with 0.59% 

phe chow resulted in plasma phe of 1545µM ± SD 5.5µM (n = 2).  Ingestion of 2.0 x10
7
cfu 

pHENOMMenal/gram 0.59% phe chow for 6 days reduced plasma phe to 1281µM ± SD 151µM 

(n = 2, Fig. 5b).  Feeding 0.2% phe chow resulted in plasma phe of 881µM ± SD 95µM (n = 3), 

and the addition of 2.0x10
7
cfu pHENOMMenal/g to 0.2% phe chow with this diet for 6 days 

resulted in plasma phe of 629µM ± SD 1.8µM (n = 2, Fig. 5c). Although a trend of reduced 

plasma phe was present when mice were treated with pHENOMMenal statistical significance 

was not achieved in this chow comparison study (P > 0.05). 

 

Blood phe reduction by pHENOMMenal 

 Demonstration of pHENOMMenal function in vivo for intervals longer than 6 days to 

elucidate potential therapeutic problems were conducted by treating the mice with 2.0x10
7
cfu 

pHENOMMenal/gram chow for 7 or 14 days.  For the 7 day study, four mice were fed a standard 

chow with  0.67% phe resulting in plasma phe values of 2109µM (Fig. 6).  Control probiotic fed 

at 2.0x10
7
cfu/gram chow failed to induce a significant reduction in plasma phe (P > 0.5).  When 

the same mice received 2.0x10
7
cfu pHENOMMenal/gram 0.67% phe chow, plasma phe was 

reduced to 1483µM after 7 days of treatment (P < 0.05), and reduction of plasma phe to 1317µM 

6 days post treatment was also observed (P < 0.005).  Both 7 day treatment and 6 day post 

treatment plasma phe values were also significantly lower than plasma phe after 4 days control 

probiotic (P < 0.05).  Although this study was intended to be a 14 day treatment study, it was cut 

short by the loss of laboratory refrigeration and inability to feed pHENOMMenal probiotic for a 

full 14 days of treatment.   
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Figure 4a 
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Figure 4b 
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Figure 4c 
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Figure 4d 
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Figure 4. Preliminary efficacy studies.  (a) Standard curve of phe values used to calculate plasma 

phe samples. (b,c,d) n = 2, measurements taken from the same animal prior to (D0, day 0) and 

after treatment (D4, day 4).  Values are the mean of collected samples, (b) Plasma phe values 

prior to treatment and after 4 days of treatment with pSLERGT harvested from exponential 

growth phase (P > 0.05) . (c) Plasma phe values  prior to treatment and after 4 days of treatment 

with pHENOMMenal harvested from exponential growth phase (P  < 0.01). (d) Plasma phe 

values prior to and after treatment with pHENOMMenal  harvested during stationary phase (P > 

0.05). 
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Figure 5a 
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Figure 5b 
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Figure 5c 
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Figure 5. Efficacy of pHENOMMenal in PKU mice with regular and reduced phe chow. (n = 2) 

for each all groups except 0.79% phe chow (n=3). Chow contained 0.79% phe (5LL2), 0.59% 

phe (SS), or 0.2% phe (AA). Values are the mean of collected samples for plasma phe prior to 

treatment (a) 0.79% phe (5LL2), (b) 0.59% phe (SS), (c) 0.2% phe(AA) and after 6 days of 

treatment with pHENOMMenal probiotic (a) 0.79% phe (5LL2pHENOMM), (b) 0.59% phe 

(SSpHENOMM), (c) 0.2% phe(AApHENOMM) (P > 0.05) (Mann-Whitney U test). 
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Figure 6 
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Figure  6.  7 day pHENOMMenal efficacy study. This study follows the timeline indicated at the 

end of Materials and Methods.  This study used 0.67% phe chow, 2.0x10
7
cfu probiotic/gram 

chow, n = 4, value displayed is the mean.  When compared to pre-treatment values, * denotes     

P < 0.05, ** denotes P < 0.005. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



73 

 

Figure 7 
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Figure 7. 14 day pHENOMMenal efficacy studies.  Performed with the 14 day pHENOMMenal 

treatment timeline indicated in Materials and Methods, with 0.79% phe chow, 2.0x10
7
cfu 

pHENOMMenal/gram chow.  Values are the mean of collected samples. n = 3 at D7, n = 2 at 

day 30, and n = 6 at all other time points.  When compared to pre-treatment values * denotes P < 

0.05, ** denotes P < 0.005. 
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   Of the three 14 day treatment replicates spoilage of a reagent used in the plasma phe 

assay required samples from two of the studies (one and two) to be re-assayed to create usable 

data.  As such, some time points were lost due to inadequate sample volume in study one for phe 

assessment, and one animal’s samples were lost in study two.  Data from PKU animals in the 

first and second replicate were pooled (Fig. 7).  Animals in this study did not have a reduction 

from pre-treatment plasma phe concentration when fed the control probiotic for 4 days.  These 

same animals did have a significant plasma phe reduction when compared to pre-treatment 

values at days 14, 21 and 120, which correspond to P < 0.05, 0.05, and 0.005 respectively.   

  Starting plasma phe values in the third replicate (1550µM ± 123µM) indicated animals 

had not been returned to the 0.79% phe diet for a sufficient period to attain normal plasma phe 

values.  This was supported by the fact the animals were still black in color, an indicator of low 

phe in this animal model. Although plasma phe was higher after 4 days of feeding the control 

probiotic in this third run (1613µM ± 101µM), the plasma phe was still low compared to 

previous replicates.  Due to the discrepancy in untreated plasma phe values on day 0, this 

replicate was not utilized in the pooled data. 

 To evaluate the possibility of permanent colonization of the PKU mouse gut by 

pHENOMMenal, fecal samples were examined for microbial growth characteristics from 

animals in the third replicate 4 months after cessation of probiotic feeding.  Cells grew in the L. 

reuteri 100-23 specific conditions (MRS broth + ery), but not under the E. coli specific 

conditions (LB + amp). 

 

 

 



76 

 

Anti-AvPAL IgGs  

 An anti-AvPAL IgG ELISA was conducted from plasma samples taken during the three 

14 day pHENOMMenal treatment studies to determine if a systemic immune response was 

elicited by treating PKU mice with oral pHENOMMenal.  As expected positive control mice (not 

part of the feeding studies) injected with AvPAL produced significant antibody titers on day 14 

(56,000 units for the animal injected with 30µg AvPAL per week and 191,000 units for the 

animal injected with 150µg AvPAL per week).  This titer increased in samples taken on day 21 

to 201,000 units and 807,000 units respectively (Fig. 8b).  The negative control mouse receiving 

injections with 0µg AvPAL had low anti-AvPAL antibody titers of 9,000units (Fig. 8b).   This 

positive control injection study set a 5x increase in antibody titer as an indication of the presence 

of epitope specific anti-AvPAL antibodies at 14 days post initial exposure, with a significantly 

larger increase seen with more than 21 days of exposure to AvPAL. 

 Blood plasma collected prior to administration of probiotic (Day 0) served as a baseline 

control/negative control for each animal.  Plasma anti-AvPAL IgG antibodies were quantified 

using a standard curve (Fig. 8a).  Anti-AvPAL antibody titers fail to rise above the derived 

significance threshold of 5x increase in IgG titer after animals are treated with pHENOMMenal 

for 14 days, nor was this threshold surpassed at 7 days or 4 months post treatment (Fig. 8c).   
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Figure 8a 
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Figure 8b 
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Figure 8c 
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Figure 8. Anti-AvPAL antibody titers. (a) A standard curve for calculating units of anti-AvPAL 

IgG in plasma samples. (b) Anti-AvPAL IgG titers from animals injected on days 0, 7, and 14 

with  0µg, 30µg, or 150µg AvPAL. (c) anti-AvPAL IgG titers from each mouse used in the 

pooled data in Fig. 7 throughout the progression of the 14 day treatment study. 
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DISCUSSION 

 

 The only known genetic difference between the control and pHENOMMenal cell lines in 

these studies was the addition of the FuzErmAvPAL gene to the pHENOMMenal cells. A lack of 

trans-cinnamate production in control cells (no FuzErmAvPAL gene) indicated trans-cinnamate 

production was not an inherent property of L. reuteri 100-23. Based on the significant quantity of 

trans-cinnamate produced by pHENOMMenal cell lysate when compared to control cell lysate, it 

is reasonable to assume trans-cinnamate production was a result of functional AvPAL enzyme 

present in the pHENOMMenal lysate.  Although trans-cinnamate production was detected in 

pHENOMMenal cell lysate (post sonication), trans-cinnamate production was not detected in 

whole cell pHENOMMenal assays (no sonication) and likely indicates AvPAL and trans-

cinnamate remain inside L. reuteri 100-23 cells. 

 Assumptions of phe catabolisim as measured by trans-cinnamate production by AvPAL 

were born out in the animal feeding studies.  As expected, feeding PKU mice control probiotic 

did not result in a reduction in plasma phe concentrations. Interestingly, although 

pHENOMMenal cells harvested in stationary phase retained high in vitro viability after freeze 

drying and demonstrated functional AvPAL in enzymatic assays, only pHENOMMenal cells 

harvested during exponential growth resulted in a plasma phe reduction in in vivo studies.  This 

likely indicates a discrepancy in tolerance of acid/bile by the freeze dried cells which is 

dependent on the growth phase in which they were harvested.  This discovery is an important 

factor that must be considered in the creation of future probiotic therapies, including enzyme 

replacement therapy for PKU. 
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 Concerns have arisen when using AvPAL enzymes in long-term enzyme replacement 

treatments.  It is well established that naked PAL enzymes are highly immunogenic when 

injected into mice and humans (Sarkissian, Gamez et al. 2008), and this immune response 

eliminates efficacy of therapy over time (Gamez, Sarkissian et al. 2005).  Antigen specific 

antibodies in the C57BL6/J mouse strain (used in this study) can reach a detectable level 7 days 

post antigen stimulus, achieving maximum antibody titer between days 10 and 13 after a single 

antigen challenge (Autenrieth, Vogel et al. 1993).  Consistent with this, 500µg of naked PAL 

injected into PKU mice on days 1, 3, and 8 elicited an extremely high antibody titer by day 21 

(Gamez, Sarkissian et al. 2005) (Sarkissian, Gamez et al. 2008).  When naked PAL and PEG-

PAL enzymes were injected into mice for the third time on the 21
st
 day of a 28 day time course, 

phe levels failed to decrease in animals receiving naked PAL injections as a product of the anti-

AvPAL antibody titer (Gamez, Sarkissian et al. 2005).   

 Confinement of AvPAL to the gut should prevent the above described systemic 

immunodetection of the enzyme by the same immunological ignorance afforded to resident gut 

microbes (Hooper and Macpherson 2010).   To address the possibility of reduced therapeutic 

value due to immunological recognition of AvPAL produced by pHENOMMenal, studies of a 

longer duration to test probiotic efficacy were more desirable than repeats of short term studies. 

 Little if any AvPAL from ingested pHENOMMenal was expected to cross the intestinal 

barrier to engage the systemic immune system in the mouse treatment studies.   This rendered the 

previously described injection of 500µg AvPAL (Sarkissian, Gamez et al. 2008) (Gamez, 

Sarkissian et al. 2005) an unrealistically high quantity of AvPAL to serve as a positive control 

for the anti-AvPAL ELISA in this study.  The 5x increase in anti-AvPAL IgG after two 

injections of 30µg  AvPAL indicated that this enzyme was still immunogenic within fourteen 
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days in doses far lower than previously tested.  Although the exact quantity of AvPAL capable of 

interacting with the host immune system when administered in pHENOMMenal was/is 

unknown, the antibody production at fourteen days post initial exposure when injected with as 

little as 30µg AvPAL indicated fourteen days was still a reasonable time point to begin assays 

for anti-AvPAL IgGs in our treated PKU animals. 

 If orally administered pHENOMMenal was crossing into the blood from the intestinal 

lumen, an immune response against AvPAL would form and a decrease in the therapy's efficacy 

would be seen as a result of the immune system attacking/blocking the enzyme. Despite 

receiving pHENOMMenal for a period of time in which an antibody response could be formed, 

animals in 14 day pHENOMMenal treatment studies did not develop discernible plasma anti-

AvPAL IgG titers (Fig. 8c) and retained consistently reduced blood phe levels (Fig. 7) with the 

small quantity of probiotic used for the duration of the experiment.  The lack of systemic 

antibodies and continued efficacy of treatment indicated that the AvPAL enzyme is most likely 

performing phe catabolism while remaining in the gut of the PKU mouse.  As AvPAL is rapidly 

cleaved by intestinal proteases  (Kang, Wang et al.), and the in vitro studies shown above 

indicate AvPAL is not secreted by pHENOMMenal cells, it is assumed that not only is AvPAL 

performing phe catabolisim in the gut, but that AvPAL is performing phe catabolism from within 

the pHENOMMenal cells when administered orally for the above in vivo feeding studies. 

 An area of interest when translating this therapy to human patients is the possibility of 

permanent intestinal colonization by the treatment probiotic.  Previous research indicated L. 

reuteri 100-23 was capable of permanent colonization of the mouse intestine when animals 

lacked Lactobacilli (Hoffmann, Rath et al. 2008).  It was not known if permanent colonization by 

L. reuteri 100-23, engineered into pHENOMMenal, would occur when fed to PKU mice 
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containing conventional gut Lactobacilli.  Post treatment fecal samples demonstrated growth 

consistent with pHENOMMenal in animals receiving 7 or more days of pHENOMMenal but not 

in animals only fed pHENOMMenal for 4 days.  These differing results in the presumed ability 

of pHENOMMenal to permanently colonize the PKU mouse intestine imply pHENOMMenal 

cells require more than 4 days of administration for successful permanent colonization of the 

conventional mouse gut, but are capable of such colonization when administered in the quantity 

used in experimentation for 7 or more days.  Alternatively, it is possible that the plasmid was 

transferred to another species of bacterium capable of growing under the same conditions as 

pHENOMMenal.  Although this organism seemed to be capable of colonizing the PKU mouse 

gut, the ability of pHENOMMenal to colonize the healthy mouse gut has not been assessed at 

this time.  Furthermore, it is not known if the colonization seen in these feeding studies is due to 

the inherent ability of L. reuteri 100-23 to colonize the mouse gut, or if the genetic engineering 

to enhance phe catabolisim allowed for the presumed colonization of the mouse gut by 

pHENOMMenal. 

 The consistent reduction of plama phe to 1600µM when animals were on conventional 

chow  lead to the concern that pHENOMMenal might not be able to function when the host's 

plasma phe was at concentrations below 1600µM.  Although there are many differences in the 

PKU mouse and a PKU patient, the possibility of a threshold of function was addressed in a 

small study comparing mouse chows with different phe contents.  Although significance was not 

achieved due to small sample size, a reduction in plasma phe occurred in mice on all chows 

when pHENOMMenal was added to their diet when compared to animals that did not receive 

pHENOMMenal. This result was repeatable, and indicates pHENOMMenal is capable of 

reducing plasma phe in vivo when dietary derived baseline plasma phe is at or below 1600µM. 
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This is important as 1600µM plasma phe would be considered an untreated concentration of 

plasma phe in a PKU patient. 

 In none of the above mouse treatment studies did ingested pHENOMMenal result in 

plasma phe concentrations of a healthy mouse. It is possible that an increased cfu count per gram 

of chow would result in a further reduction of plasma phe, but it is also possible that additional 

organisms per gram of chow would not cause additional therapeutic benefit.  The use of other 

bacteria, additional/increased phe uptake by the bacterium, and increased AvPAL gene copy 

number may also improve the function of this therapy.  To this end it should be noted that 

therapy for PKU utilizing a genetically engineered microbe such as pHENOMMenal may not 

completely alleviate the need for a stringent reduced phe diet currently used by PKU patients.  

However, many PKU patients and parents of PKU patients have expressed the desire to use this 

therapy even if it only allows for a 10% increase in daily phe ingestion (pers. com. NPKUA 

2014). 

 Another tactic that may increase phe catabolism in the gut is to express the AvPAL gene 

in the bacteria of the large intestine, especially in a secreted form.  Although AA absorption 

occurs in the small intestine, it is possible that AvPAL in the large intestine would create a phe 

sink and draw blood phe into the large intestine for catabolism into trans-cinnamate and 

ammonia.  Secretion in this location would ensure AvPAL has direct access to free (non-peptide) 

phe and would reduce the metabolic burden the enzyme could cause in hosts living where phe 

concentrations are not a high as they are in the small intestine.  Secretion of AvPAL in the small 

intestine is also a consideration although the digestive enzymes at this location would likely 

cleave  AvPAL rapidly (Kang, Wang et al.). 
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 There are several differences between the mouse model of PKU and patients with the 

disease. Not only do mice eat constantly, but a mouse on a standard chow with 0.79% phe 

ingests 240mg phe/kg body weight daily while the average human ingests 70mg ph/kg body 

weight.  Perhaps as a result of the heightened phe ingestion, plasma phe in healthy and PKU 

mice is higher (187µM and 2268µM phe respectively) than in healthy and PKU humans (60 µM 

and 1200 µM respectively).  The mouse gastrointestinal tract is also optimized to handle the 

increased caloric load (cal/kg body weight) and inert spores are excreted 10 hours after ingestion 

(Bellier, Da Silva et al. 2005).  Gastrointestinal transit times in the human body are considered 

quite variable, but are generally accepted to be between 36 and 120 hours. It is unknown how 

these differences will alter efficacy of pHENOMMenal treatment when translating this new 

therapy into human trials. 

 Additional concerns arise when translating these experiments into a human therapy.   In 

these studies, a plasmid was used to carry the engineered FuzErmAvPAL gene into the probiotic 

for expedience in testing for proof of concept.   For a human therapy a plasmid, particularly a 

plasmid with antibiotic resistance genes as used in the present work, is not permissible.  Instead 

of using a plasmid to carry the FuzErmAvPAL gene into the probiotic, the gene will be directly 

integrated into the microbial chromosome for increased stability of the engineered gene and to 

increase chances for approval of this new therapy for human use by the FDA.  Another concern 

is raised by the observation of permanent colonization of the PKU mouse gastrointestinal tract by 

the therapeutic pHENOMMenal probiotic.  While it was previously described non-engineered 

strains of  L. reuteri 100-23 could colonize the mouse intestine, it was not known if the 

engineered probiotic would take permanent residence in the human gut.  Permanent colonization 

of the human intestine by an engineered microbe is unlikely to be considered for approval as a 
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new therapy by the FDA, especially if said microbe can colonize healthy human intestines.  

When selecting a strain to be engineered for human therapy, this will be taken into consideration 

and  strains will only be eligible for selection to become the human version of this therapy if said 

strain has already been demonstrated to be unable to permanently colonize the human intestine. 

 In summary, pHENOMMenal, a genetically engineered probiotic, was able to reduce 

plasma phe in the mouse model of PKU and provides evidence that a microbe can be genetically 

engineered to treat a eukaryotic host's metabolic defects.   This indicates a possible role for 

genetically engineered probiotics as an inexpensive treatment for PKU and alterations to create a 

human safe version of this pHENOMMenal probiotic therapy are currently underway.   
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SUPPLEMENTAL DATA 

 

Supplemental S1; complete sequence of FuzErmAvPAL, forward orientation  

 

1 

61 

121 

181 

241 

301 

361 

421 

481 

541 

601 

661 

721 

781 

841 

901 

961 

1021 

1081 

1141 

1201 

1261 

1321 

1381 

1441 

1501 

1561 

1621 

1681 

1741 

1801 

1861 

1921 

GCATGCTAGC TATAGTTCTA GAGGATACCT GGTTGATTAA CGTTAGCCTG GCTACGTATA  

CTCCTGGAAG TATTAATAGA CGACCTAGGA TGCATATGTT CAAGAGTGTG TTGATAGTGC  

AGTATCTTAA AATTTTGTAT AATAGGAATT GAAGTTAAAT TAGATGCTAA AAATTTGTAA  

TTAAGAAGGA GTAGGTATAA ATGAAGACTT TATCTCAAGC ACAATCTAAG ACTAGTTCTC  

AACAATTCTC ATTTACTGGA AACTCAAGTG CTAATGTTAT CATTGGTAAT CAAAAGCTTA  

CTATTAACGA TGTTGCACGG GTTGCACGCA ATGGTACTTT AGTTAGTTTA ACTAACAACA  

CTGACATTTT ACAAGGCATT CAAGCTAGTT GCGACTATAT CAATAACGCT GTTGAATCAG  

GAGAACCAAT TTATGGTGTT ACTTCAGGAT TCGGTGGAAT GGCAAACGTC GCTATTAGTC  

GTGAACAAGC TTCTGAACTT CAAACTAATC TTGTTTGGTT TCTTAAAACA GGAGCTGGTA  

ATAAACTTCC ATTAGCAGAT GTTCGTGCTG CTATGTTATT ACGTGCAAAT TCACACATGC  

GTGGCGCTTC TGGTATTCGT CTTGAATTAA TTAAGCGTAT GGAAATTTTC CTTAACGCCG  

GTGTTACACC TTATGTTTAC GAATTCGGAT CAATTGGTGC AAGTGGAGAT CTTGTTCCTT  

TATCTTATAT TACAGGTTCT TTAATTGGTT TGGATCCATC ATTCAAAGTT GATTTTAATG  

GTAAAGAAAT GGATGCCCCA ACAGCTCTTC GACAATTAAA TTTATCACCA CTTACATTAC  

TTCCAAAAGA AGGTCTTGCT ATGATGAATG GTACATCAGT TATGACGGGA ATTGCTGCTA  

ATTGCGTTTA TGATACTCAA ATTCTTACTG CTATTGCCAT GGGTGTTCAT GCCTTAGATA  

TTCAAGCACT TAATGGCACA AATCAAAGTT TCCACCCATT CATTCACAAT TCTAAACCTC  

ACCCAGGTCA ACTTTGGGCT GCTGATCAAA TGATTTCTCT TTTAGCTAAT AGTCAACTTG  

TTCGCGACGA ATTAGATGGT AAGCATGATT ATCGTGATCA TGAACTTATT CAAGACCGCT  

ATAGTTTACG TTGCTTACCA CAATATTTGG GTCCTATTGT TGATGGAATT TCACAAATTG  

CTAAGCAAAT TGAAATCGAA ATTAATAGTG TCACTGACAA TCCATTAATT GACGTTGATA  

ACCAAGCCTC ATACCATGGC GGTAACTTTT TGGGTCAATA TGTTGGCATG GGCATGGACC  

ACTTACGTTA CTACATTGGT CTTCTTGCAA AGCATTTGGA TGTCCAAATT GCACTTTTGG  

CCAGTCCAGA ATTCAGTAAC GGACTTCCAC CATCATTATT GGGAAACCGG GAACGAAAGG  

TAAACATGGG TCTTAAGGGT TTGCAAATTT GTGGCAACTC AATTATGCCA TTGTTGACTT  

TTTACGGAAA TTCAATTGCT GATCGCTTTC CTACACACGC CGAACAATTT AACCAAAATA  

TTAACTCTCA AGGATACACT TCTGCTACGT TAGCACGACG GTCTGTTGAT ATTTTTCAAA  

ACTACGTAGC TATTGCATTA ATGTTTGGAG TACAAGCTGT TGATTTACGG ACTTACAAAA  

AGACGGGCCA TTATGATGCT CGTGCTTGTT TAAGTCCAGC TACAGAACGT CTTTATTCAG  

CAGTACGTCA TGTTGTCGGC CAAAAACCTA CATCAGATCG GCCATATATT TGGAACGATA  

ACGAACAAGG ACTTGACGAA CATATTGCTC GTATTTCTGC TGATATCGCT GCTGGTGGTG  

TAATTGTTCA AGCCGTACAA GATATCCTTC CTTGTTTACA CTAATAATGA TAAGTTAAGG  

GGTGCATAAA CTGCATCCCT TAACTTATCA AAAAAAAGTC GAC 
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Supplemental S2; plasmid sequences 

 

pSLER1 

1 

61 

121 

181 

241 

301 

361 

421 

481 

541 

601 

661 

721 

781 

841 

901 

961 

1021 

1081 

1141 

1201 

1261 

1321 

1381 

1441 

1501 

1561 

1621 

1681 

1741 

1801 

1861 

1921 

1981 

2041 

2101 

2161 

2221 

2281 

2341 

2401 

2461 

2521 

2581 

2641 

2701 

2761 

2821 

2881 

2941 

TCTTCCGCTT CCTCGCTCAC TGACTCGCTG CGCTCGGTCG TTCGGCTGCG GCGAGCGGTA  

TCAGCTCACT CAAAGGCGGT AATACGGTTA TCCACAGAAT CAGGGGATAA CGCAGGAAAG  

AACATGTGAG CAAAAGGCCA GCAAAAGGCC AGGAACCGTA AAAAGGCCGC GTTGCTGGCG  

TTTTTCCATA GGCTCCGCCC CCCTGACGAG CATCACAAAA ATCGACGCTC AAGTCAGAGG  

TGGCGAAACC CGACAGGACT ATAAAGATAC CAGGCGTTTC CCCCTGGAAG CTCCCTCGTG  

CGCTCTCCTG TTCCGACCCT GCCGCTTACC GGATACCTGT CCGCCTTTCT CCCTTCGGGA  

AGCGTGGCGC TTTCTCATAG CTCACGCTGT AGGTATCTCA GTTCGGTGTA GGTCGTTCGC  

TCCAAGCTGG GCTGTGTGCA CGAACCCCCC GTTCAGCCCG ACCGCTGCGC CTTATCCGGT  

AACTATCGTC TTGAGTCCAA CCCGGTAAGA CACGACTTAT CGCCACTGGC AGCAGCCACT  

GGTAACAGGA TTAGCAGAGC GAGGTATGTA GGCGGTGCTA CAGAGTTCTT GAAGTGGTGG  

CCTAACTACG GCTACACTAG AAGAACAGTA TTTGGTATCT GCGCTCTGCT GAAGCCAGTT  

ACCTTCGGAA AAAGAGTTGG TAGCTCTTGA TCCGGCAAAC AAACCACCGC TGGTAGCGGT  

GGTTTTTTTG TTTGCAAGCA GCAGATTACG CGCAGAAAAA AAGGATCTCA AGAAGATCCT  

TTGATCTTTT CTACGGGGTC TGACGCTCAG TGGAACGAAA ACTCACGTTA AGGGATTTTG  

GTCATGAGAT TATCAAAAAG GATCTTCACC TAGATCCTTT TAAATTAAAA ATGAAGTTTT  

AAATCAATCT AAAGTATATA TGAGTAAACT TGGTCTGACA GTTACCAATG CTTAATCAGT  

GAGGCACCTA TCTCAGCGAT CTGTCTATTT CGTTCATCCA TAGTTGCCTG ACTCCCCGTC  

GTGTAGATAA CTACGATACG GGAGGGCTTA CCATCTGGCC CCAGTGCTGC AATGATACCG  

CGAGACCCAC GCTCACCGGC TCCAGATTTA TCAGCAATAA ACCAGCCAGC CGGAAGGGCC  

GAGCGCAGAA GTGGTCCTGC AACTTTATCC GCCTCCATCC AGTCTATTAA TTGTTGCCGG  

GAAGCTAGAG TAAGTAGTTC GCCAGTTAAT AGTTTGCGCA ACGTTGTTGC CATTGCTACA  

GGCATCGTGG TGTCACGCTC GTCGTTTGGT ATGGCTTCAT TCAGCTCCGG TTCCCAACGA  

TCAAGGCGAG TTACATGATC CCCCATGTTG TGCAAAAAAG CGGTTAGCTC CTTCGGTCCT  

CCGATCGTTG TCAGAAGTAA GTTGGCCGCA GTGTTATCAC TCATGGTTAT GGCAGCACTG  

CATAATTCTC TTACTGTCAT GCCATCCGTA AGATGCTTTT CTGTGACTGG TGAGTACTCA  

ACCAAGTCAT TCTGAGAATA GTGTATGCGG CGACCGAGTT GCTCTTGCCC GGCGTCAATA  

CGGGATAATA CCGCGCCACA TAGCAGAACT TTAAAAGTGC TCATCATTGG AAAACGTTCT  

TCGGGGCGAA AACTCTCAAG GATCTTACCG CTGTTGAGAT CCAGTTCGAT GTAACCCACT  

CGTGCACCCA ACTGATCTTC AGCATCTTTT ACTTTCACCA GCGTTTCTGG GTGAGCAAAA  

ACAGGAAGGC AAAATGCCGC AAAAAAGGGA ATAAGGGCGA CACGGAAATG TTGAATACTC  

ATACTCTTCC TTTTTCAATA TTATTGAAGC ATTTATCAGG GTTATTGTCT CATGAGCGGA  

TACATATTTG AATGTATTTA GAAAAATAAA CAAATAGGGG TTCCGCGCAC ATTTCCCCGA  

AAAGTGCCAC CTGACGTCTA AGAAACCATT ATTATCATGA CATTAACCTA TAAAAATAGG  

CGTATCACGA GGCCCTTTCG TCTCGCGCGT TTCGGTGATG ACGGTGAAAA CCTCTGACAC  

ATGCAGCTCC CGGAGACGGT CACAGCTTGT CTGTAAGCGG ATGCCGGGAG CAGACAAGCC  

CGTCAGGGCG CGTCAGCGGG TGTTGGCGGG TGTCGGGGCT GGCTTAACTA TGCGGCATCA  

GAGCAGATTG TACTGAGAGT GCACCATAAA ATTGTAAACG TTAATATTTT GTTAAAATTC  

GCGTTAAATT TTTGTTAAAT CAGCTCATTT TTTAACCAAT AGGCCGAAAT CGGCAAAATC  

CCTTATAAAT CAAAAGAATA GCCCGAGATA GGGTTGAGTG TTGTTCCAGT TTGGAACAAG  

AGTCCACTAT TAAAGAACGT GGACTCCAAC GTCAAAGGGC GAAAAACCGT CTATCAGGGC  

GATGGCCCAC TACGTGAACC ATCACCCAAA TCAAGTTTTT TGGGGTCGAG GTGCCGTAAA  

GCACTAAATC GGAACCCTAA AGGGAGCCCC CGATTTAGAG CTTGACGGGG AAAGCCGGCG  

AACGTGGCGA GAAAGGAAGG GAAGAAAGCG AAAGGAGCGG GCGCTAGGGC GCTGGCAAGT  

GTAGCGGTCA CGCTGCGCGT AACCACCACA CCCGCCGCGC TTAATGCGCC GCTACAGGGC  

GCGTACTATG GTTGCTTTGA CGTATGCGGT GTGAAATACC GCACAGATGC GTAAGGAGAA  

AATACCGCAT CAGGCGCCAT TCGCCATTCA GGCTGCGCAA CTGTTGGGAA GGGCGATCGG  

TGCGGGCCTC TTCGCTATTA CGCCAGCTGG CGAAAGGGGG ATGTGCTGCA AGGCGATTAA  

GTTGGGTAAC GCCAGGGTTT TCCCAGTCAC GACGTTGTAA AACGACGGCC AGTGAATTCG  

AATGGCCATG GGACGTCGAC CTGAGGTAAT TATAACCCGG GCCCTATATA TGGATCCAAT  

TGCAATGATC ATCATGACAG ATCTGCGCGC GATCGATATC AGCGCTTTAA ATTTGCGCAT  
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3001 

3061 

3121 

3181 

3241 

3301 

3361 

3421 

3481 

3541 

3601 

3661 

3721 

3781 

3841 

3901 

3961 

4021 

4081 

4141 

4201 

4261 

4321 

GCTAGCTATA GTTCTAGAGG TACCGGTTGT TAACGTTAGC CGGCTACGTA TACTCCGGAA  

TATTAATAGG CCTAGGATGC ATATGTTAAG AGTGTGTTGA TAGTGCAGTA TCTTAAAATT  

TTGTATAATA GGAATTGAAG TTAAATTAGA TGCTAAAAAT TTGTAATTAA GAAGGAGTGA  

TTACATGAAC AAAAATATAA AATATTCTCA AAACTTTTTA ACGAGTGAAA AAGTACTCAA  

CCAAATAATA AAACAATTGA ATTTAAAAGA AACCGATACC GTTTACGAAA TTGGAACAGG  

TAAAGGGCAT TTAACGACGA AACTGGCTAA AATAAGTAAA CAGGTAACGT CTATTGAATT  

AGACAGTCAT CTATTCAACT TATCGTCAGA AAAATTAAAA CTGAATACTC GTGTCACTTT  

AATTCACCAA GATATTCTAC AGTTTCAATT CCCTAACAAA CAGAGGTATA AAATTGTTGG  

GAGTATTCCT TACCATTTAA GCACACAAAT TATTAAAAAA GTGGTTTTTG AAAGCCATGC  

GTCTGACATC TATCTGATTG TTGAAGAAGG ATTCTACAAG CGTACCTTGG ATATTCACCG  

AACACTAGGG TTGCTCTTGC ACACTCAAGT CTCGATTCAG CAATTGCTTA AGCTGCCAGC  

GGAATGCTTT CATCCTAAAC CAAAAGTAAA CAGTGTCTTA ATAAAACTTA CCCGCCATAC  

CACAGATGTT CCAGATAAAT ATTGGAAGCT ATATACGTAC TTTGTTTCAA AATGGGTCAA  

TCGAGAATAT CGTCAACTGT TTACTAAAAA TCAGTTTCAT CAAGCAATGA AACACGCCAA  

AGTAAACAAT TTAAGTACCG TTACTTATGA GCAAGTATTG TCTATTTTTA ATAGTTATCT  

ATTATTTAAC GGGAGGAAAT AATTCTATGA GTCGCTTTTG TAAATTTGGA AAGTTACACG  

TTACTAAAGG GAATGTAGAT AAATTATTAG GTATACTACT GACAGCTTCC AAGCATATGG  

CGGCCGCCTG CAGCTGGCGC CATCGATACG CGTACGTCGC GACCGCGGAC ATGTACAGAG  

CTCGAGAAGT ACTAGTGGCC ACGTGGGCCG TGCACCTTAA GCTTGGCGTA ATCATGGTCA  

TAGCTGTTTC CTGTGTGAAA TTGTTATCCG CTCACAATTC CACACAACAT ACGAGCCGGA  

AGCATAAAGT GTAAAGCCTG GGGTGCCTAA TGAGTGAGCT AACTCACATT AATTGCGTTG  

CGCTCACTGC CCGCTTTCCA GTCGGGAAAC CTGTCGTGCC AGCTGCATTA ATGAATCGGC  

CAACGCGCGG GGAGAGGCGG TTTGCGTATT GGGCGC 

 

 

pSLERGT 

1 

61 

121 

181 

241 

301 

361 

421 

481 

541 

601 

661 

721 

781 

841 

901 

961 

1021 

1081 

1141 

1201 

1261 

1321 

1381 

1441 

1501 

1561 

1621 

1681 

TCTTCCGCTT CCTCGCTCAC TGACTCGCTG CGCTCGGTCG TTCGGCTGCG GCGAGCGGTA  

TCAGCTCACT CAAAGGCGGT AATACGGTTA TCCACAGAAT CAGGGGATAA CGCAGGAAAG  

AACATGTGAG CAAAAGGCCA GCAAAAGGCC AGGAACCGTA AAAAGGCCGC GTTGCTGGCG  

TTTTTCCATA GGCTCCGCCC CCCTGACGAG CATCACAAAA ATCGACGCTC AAGTCAGAGG  

TGGCGAAACC CGACAGGACT ATAAAGATAC CAGGCGTTTC CCCCTGGAAG CTCCCTCGTG  

CGCTCTCCTG TTCCGACCCT GCCGCTTACC GGATACCTGT CCGCCTTTCT CCCTTCGGGA  

AGCGTGGCGC TTTCTCATAG CTCACGCTGT AGGTATCTCA GTTCGGTGTA GGTCGTTCGC  

TCCAAGCTGG GCTGTGTGCA CGAACCCCCC GTTCAGCCCG ACCGCTGCGC CTTATCCGGT  

AACTATCGTC TTGAGTCCAA CCCGGTAAGA CACGACTTAT CGCCACTGGC AGCAGCCACT  

GGTAACAGGA TTAGCAGAGC GAGGTATGTA GGCGGTGCTA CAGAGTTCTT GAAGTGGTGG  

CCTAACTACG GCTACACTAG AAGAACAGTA TTTGGTATCT GCGCTCTGCT GAAGCCAGTT  

ACCTTCGGAA AAAGAGTTGG TAGCTCTTGA TCCGGCAAAC AAACCACCGC TGGTAGCGGT  

GGTTTTTTTG TTTGCAAGCA GCAGATTACG CGCAGAAAAA AAGGATCTCA AGAAGATCCT  

TTGATCTTTT CTACGGGGTC TGACGCTCAG TGGAACGAAA ACTCACGTTA AGGGATTTTG  

GTCATGAGAT TATCAAAAAG GATCTTCACC TAGATCCTTT TAAATTAAAA ATGAAGTTTT  

AAATCAATCT AAAGTATATA TGAGTAAACT TGGTCTGACA GTTACCAATG CTTAATCAGT  

GAGGCACCTA TCTCAGCGAT CTGTCTATTT CGTTCATCCA TAGTTGCCTG ACTCCCCGTC  

GTGTAGATAA CTACGATACG GGAGGGCTTA CCATCTGGCC CCAGTGCTGC AATGATACCG  

CGAGACCCAC GCTCACCGGC TCCAGATTTA TCAGCAATAA ACCAGCCAGC CGGAAGGGCC  

GAGCGCAGAA GTGGTCCTGC AACTTTATCC GCCTCCATCC AGTCTATTAA TTGTTGCCGG  

GAAGCTAGAG TAAGTAGTTC GCCAGTTAAT AGTTTGCGCA ACGTTGTTGC CATTGCTACA  

GGCATCGTGG TGTCACGCTC GTCGTTTGGT ATGGCTTCAT TCAGCTCCGG TTCCCAACGA  

TCAAGGCGAG TTACATGATC CCCCATGTTG TGCAAAAAAG CGGTTAGCTC CTTCGGTCCT  

CCGATCGTTG TCAGAAGTAA GTTGGCCGCA GTGTTATCAC TCATGGTTAT GGCAGCACTG  

CATAATTCTC TTACTGTCAT GCCATCCGTA AGATGCTTTT CTGTGACTGG TGAGTACTCA  

ACCAAGTCAT TCTGAGAATA GTGTATGCGG CGACCGAGTT GCTCTTGCCC GGCGTCAATA  

CGGGATAATA CCGCGCCACA TAGCAGAACT TTAAAAGTGC TCATCATTGG AAAACGTTCT  

TCGGGGCGAA AACTCTCAAG GATCTTACCG CTGTTGAGAT CCAGTTCGAT GTAACCCACT  

CGTGCACCCA ACTGATCTTC AGCATCTTTT ACTTTCACCA GCGTTTCTGG GTGAGCAAAA  
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1741 

1801 

1861 

1921 

1981 

2041 

2101 

2161 

2221 

2281 

2341 

2401 

2461 

2521 

2581 

2641 

2701 

2761 

2821 

2881 

2941 

3001 

3061 

3121 

3181 

3241 

3301 

3361 

3421 

3481 

3541 

3601 

3661 

3721 

3781 

3841 

3901 

3961 

4021 

4081 

4141 

4201 

4261 

4321 

4381 

4441 

4501 

4561 

4621 

4681 

4741 

4801 

4861 

4921 

4981 

5041 

ACAGGAAGGC AAAATGCCGC AAAAAAGGGA ATAAGGGCGA CACGGAAATG TTGAATACTC  

ATACTCTTCC TTTTTCAATA TTATTGAAGC ATTTATCAGG GTTATTGTCT CATGAGCGGA  

TACATATTTG AATGTATTTA GAAAAATAAA CAAATAGGGG TTCCGCGCAC ATTTCCCCGA  

AAAGTGCCAC CTGACGTCTA AGAAACCATT ATTATCATGA CATTAACCTA TAAAAATAGG  

CGTATCACGA GGCCCTTTCG TCTCGCGCGT TTCGGTGATG ACGGTGAAAA CCTCTGACAC  

ATGCAGCTCC CGGAGACGGT CACAGCTTGT CTGTAAGCGG ATGCCGGGAG CAGACAAGCC  

CGTCAGGGCG CGTCAGCGGG TGTTGGCGGG TGTCGGGGCT GGCTTAACTA TGCGGCATCA  

GAGCAGATTG TACTGAGAGT GCACCATAAA ATTGTAAACG TTAATATTTT GTTAAAATTC  

GCGTTAAATT TTTGTTAAAT CAGCTCATTT TTTAACCAAT AGGCCGAAAT CGGCAAAATC  

CCTTATAAAT CAAAAGAATA GCCCGAGATA GGGTTGAGTG TTGTTCCAGT TTGGAACAAG  

AGTCCACTAT TAAAGAACGT GGACTCCAAC GTCAAAGGGC GAAAAACCGT CTATCAGGGC  

GATGGCCCAC TACGTGAACC ATCACCCAAA TCAAGTTTTT TGGGGTCGAG GTGCCGTAAA  

GCACTAAATC GGAACCCTAA AGGGAGCCCC CGATTTAGAG CTTGACGGGG AAAGCCGGCG  

AACGTGGCGA GAAAGGAAGG GAAGAAAGCG AAAGGAGCGG GCGCTAGGGC GCTGGCAAGT  

GTAGCGGTCA CGCTGCGCGT AACCACCACA CCCGCCGCGC TTAATGCGCC GCTACAGGGC  

GCGTACTATG GTTGCTTTGA CGTATGCGGT GTGAAATACC GCACAGATGC GTAAGGAGAA  

AATACCGCAT CAGGCGCCAT TCGCCATTCA GGCTGCGCAA CTGTTGGGAA GGGCGATCGG  

TGCGGGCCTC TTCGCTATTA CGCCAGCTGG CGAAAGGGGG ATGTGCTGCA AGGCGATTAA  

GTTGGGTAAC GCCAGGGTTT TCCCAGTCAC GACGTTGTAA AACGACGGCC AGTGAATTCG  

AATGGCCATG GAGGATTTAT TCTCTCCGCA GTTTTGAGCT TAATCGTCTC ATTAACTACT  

GCACTTTTCT CCGATTGGCT TCGTCGGAGA AAATAATCTA ACGGCATGAA GCGCAAATTA  

AAAGCCACTC AACTATGGGC CTAGTTGGGT GGCTTTTTTG CAACCATTAC GGTTTTACTT  

CTCTATAAGA ATTATAGCAT CAATCTTCAT CATTAGCCAA CTCAATAGAA GCTCGATATA  

GATCATGTTG AGCTTTATCC AAGCTATCTA AAAGTTCGCC ATAAATATCA ATATTTTTCT  

TTTCAGCAAC CAATTTTTTC AAATCTTGAA GATTATCAGC AATCTGTTCT GCCATAACTC  

CATAGATTTC AGCTTGTTTC TTCATATTGT CAATTGTCTT AATATCTTGT AACTCCATTC  

CTATCACTCC CATCTTACAT AGTTACTTAC CTTAGAATTC CAACGATATA TCACAGTATC  

TACAACATCA TCTTTTTCTT TTTCGTCATC CACATTAATT AGATCATCTT CTTTTTCGTC  

CAGCAATAAC TCATGATGAA TCTCTTTTAG TAATCCCGCA AAGCTTAATT GTCGAGTTCC  

AGCCAGAGCA TGCTCGAGCT CGTCAACAAC AACTAAATCG CCTTTCTCAT CATCCGTAAT  

ATAATCATAA TCTTTAACTT GATATTTACT TACTTCTTTT GCCGAAGCAA TCAAACTATT  

ATCTTTTTTT GACGCCCGAA TTTTCTTGAT ATTAACAATC GGCTTGTAGT CTAATTTCCT  

TGCTCGCTTC CATAATTGTG ACCAATTCTC TTGGGTAAGA TAATGACCCT TAGAAAAATA  

ACTAGATTTC ACCATTAACA AAATATGTAC ATGTTGATGG AAAGTTAGAC TATCTCGATT  

GACCGTTATT TCTGTAGATC GCACATAACC AAGAAGATCT TTTTTTACAT CTTTATATTG  

AAAAAGCCGA TAAATTGAAC GATTCATCGA AGTAAGATTT TTTCTAAGCT CGCCCAACTT  

TGAGCTTTCC TCAGTTAATG TCAAGAACAG AAATATAGCA CTAGGATCCT TTTTATATGC  

TGTATCTAAA ATTTGACGCA ACTCATAAGA ATTTTTCATC GATCGGCGCC AGCTACATAA  

TGGACAAAGT CTCGAATGAC AAAACCACGT TTGATATAAC TTTAAACCAT TATCAGTTTT  

CGCAAATTGA AGAACTTCTC CGCACTTTGA AACGTTATGA GCTTTTTTAA AATTTAAAAC  

CTCCAGATAT TGGGAATAAG TTAAGTTAGC AAGTTTTTTC TGCTTCCACG GTCTAACTTT  

CCCATTACTA GAGGTATCTT TTAGAATTTC TTTTTTATAC ATTTCTTATA CCTCTAACTG  

CAAAAACTAC AAGCAGTCAG AGTTAGTTAT CATTGATATA TTCCTAATGA CATATTATAA  

TAGGGTTCGA AGTTAATAAC GATAACTAAC TCATGCATCG ACGGCCAAAT CGAACAACTG  

CATGAGTTTT TTATTTAATT CTTACAATGC TTATTATACA CCAAAAAGTG TTATATTTTA  

AAATCCTAAT AAACCCAGTC ATATCAAGGG TTTAACCCAA TTTCAAAAAA TGGCGTTGTT  

TCTATATGTA TCAAGATAAG AAGAAACTCG CTTACAGCGA GTTTCTAAAT AGGGGTTTCA  

CCCCTAAAAC CCTGACCAGC TGAGCCAGCT GGACCGCATT TCCCCTCGCC GGGCGGGCGT  

AAAGCGGAAA AAATGACTTT TTTCTCGCTT TCGCTCAACT AGGGTCTTCC CGTCTCACCA  

TGTCAAGCGC TGCCCTTCCG CTACGCTCCA GGCGTTTGTC GCTTGACACT CACCTACTAA  

CAGCGGGCTT CGCCACCAGT CTACTATCTG CAACACGGCA ACAAGATTAA TCAGAATATG  

CATTGAAGCA GTGCGCTCCG CTCCTTGTCT TGCGACAAAG CGAGCGCACT GCTTCAATGC  

TTTTTTATTT TCTGAATTCC ATAACTCGAT AATTAGAAAA AGTTAGTCCG TTAGAAACGT  

CTGCCACGCC GAGGAAGTCA TTCCAGTTTG ACCACTCAAA TCATCAGCGA CATCATTGAG  

ATAATCAATC AGCAATTTTC TAGTTTCTAT CTGCTTTGGA ATTTTTACCA CAGCCAAAAT  

TGAGTCCCAC TTAGCAATCA CAAAAGATTT TCTGACGGCT TTATTAGCCT TTTCCGCACT  
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5101 

5161 

5221 

5281 

5341 

5401 

5461 

5521 

5581 

5641 

5701 

5761 

5821 

5881 

5941 

6001 

6061 

6121 

6181 

6241 

6301 

6361 

6421 

6481 

6541 

6601 

6661 

6721 

6781 

6841 

6901 

6961 

7021 

AATATTTTTC GCTTTATCTC GTTTATTTTG ATCGGTCGAT GGTATCCGAT CGACTGTTGT  

TACAGCATTT GACGCAGGTT GCTAGATAAA CGACTAGACC GAATAATTTT TATTCCAACT  

ATTTTTGCAA CCAAAAAAAT CACAAAATAA TCAACCAATA AAACGATAAC TAACTTCTTG  

CTACATCCGA TTAATTTTTC TCCAGCCTGC CAGAAATCGG CCCAAATATT GAAATATTGA  

GGAAATTTTG GGCTGAAAAA AACATTAATT TTTTCGGCAA ACAAGCCAAC ACAGCCAAGC  

AGAAAAGCTA AGAAAATAAG TTCCAGCCAA TTAAAAAATC GCCACGAAAG AGAAAAAAAT  

CGGTCAAAAT AAATCGAACT TGATTTCATT TTCTAGCCCC CGAAGTCTTC GATAAACGGC  

GCCATAAAAG GAACTACACG GTTTTCCGGT TGAGTACTTG CAAGCCCTAA CCCCTTAGAA  

AAGCCGTCAT GATTAACAAC TGTTGTCGAC TCAGCTAGGG CCCTATATAT GGATCCAATT  

GCAATGATCA TCATGACAGA TCTGCGCGCG ATCGATATCA GCGCTTTAAA TTTGCGCATG  

CTAGCTATAG TTCTAGAGGT ACCGGTTGTT AACGTTAGCC GGCTACGTAT ACTCCGGAAT  

ATTAATAGGC CTAGGATGCA TATGCTTAGA AGCAAACTTA AGAGTGTGTT GATAGTGCAG  

TATCTTAAAA TTTTGTATAA TAGGAATTGA AGTTAAATTA GATGCTAAAA ATTTGTAATT  

AAGAAGGAGT GATTACATGA ACAAAAATAT AAAATATTCT CAAAACTTTT TAACGAGTGA  

AAAAGTACTC AACCAAATAA TAAAACAATT GAATTTAAAA GAAACCGATA CCGTTTACGA  

AATTGGAACA GGTAAAGGGC ATTTAACGAC GAAACTGGCT AAAATAAGTA AACAGGTAAC  

GTCTATTGAA TTAGACAGTC ATCTATTCAA CTTATCGTCA GAAAAATTAA AACTGAATAC  

TCGTGTCACT TTAATTCACC AAGATATTCT ACAGTTTCAA TTCCCTAACA AACAGAGGTA  

TAAAATTGTT GGGAGTATTC CTTACCATTT AAGCACACAA ATTATTAAAA AAGTGGTTTT  

TGAAAGCCAT GCGTCTGACA TCTATCTGAT TGTTGAAGAA GGATTCTACA AGCGTACCTT  

GGATATTCAC CGAACACTAG GGTTGCTCTT GCACACTCAA GTCTCGATTC AGCAATTGCT  

TAAGCTGCCA GCGGAATGCT TTCATCCTAA ACCAAAAGTA AACAGTGTCT TAATAAAACT  

TACCCGCCAT ACCACAGATG TTCCAGATAA ATATTGGAAG CTATATACGT ACTTTGTTTC  

AAAATGGGTC AATCGAGAAT ATCGTCAACT GTTTACTAAA AATCAGTTTC ATCAAGCAAT  

GAAACACGCC AAAGTAAACA ATTTAAGTAC CGTTACTTAT GAGCAAGTAT TGTCTATTTT  

TAATAGTTAT CTATTATTTA ACGGGAGGAA ATAATTCTAT GAGTCGCTTT TGTAAATTTG  

GAAAGTTACA CGTTACTAAA GGGAATGTAG ATAAATTATT AGGTATACTA CTGACAGCTT  

CCAAGCATAT GGCGGCCGCC TGCAGCTGGC GCCATCGATA CGCGTACGTC GCGACCGCGG  

ACATGTACAG AGCTCGAGAA GTACTAGTGG CCACGTGGGC CGTGCACCTT AAGCTTGGCG  

TAATCATGGT CATAGCTGTT TCCTGTGTGA AATTGTTATC CGCTCACAAT TCCACACAAC  

ATACGAGCCG GAAGCATAAA GTGTAAAGCC TGGGGTGCCT AATGAGTGAG CTAACTCACA  

TTAATTGCGT TGCGCTCACT GCCCGCTTTC CAGTCGGGAA ACCTGTCGTG CCAGCTGCAT  

TAATGAATCG GCCAACGCGC GGGGAGAGGC GGTTTGCGTA TTGGGCGC 

 

 

pHENOMM 

1 

61 

121 

181 

241 

301 

361 

421 

481 

541 

601 

661 

721 

781 

841 

901 

961 

1021 

1081 

TCTTCCGCTT CCTCGCTCAC TGACTCGCTG CGCTCGGTCG TTCGGCTGCG GCGAGCGGTA  

TCAGCTCACT CAAAGGCGGT AATACGGTTA TCCACAGAAT CAGGGGATAA CGCAGGAAAG  

AACATGTGAG CAAAAGGCCA GCAAAAGGCC AGGAACCGTA AAAAGGCCGC GTTGCTGGCG  

TTTTTCCATA GGCTCCGCCC CCCTGACGAG CATCACAAAA ATCGACGCTC AAGTCAGAGG  

TGGCGAAACC CGACAGGACT ATAAAGATAC CAGGCGTTTC CCCCTGGAAG CTCCCTCGTG  

CGCTCTCCTG TTCCGACCCT GCCGCTTACC GGATACCTGT CCGCCTTTCT CCCTTCGGGA  

AGCGTGGCGC TTTCTCATAG CTCACGCTGT AGGTATCTCA GTTCGGTGTA GGTCGTTCGC  

TCCAAGCTGG GCTGTGTGCA CGAACCCCCC GTTCAGCCCG ACCGCTGCGC CTTATCCGGT  

AACTATCGTC TTGAGTCCAA CCCGGTAAGA CACGACTTAT CGCCACTGGC AGCAGCCACT  

GGTAACAGGA TTAGCAGAGC GAGGTATGTA GGCGGTGCTA CAGAGTTCTT GAAGTGGTGG  

CCTAACTACG GCTACACTAG AAGAACAGTA TTTGGTATCT GCGCTCTGCT GAAGCCAGTT  

ACCTTCGGAA AAAGAGTTGG TAGCTCTTGA TCCGGCAAAC AAACCACCGC TGGTAGCGGT  

GGTTTTTTTG TTTGCAAGCA GCAGATTACG CGCAGAAAAA AAGGATCTCA AGAAGATCCT  

TTGATCTTTT CTACGGGGTC TGACGCTCAG TGGAACGAAA ACTCACGTTA AGGGATTTTG  

GTCATGAGAT TATCAAAAAG GATCTTCACC TAGATCCTTT TAAATTAAAA ATGAAGTTTT  

AAATCAATCT AAAGTATATA TGAGTAAACT TGGTCTGACA GTTACCAATG CTTAATCAGT  

GAGGCACCTA TCTCAGCGAT CTGTCTATTT CGTTCATCCA TAGTTGCCTG ACTCCCCGTC  

GTGTAGATAA CTACGATACG GGAGGGCTTA CCATCTGGCC CCAGTGCTGC AATGATACCG  

CGAGACCCAC GCTCACCGGC TCCAGATTTA TCAGCAATAA ACCAGCCAGC CGGAAGGGCC  
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1141 

1201 

1261 

1321 

1381 

1441 

1501 

1561 

1621 

1681 

1741 

1801 

1861 

1921 

1981 

2041 

2101 

2161 

2221 

2281 

2341 

2401 

2461 

2521 

2581 

2641 

2701 

2761 

2821 

2881 

2941 

3001 

3061 

3121 

3181 

3241 

3301 

3361 

3421 

3481 

3541 

3601 

3661 

3721 

3781 

3841 

3901 

3961 

4021 

4081 

4141 

4201 

4261 

4321 

4381 

4441 

GAGCGCAGAA GTGGTCCTGC AACTTTATCC GCCTCCATCC AGTCTATTAA TTGTTGCCGG  

GAAGCTAGAG TAAGTAGTTC GCCAGTTAAT AGTTTGCGCA ACGTTGTTGC CATTGCTACA  

GGCATCGTGG TGTCACGCTC GTCGTTTGGT ATGGCTTCAT TCAGCTCCGG TTCCCAACGA  

TCAAGGCGAG TTACATGATC CCCCATGTTG TGCAAAAAAG CGGTTAGCTC CTTCGGTCCT  

CCGATCGTTG TCAGAAGTAA GTTGGCCGCA GTGTTATCAC TCATGGTTAT GGCAGCACTG  

CATAATTCTC TTACTGTCAT GCCATCCGTA AGATGCTTTT CTGTGACTGG TGAGTACTCA  

ACCAAGTCAT TCTGAGAATA GTGTATGCGG CGACCGAGTT GCTCTTGCCC GGCGTCAATA  

CGGGATAATA CCGCGCCACA TAGCAGAACT TTAAAAGTGC TCATCATTGG AAAACGTTCT  

TCGGGGCGAA AACTCTCAAG GATCTTACCG CTGTTGAGAT CCAGTTCGAT GTAACCCACT  

CGTGCACCCA ACTGATCTTC AGCATCTTTT ACTTTCACCA GCGTTTCTGG GTGAGCAAAA  

ACAGGAAGGC AAAATGCCGC AAAAAAGGGA ATAAGGGCGA CACGGAAATG TTGAATACTC  

ATACTCTTCC TTTTTCAATA TTATTGAAGC ATTTATCAGG GTTATTGTCT CATGAGCGGA  

TACATATTTG AATGTATTTA GAAAAATAAA CAAATAGGGG TTCCGCGCAC ATTTCCCCGA  

AAAGTGCCAC CTGACGTCTA AGAAACCATT ATTATCATGA CATTAACCTA TAAAAATAGG  

CGTATCACGA GGCCCTTTCG TCTCGCGCGT TTCGGTGATG ACGGTGAAAA CCTCTGACAC  

ATGCAGCTCC CGGAGACGGT CACAGCTTGT CTGTAAGCGG ATGCCGGGAG CAGACAAGCC  

CGTCAGGGCG CGTCAGCGGG TGTTGGCGGG TGTCGGGGCT GGCTTAACTA TGCGGCATCA  

GAGCAGATTG TACTGAGAGT GCACCATAAA ATTGTAAACG TTAATATTTT GTTAAAATTC  

GCGTTAAATT TTTGTTAAAT CAGCTCATTT TTTAACCAAT AGGCCGAAAT CGGCAAAATC  

CCTTATAAAT CAAAAGAATA GCCCGAGATA GGGTTGAGTG TTGTTCCAGT TTGGAACAAG  

AGTCCACTAT TAAAGAACGT GGACTCCAAC GTCAAAGGGC GAAAAACCGT CTATCAGGGC  

GATGGCCCAC TACGTGAACC ATCACCCAAA TCAAGTTTTT TGGGGTCGAG GTGCCGTAAA  

GCACTAAATC GGAACCCTAA AGGGAGCCCC CGATTTAGAG CTTGACGGGG AAAGCCGGCG  

AACGTGGCGA GAAAGGAAGG GAAGAAAGCG AAAGGAGCGG GCGCTAGGGC GCTGGCAAGT  

GTAGCGGTCA CGCTGCGCGT AACCACCACA CCCGCCGCGC TTAATGCGCC GCTACAGGGC  

GCGTACTATG GTTGCTTTGA CGTATGCGGT GTGAAATACC GCACAGATGC GTAAGGAGAA  

AATACCGCAT CAGGCGCCAT TCGCCATTCA GGCTGCGCAA CTGTTGGGAA GGGCGATCGG  

TGCGGGCCTC TTCGCTATTA CGCCAGCTGG CGAAAGGGGG ATGTGCTGCA AGGCGATTAA  

GTTGGGTAAC GCCAGGGTTT TCCCAGTCAC GACGTTGTAA AACGACGGCC AGTGAATTCG  

AATGGCCATG GAGGATTTAT TCTCTCCGCA GTTTTGAGCT TAATCGTCTC ATTAACTACT  

GCACTTTTCT CCGATTGGCT TCGTCGGAGA AAATAATCTA ACGGCATGAA GCGCAAATTA  

AAAGCCACTC AACTATGGGC CTAGTTGGGT GGCTTTTTTG CAACCATTAC GGTTTTACTT  

CTCTATAAGA ATTATAGCAT CAATCTTCAT CATTAGCCAA CTCAATAGAA GCTCGATATA  

GATCATGTTG AGCTTTATCC AAGCTATCTA AAAGTTCGCC ATAAATATCA ATATTTTTCT  

TTTCAGCAAC CAATTTTTTC AAATCTTGAA GATTATCAGC AATCTGTTCT GCCATAACTC  

CATAGATTTC AGCTTGTTTC TTCATATTGT CAATTGTCTT AATATCTTGT AACTCCATTC  

CTATCACTCC CATCTTACAT AGTTACTTAC CTTAGAATTC CAACGATATA TCACAGTATC  

TACAACATCA TCTTTTTCTT TTTCGTCATC CACATTAATT AGATCATCTT CTTTTTCGTC  

CAGCAATAAC TCATGATGAA TCTCTTTTAG TAATCCCGCA AAGCTTAATT GTCGAGTTCC  

AGCCAGAGCA TGCTCGAGCT CGTCAACAAC AACTAAATCG CCTTTCTCAT CATCCGTAAT  

ATAATCATAA TCTTTAACTT GATATTTACT TACTTCTTTT GCCGAAGCAA TCAAACTATT  

ATCTTTTTTT GACGCCCGAA TTTTCTTGAT ATTAACAATC GGCTTGTAGT CTAATTTCCT  

TGCTCGCTTC CATAATTGTG ACCAATTCTC TTGGGTAAGA TAATGACCCT TAGAAAAATA  

ACTAGATTTC ACCATTAACA AAATATGTAC ATGTTGATGG AAAGTTAGAC TATCTCGATT  

GACCGTTATT TCTGTAGATC GCACATAACC AAGAAGATCT TTTTTTACAT CTTTATATTG  

AAAAAGCCGA TAAATTGAAC GATTCATCGA AGTAAGATTT TTTCTAAGCT CGCCCAACTT  

TGAGCTTTCC TCAGTTAATG TCAAGAACAG AAATATAGCA CTAGGATCCT TTTTATATGC  

TGTATCTAAA ATTTGACGCA ACTCATAAGA ATTTTTCATC GATCGGCGCC AGCTACATAA  

TGGACAAAGT CTCGAATGAC AAAACCACGT TTGATATAAC TTTAAACCAT TATCAGTTTT  

CGCAAATTGA AGAACTTCTC CGCACTTTGA AACGTTATGA GCTTTTTTAA AATTTAAAAC  

CTCCAGATAT TGGGAATAAG TTAAGTTAGC AAGTTTTTTC TGCTTCCACG GTCTAACTTT  

CCCATTACTA GAGGTATCTT TTAGAATTTC TTTTTTATAC ATTTCTTATA CCTCTAACTG  

CAAAAACTAC AAGCAGTCAG AGTTAGTTAT CATTGATATA TTCCTAATGA CATATTATAA  

TAGGGTTCGA AGTTAATAAC GATAACTAAC TCATGCATCG ACGGCCAAAT CGAACAACTG  

CATGAGTTTT TTATTTAATT CTTACAATGC TTATTATACA CCAAAAAGTG TTATATTTTA  

AAATCCTAAT AAACCCAGTC ATATCAAGGG TTTAACCCAA TTTCAAAAAA TGGCGTTGTT  



94 

 

4501 

4561 

4621 

4681 

4741 

4801 

4861 

4921 

4981 

5041 

5101 

5161 

5221 

5281 

5341 

5401 

5461 

5521 

5581 

5641 

5701 

5761 

5821 

5881 

5941 

6001 

6061 

6121 

6181 

6241 

6301 

6361 

6421 

6481 

6541 

6601 

6661 

6721 

6781 

6841 

6901 

6961 

7021 

7081 

7141 

7201 

7261 

7321 

7381 

7441 

7501 

7561 

7621 

7681 

7741 

7801 

TCTATATGTA TCAAGATAAG AAGAAACTCG CTTACAGCGA GTTTCTAAAT AGGGGTTTCA  

CCCCTAAAAC CCTGACCAGC TGAGCCAGCT GGACCGCATT TCCCCTCGCC GGGCGGGCGT  

AAAGCGGAAA AAATGACTTT TTTCTCGCTT TCGCTCAACT AGGGTCTTCC CGTCTCACCA  

TGTCAAGCGC TGCCCTTCCG CTACGCTCCA GGCGTTTGTC GCTTGACACT CACCTACTAA  

CAGCGGGCTT CGCCACCAGT CTACTATCTG CAACACGGCA ACAAGATTAA TCAGAATATG  

CATTGAAGCA GTGCGCTCCG CTCCTTGTCT TGCGACAAAG CGAGCGCACT GCTTCAATGC  

TTTTTTATTT TCTGAATTCC ATAACTCGAT AATTAGAAAA AGTTAGTCCG TTAGAAACGT  

CTGCCACGCC GAGGAAGTCA TTCCAGTTTG ACCACTCAAA TCATCAGCGA CATCATTGAG  

ATAATCAATC AGCAATTTTC TAGTTTCTAT CTGCTTTGGA ATTTTTACCA CAGCCAAAAT  

TGAGTCCCAC TTAGCAATCA CAAAAGATTT TCTGACGGCT TTATTAGCCT TTTCCGCACT  

AATATTTTTC GCTTTATCTC GTTTATTTTG ATCGGTCGAT GGTATCCGAT CGACTGTTGT  

TACAGCATTT GACGCAGGTT GCTAGATAAA CGACTAGACC GAATAATTTT TATTCCAACT  

ATTTTTGCAA CCAAAAAAAT CACAAAATAA TCAACCAATA AAACGATAAC TAACTTCTTG  

CTACATCCGA TTAATTTTTC TCCAGCCTGC CAGAAATCGG CCCAAATATT GAAATATTGA  

GGAAATTTTG GGCTGAAAAA AACATTAATT TTTTCGGCAA ACAAGCCAAC ACAGCCAAGC  

AGAAAAGCTA AGAAAATAAG TTCCAGCCAA TTAAAAAATC GCCACGAAAG AGAAAAAAAT  

CGGTCAAAAT AAATCGAACT TGATTTCATT TTCTAGCCCC CGAAGTCTTC GATAAACGGC  

GCCATAAAAG GAACTACACG GTTTTCCGGT TGAGTACTTG CAAGCCCTAA CCCCTTAGAA  

AAGCCGTCAT GATTAACAAC TGTTGTCGAC TTTTTTTTGA TAAGTTAAGG GATGCAGTTT  

ATGCACCCCT TAACTTATCA TTATTAGTGT AAACAAGGAA GGATATCTTG TACGGCTTGA  

ACAATTACAC CACCAGCAGC GATATCAGCA GAAATACGAG CAATATGTTC GTCAAGTCCT  

TGTTCGTTAT CGTTCCAAAT ATATGGCCGA TCTGATGTAG GTTTTTGGCC GACAACATGA  

CGTACTGCTG AATAAAGACG TTCTGTAGCT GGACTTAAAC AAGCACGAGC ATCATAATGG  

CCCGTCTTTT TGTAAGTCCG TAAATCAACA GCTTGTACTC CAAACATTAA TGCAATAGCT  

ACGTAGTTTT GAAAAATATC AACAGACCGT CGTGCTAACG TAGCAGAAGT GTATCCTTGA  

GAGTTAATAT TTTGGTTAAA TTGTTCGGCG TGTGTAGGAA AGCGATCAGC AATTGAATTT  

CCGTAAAAAG TCAACAATGG CATAATTGAG TTGCCACAAA TTTGCAAACC CTTAAGACCC  

ATGTTTACCT TTCGTTCCCG GTTTCCCAAT AATGATGGTG GAAGTCCGTT ACTGAATTCT  

GGACTGGCCA AAAGTGCAAT TTGGACATCC AAATGCTTTG CAAGAAGACC AATGTAGTAA  

CGTAAGTGGT CCATGCCCAT GCCAACATAT TGACCCAAAA AGTTACCGCC ATGGTATGAG  

GCTTGGTTAT CAACGTCAAT TAATGGATTG TCAGTGACAC TATTAATTTC GATTTCAATT  

TGCTTAGCAA TTTGTGAAAT TCCATCAACA ATAGGACCCA AATATTGTGG TAAGCAACGT  

AAACTATAGC GGTCTTGAAT AAGTTCATGA TCACGATAAT CATGCTTACC ATCTAATTCG  

TCGCGAACAA GTTGACTATT AGCTAAAAGA GAAATCATTT GATCAGCAGC CCAAAGTTGA  

CCTGGGTGAG GTTTAGAATT GTGAATGAAT GGGTGGAAAC TTTGATTTGT GCCATTAAGT  

GCTTGAATAT CTAAGGCATG AACACCCATG GCAATAGCAG TAAGAATTTG AGTATCATAA  

ACGCAATTAG CAGCAATTCC CGTCATAACT GATGTACCAT TCATCATAGC AAGACCTTCT  

TTTGGAAGTA ATGTAAGTGG TGATAAATTT AATTGTCGAA GAGCTGTTGG GGCATCCATT  

TCTTTACCAT TAAAATCAAC TTTGAATGAT GGATCCAAAC CAATTAAAGA ACCTGTAATA  

TAAGATAAAG GAACAAGATC TCCACTTGCA CCAATTGATC CGAATTCGTA AACATAAGGT  

GTAACACCGG CGTTAAGGAA AATTTCCATA CGCTTAATTA ATTCAAGACG AATACCAGAA  

GCGCCACGCA TGTGTGAATT TGCACGTAAT AACATAGCAG CACGAACATC TGCTAATGGA  

AGTTTATTAC CAGCTCCTGT TTTAAGAAAC CAAACAAGAT TAGTTTGAAG TTCAGAAGCT  

TGTTCACGAC TAATAGCGAC GTTTGCCATT CCACCGAATC CTGAAGTAAC ACCATAAATT  

GGTTCTCCTG ATTCAACAGC GTTATTGATA TAGTCGCAAC TAGCTTGAAT GCCTTGTAAA  

ATGTCAGTGT TGTTAGTTAA ACTAACTAAA GTACCATTGC GTGCAACCCG TGCAACATCG  

TTAATAGTAA GCTTTTGATT ACCAATGATA ACATTAGCAC TTGAGTTTCC AGTAAATGAG  

AATTGTTGAG AACTAGTCTT AGATTGTGCT TGAGATAAAG TCTTCATTTA TACCTACTCC  

TTCTTAATTA CAAATTTTTA GCATCTAATT TAACTTCAAT TCCTATTATA CAAAATTTTA  

AGATACTGCA CTATCAACAC ACTCTTGAAC ATATGCATCC TAGGTCGTCT ATTAATACTT  

CCAGGAGTAT ACGTAGCCAG GCTAACGTTA ATCAACCAGG TATCCTCTAG AACTATAGCT  

AGCATGCCTA TATATGGATC CAATTGCAAT GATCATCATG ACAGATCTGC GCGCGATCGA  

TATCAGCGCT TTAAATTTGC GCATGCTAGC TATAGTTCTA GAGGTACCGG TTGTTAACGT  

TAGCCGGCTA CGTATACTCC GGAATATTAA TAGGCCTAGG ATGCATATGC TTAGAAGCAA  

ACTTAAGAGT GTGTTGATAG TGCAGTATCT TAAAATTTTG TATAATAGGA ATTGAAGTTA  

AATTAGATGC TAAAAATTTG TAATTAAGAA GGAGTGATTA CATGAACAAA AATATAAAAT  
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7861 

7921 

7981 

8041 

8101 

8161 

8221 

8281 

8341 

8401 

8461 

8521 

8581 

8641 

8701 

8761 

8821 

8881 

8941 

9001 

ATTCTCAAAA CTTTTTAACG AGTGAAAAAG TACTCAACCA AATAATAAAA CAATTGAATT  

TAAAAGAAAC CGATACCGTT TACGAAATTG GAACAGGTAA AGGGCATTTA ACGACGAAAC  

TGGCTAAAAT AAGTAAACAG GTAACGTCTA TTGAATTAGA CAGTCATCTA TTCAACTTAT  

CGTCAGAAAA ATTAAAACTG AATACTCGTG TCACTTTAAT TCACCAAGAT ATTCTACAGT  

TTCAATTCCC TAACAAACAG AGGTATAAAA TTGTTGGGAG TATTCCTTAC CATTTAAGCA  

CACAAATTAT TAAAAAAGTG GTTTTTGAAA GCCATGCGTC TGACATCTAT CTGATTGTTG  

AAGAAGGATT CTACAAGCGT ACCTTGGATA TTCACCGAAC ACTAGGGTTG CTCTTGCACA  

CTCAAGTCTC GATTCAGCAA TTGCTTAAGC TGCCAGCGGA ATGCTTTCAT CCTAAACCAA  

AAGTAAACAG TGTCTTAATA AAACTTACCC GCCATACCAC AGATGTTCCA GATAAATATT  

GGAAGCTATA TACGTACTTT GTTTCAAAAT GGGTCAATCG AGAATATCGT CAACTGTTTA  

CTAAAAATCA GTTTCATCAA GCAATGAAAC ACGCCAAAGT AAACAATTTA AGTACCGTTA  

CTTATGAGCA AGTATTGTCT ATTTTTAATA GTTATCTATT ATTTAACGGG AGGAAATAAT  

TCTATGAGTC GCTTTTGTAA ATTTGGAAAG TTACACGTTA CTAAAGGGAA TGTAGATAAA  

TTATTAGGTA TACTACTGAC AGCTTCCAAG CATATGGCGG CCGCCTGCAG CTGGCGCCAT  

CGATACGCGT ACGTCGCGAC CGCGGACATG TACAGAGCTC GAGAAGTACT AGTGGCCACG  

TGGGCCGTGC ACCTTAAGCT TGGCGTAATC ATGGTCATAG CTGTTTCCTG TGTGAAATTG  

TTATCCGCTC ACAATTCCAC ACAACATACG AGCCGGAAGC ATAAAGTGTA AAGCCTGGGG  

TGCCTAATGA GTGAGCTAAC TCACATTAAT TGCGTTGCGC TCACTGCCCG CTTTCCAGTC  

GGGAAACCTG TCGTGCCAGC TGCATTAATG AATCGGCCAA CGCGCGGGGA GAGGCGGTTT  

GCGTATTGGG CGC 
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Supplemental S3; male PKU mouse plasma phe values  
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 Supplemental S3. Plasma  phe in untreated male PKU mice. 

 

Graphical representation of plasma phe values in untreated male mice when blood was collected 

during the light portion of the 12/12 light cycle. Only two animals had plasma phe above 

2410µM, and only one animal had plasma phe below 2000µM. 
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CHAPTER 2: MOUSE GENOMICS AND IGF-1 

 

INTRODUCTION 

 Phenylketonuria (PKU) is an autosomal recessive metabolic disease (Enns, Koch et al. 

2010).  Patients with PKU have genetic mutation/s, which result in deficient function of the 

hepatic enzyme phenylalanine hydroxylase (PAH), rendering the enzyme incapable of 

catabolizing phenylalanine (phe) into tyrosine. In the absence of functional PAH, neurotoxic 

concentrations of phe and its incomplete metabolites accumulate in the blood.  To rid the body of 

the high phe load, excess phe is converted into phenylketone and excreted in the urine giving the 

condition its name.  Untreated PKU results in severe mental retardation and seizures.  Even when 

treated, many PKU patients and their families have noticed several secondary conditions 

accompany PKU including mood disorders (Brumm, Bilder et al. 2010), minor cognitive defects 

(Hamman, Clark et al. 2005), early onset osteopenia (Porta, Roato et al. 2008, Roato, Porta et al. 

2010), and markers of systemic inflammation (Roato, Porta et al. 2010).  Additionally, women 

with PKU must maintain extremely tight control of their phe levels within the treatment range in 

order to prevent cardiac and neurological birth defects in their infants via maternal 

PKU(McDonald, Dyer et al. 1997).     

 To create a model organism for studying PKU, mutations in PAH were created by N-

ethyl-N-nitrosourea (ENU) mutagenesis in the BTBR strain of mouse (Shedlovsky, McDonald et 

al. 1993).  The PAHenu1 mutant allele failed to mimic human PKU disease and the 

PAHenu3mutant allele produced PAH with mild residual enzymatic activity.  The PAHenu2 

mutation resulted in no residual PAH activity and leads to PKU like symptoms in homozygosity, 

leading to its selection as the PKU mouse model (Shedlovsky, McDonald et al. 1993).  Similar to 
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humans with PKU, animals with two copies of PAHenu2 have elevated blood phe (Shedlovsky, 

McDonald et al. 1993), altered brain amino acid content (Joseph and Dyer 2003), 

seizures/coordination problems (Shedlovsky, McDonald et al. 1993), maternal PKU 

(Shedlovsky, McDonald et al. 1993), metabolic stress (Solverson, Murali et al. 2012) and weaker 

bones (Solverson, Murali et al. 2012) while carrier littermates appeared phenotypically normal.   

 The PAHenu2 mutation on the BTBR background had poor breeding qualities and the 

PAHenu2 mutation was backcrossed to the C57BL6/J (B6) strain of mouse (Ding, Georgiev et 

al. 2006) (Ding, Harding et al. 2008).  As a result, investigators studying PKU in the mouse 

model now use the PAHenu2 mutation on the B6 genetic background as the new B6 background 

has indeed facilitated easier breeding. 

 In working with the PAHenu2 mouse, one morphological anomaly and one 

developmental anomaly were observed with increasing frequency within the mouse colony.   

Although both anomalies have been observed in PKU mice by other investigators using the 

PAHenu2 mutation in the B6 mouse (pers. com. Harding,  Skvorak, McDonald), no work has 

been done to identify the cause of these unusual phenotypes.  As the morphological phenotype 

resulted in an increased euthanasia rate of PKU animals, and the developmental phenotype 

increased the time required to produce adult PKU animals for experimentation, investigation into 

the cause of these phenotypes became necessary.  

 The morphological phenotype/anomaly of unilateral or bilateral ocular enlargement was 

only observed in PKU animals (PAHenu2 homozygous).  This anomaly was not seen in the 

initial colony in March 2012, but occurred in as many as one in two PKU animals by December 

of 2014.  Frequently the enlargement would result in the eye/s becoming too large for the eye lid 

to close, resulting in eye infection and animal euthanasia.  In one instance, the increased ocular 
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size created so much stress on the tissues that the eye ruptured (resulting in animal euthanasia).  

In another, the animal’s eye enlargement placed most of the extra ocular tissue inside of the skull 

and resulted in hind-limb paralysis (and subsequent euthanasia).  It was also observed that if  one 

animal in a litter developed ocular enlargement other animals in the litter were much more likely 

to develop ocular enlargement shortly thereafter suggesting a genetic cause of the ocular 

enlargement despite a lack of 100% penetrance (as demonstrated by unilateral ocular 

enlargement).  Given the fact that PAHenu2 heterozygous animals never developed ocular 

enlargement, it was hypothesized that a gene with tight linkage to PAH with different alleles in 

the B6 and BTBR strains of mouse was responsible for the phenotype. 

 Similarly, the developmental phenotype of delayed pup development seemed to be 

dependent on PAHenu2 copy number.   Heterozygous pups were 3-4 days behind in 

development at14 days old, while PKU pups were approximately 6-7 days behind in 

development at the same age (http://jaxmice.jax.org/images/literature/pupsposter-large.jpg).  

While it was previously observed that PKU pups fed regular food prior to weaning were smaller 

and slightly delayed in development due to metabolic stress from high blood phe (Solverson, 

Murali et al. 2012), this did not explain the severe developmental retardation in PKU pups nor 

did it explain developmental retardation of heterozygous healthy littermates.  This delayed 

development meant that although weaning of pups usually occurs at 3 weeks of age in B6 mice, 

weaning of pups could never be performed before the age of 3 weeks and 5 days old for either 

genotype in our colony.  Frequently PKU pups could not be weaned until they reached 4 weeks 

and 5 days old to 5 weeks old to enable their survival when separated from their mother. 

 Increased euthanasia of PKU animals due to ocular enlargement and additional time 

required to produce mature PKU animals began to take a toll on experimental progression. 
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Suspecting genetic linkage, an extensive literature search for genes on mouse chromosome 10 

near PAH capable of causing either phenotype was performed. 

  The most promising explanation to the ocular enlargement phenotype in the PAHenu2 

homozygotes was provided by an article describing ocular enlargement when insulin-like growth 

factor 1 (IGF-1) was increased in the eye via retinal specific IGF-1 transgene (Ruberte, Ayuso et 

al. 2004).  Increased ocular IGF-1 concentrations have also been observed in ocular enlargement 

due to diabetic retinopathy  (Haurigot, Villacampa et al. 2009) and ocular enlargement due to 

thyroid associated orbitopathy (Ezra, Krell et al. 2012).  The correlation of increased ocular IGF-

1 in ocular enlargement disease states was of serious concern as the endogenous IGF-1 gene on 

chromosome 10 starts less than 0.275 Mb away from the end of the mouse PAH gene 

(http://www.informatics.jax.org), and different alleles for IGF-1 have been described in mice 

based on mouse strains (Rosen, Churchill et al. 2000). Such a small genetic distance between 

PAH and IGF-1 suggested a potential genetic linkage and co-segregation of the PAH and IGF-1 

alleles. 

 Further literary investigation into IGF-1 indicated the second phenotype, e.g. retarded 

growth and development of pups, also had the potential to be caused by differential inheritance 

of IGF-1 alleles.  IGF-1 has two promoters each of which has multiple transcriptional start sites; 

promoter 2 drives expression of IGF-1 for secretion into the blood while promoter 1 drives 

expression of IGF-1 in many tissues such as the eye (Oberbauer 2013).  The use of separate  

promoters in tissue and circulation could allow the same IGF-1 allele to over express IGF-1 in 

the eye and reduce IGF-1 expression in the blood.  This plausible combination of promoter 

influences producing more IGF-1 in the eye would result in ocular enlargement, while decreased 

circulating IGF-1 would hamper growth and development.  
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 When studied, 32 of the commonly used mouse strains exhibit different total expression 

circulating levels of IGF-1, with the BTBR strain exhibiting moderately high expression of IGF-

1 in the serum (367-465ng/ml) and the B6 strain exhibiting low IGF-1 expression in the serum 

(248-256ng/ml) (Yuan, Tsaih et al. 2009).  Additional studies into mouse IGF-1 demonstrated 

circulating IGF-1 as a polygenic trait with 4 loci responsible for final expression levels recorded 

in routine circulating IGF-1 assays (Rosen, Churchill et al. 2000).  In addition to the four 

identified genetic loci, total circulating IGF-1 is also effected by animal age (Yuan, Tsaih et al. 

2009) (Xian, Wu et al. 2012) and UTR splice variant used (Jiao, Bishop et al. 2012) (Oberbauer 

2013). 

 Perhaps most important to this specific mouse model, reduced growth and early onset 

osteopenia are frequent complications in PKU patients, and bone health of PAHenu2 

homozygous mice has been studied.  Previous studies have assumed no genetic discrepancies 

beyond the PAHenu2 allele exist in the PAHenu2 model of PKU (Solverson, Murali et al. 2012) 

(Solverson, Murali et al. 2012).  If the different alleles of IGF-1 are inherited by healthy v PKU 

littermates, it will cast new light on mouse PKU bone studies.  In summary,  IGF-1 location,  

complexity of expression, and physiological impact in PKU studies resulted in this study to 

determine what, if any, role IGF-1 played in the ocular enlargement and developmental delays 

observed in the PAHenu2 colony. 
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MATERIALS AND METHODS 

 

Animals and Usage 

 PAHenu2 mutant mice on the C57BL6 background were acquired from Dr. Harding of 

Oregon Health and Science University.  Wild-type B6 and BTBR mice were purchased from 

Jackson Laboratories (Jax).  B6 animals were bred as needed, BTBR animals only served as 

blood donors for genotyping.  Animals were bred and housed in the University of North Texas 

animal facility. Water and standard 5LL2 pelleted mouse chow (LabDiet, USA) were available 

to animals not on experimental diets ad libitum. Experimental diets are detailed below, water 

remained ad libitum.  A 12/12 light/dark cycle and temperature of 23ºC were maintained at all 

times.  A fully synthetic phe chow, also known as AA chow, made by LabDiet based on their 

Baker Amino Acid diet altered to contain 0.2% phe, was fed instead of the 5LL2 chow where 

indicated and administered ad libitum. All procedures were approved by the UNT Institutional 

Animal Care and Use Committee.  Breeding of the PAHenu2 colony was as detailed below. 

 Female mice homozygous for the PAHenu2 mutation will not rear young.  For this reason 

females heterozygous for the PAHenu2 mutation were crossed with males homozygous for the 

mutation when maintaining a PAHenu2 colony.  This produces litters containing 50% 

heterozygous PAHenu2 animals and 50% homozygous PAHenu2 animals.  The produced 

heterozygous animals served as healthy littermate controls.  PAHenu2 homozygous males were 

preferred as replacement breeders to reduce the production of excess heterozygous and 

homozygous healthy offspring not usable in experimentation.   
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Mouse phe typing and phe assessment 

 Dried heparin tubes were created prior to blood draw by adding 10IU Heparin (dissolved 

in water) to each autoclave sterilized microcentrifuge tube.  The tubes were then placed into a 

speed vac rotor to remove all liquid while leaving the heparin behind.  Blood was collected by 

cheek bleed (no more than 125µl) into a dry heparin coated tube and centrifuged at 1,000xg for 

10 minutes.  

 Quantifying plasma phe for genotyping or experimental data was performed by 

fluorometric assay (McCaman 1962).  Alterations to total volume were made to accommodate 

use of a plate reader (Synergy, BioTek2, USA) and 96 well plates (black plastic with black 

bottom by Corning, USA). Briefly; standards of 0 µM, 180 µM, 300 µM, 600 µM, 1200 µM, and 

2400µM were created by spiking 1xPBS + 7.5% bovine serum albumin with phe.  Standards 

were aliquoted in microcentrifuge tubes and stored at -20°C until needed, and tubes were used a 

maximum of 3 times before disposal and opening of a new set of standards.  Step 1: 10µl of 

plasma (see above) or phe standard and 10µl of 0.6M Trichloroacetic acid were placed into a 

microcentrifuge tube to react for 10min, then centrifuged at 13,000xg for 10min.  Step 2: 3.3µl 

of liquid per sample was removed from step 1 tubes and added to a new microcentrifuge tube 

containing 50µl of solution 2 ( per reaction; 6.25µl 5mM L-leucyl-L-alanine, 12.5µl 30mM 

Ninhydrin, 31.25µl 600mM Sodium Succinate buffer), one tube per sample.  All samples were 

sealed and placed in a 60°C water bath to react for 2 hours. Samples briefly cooled at room 

temperature after the reaction period, and were centrifuged to ensure all lid condensate rejoined 

the total sample volume. Step 3:  40µl of each sample from step 2 were placed into individual 

wells of the above mentioned black 96 well plate.  Once all samples were loaded, 250µl of 

solution 3 (per reaction; 100µl 0.6mM CuSO4, 150µl  25mM NaKTartrate) was added to each 
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well with a multi channel pipettor, and a fluorometric read (360/420) was performed by the 

Synergy2 BioTek plate reader. 

 

PCR based PAH genotyping  

 HemoKlen Taq kit (New England Biolabs, USA) was used as needed for genotyping the 

PAH alleles following the manufacturers concentrations and reaction conditions for PAH PCR 

product length and primer sequence. Primer sequences for the amplification of PAH were 

PAHenu2 forward primer of 5’TGCTGCAACCTGGTAATACTGATCC 3’, and PAHenu2 

reverse of 5’GAACATTGGAGCTTGATGGAATCC 3’.  The product is 616 base pairs, and 

digestion with restriction enzymes BbsI or BsmAI (Thermo Scientific, USA) used as directed by 

the manufacturer's directions.  Differential banding patterns are visualized on a gel for genotype 

determination.  If using BbsI, the PKU allele of PAHenu
2
 remains uncut at just over 600 base 

pairs in length (616) while the wild type allele is cut into nearly identical bands at 300 base pairs 

in length.  If using BsmAI, the PKU allele of PAHenu
2
 is cut to produce DNA products at 308, 

274, and 34 bases while the wild type PAH allele is cut into DNA of 342 and 274 bases. 

 

Single Nucleotide Polymorphism (SNP) panel 

 An initial genome wide 1500 SNP panel was performed by Jackson Laboratory, USA, to 

indicate both the level of BTBR contamination to the C57BL6 background and identify the 

locations at which this contamination occurred.  Of particular interest was locating the length of 

the BTBR island on chromosome 10 surrounding PAH.  Tail tissue from 3 euthanized mice was 

sent to Jackson labs for DNA extraction and SNP analysis.   
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IGF-1 ELISA 

 Blood from cheek bleed (see above) was separated by centrifugation at 1,000xg for 10 

minutes.  Plasma was removed and immediately utilized in the appropriate dilution for IGF-1 

detection using the mouse IGF-1 ELISA kit (ab100695, Abcam, USA) per manufacturer’s 

directions.  The standard curve for calculating IGF-1 concentrations in unknown samples for this 

assay utilized known IGF-1 concentrations of 0 pg/ml, 2.74 pg/ml, 8.23 pg/ml, 24.69 pg/ml, 

74.07 pg/ml, 222.2 pg/ml and  666.7 pg/ml. Ocular fluid tested in IGF-1 ELISA was taken from 

euthanized mice by cutting through the cornea with a scalpel and removing the aqueous humor 

with a small pipette. 

 Many of the references in this work indicate serum IGF-1 concentrations while this study 

assayed plasma samples.  In an ELISA, plasma and serum values of IGF-1 differ by about ten 

fold.  As a control to ensure values in this study were consistent with previously reported serum 

concentrations, one ELISA was performed with B6 serum and the 237ng IGF-1/ml ± SD 

11ng/ml serum, n=3 matched previous reports, validating the assay's consistency with reported 

findings. 

 

PCR SNP typing 

 Initial assays attempted to use Phusion polymerase (New England Biolabs, USA) and 

DNA extracted from mouse blood (MoBio), but reactions failed to work with this enzyme.  

Blood collected by cheek bleed was used with Hemo KlenTaq Kit (New England Biolabs, USA).  

Annealing temperatures and extension times were optimized prior to finalization of the following 

protocol.  Concentrations, reactants, and temperatures used per manufacturer’s protocol, with 

temperatures and times specific to a solitary reaction listed below.  For the Chromosome 10 B6 
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SNP primers forward 5’ CTTTTCCCCAAAGTCTTCATTTCTACC3’ and reverse 

5’AGTGTGAGGTGTGTATATGTGAGTGC 3’, with variations to the general protocol of 

anneal at 56°C, and extension time of 2 min.  For detecting the chromosome 10 BTBR SNP, 

primers forward 5’CTTTTCCCCAAAGTCTTCATTTCTACC 3’ and reverse 

5’AAGCTTAGTTAAAGGGCATTTGCG 3’  and variations to the general protocol of annealing 

at 54°C, extension time of 20s.  The resulting PCR product from each reaction was run on an 

ethidium bromide gel and visualized.  The reactions were optimized resulting in the presence of a 

band in the presence of the desired SNP, and absence of a band should the animal tested lack the 

SNP. Heterozygotes displayed a band for both SNP at a single location, and positive and 

negative control samples from a wild type Jackson Laboratories B6 or BTBR verified function of 

every run of both assays.  The amplified fragment from the chromosome 10 pre-IGF-1 B6 SNP 

was approximately 900 bp in length and the BTBR chromosome 10 pre-IGF-1 SNP was 

approximately 100bp. 

Statistical analysis 

 Statistical analysis was performed utilizing the Sigmaplot 12.3 software package by 

Systat Software Inc.   IGF-1 plasma concentrations for each animal were determined as the mean 

of duplicate wells. All graphical data are presented as mean ± SD when n = 3-4. A student's two 

tail t-test was performed to determine if a significant difference was present in the plasma IGF-1 

concentrations.   Differences between groups were considered significant if P < 0.05. 

Individual IGF-1 concentrations listed in Table 4 are the mean of the duplicate wells for each 

tested animal.  
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RESULTS 

 

PKU animals have reduced IGF-1 

 The first step in identifying potential involvement of IGF-1 in the phenotypes of the 

mouse colony was to examine IGF-1 concentrations of the eye and plasma. Preliminary testing 

revealed differences between IGF-1 levels found in PKU mice and carrier siblings.  Male age 

matched animals consisting of 2 PKU animals with unilateral ocular enlargement (see Fig. 9 for 

eye size comparison post ocular removal), 2 phenotypically normal PKU animals, and 1 

heterozygous healthy control were examined.  PKU aqueous humor contained more IGF-1 

(332pg IGF-1/ml plasma ± SD 52pg/ml n = 4, assayed as 1:50 dilution) compared to the tested 

heterozygote (undetectable at 1:50 dilution). Although sample size (see above) did not allow 

statistical evaluation, quantity of IGF-1 in the aqueous humor was not dependent upon ocular 

phenotype, nor was a concentration difference observed in the normal eye and affected eye of the 

two animals with unilateral ocular enlargement.  In this preliminary assay, PKU animals 

displayed less plasma IGF-1 (12.7 ng IGF-1/ml plasma ± SD 2.4 ng/ml, n = 4) than the tested 

PAHenu2 carrier (29.7 ng IGF-1/ml plasma).   

 Replications of the IGF-1plasma ELISA confirmed the 10 - 20% reduced circulating 

IGF-1 in PKU animals compared to their carrier siblings (Fig. 10).  This trend was consistent in 

all IGF-1 plasma assays although no assay reached significance.  To determine if reduced plasma 

IGF-1 in the PKU mice was caused by their metabolic disease status rather than a genetic cause, 

one group of animals with PKU were fed a reduced phe AA chow and compared to a second 

group of  PKU animals on standard chow and a third group of healthy heterozygous animals on 

standard chow.  
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Fig. 9 
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Figure 9. Ocular enlargement phenotype.  (a) Eyes from a PAHenu2 homozygote with unilateral 

ocular enlargement.  The enlarged eye appears to be more than double the size of the normal eye.   
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 Feeding PKU animals a synthetic amino acid (AA) chow with reduced phenylalanine 

content further reduced IGF-1 by 20 - 50% when compared to PKU animals on regular chow 

(Fig. 10) , and a significant difference was observed between PKU animals on the AA chow and 

heterozygous animals on the 5LL2 chow (Fig. 10b) (IGF-1 concentrations n =4 in PKU AA and 

Het 5LL2, n = 3 in PKU 5LL2; PKU AA = 12.4ng/ml plasma ± SD 3.2ng/ml, PKU 5LL2 = 

23.4ng/ml plasma ± SD 4.3ng/ml, Het 5LL2 = 38.6ng/ml plasma ± SD 4.3 ).  Plasma IGF-1 in 

PKU animals on the regular 5LL2 chow was not significantly different than the PKU animals on 

AA chow or heterozygous animals on 5LL2 chow, although the pattern of highest and lowest 

IGF-1 concentrations was the same in all four replicates of this assay.  In a later test with F1 

animals (PAHenu2 homozygous male crossed to a wild-type B6 female), IGF-1 concentrations 

were higher in F1 animals than PAHenu2 heterozygotes of the same age and gender, although 

sample size used did not resolve this difference to significance (P > 0.1) 

 Wild type B6 animals from Jackson Laboratories were also tested for their IGF-1 levels 

when compared to animals of the PAHenu2 colony.  These wild type B6 animals  

displayed a trend of higher plasma IGF-1 than carrier animals, although significance was not 

achieved in either of the two assays when wild type B6 plasma was tested.   

 

Genomic SNP 

 To determine the if genetic contributions of the original (BTBR) mouse strain were 

associated with the observed IGF-1 concentrations in the PAHenu2 colony, a genome wide SNP 

panel was conducted.   This genome wide 1500 SNP panel run by Jackson Labs revealed 

PAHenu2 B6 colony only contained approximately 5% BTBR DNA.   
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Figure 10a 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

ng IGF1

0 200 400 600 800

4
5
0
n

m
 A

b
s

0.0

0.2

0.4

0.6

0.8

1.0

 y = 0.001268 + 0.0701

 r
2
 = 0.9993

 



113 

 

Figure 10b 
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Figure 10. Plasma IGF-1 – (a) Standard curve for calculating values of unknown plasma IGF-1 

samples. (b) Plasma IGF-1 from age matched male mice in the PAHenu2 colony.  Statistical 

difference was not achieved between PKU animals fed the AA chow and PKU animals on the 

regular (LL2) chow (P = 0.057), but statistical differences were observed between PKU animals 

fed AA chow and heterozygous (Het) animals on regular (LL2)  chow (P < 0.01) .  This trend  

between PKU fed AA, PKU fed LL2, and Het fed LL2 were consistent in each of the four 

replicates performed. 
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BTBR DNA islands (represented by base pair locations) found in all animals with no known 

associations with IGF-1 expression were located on chromosome 3 from 17,511,270-33,933,315, 

chromosome 5 from 3,188,964-15,030,133 , chromosome 11 from 30,321,352 to 38,603,248 and 

chromosome 11 from 54,801,294 to 57,005,736.  BTBR DNA islands found in all animals near 

or overlapping IGF-1 expression loci were located on chromosome 6 from 135,955,068 to 

140,532,504 and chromosome 10 from 67,317,776 (all) to 86,567,143 (PAHenu2 homozygous) 

or 91,119,681 (PAHenu2 heterozygous).    

 Mixed BTBR and B6 DNA origins of genomic regions not known to be involved with 

IGF-1 expression  were  identified on chromosome 3 from 139,158,872 to 160,287,200, and 

chromosome 13 from 91,042,598 to 95,901,586.  Mixed BTBR and B6 origin DNA in a region 

known to effect IGF-1 expression was identified on chromosome 11 from 4,367,508 to 

8,353,761. 

 

Chromosome 10 SNP 

 The Jackson Labs SNP panel only tested one SNP prior to the PAH gene (SNP at base 

86,567,143) and one SNP after the IGF-1 gene (SNP at base 91,119,681) (Fig. 11).  The SNP at 

86,567,143 indicated BTBR DNA sequence in all tested animals.  The SNP at 91,119,681 

indicated only BTBR DNA in the 2 PAHenu2 homozygous animals while at the same location 

B6/BTBR heterozygousity was detected in the PAHenu2 heterozygous animal.  Further SNP 

assays were created at base 87,806,882, denoted as pre-IGF-1 SNP, with allelic specificity for 

BTBR (genotyping gel in Fig. 12a) or B6 (genotyping gel Fig. 12b) to determine if the 

heterozygosity began prior to or after the IGF-1 gene.  These new SNP assays indicated nearly 

all PAHenu2 alleles co-segregated with the BTBR pre-IGF-1 SNP (80 of the 88 tested PAHenu2 
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chromosomes) (Table 4). Heterozygous (PAHenu2/PAH
+
) always inherited one B6 pre-IGF-1 

SNP and one BTBR pre-IGF-1 SNP (Table 4). These SNP typing results were then used to 

compare IGF-1 SNP genotype to ocular phenotype.  All examined PAHenu2 homozygous 

animals with ocular enlargement occurring prior to one year of age carried two copies of the 

BTBR pre-IGF-1 SNP.  None of the 8 PAHenu2 homozygous animals carrying one copy of the 

B6 pre-IGF-1 SNP developed ocular enlargement prior to one year of age. 

 Only one plasma IGF-1 ELISA was performed concurrent with SNP genotyping of the 

pre-IGF-1 location.  PKU animals carrying one B6 copy of the pre-IGF-1 SNP displayed a 

statistically insignificant heightened IGF-1 level when compared to PKU animals with no B6 

pre-IGF-1 SNP (Table 5).   
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Table 4 

  PAHenu2 PAH+ 

B6 IGF-1 8 8 

BTBR IGF-1 80 0 

 

Table 4 . IGF-1: PAH allelic frequency. Numbers in this table indicate the number of times each 

PAH allele was found with each IGF-1 allele based on the pre-IGF-1 SNP results. The majority 

of mice genotyped for IGF-1 had no crossover on chromosome 10 between PAH and IGF-1 (88 

chromosomes) as indicated by findings of BTBR IGF-1 with PAHenu2, and B6 IGF-1 with 

PAH
+
. There was a small number of chromosomes tested (8) with B6 IGF-1 and PAHenu2 

indicating a possible crossover event. 
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Table 5 

  

average IGF-1 

(ng/ml plasma) 

PKU with 1 B6 SNP 3.3 

PKU 2 BTBR SNP 2.1 

Animal 

IGF-1 (ng/ml 

plasma) 

pku1 2.3 

pku2 1.9 

pku3 2.3 

pku5 2.1 

pku4 (1 B6 SNP) 3.2 

pku6 (1 B6 SNP) 3.4 

 

 

Table 5. Plasma IGF-1: SNP type.  In this replicate of the plasma IGF-1 assay, PKU animals 

with one copy of the B6 pre-IGF-1 SNP displayed higher IGF-1 concentrations than age and 

gender matched PKU animals lacking the B6 SNP. 
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Figure 11 
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Figure 11. Chromosome 10 section of interest.  Illustrated is the region of mouse chromosome 10 

containing the genes for PAH and IGF-1.  Jax SNPs are indicated by red dots with labels for 

their location above. The pre-IGF-1 SNP used for this study is located at 87,806,882 (indicated 

by a blue oval) and lies between the PAH and IGF-1 genes.  
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Figure 12a 

 

 

 

Figure 12b 
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Figure 12. pre-IGF-1 genotyping gels  (a) Gel for the BTBR pre-IGF-1 SNP genotyping PCR.  

Lane 1 is a negative control sample from a B6 animal while lane 4 is a positive control sample 

with a 100 base pair amplified DNA band from a BTBR animal.  Lanes 2 and 3 were two 

females being genotyped for potential breeding purposes.  (b)  Gel for the B6 pre-IGF-1 SNP.  

Lane one is the MoBio 1kb ladder. Lane 2 is a positive control sample from a wild type B6 

animal with a band shown at 900 base pairs. Lanes 3 - 8 are from animals with ocular 

enlargement, none of whom carry a copy of the B6 pre-IGF-1 SNP. 
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DISCUSSION 

 Originally the PAHenu2 mouse model of PKU was generated on the BTBR background 

by ENU mutagenesis to further the understanding of PKU disease phenotypes through the study 

of a model organism.  To enable better breeding, and thus facilitate experimentation, the 

PAHenu2 allele was backcrossed to the B6 strain of mouse.  Breeding characteristics were 

enhanced by placing the PAHenu2 allele on the B6 background.  It was observed however that  

PKU animals sporadically developed ocular enlargement on the new B6 background, an 

observation never made while the mutation was on the BTBR background.  More recently 

observed was the delayed growth/development of the PAHenu2 B6 pups compared to the wild 

type B6 timeline. Despite the strain specific occurrence of the anomalous phenotypes, no 

previous studies have investigated the potential cause of the B6 specific phenotypes of ocular 

enlargement and delayed development in PAHenu2 B6 mouse colonies. 

 Despite severe developmental delay in PKU animals, diminished but noticeable 

developmental delay in the healthy heterozygous littermates indicated a possible gene dosage 

effect from a gene linked to PAH and differentially inherited in heterozygous animal and PKU 

animals as the cause of developmental delay in the PAHenu2 B6 colony.  Occurrence of ocular 

enlargement only in PKU animals, with an increased risk of developing ocular enlargement if a 

littermate had the condition similarly indicated a linked gene as the likely cause of this unusual 

ocular phenotype. An extensive literature search indicated IGF-1 as a potential candidate gene 

for both phenotypes, resulting in our studies of IGF-1 expression and genetics in the PAHenu2 

B6 mouse colony. 

 Increased IGF-1 in the aqueous humor of PKU animals compared to heterozygous 

controls is consistent with previous studies describing a role for increased ocular IGF-1in various 
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mouse ocular enlargement models (Ruberte, Ayuso et al. 2004) (Ezra, Krell et al. 2012) 

(Haurigot, Villacampa et al. 2009).  Unlike the previously described ocular enlargement 

phenotypes which result in bilateral ocular enlargement, PKU mice would exhibit unilateral 

ocular enlargement in many instances. This may indicate an unknown environmental factor in 

the development of the ocular enlargement phenotype in the homozygous PAHenu2 B6 mouse. 

 As with previous studies, a correlation between higher circulating IGF-1 and faster 

growth and development was observed when comparing wild type B6, PAHenu2 B6 

heterozygotes and PAHenu2 homozygotes of the PAHenu2 B6 colony.  This evidence led us to 

believe some level of gene dosage effect was enacted by the IGF-1 gene from chromosome 10, 

although other IGF-1 expression loci are likely involved as F1 animals produced by a cross of 

PKU male by wild type B6 female had higher circulating IGF-1 than heterozygous animals from 

the PAHenu2 colony of the same age and gender. 

 Interestingly, the low phe AA chow did not increase circulating IGF-1 levels in PKU 

animals, but instead further reduced IGF-1.  This would seemingly indicate PKU disease does 

not inherently result in reduced plasma IGF-1 levels.  It is also possible the synthetic nature of 

the reduced phe AA chow was responsible for the further plasma IGF-1 reduction in the reduced 

phe AA fed mice, as total circulating IGF-1 levels have been linked to exact diet ingested 

(Houston 2004) (Parrella, Maxim et al. 2013) and metabolic stress(Han and Park 2006).  As such 

it is possible the Baker AA diet used was not well balanced, but still raises a concern that 

synthetic diets for patients may be reducing the IGF-1 produced in patients with PKU.  If 

synthetic AA diets for PKU patients do indeed result in reduced circulating IGF-1, it could partly 

explain early onset osteopenia observed in PKU patients. 
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 One concern was IGF-1 levels were being altered in this model by transcriptional read 

through.  In read through, transcription does not appropriately end  after the complete 

transcription of gene one, allowing continued transcription to a second gene downstream.  This 

makes the second gene's transcription levels dependent upon its own promoter and the frequency 

of transcription for the upstream gene.  This can become more of a problem in instances where a 

gene in position one has an altered level of function and is more or less frequently transcribed.  

When this increased/decreased transcription of the mutant gene in position one occurs,  possible 

read through and subsequent transcription of genes downstream of the defunct gene also 

increase/decrease.  This would cause phenotypic effects that are not a direct result of the mutated 

gene.  Despite the short distance from the end of PAH to the beginning of IGF-1, the variances of 

IGF-1 concentrations in healthy and PKU animals is unlikely to be caused by read through from 

PAH to IGF-1.  Firstly, PKU animals displayed higher IGF-1 concentrations in the eye compared 

to healthy animals. The blood retinal barrier prevents many circulatory signaling molecules such 

as IGF-1 from entering the ocular space from the blood stream, resulting in all ocular IGF-1 

being produced by an ocular source.  PAH expression is controlled by a hepatic specific 

promoter and is only transcribed in the liver, making read through in the eye improbable, and 

altered IGF-1 in the eye can thus be attributed to ocular sources.  Secondly, the liver generated 

circulating IGF-1 of  PKU mice was increased in two PKU animals containing one copy of the 

B6 IGF-1 SNP.  This indicated IGF-1 genotype, not PAH read through alteration due to 

PAHenu2 mutation, as the likely cause of higher circulating IGF-1 in heterozygous animals 

when compared to PAHenu2 homozygous animals. 

 It could also be argued the reduced IGF-1 in PKU animals was due to the diet dependant 

nature of  IGF-1 expression and high phe levels caused the reduction in IGF-1 in PAHenu2 
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homozygotes.  Reduced IGF-1 expression in PKU mice was not ameliorated by reduced phe diet, 

and lead to examinations into a possible role of IGF-1 genetics on the observed phenotypes of 

ocular enlargement and delayed development in the colony. 

 The whole genome SNP panel provided information on the IGF-1 gene, and the IGF-1 

loci on chromosomes 11 and 15.  It is unknown with the current data if the IGF-1 loci on 

chromosome 6 is of B6 or BTBR origin in the PAHenu2 colony.  At first glance the region of 

chromosome 6 demonstrating a BTBR SNP (135,955,068 to 140,532,504) did not fall near the 

IGF-1 trait loci identified by Mit marker (genetic loci marker) D6Mit150 (Rosen, Churchill et al. 

2000). However, when the next nearest markers used in the Rosen et al. (2000) study and the 

present study are taken into consideration, a possible overlap appears.  The nearest usable BTBR 

SNP  in the SNP panel run by Jackson Labs on chromosome 6 was at base 115,164,803.  The B6 

SNP was found at this location, indicating that at some point between 115Mb and 136Mb there is 

a transition between DNA originating from the B6 strain to DNA originating from the BTBR 

strain as a result of a cross over event. The next nearest Mit marker to D6Mit150 on chromosome 

6 tested by Rosen et al.(2000) and determined to not be connected to circulating IGF-1 levels 

was at the location of base 138,976,326 through 138,976,494.  This indicates that although the 

correlation between IGF-1 levels and chromosomal location was seen at D6Mit150, the IGF-1 

expression loci on chromosome 6 could be between 116Mb and 138Mb as additional points were 

not tested within this 22Mb region.  Given that the unknown crossover point on chromosome 6 

in the PAHenu2 colony occurs between 115Mb and 136Mb, and that the loci for IGF-1 

expression on chromosome 6 is between 116Mb and 138Mb with stronger association to the 

116MB location, it is not possible to determine if the PAHenu2 colony carries the BTBR or B6 

allele for IGF-1 expression on chromosome 6.   
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 The genomic SNP panel did provide data for some insights into the total plasma IGF-1 in 

the PAHenu2 colony.  The Rosen et al. 200 study contained a surprising result for the IGF-1 

locus on chromosome 6 (D6Mit150) which may be relevant to the PAHenu2 mouse.  The allele 

from the low IGF-1 P0 at D6Mit150 resulted in higher IGF-1, and this effect was amplified if one 

or two copies of the low IGF-1 P0 allele at D11Mit71 were inherited with the low IGF-1 P0 

D6Mit150.  If the trend holds true the BTBR allele at this location would result in reduced 

circulating IGF-1.  It is unknown if the PAHenu2 colony contains the B6 or BTBR allele at this 

location, but the BTBR allele at the chromosome 6 location would explain why healthy and PKU 

animals in the PAHenu2 colony produced lower circulating levels of IGF-1 compared to the 

wild-type B6 animals.  Similarly, the SNP panel identified a mixture of B6 and BTBR alleles on 

chromosome 11( D11Mit 71) in the PAHenu2 colony and this heterogeneity may account for the 

increased variability in IGF-1 levels observed in the ELISA studies.  Additional backcrossing to 

the B6 background is underway to further reduce contaminating BTBR DNA. 

 The largest concern for IGF-1 concentrations in the PAHenu2 mouse model arise from 

the genetic linkage observed between IGF-1 and PAH, resulting in allelic IGF-1 inheritance 

which is dependent on PAH genotype.  Early onset osteopenia is a common problem in PKU 

patients, and as a result bone health of PKU mice has been conducted.  Previous studies have 

assumed no relevant genetic discrepancies exist in this model beyond the PAHenu2/PAH
+
 alleles 

(Solverson, Murali et al. 2012) (Solverson, Murali et al. 2012).  The above results detailing 

differential inheritance of IGF-1 in addition to PAH are concerning when taken into context of 

bone health studies performed in this PAHenu2 model.  Strain specific allelic discrepancies in 

the IGF-1 gene have been reported as vitally important to bone development and density in the 

mouse (Yakar, Rosen et al. 2002)  If, as reported in this study,  the IGF-1 alleles are 
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differentially inherited in PAHenu2 heterozygous and homozygous animals, previous studies on 

bone health using this animal model may not accurately describe a phenotype entirely dependent 

on PAH inheritance. Instead, previous findings demonstrating reduced bone health in the PKU 

mouse may be partly or wholly dependent upon the above described differential inheritance of 

IGF-1 caused by the genetic linkage between PAH and IGF-1. 
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GENERAL CONCLUSIONS AND FURTHUR DIRECTIONS 

 In mammals, it is now accepted that 10-30% of the daily caloric intake is provided for the 

host by the gut microbes (Shanahan 2002, O'Hara and Shanahan 2006).  In light of this, I 

believed it was possible to engineer an orally administered probiotic microbe to make up for 

metabolic shortfalls of patients with metabolic diseases such as PKU.  To test this, the PAHenu2 

mouse model of PKU would receive an engineered probiotic to conduct proof of principal 

studies.  Enhanced phe catabolism would be performed by insertion of a functional AvPAL gene 

into the probiotic. This engineered probiotic would be studied for its ability to catabolize phe into 

trans-cinnamate and ammonia  in vitro and its ability to lower plasma phe concentrations in vivo. 

 The genetically engineered probiotic created in these studies (pHENOMMenal) was able 

to catabolize phe into trans-cinnamate in in vitro studies and lower blood phe values in vivo.  

pHENOMMenal in vivo studies indicate a 25-30% reduction in plasma phe on all diets tested 

when compared to pre-treatment phe values in the same animal (Chapter1). For those who do not 

come from PKU families, this may not seem like a significant improvement.  To understand this 

from the standpoint of a PKU patient, increments of phe increase in the PKU diet are measured 

as exchanges, with one exchange being equal to 15mg phe. With phe use in all proteins being 

similar, 1 gram of protein is considered to have 50mg phe (MacDonald, Chakrapani et al. 2006). 

An increase of only one or two exchanges is considered a great improvement in the ability of the 

patient to eat more natural foods and reduce ingestion of synthetic protein supplements.  To 

illustrate what this would look like in clinical practice, the typical 8 year old with classic PKU 

can only ingest 4 grams of naturally occurring proteins. A 25% increase in allowable ingested 

phe, an additional gram of protein, would be dramatic.  The added gram of protein would allow 

for three more exchanges on the daily dietary phe allowance, a highly desirable achievement 
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from the standpoint of adult patients and parents of young patients.  Another boost in phe 

exchanges for a patient on engineered probiotic therapy would occur in the form of higher 

caloric intake from natural foods.  Clinicians have observed that increased caloric intake from 

natural food further increases a PKU patient's  phe ingestion ability (pers. com. Harding). With 

this in mind, if the genetically engineered probiotic treatment described in these mouse studies 

works similarly well in human subjects, it is possible phe ingestion will increase by more than 

25-30% in PKU patients. 

 Unfortunately several things prevent the above created organism from use in human 

clinical trials.  First, L. reuteri 100-23 is a rodent fecal isolate.  Fecal isolates have not yet been 

approved for human use, although the FDA is currently re-examining this guideline.  It would 

still be better to select a strain with a well documented and lengthy usage history in foods or 

supplements to create the patient safe version of this therapy.  Second, the FuzErmAvPAL gene 

is contained within a plasmid.  Chromosomal integration of the engineered gene is strongly 

preferred for human therapeutics.  Alterations to the DNA carrying the created FuzErmAvPAL 

gene will need to be made to enable the chromosomal integration process.  Third, the selection 

cassette in these studies was erythromycin resistance, which is not allowed in new probiotics 

isolated for human ingestion.  Instead, a selection marker such as heavy metal or hop resistance 

must be used to track which bacteria integrate the DNA with the FuzErmAvPAL gene into their 

chromosome.  This new probiotic will need to be tested using the same in vitro and in vivo 

experiments as the mouse pHENOMMenal organism to ensure efficacy of the newly engineered 

microbe is acceptable.  Assuming the human-safe version of this therapy demonstrates 

functionality similar to that seen in the mouse studies, clinical studies will be pursued.  
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 Although this study demonstrates probiotic delivery of enzyme replacement therapy as a 

potential treatment for PKU, success of this treatment strategy can be refined to treat other 

metabolic diseases such as Maple Syrup Urine Disease and Tyrosinemia.  Obviously different 

enzymes specific to each disease would be required, but potentially different probiotic enzyme 

carriers would be needed to treat other diseases too.  The first consideration for which probiotic 

strains to use when treating other metabolic diseases are the metabolic processes in that 

organism.  L. reuteri did not produce phe, the target of our therapy, from its own enzymatic 

processes.  This ensured phe would not be produced by the bacterium to make up for the phe 

catabolized by the added AvPAL enzyme.  Additionally some bacterial strains may not be 

tolerant of additional catabolic processes either due to the inability to live with reduced 

target/reactant (in this case, phe), or due to an inability to tolerate the new metabolic product 

(assuming no similar enzyme is indigenous to the bacterium).  Enzymes producing metabolic 

products a bacterium is used to  must still be evaluated in bacterial selection.  Although it may be 

a normal metabolite, concentrations toxic to the bacterium may occur when production is 

enhanced to the level required for metabolic disease treatment. 

 The 14 day pHENOMMenal treatment studies observed reduction in phe for as much as 4 

months post treatment, indicating a retention of the AvPAL enzyme within the mouse gut.  It was 

previously demonstrated that L. reuteri 100-23 can colonize the Lactobacillus free mouse gut 

(Hoffmann, Rath et al. 2008), and it is possible long term administration of the pHENOMMenal 

resulted in permanent colonization of the PKU mouse gut.  Although no probiotic has yet 

demonstrated an ability to permanently colonize the human gut (Bezkorovainy 2001) (Alander, 

Satokari et al.), animals from the final 14 day treatment study were tested at 4 months post 

treatment to determine if the prolonged plasma phe reduction is caused by colonization with 
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pHENOMMenal, or if the FuzErmAvPAL gene has been taken up as the pHENOMM plasmid or 

the FuzErmAvPAL gene alone and utilized by other microbes within the gut.  Other microbes 

would be able to utilize this plasmid and FuzErmAvPAL gene due to the multiple origins of 

replication included in the shuttle vector and the ability of multiple hosts to use the ermB 

erythromycin resistance gene.  The possibility also exists that some bacteria are acquiring the 

FuzErmAvPAL gene for chromosomal integration without obtaining the plasmid.  Horizontal 

gene transfer is evidenced by bacteria of a similar gut location sharing genes enabling better 

survival in this niche (Smillie, Smith et al. 2011).  If this is occurring, it is a possible road block 

to acquiring approval for clinical trials and patient use. Fortunately, the fecal testing indicated the 

presence of bacteria growing with the same characteristics of the pHENOMMenal bacterium.  

While this does not eliminate the possibility of horizontal gene transfer between bacteria, the 

presence of this growth indicates pHENOMMenal colonization as the likely explanation to 

prolonged phe reduction after treatment has ended. Although the L. reuteri strain used in this 

study is known to cause permanent colonization of the gut, and as mentioned above no human 

probiotic has demonstrated permanent colonization of the gut, this result indicates the need for 

careful selection when choosing the human strain, as permanent colonization is not likely to be 

acceptable in a probiotic treatment. 

 The follow up study to determine the involvement of IGF-1 in ocular enlargement and 

delayed development phenotypes seen in the PKU mouse colony indicated genetic linkage was 

the probable cause of the observed phenotypes.  The differential inheritance of the BTBR allele 

and B6 allele for IGF-1 on the mixed B6/BTBR background present in the PAHenu2 colony (a 

result of backcrossing the mutation to the B6 strain) appeared to result in different plasma and 

ocular levels of IGF-1.  In the PAHenu2 mice, animals with two BTBR alleles of the IGF-1 gene 



133 

 

demonstrated reduced plasma IGF-1 and heightened ocular IGF-1 when compared to age and sex 

matched animals carrying one copy of the B6 IGF-1 allele. 

   Breeding to create a colony with all IGF-1 loci on the B6 background has begun, and 

current F1 animals are nearly old enough to genotype (the plasma IGF-1 from F1 animals 

assayed in this work were from a cross where the PAHenu2 homozygote was homozygous for 

the BTBR pre-IGF-1 SNP and as such they were not usable in further breeding).  Once animals 

homozygous for B6 IGF-1 loci and the PAHenu2 mutation are created, plasma IGF-1 will be 

evaluated and compared to animals from the original colony to determine if this breeding 

strategy has increased circulating levels of IGF-1 in this model.  It is also possible bringing the 

pre-IGF-1 SNP to homozygosity in heterozygous and PKU animals will make circulating IGF-1 

levels more similar between the two healthy and PKU phenotypes.  Animals homozygous for the 

B6 IGF-1 loci will be monitored for their ability to meet developmental markers on time and for 

the development of the the ocular enlargement phenotype.  If these animals with further 

backcrossing to the B6 background demonstrate higher circulating IGF-1, regular development, 

and no longer develop the ocular enlargement phenotype, they will be useful to all of the 

researchers using this mouse model due to their reduced euthanasia rate and faster development.  

If the B6 allele does effect IGF-1 to a noticeable level in the newly bred PAHenu2 mice, they 

will be the most useful to those investigating bone health in PKU using the mouse model.  With 

circulating IGF-1 concentrations as a major factor in mouse bone health, and previous studies 

into bone health in PKU utilizing the PAHenu2 mouse lacking information on IGF-1 genotype, it 

is possible that some proportion of the reduced bone health observed in PKU mice was a result 

of the allelic discrepancy in IGF-1 and not entirely dependent on the PAH alleles inherited. 
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 In summary, a new functional therapeutic approach has been created for PKU and other 

metabolic diseases in the form of a genetically modified probiotic.  While pursuing these studies, 

genetics of the PAHenu2 mouse model relevant to both general colony health and bone health 

lead to the discovery of a genetic linkage between PAH and IGF-1.  This linkage resulted in co-

segregation of the IGF-1 and PAH allele inherited.  Colony health will be improved by bringing 

the IGF-1 loci to a homozygous B6 allele in the entire colony, and this homozygosity will also 

improve the validity of future bone research performed in this mouse model of PKU. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



135 

 

REFERENCES 

Alander, M., R. Satokari, R. Korpela, M. Saxelin, T. Vilpponen-Salmela, T. Mattila-Sandholm 

and A. von Wright (1999). "Persistence of colonization of human colonic mucosa by a probiotic 

strain, Lactobacillus rhamnosus GG, after oral consumption." Appl Environ Microbiol 65(1): 

351-354. 

 

Autenrieth, I. B., U. Vogel, S. Preger, B. Heymer and J. Heesemann (1993). "Experimental 

Yersinia enterocolitica infection in euthymic and T-cell-deficient athymic nude C57BL/6 mice: 

comparison of time course, histomorphology, and immune response." Infect Immun 61(6): 2585-

2595. 

 

Barletta, B., G. Rossi, E. Schiavi, C. Butteroni, S. Corinti, M. Boirivant and G. Di Felice (2013). 

"Probiotic VSL#3-induced TGF-beta ameliorates food allergy inflammation in a mouse model of 

peanut sensitization through the induction of regulatory T cells in the gut mucosa." Mol Nutr 

Food Res 57(12): 2233-2244. 

 

Bartelds, G. M., C. L. Krieckaert, M. T. Nurmohamed, P. A. van Schouwenburg, W. F. Lems, J. 

W. Twisk, B. A. Dijkmans, L. Aarden and G. J. Wolbink (2011). "Development of antidrug 

antibodies against adalimumab and association with disease activity and treatment failure during 

long-term follow-up." JAMA 305(14): 1460-1468. 

 

Bates, J. M., E. Mittge, J. Kuhlman, K. N. Baden, S. E. Cheesman and K. Guillemin (2006). 

"Distinct signals from the microbiota promote different aspects of zebrafish gut differentiation." 

Dev Biol 297(2): 374-386. 

 

Bellier, S., N. R. Da Silva, G. Aubin-Houzelstein, C. Elbaz, J. M. Vanderwinden and J. J. 

Panthier (2005). "Accelerated intestinal transit in inbred mice with an increased number of 

interstitial cells of Cajal." Am J Physiol Gastrointest Liver Physiol 288(1): G151-158. 

 

Bezkorovainy, A. (2001). "Probiotics: determinants of survival and growth in the gut." Am J 

Clin Nutr 73(2 Suppl): 399S-405S. 

 

Bibiloni, R., R. N. Fedorak, G. W. Tannock, K. L. Madsen, P. Gionchetti, M. Campieri, C. De 

Simone and R. B. Sartor (2005). "VSL#3 probiotic-mixture induces remission in patients with 

active ulcerative colitis." Am J Gastroenterol 100(7): 1539-1546. 

 

Bollinger, R. R., A. S. Barbas, E. L. Bush, S. S. Lin and W. Parker (2007). "Biofilms in the 

normal human large bowel: fact rather than fiction." Gut 56(10): 1481-1482. 

 

Booth, C. and H. B. Gaspar (2009). "Pegademase bovine (PEG-ADA) for the treatment of 

infants and children with severe combined immunodeficiency (SCID)." Biologics 3: 349-358. 

 

Bourget, L. and T. M. Chang (1985). "Phenylalanine ammonia-lyase immobilized in 

semipermeable microcapsules for enzyme replacement in phenylketonuria." FEBS Lett 180(1): 

5-8. 



136 

 

 

Brandt, L. J. (2012). "Fecal transplantation for the treatment of Clostridium difficile infection." 

Gastroenterol Hepatol (N Y) 8(3): 191-194. 

 

Broer, S. (2008). "Amino acid transport across mammalian intestinal and renal epithelia." 

Physiol Rev 88(1): 249-286. 

 

Brumm, V. L., D. Bilder and S. E. Waisbren (2010). "Psychiatric symptoms and disorders in 

phenylketonuria." Mol Genet Metab 99 Suppl 1: S59-63. 

 

Campbell, J. H., C. M. Foster, T. Vishnivetskaya, A. G. Campbell, Z. K. Yang, A. Wymore, A. 

V. Palumbo, E. J. Chesler and M. Podar (2012). "Host genetic and environmental effects on 

mouse intestinal microbiota." ISME J 6(11): 2033-2044. 

 

Cerf-Bensussan, N. and V. Gaboriau-Routhiau (2010). "The immune system and the gut 

microbiota: friends or foes?" Nat Rev Immunol 10(10): 735-744. 

 

Chaffee, S., A. Mary, E. R. Stiehm, D. Girault, A. Fischer and M. S. Hershfield (1992). "IgG 

antibody response to polyethylene glycol-modified adenosine deaminase in patients with 

adenosine deaminase deficiency." J Clin Invest 89(5): 1643-1651. 

 

Chapman, T. M., G. L. Plosker and D. P. Figgitt (2007). "Spotlight on VSL#3 probiotic mixture 

in chronic inflammatory bowel diseases." BioDrugs 21(1): 61-63. 

 

Clarke, T. B., K. M. Davis, E. S. Lysenko, A. Y. Zhou, Y. Yu and J. N. Weiser (2010). 

"Recognition of peptidoglycan from the microbiota by Nod1 enhances systemic innate 

immunity." Nat Med 16(2): 228-231. 

 

Collado, M. C., L. Grzeskowiak and S. Salminen (2007). "Probiotic strains and their 

combination inhibit in vitro adhesion of pathogens to pig intestinal mucosa." Curr Microbiol 

55(3): 260-265. 

 

Collins, S. M., M. Surette and P. Bercik (2012). "The interplay between the intestinal microbiota 

and the brain." Nat Rev Microbiol 10(11): 735-742. 

 

Cryan, J. F. and T. G. Dinan (2012). "Mind-altering microorganisms: the impact of the gut 

microbiota on brain and behaviour." Nat Rev Neurosci 13(10): 701-712. 

 

De Angelis, M., C. G. Rizzello, A. Fasano, M. G. Clemente, C. De Simone, M. Silano, M. De 

Vincenzi, I. Losito and M. Gobbetti (2006). "VSL#3 probiotic preparation has the capacity to 

hydrolyze gliadin polypeptides responsible for Celiac Sprue." Biochim Biophys Acta 1762(1): 

80-93. 

 

de Baulny, H. O., V. Abadie, F. Feillet and L. de Parscau (2007). "Management of 

phenylketonuria and hyperphenylalaninemia." J Nutr 137(6 Suppl 1): 1561S-1563S; discussion 

1573S-1575S. 



137 

 

 

Diaz Heijtz, R., S. Wang, F. Anuar, Y. Qian, B. Bjorkholm, A. Samuelsson, M. L. Hibberd, H. 

Forssberg and S. Pettersson (2011). "Normal gut microbiota modulates brain development and 

behavior." Proc Natl Acad Sci U S A 108(7): 3047-3052. 

 

Ding, Z., P. Georgiev and B. Thony (2006). "Administration-route and gender-independent long-

term therapeutic correction of phenylketonuria (PKU) in a mouse model by recombinant adeno-

associated virus 8 pseudotyped vector-mediated gene transfer." Gene Ther 13(7): 587-593. 

 

Ding, Z., C. O. Harding, A. Rebuffat, L. Elzaouk, J. A. Wolff and B. Thony (2008). "Correction 

of murine PKU following AAV-mediated intramuscular expression of a complete phenylalanine 

hydroxylating system." Mol Ther 16(4): 673-681. 

 

Dussurget, O., J. Pizarro-Cerda and P. Cossart (2004). "Molecular determinants of Listeria 

monocytogenes virulence." Annu Rev Microbiol 58: 587-610. 

 

Elsas, L. J., J. Greto and A. Wierenga (2011). "The effect of blood phenylalanine concentration 

on Kuvan response in phenylketonuria." Mol Genet Metab 102(4): 407-412. 

 

Enns, G. M., R. Koch, V. Brumm, E. Blakely, R. Suter and E. Jurecki (2010). "Suboptimal 

outcomes in patients with PKU treated early with diet alone: revisiting the evidence." Mol Genet 

Metab 101(2-3): 99-109. 

 

Enns, G. M., D. R. Martinez, A. I. Kuzmin, R. Koch, C. K. Wakeem, S. L. Woo, R. C.  

Eisensmith and S. Packman (1999). "Molecular correlations in phenylketonuria: mutation 

patterns and corresponding biochemical and clinical phenotypes in a heterogeneous California 

population." Pediatr Res 46(5): 594-602. 

 

Esteves, C. L., B. D. Jones and S. Clegg (2005). "Biofilm formation by Salmonella enterica 

serovar Typhimurium and Escherichia coli on epithelial cells following mixed inoculations." 

Infect Immun 73(8): 5198-5203. 

 

Ezra, D. G., J. Krell, G. E. Rose, M. Bailly, J. Stebbing and L. Castellano (2012). 

"Transcriptome-level microarray expression profiling implicates IGF-1 and Wnt signalling 

dysregulation in the pathogenesis of thyroid-associated orbitopathy." J Clin Pathol 65(7): 608-

613. 

 

Fedorak, R. N. (2008). "Understanding why probiotic therapies can be effective in treating IBD." 

J Clin Gastroenterol 42 Suppl 3 Pt 1: S111-115. 

 

Gamez, A., C. N. Sarkissian, L. Wang, W. Kim, M. Straub, M. G. Patch, L. Chen, S. Striepeke, 

P. Fitzpatrick, J. F. Lemontt, C. O'Neill, C. R. Scriver and R. C. Stevens (2005). "Development 

of pegylated forms of recombinant Rhodosporidium toruloides phenylalanine ammonia-lyase for 

the treatment of classical phenylketonuria." Mol Ther 11(6): 986-989. 

 



138 

 

Geier, E. G., A. Schlessinger, H. Fan, J. E. Gable, J. J. Irwin, A. Sali and K. M. Giacomini 

(2013). "Structure-based ligand discovery for the Large-neutral Amino Acid Transporter 1, LAT-

1." Proc Natl Acad Sci U S A 110(14): 5480-5485. 

 

Gerding, D. N. and S. Johnson (2010). "Management of Clostridium difficile infection: thinking 

inside and outside the box." Clin Infect Dis 51(11): 1306-1313. 

 

Gyles, C. P., John; Songer, Glenn, Ed. (2010). Pathogenesis of Bacterial Infections in Animals, 

Wiley-Blackwell. 

 

Hamman, K., H. Clark, E. Montini, M. Al-Dhalimy, M. Grompe, M. Finegold and C. O. Harding 

(2005). "Low therapeutic threshold for hepatocyte replacement in murine phenylketonuria." Mol 

Ther 12(2): 337-344. 

 

Han, H. J. and S. H. Park (2006). "Alteration of the gene and protein levels of insulin-like growth 

factors in streptozotocin-induced diabetic male rats." J Vet Med Sci 68(5): 413-419. 

 

Haurigot, V., P. Villacampa, A. Ribera, C. Llombart, A. Bosch, V. Nacher, D. Ramos, E. Ayuso, 

J. C. Segovia, J. A. Bueren, J. Ruberte and F. Bosch (2009). "Increased intraocular insulin-like 

growth factor-I triggers blood-retinal barrier breakdown." J Biol Chem 284(34): 22961-22969. 

 

Hayashi, H., R. Takahashi, T. Nishi, M. Sakamoto and Y. Benno (2005). "Molecular analysis of 

jejunal, ileal, caecal and recto-sigmoidal human colonic microbiota using 16S rRNA gene 

libraries and terminal restriction fragment length polymorphism." J Med Microbiol 54(Pt 11): 

1093-1101. 

 

Heng, N. C., J. M. Bateup, D. M. Loach, X. Wu, H. F. Jenkinson, M. Morrison and G. W. 

Tannock (1999). "Influence of different functional elements of plasmid pGT232 on maintenance 

of recombinant plasmids in Lactobacillus reuteri populations in vitro and in vivo." Appl Environ 

Microbiol 65(12): 5378-5385. 

 

Hoffmann, M., E. Rath, G. Holzlwimmer, L. Quintanilla-Martinez, D. Loach, G. Tannock and D. 

Haller (2008). "Lactobacillus reuteri 100-23 transiently activates intestinal epithelial cells of 

mice that have a complex microbiota during early stages of colonization." J Nutr 138(9): 1684-

1691. 

 

Hooper, L. V. and A. J. Macpherson (2010). "Immune adaptations that maintain homeostasis 

with the intestinal microbiota." Nat Rev Immunol 10(3): 159-169. 

 

Houston, M. S. (2004). IGF and Nutrition in Health and Disease: 75-103. 

Jernberg, C., S. Lofmark, C. Edlund and J. K. Jansson (2007). "Long-term ecological impacts of 

antibiotic administration on the human intestinal microbiota." ISME J 1(1): 56-66. 

 

Jernberg, C., S. Lofmark, C. Edlund and J. K. Jansson (2010). "Long-term impacts of antibiotic 

exposure on the human intestinal microbiota." Microbiology 156(Pt 11): 3216-3223. 

 



139 

 

Jiao, Y., C. E. Bishop and B. Lu (2012). "Mex3c regulates insulin-like growth factor 1 (IGF1) 

expression and promotes postnatal growth." Mol Biol Cell 23(8): 1404-1413. 

 

Johansson, M. L., G. Molin, B. Jeppsson, S. Nobaek, S. Ahrne and S. Bengmark (1993). 

"Administration of different Lactobacillus strains in fermented oatmeal soup: in vivo 

colonization of human intestinal mucosa and effect on the indigenous flora." Appl Environ 

Microbiol 59(1): 15-20. 

 

Joseph, B. and C. A. Dyer (2003). "Relationship between myelin production and dopamine 

synthesis in the PKU mouse brain." J Neurochem 86(3): 615-626. 

 

Kang, T. S., L. Wang, C. N. Sarkissian, A. Gamez, C. R. Scriver and R. C. Stevens (2010). 

"Converting an injectable protein therapeutic into an oral form: phenylalanine ammonia lyase for 

phenylketonuria." Mol Genet Metab 99(1): 4-9. 

 

Katz, S. and S. Weinerman (2010). "Osteoporosis and gastrointestinal disease." Gastroenterol 

Hepatol (N Y) 6(8): 506-517. 

 

Klemm, P. and M. A. Schembri (2000). "Bacterial adhesins: function and structure." Int J Med 

Microbiol 290(1): 27-35. 

 

Kyne, L., M. B. Hamel, R. Polavaram and C. P. Kelly (2002). "Health care costs and mortality 

associated with nosocomial diarrhea due to Clostridium difficile." Clin Infect Dis 34(3): 346-

353. 

 

Levy, H. L. (1999). "Phenylketonuria: old disease, new approach to treatment." Proc Natl Acad 

Sci U S A 96(5): 1811-1813. 

 

Lindfors, K., T. Blomqvist, K. Juuti-Uusitalo, S. Stenman, J. Venalainen, M. Maki and K.  

Kaukinen (2008). "Live probiotic Bifidobacterium lactis bacteria inhibit the toxic effects induced 

by wheat gliadin in epithelial cell culture." Clin Exp Immunol 152(3): 552-558. 

 

Liu, J., X. Jia, J. Zhang, H. Xiang, W. Hu and Y. Zhou (2002). "Study on a novel strategy to 

treatment of phenylketonuria." Artif Cells Blood Substit Immobil Biotechnol 30(4): 243-257. 

 

Livingston, M., D. Loach, M. Wilson, G. W. Tannock and M. Baird (2010). "Gut commensal 

Lactobacillus reuteri 100-23 stimulates an immunoregulatory response." Immunol Cell Biol 

88(1): 99-102. 

 

Lizier, M., P. G. Sarra, R. Cauda and F. Lucchini (2010). "Comparison of expression vectors in 

Lactobacillus reuteri strains." FEMS Microbiol Lett 308(1): 8-15. 

 

MacDonald, A., A. Chakrapani, C. Hendriksz, A. Daly, P. Davies, D. Asplin, K. Hall and I. W. 

Booth (2006). "Protein substitute dosage in PKU: how much do young patients need?" Arch Dis 

Child 91(7): 588-593. 

 



140 

 

Macia, L., O. Viltart, C. Verwaerde, M. Delacre, A. Delanoye, C. Grangette and I. Wolowczuk 

(2006). "Genes involved in obesity: Adipocytes, brain and microflora." Genes Nutr 1(3-4): 189-

212. 

 

Matteoli, G. and G. E. Boeckxstaens (2013). "The vagal innervation of the gut and immune 

homeostasis." Gut 62(8): 1214-1222. 

 

Matthews, D. M. (1975). "Protein absorption." Bibl Nutr Dieta(22): 28-41. 

 

McCaman, M. (1962). "Fluorimetric method for the determination of phenylalanine in the 

serum." Journal of laboratory and clinical medicine 59(5): 885-890. 

 

McConnell, M. A. (1991). "Transfer of plasmid pAMB1Between Members of the Normal 

Microflora Inhabiting the Murine Digestive Tract and Modification of the Plasmid in a 

Lactobacillus reuteri Host." Microbial Ecology in Health and Disease 4: 343-355. 

 

McConnell, M. A. (1993). "Lactobacilli do not influence enzyme activities of duodenal 

enterocytes of mice." Microbial Ecology in Health and Disease 6(6): 315-318. 

 

McDonald, J. D., V. C. Bode, W. F. Dove and A. Shedlovsky (1990). "Pahhph-5: a mouse 

mutant deficient in phenylalanine hydroxylase." Proc Natl Acad Sci U S A 87(5): 1965-1967. 

 

McDonald, J. D., C. A. Dyer, L. Gailis and M. L. Kirby (1997). "Cardiovascular defects among 

the progeny of mouse phenylketonuria females." Pediatr Res 42(1): 103-107. 

 

Merrigan, M. M., S. P. Sambol, S. Johnson and D. N. Gerding (2003). "Prevention of fatal 

Clostridium difficile-associated disease during continuous administration of clindamycin in 

hamsters." J Infect Dis 188(12): 1922-1927. 

 

Million, M. and D. Raoult (2013). "Species and strain specificity of Lactobacillus probiotics 

effect on weight regulation." Microb Pathog 55: 52-54. 

 

Mitamura, K. (2007). "Hepatocyte transplantation for liver disease." New Frontiers in 

regenerative medicine: 3-8. 

 

Moffitt, M. C., G. V. Louie, M. E. Bowman, J. Pence, J. P. Noel and B. S. Moore (2007). 

"Discovery of two cyanobacterial phenylalanine ammonia lyases: kinetic and structural 

characterization." Biochemistry 46(4): 1004-1012. 

 

Mushin, R. and R. Dubos (1965). "Colonization of the mouse intestine with Escherichia coli." J 

Exp Med 122(4): 745-757. 

 

Musso, G., R. Gambino and M. Cassader (2010). "Obesity, diabetes, and gut microbiota: the 

hygiene hypothesis expanded?" Diabetes Care 33(10): 2277-2284. 

 



141 

 

O'Hara, A. M. and F. Shanahan (2006). "The gut flora as a forgotten organ." EMBO Rep 7(7): 

688-693. 

 

O'Kane, R. L. and R. A. Hawkins (2003). "Na+-dependent transport of large neutral amino acids 

occurs at the abluminal membrane of the blood-brain barrier." Am J Physiol Endocrinol Metab 

285(6): E1167-1173. 

 

Oberbauer, A. M. (2013). "The Regulation of IGF-1 Gene Transcription and Splicing during 

Development and Aging." Front Endocrinol (Lausanne) 4: 39. 

 

Parrella, E., T. Maxim, F. Maialetti, L. Zhang, J. Wan, M. Wei, P. Cohen, L. Fontana and V. D. 

Longo (2013). "Protein restriction cycles reduce IGF-1 and phosphorylated Tau, and improve 

behavioral performance in an Alzheimer's disease mouse model." Aging Cell 12(2): 257-268. 

 

Petrof, E. O., G. B. Gloor, S. J. Vanner, S. J. Weese, D. Carter, M. C. Daigneault, E. M. Brown, 

K. Schroeter and E. Allen-Vercoe (2013). "Stool substitute transplant therapy for the eradication 

of Clostridium difficile infection: 'RePOOPulating' the gut." Microbiome 1(1): 3. 

 

Porta, F., I. Roato, A. Mussa, M. Repici, E. Gorassini, M. Spada and R. Ferracini (2008). 

"Increased spontaneous osteoclastogenesis from peripheral blood mononuclear cells in 

phenylketonuria." J Inherit Metab Dis 31 Suppl 2: S339-342. 

 

Quigley, E. M. and R. Quera (2006). "Small intestinal bacterial overgrowth: roles of antibiotics, 

prebiotics, and probiotics." Gastroenterology 130(2 Suppl 1): S78-90. 

 

Rebuffat, A., C. O. Harding, Z. Ding and B. Thony (2010). "Comparison of adeno-associated 

virus pseudotype 1, 2, and 8 vectors administered by intramuscular injection in the treatment of 

murine phenylketonuria." Hum Gene Ther 21(4): 463-477. 

 

Reikvam, D. H., A. Erofeev, A. Sandvik, V. Grcic, F. L. Jahnsen, P. Gaustad, K. D. McCoy, A. 

J. Macpherson, L. A. Meza-Zepeda and F. E. Johansen (2011). "Depletion of murine intestinal 

microbiota: effects on gut mucosa and epithelial gene expression." PLoS One 6(3): e17996. 

 

Reuter, G. (2001). "The Lactobacillus and Bifidobacterium microflora of the human intestine: 

composition and succession." Curr Issues Intest Microbiol 2(2): 43-53. 

 

Ridaura, V. K., J. J. Faith, F. E. Rey, J. Cheng, A. E. Duncan, A. L. Kau, N. W. Griffin, V. 

Lombard, B. Henrissat, J. R. Bain, M. J. Muehlbauer, O. Ilkayeva, C. F. Semenkovich, K. Funai, 

D. K. Hayashi, B. J. Lyle, M. C. Martini, L. K. Ursell, J. C. Clemente, W. Van Treuren, W. A. 

Walters, R. Knight, C. B. Newgard, A. C. Heath and J. I. Gordon (2013). "Gut microbiota from 

twins discordant for obesity modulate metabolism in mice." Science 341(6150): 1241214. 

 

Roato, I., F. Porta, A. Mussa, L. D'Amico, L. Fiore, D. Garelli, M. Spada and R. Ferracini 

(2010). "Bone impairment in phenylketonuria is characterized by circulating osteoclast 

precursors and activated T cell increase." PLoS One 5(11): e14167. 

 



142 

 

Rosen, C. J., G. A. Churchill, L. R. Donahue, K. L. Shultz, J. K. Burgess, D. R. Powell, C. 

Ackert and W. G. Beamer (2000). "Mapping quantitative trait loci for serum insulin-like growth 

factor-1 levels in mice." Bone 27(4): 521-528. 

 

Ruberte, J., E. Ayuso, M. Navarro, A. Carretero, V. Nacher, V. Haurigot, M. George, C. 

Llombart, A. Casellas, C. Costa, A. Bosch and F. Bosch (2004). "Increased ocular levels of IGF-

1 in transgenic mice lead to diabetes-like eye disease." J Clin Invest 113(8): 1149-1157. 

 

Russell, S. L., M. J. Gold, M. Hartmann, B. P. Willing, L. Thorson, M. Wlodarska, N. Gill, M. 

R. Blanchet, W. W. Mohn, K. M. McNagny and B. B. Finlay (2012). "Early life antibiotic-driven 

changes in microbiota enhance susceptibility to allergic asthma." EMBO Rep 13(5): 440-447. 

 

Russell, S. L., M. J. Gold, B. P. Willing, L. Thorson, K. M. McNagny and B. B. Finlay (2013). 

"Perinatal antibiotic treatment affects murine microbiota, immune responses and allergic 

asthma." Gut Microbes 4(2): 158-164. 

Sambol, S. P., M. M. Merrigan, J. K. Tang, S. Johnson and D. N. Gerding (2002). "Colonization 

for the prevention of Clostridium difficile disease in hamsters." J Infect Dis 186(12): 1781-1789. 

 

Sarkissian, C. N., A. Gamez, L. Wang, M. Charbonneau, P. Fitzpatrick, J. F. Lemontt, B. Zhao, 

M. Vellard, S. M. Bell, C. Henschell, A. Lambert, L. Tsuruda, R. C. Stevens and C. R. Scriver 

(2008). "Preclinical evaluation of multiple species of PEGylated recombinant phenylalanine 

ammonia lyase for the treatment of phenylketonuria." Proc Natl Acad Sci U S A 105(52): 20894-

20899. 

 

Sarkissian, C. N., Z. Shao, F. Blain, R. Peevers, H. Su, R. Heft, T. M. Chang and C. R. Scriver 

(1999). "A different approach to treatment of phenylketonuria: phenylalanine degradation with 

recombinant phenylalanine ammonia lyase." Proc Natl Acad Sci U S A 96(5): 2339-2344. 

 

Scher, J. U., A. Sczesnak, R. S. Longman, N. Segata, C. Ubeda, C. Bielski, T. Rostron, V. 

Cerundolo, E. G. Pamer, S. B. Abramson, C. Huttenhower and D. R. Littman (2013). "Expansion 

of intestinal Prevotella copri correlates with enhanced susceptibility to arthritis." Elife 2: e01202. 

 

Scholz, F., B. D. Badgley, M. J. Sadowsky and D. H. Kaplan (2014). "Immune mediated shaping 

of microflora community composition depends on barrier site." PLoS One 9(1): e84019. 

Shanahan, F. (2002). "The host-microbe interface within the gut." Best Pract Res Clin 

Gastroenterol 16(6): 915-931. 

 

Shedlovsky, A., J. D. McDonald, D. Symula and W. F. Dove (1993). "Mouse models of human 

phenylketonuria." Genetics 134(4): 1205-1210. 

Shelton, R. C. and A. H. Miller (2010). "Eating ourselves to death (and despair): the contribution 

of adiposity and inflammation to depression." Prog Neurobiol 91(4): 275-299. 

 

Sjogren, K., C. Engdahl, P. Henning, U. H. Lerner, V. Tremaroli, M. K. Lagerquist, F. Backhed 

and C. Ohlsson (2012). "The gut microbiota regulates bone mass in mice." J Bone Miner Res 

27(6): 1357-1367. 

 



143 

 

Smillie, C. S., M. B. Smith, J. Friedman, O. X. Cordero, L. A. David and E. J. Alm (2011). 

"Ecology drives a global network of gene exchange connecting the human microbiome." Nature 

480(7376): 241-244. 

 

Solverson, P., S. G. Murali, A. S. Brinkman, D. W. Nelson, M. K. Clayton, C. L. Yen and D. M. 

Ney (2012). "Glycomacropeptide, a low-phenylalanine protein isolated from cheese whey, 

supports growth and attenuates metabolic stress in the murine model of phenylketonuria." Am J 

Physiol Endocrinol Metab 302(7): E885-895. 

 

Solverson, P., S. G. Murali, S. J. Litscher, R. D. Blank and D. M. Ney (2012). "Low bone 

strength is a manifestation of phenylketonuria in mice and is attenuated by a glycomacropeptide 

diet." PLoS One 7(9): e45165. 

 

Tang, M. L., A. L. Ponsonby, F. Orsini, D. Tey, M. Robinson, E. L. Su, P. Licciardi, W. Burks 

and S. Donath (2015). "Administration of a probiotic with peanut oral immunotherapy: A 

randomized trial." J Allergy Clin Immunol. 

 

Tannock, G. W., S. Ghazally, J. Walter, D. Loach, H. Brooks, G. Cook, M. Surette, C. Simmers, 

P. Bremer, F. Dal Bello and C. Hertel (2005). "Ecological behavior of Lactobacillus reuteri 100-

23 is affected by mutation of the luxS gene." Appl Environ Microbiol 71(12): 8419-8425. 

 

Tannock, G. W., J. B. Luchansky, L. Miller, H. Connell, S. Thode-Andersen, A. A. Mercer and 

T. R. Klaenhammer (1994). "Molecular characterization of a plasmid-borne (pGT633) 

erythromycin resistance determinant (ermGT) from Lactobacillus reuteri 100-63." Plasmid 

31(1): 60-71. 

 

Turnbaugh, P. J., M. Hamady, T. Yatsunenko, B. L. Cantarel, A. Duncan, R. E. Ley, M. L. 

Sogin, W. J. Jones, B. A. Roe, J. P. Affourtit, M. Egholm, B. Henrissat, A. C. Heath, R. Knight 

and J. I. Gordon (2009). "A core gut microbiome in obese and lean twins." Nature 457(7228): 

480-484. 

 

Turnbaugh, P. J., R. E. Ley, M. A. Mahowald, V. Magrini, E. R. Mardis and J. I. Gordon (2006). 

"An obesity-associated gut microbiome with increased capacity for energy harvest." Nature 

444(7122): 1027-1031. 

 

Tyssandier, V., E. Reboul, J. F. Dumas, C. Bouteloup-Demange, M. Armand, J. Marcand, M. 

Sallas and P. Borel (2003). "Processing of vegetable-borne carotenoids in the human stomach 

and duodenum." Am J Physiol Gastrointest Liver Physiol 284(6): G913-923. 

 

Ubeda, C., L. Lipuma, A. Gobourne, A. Viale, I. Leiner, M. Equinda, R. Khanin and E. G. Pamer 

(2012). "Familial transmission rather than defective innate immunity shapes the distinct 

intestinal microbiota of TLR-deficient mice." J Exp Med 209(8): 1445-1456. 

 

Vaghef-Mehrabany, E., B. Alipour, A. Homayouni-Rad, S. K. Sharif, M. Asghari-Jafarabadi and 

S. Zavvari (2014). "Probiotic supplementation improves inflammatory status in patients with 

rheumatoid arthritis." Nutrition 30(4): 430-435. 



144 

 

 

Valeur, N., P. Engel, N. Carbajal, E. Connolly and K. Ladefoged (2004). "Colonization and 

immunomodulation by Lactobacillus reuteri ATCC 55730 in the human gastrointestinal tract." 

Appl Environ Microbiol 70(2): 1176-1181. 

 

van Baarlen, P., F. J. Troost, S. van Hemert, C. van der Meer, W. M. de Vos, P. J. de Groot, G. J. 

Hooiveld, R. J. Brummer and M. Kleerebezem (2009). "Differential NF-kappaB pathways 

induction by Lactobacillus plantarum in the duodenum of healthy humans correlating with 

immune tolerance." Proc Natl Acad Sci U S A 106(7): 2371-2376. 

 

van der Eijk, A. A., J. M. Vrolijk and B. L. Haagmans (2006). "Antibodies neutralizing 

peginterferon alfa during retreatment of hepatitis C." N Engl J Med 354(12): 1323-1324. 

 

Walter, J., N. C. Heng, W. P. Hammes, D. M. Loach, G. W. Tannock and C. Hertel (2003). 

"Identification of Lactobacillus reuteri genes specifically induced in the mouse gastrointestinal 

tract." Appl Environ Microbiol 69(4): 2044-2051. 

 

Wang, Z., E. Klipfell, B. J. Bennett, R. Koeth, B. S. Levison, B. Dugar, A. E. Feldstein, E. B. 

Britt, X. Fu, Y. M. Chung, Y. Wu, P. Schauer, J. D. Smith, H. Allayee, W. H. Tang, J. A. 

DiDonato, A. J. Lusis and S. L. Hazen (2011). "Gut flora metabolism of phosphatidylcholine 

promotes cardiovascular disease." Nature 472(7341): 57-63. 

 

Wlodarska, M. and B. B. Finlay (2010). "Host immune response to antibiotic perturbation of the 

microbiota." Mucosal Immunol 3(2): 100-103. 

 

Xian, L., X. Wu, L. Pang, M. Lou, C. J. Rosen, T. Qiu, J. Crane, F. Frassica, L. Zhang, J. P. 

Rodriguez, J. Xiaofeng, Y. Shoshana, X. Shouhong, E. Argiris, W. Mei and C. Xu (2012). 

"Matrix IGF-1 maintains bone mass by activation of mTOR in mesenchymal stem cells." Nat 

Med 18(7): 1095-1101. 

 

Yakar, S., C. J. Rosen, W. G. Beamer, C. L. Ackert-Bicknell, Y. Wu, J. L. Liu, G. T. Ooi, J. 

Setser, J. Frystyk, Y. R. Boisclair and D. LeRoith (2002). "Circulating levels of IGF-1 directly 

regulate bone growth and density." J Clin Invest 110(6): 771-781. 

 

Yuan, R., S. W. Tsaih, S. B. Petkova, C. Marin de Evsikova, S. Xing, M. A. Marion, M. A. 

Bogue, K. D. Mills, L. L. Peters, C. J. Bult, C. J. Rosen, J. P. Sundberg, D. E. Harrison, G. A. 

Churchill and B. Paigen (2009). "Aging in inbred strains of mice: study design and interim report 

on median lifespans and circulating IGF1 levels." Aging Cell 8(3): 277-287. 

 




