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ABSTRACT

Translational research in the field of newborn screening system
requires integration of data generated during various phases of life
long treatment of patients identified and diagnosed through newborn
dried blood spot screening (NDBS).

In this paper, we describe the Ontology for Newborn Screening
Follow-up and Translational Research (ONSTR). ONSTR is an
application ontology for representing data entities, practices and
knowledge in the domain of newborn screening short- and long-term
follow-up of patients diagnosed with inheritable and congenital
disorders. It will serve as a core of the data integration framework in
the Newborn Screening Follow-up Data Integration Collaborative
(NBSDC), designed to support Semantic Web tools and applications
with the goal of helping clinicians involved in translational research.
Here, we describe the ONSTR domain, our top-down bottom-up
methodological approach to ontology modelling using phenylketonuria
(PKU) as an exemplar, and some of the lessons learned. We provide an
illustration of our ontological model of three important aspects of PKU:
1) the etiology, 2) the phenylalanine hydroxylase enzyme dysfunction
underlying PKU and 3) the disambiguation of terms central to PKU
appearing in the literature. In modelling of the mechanism of
phenylalanine hydroxylase enzyme (PAH enzyme) dysfunction, we
encountered limitations in using Gene Onotology (GO) process classes,
in terms of their over-granularity and the lack of representations of
process participants. As a solution to this problem and in order to
accurately represent this process, we created a hybrid model of
enzyme mediated biochemical reactions. This model of PKU and
enzymatic reactions will serve as a prototype for modelling other
inherited metabolic disorders (IMDs) and enzymatic processes of
importance to clinical and translational research in the NBDS long-
term follow-up domain.

This initial work provides the ontological foundation for automated
reasoning, integration and annotation of data collected through the
newborn screening system.

1 BACKGROUND

The newborn screening system (NBSS) is a comprehensive
and multifaceted set of processes, protocols and medical
services whose ultimate goal is to prevent the emergence of
debilitating or fatal conditions via 1) the early identification
of infants with inherited or congenital disorders, 2) the
initiation of treatment while the disorder is still in its pre-
symptomatic phase, and 3) the follow-up of patients' overall
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development while continuously improving the treatment(s)
[1]. As recommended by SACHDNC', each year more than
98% of approximately 4 million newborns in the United
States [2] are screened for 31 core conditions (primary
conditions). In some states newborns are screened for
additional 26 secondary disorders, for a total of 57 screened
disorders [3].

The newborn screening system includes point-of-
care procedures, such as screening for critical congenital
heart diseases (CCHD) and hearing screening as well as
dried blood spot screening (NDBS) usually performed in a
centralized state-approved clinical laboratory. The vast
majority of the SACHDNC-recommended screening
disorders (46 disorders) belong to the group of inherited
metabolic disorders that are detectable via NDBS. As a
component of newborn screening system, newborn dried
blood spot screening can be conceived as a collection of
more or less temporally sequential processes: 1) newborn
screening (proper): the detection of the presence or absence
of a screened disorder, 2) short-term follow-up (STFU):
prompt identification and location of affected infants,
referral to specialists and diagnosis confirmation, 3) long-
term follow-up (LTFU): treatment initiation, disorder
management,  treatment  quality  evaluation  and
improvement, and new knowledge generation [4, 5].

NDBS and STFU commonly generate a limited
amount of data that are critical the for early detection and
diagnosis of a screened disorder. In contrast, LTFU of
patients with inherited metabolic disorders generates a
multitude of data at different levels of granularity produced
by a variety of measurement methods, assessments and
evaluations carried out during regular follow-up visits. Due
to the low incidence of IMDs, the collected LTFU data are
often scant with respect to the numbers of patients’ data
pertaining to a particular inherited metabolic disorder and
usually are stored in the point-of-care databases of various

! SACHDNC, the U.S. Department of Health and Human Services
Secretary's Advisory Committee on Heritable Disorders in Newborn and
Children.
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sizes and schemas. In order to be able to conduct quality
translational research and generate new knowledge,
however, a large amount of data is needed to support the
validity of the research. At present, all existing LTFU data
aggregation projects follow the traditional method of storing
the data into relational databases without common data
definitions and models thereby leading to the creation of
data silos. The Semantic Web [6] capabilities, based on the
standardized common formats that inherently support the
aggregation and integration of data from different sources
[7, 8] have not yet been explored in this domain. To fill in
this gap, we are proposing a novel approach to LTFU data
aggregation and integration. We initiated and are currently
building the infrastructure for the Newborn Screening
Follow-up and Translational Research Data Integration
Collaborative (NBSDC) [9], envisioned as an integrated
framework for sharing, collecting, aggregating and
integrating de-identified patient data. NBSDC is the first
project in the LTFU field that relies on applying the
Semantic Web technologies and ontologies built to serve as
a useful tool for the meaningful use of collected electronic
patient data and new knowledge generation.

Inherited metabolic disorders arise when mutations
of one or more genes that code for a particular enzyme
produce a misfolded enzyme protein sub-units that form a
dysfunctional enzyme complex which subsequently cannot
catalyze  certain  biochemical reactions.  Enzyme
malfunction, consequently, causes the accumulation of
particular metabolite(s) in body fluids (usually blood and
cerebrospinal fluid (CSF)). If left untreated, IMDs can cause
noticeable developmental delay within a couple of months
after birth, and later severe intellectual disability and in
some cases death. The management of patients with IMDs
usually consists of nutrition therapy and/or a combination of
medical and nutrition treatments, which in essence consists
of a very restricted intake of a particular nutrient that cannot
be catabolized in metabolic reactions involving
dysfunctional enzyme(s), while concurrently ensuring
adequate intakes of all other nutrients required to maintain
physiological/metabolic homeostasis. To accomplish this
task concurrent with following a patient's growth and
development, long-term  monitoring and periodic
comprehensive assessments of the patient's nutrient intake,
metabolic control of specific nutrients and toxic biomarkers
are required on a regular basis.

Our initial ontology development efforts are
focusing on the follow-up of patients with one of the
screened IMDs: phenylketonuria (PKU). The choice of PKU
was based on the facts that it was the first of all known
IMDs to be screened for and that the nutrition treatment of
PKU has the longest and most successful history among the
screened IMDs, providing the richest pool of available
scientific literature.

In this paper we present the Ontology for Newborn

Screening Follow-up and Translational Research (ONSTR)
[10], designed to provide formalized representation of the
domain knowledge to support analysis of and reasoning
over the data collected and integrated under the NBSDC. In
the following sections we describe the ONSTR domain,
ONSTR development methods and some of the results of
our current ontology modeling efforts.

2 METHODS
2.1 The Scope of ONSTR

ONSTR is a structured formal representation of data
entities, processes and agents involved in practices of
newborn screening (proper), short- and long-term follow-up
of patients with inheritable and congenital disorders and
related translational research. The ONSTR domain lies at
the crossroads of multiple scientific disciplines: medicine,
nutrition, genetics, biochemistry, neurology, psychology,
and public health. It includes 1) different types of
measurement data obtained through various measurement
methods, assessments and evaluations (including full blood
count, genotyping, sequencing and imaging data, nutrient
intakes, anthropomorphic measurements, psycho-cognitive
evaluations, data about population samples, etc.) and 2)
various kinds of processes, procedures, protocols and agents
involved in the detection, diagnosis and treatment of
screened disorders. In terms of the granularity level, the
ONSTR domain covers representations of entities on a
molecular level (such as pyridoxine and tyrosine), molecular
complexes (e.g., phenylalanine hydroxylase complex and
ferritin complex), cells, human anatomical structures, organ
systems and patient populations (e.g., population of
phenylketonuria patients).

2.2 ONSTR Development Methodology

Our ontology development method generally follows the
phases outlined in Uschold and King 1995 [11]. Along with
following the principles of ontological realism [12], we
adopted the dual top-down bottom-up approach in our
ontology capture phase [11]. Applying the top-down
method, with the goal of creaing an exhaustive list of terms
and relations used in our domain of interest (domain
terminology), we performed an extensive search of relevant
literature and electronic resources, from government
documents and websites, through biochemistry and medical
textbooks to single patient case studies. We also surveyed
existing ontologies and controlled vocabularies mostly
available at the NCBO BioPortal [13, 14] and identified the
terms and relations in relevant source ontologies that are
potentially importable into the ONSTR. Since data
generated in everyday clinical practice and research are the
data item entities to be represented in the ontology, in terms
of the bottom-up (data-driven, practice-driven) approach, we
1) observed and analyzed the day-to-day practice of
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newborn screening and patient follow-up visits and 2)
included the Newborn Screening Translational Research
Network (NBSTRN)-recommended data elements that are
compiled by the nationally recognized domain experts and
included in the Recommended Uniform Screening Panel [3].

Following the best practices of the OBO Foundry
[15] and principles of ontological realism [12], ONSTR
adopts the Basic Formal Ontology (BFO2) [16] as the top-
level ontology and reuses classes and relations already
asserted in the OBO Foundry ontologies and candidate
ontologies. In most cases, ONSTR builds its hierarchies
under the classes imported from 13 OBO Foundry
ontologies by using the principles of Minimum Information
to Reference an External Ontology Term (MIREOT) [17],
and rarely directly under the BFO.

For each entity natively represented in the ONSTR,
there obligatorily exists: 1) one unique identification
number, 2) one term name or relation name (depending on
the kind of represented entity) and 3) at most one natural
language definition for given term/relation. Natural
language (NL) definitions that provide the interpretation of
each term and relation are encoded in the English language
and have the Aristotelian genus-differentia form (4 is a B
that C) [12, 18]. Wherever possible, the NL definition for a
given ONSTR term is drawn from one or multiple
authoritative resources and/or domain-relevant literature, or
in some cases, from a non-OBO Foundry ontology or
controlled vocabulary, such as SNOMED CT [19].

The latest release of the ONSTR is available for
browsing and downloading at the NCBO BioPortal page
http://bioportal.bioontology.org/ontologies/49978.

3 RESULTS

ONSTR is a structured representation of data items,
processes and agents involved in the process of newborn
screening and follow-up of patients positively diagnosed
with screened inheritable and congenital disorders, designed
to support computational reasoning over collected data.

Even though the ONSTR domain covers entities
related to newborn screening and follow-up of patients
diagnosed with 56 currently screened disorders [3], most of
our efforts are and will be dedicated to the modeling of
practices related to the follow-up of patients with inherited
metabolic disorders (IMDs) also known as inborn errors of
metabolism (IEMs).

ONSTR is in the early stages of development
andcurrently contains 1850 classes, 104 object properties, 4
data properties and 201 logical descriptions of levels of
various complexity, with SIQ(D) as the current level of DL
expressivity of the entire ontology [20].

3.1 PKU: From Gene to Disease

In this section we provide the illustration of our ontological
representation of three interrelated aspects of PKU: 1) the

etiology, 2) what is PKU in terms of recent ontological
developments and 3) the enzyme dysfunction underlying
PKU”.

PKU is an inherited metabolic disease with an
autosomal recessive inheritance mode [21] arising from
mutations in the gene coding for the protein phenylalanine
hydroxylase sub-unit (PAH monomer, PAH sub-unit). PAH
sub-units are assembled into active homo-tetramer protein
oligomers (PAH complexes) that catalyze the conversion of
amino acid L-phenylalanine (Phe) into L-tyrosine (Tyr).
This kind of Phe-to-Tyr conversion is the major and the
only clinically important pathway of catabolism of
phenylalanine in humans [21]. There are currently 548
known mutations in the human PAH gene [22, 23]
producing a wide spectrum of PKU phenotypes [21]. Most
frequently, the PAH genotype is compound heterozygous,
with a relatively small number of homozygous cases. The
nature and the combination of paternal and maternal
mutated alleles in a child's PAH genotype have substantial
functional and clinical significance [21]. If the exact
combination of mutations of the inherited PAH alleles is
known, it is possible to predict the patient's Phe tolerance
and determine the best possible personalized treatment. To
ontologically represent the etiology of PKU and to define in
ontological terms what PKU is, we have used terms
imported from several OBO Foundry ontologies: SO [24],
GO [25], PR [26], FMA [27], CL [28], ChEBI [29] and
OGMS [30] as well as classes asserted in the ONSTR.
Figure 1 (following page) provides the illustration of our
ontological model of the three aforementioned aspects of
PKU. The top portion of the diagram focuses on the genetic
basis of PKU and represents the most frequently occurring
clinical scenario in which PKU has been inherited in the
heterozygous compound state (i.e., two copies of mutated
but different PAH alleles), under the assumption that the
defective PAH monomers have an intact tetramerization
domain (i.e., can form PAH complexes) and with the
omission of the expression of PAH genes in kidney
epithelial cells.

> In the text hereafter, ONSTR native terms and relations will be
represented in italic typeface (e.g., nutritional item). Terms and relations
imported from other ontologies will also be in italic typeface, but prefixed
by the source ontology acronym, followed by a colon preceeding the
term/relation name (e.g., bfo:process profile, ogms:disorder). The same
ontology name prefixing will be used in all graphic representations, sans
italic typeface.




Nikolic et al.

ALIAILOV DILATVLYO HVd '€ ‘AON3I01430 HYd "2

‘(pmyy 1eurds01qa100=4S) ‘ernuoldyjAudayd=3d
‘ose]AX0OpAY suruee[Audyd=HVd :SUONBIAIQQY WeISRIP AU} UI PAIIWO UII(Q dARY SISSB[O Judied [2AJ[-Prur dwos pue s[[99 [erjayiide Aoupry ur sauad Hy d Jo uoissaidxa ayp ‘Aureld
104 “(7'S1q) Moua1d1fop [y Y3 Se PAFNUIPI 1. JBY) SISSB[I A} JOUU0I 7 BIIR PIssedwodud oy} ul soul| JOp-yse( "dWeu uone[dl & pue dul| e [[nJ Aq payuasardar suoriejar y3noiy
payuI] a1 sjudred aSOYM SISSB[I JO SAJUBISUI A} U2IMIDq SuIpjoy] suone[al ay) uasardar saur payse( ‘sojSueloal papunol Aq pajussardar are sasse) ‘syuedionted syt pue A11An
-0 o1ATe)ed 9se|Ax0IpAy suruerejAuayd oy (¢) ‘N34 pue erwauruerejAudaydiadAy ‘Aouaroyep Hvd 2yl (7) ‘ermuojayjAuayd jo £3o10n0 o (1) Jo uoneyuasaidai [esidojojuQ *1 “Sig

e SINVdIOILHVd Sl ANV e L N)id NV VINANINYIVIANTHAEIAAH ..

3w} SWOS e 3|04 Sey:0yq

" K Japaoaip:swho

aseas|p:swbo

uneydoiqospAyelsay
-AxoipAyeydje-

NSt R EITE

e .
wos Y .
0E¢Wm@;..29 uonouny : 3 xa|dwoo
- I .
ajos3onpoud o sawn ||eje Jenoajow:ob N Hvd Bunjoe| Kouaroyep elwaujueje es NXd
awAzus juedionsed mw:o__: e uu . aykoojeday Hvd |eLajew:0)q |AuaydiadAy : ajesapow
juedion.e ;

sey:oyq

sey:oyq

sawi ||e je
juedioned
sey:oyq

9]04 10}0BJ00
awAzua

Ayanoe
ase|AxoipAy
-p-auiuejejfuayd

sey:oyq

sawn |jeje

xa|dwod Hvd
aARoayep Biurejuoo
ajfoojeday

elwaulueje o
|AuaydiadAy
uBluaq

%

sawn

. P Lt
2! . - e
sey:04q "0, Ile ye yed e
49 uonouny juenunuod L7 sewny T
esi unieydoiqoiphyensy awS Jadoud:oq U7 e f._ma
. -8°2'9's:199Y0 e 2
auuejejhuayd ewe\,.wwm NMM”“._N“M“ juelea
-7:193y2 \ am#.oc@ P : saw “leusajed:os
\ Yo B " ase|AxoiphAy
79, N\ & 38 e -p-auiujejeAuayd:id
esl % 5 Yog oW ] juenunuod
. umf.o\o« © coA..o Jadoud:oyq Ayjenb sey:os
i es| goW

Kunnoe

9|04 J0}03Y0
awAzua

HVd lewou

aja|le
Hvd jueinw
|eusajed

jueleA
“leusajew:os

xa|dwod

Jawouow

) “ Hvd |ewJou HVd |lewuou
) /
N / Ayenb~sey:os
.. ya
g R1Anoe Hyd ’ sown
3)04 2jeAISONS R 1AL Sown — L
. lewJouqe lleyey p—
es| awAzua x21dwod Hyd — - juenupuod - — — Hvd 0y sajejsuen:os ETET es I
3101049 : oARO24p Jadoud:oyq ELGEETETY HVd jueinw |eusejew
a|iyoad .
. L sey:oyq sapaoaud:olq
PP e
450 |le je ed
ajyoud ajes uonejnwnooe w w_aooo.oi Jo uonJod:ewy a: M ::u.:oo oun

suiue|eAuayd . Jadoud:olq lle e yed

A VIHANOLIXTANIHd juenunuod

Jadoud:oyq

40 ADOT01L3 '}
pooiq
Jo uonjuod:ewy

ayoud
ssaooud :0)q

ssaooud Ajipoq
|eoibojoyjed:swbo

adAjouab
Hvd punodwoo
snobAziejay




ONSTR: The Ontology for Newborn Screening Follow-up and Translational Research

Starting from the mutant PAH allele and proceeding in left-

to-right direction, we can read the diagram by using class

and relation names along with the English verbs and

connectives:

1. mutant PAH allele so:translates to defective PAH

2. defective PAH is bfo:proper continuant part at all times
of defective PAH complex

3. defective PAH complex is bfo:proper continuant part at
all times of hepatocyte containing defective PAH
complex and bfo:has function at all times the PAH
function

4. PAH function is bfo:realized in PAH activity that
bfo:ocurrs in a cl:hepocyte

5. abonrmal PAH activity bfo:has profile abnormally low
PAH  activity rate profile and  bfo:precedes
phenylalanine accumulation that bfo:occurs in the
fma:portion of blood and in the fma:portion of
cerebrospinal fluid.

In the literature, the above mentioned accumulation
of phenylalanine in the the blood and the CSF are
commonly called hyperphenylalaninemia (HPA), while
PAH deficiency usually refers to the malfunction of PAH
complex (PAH enzyme). These terms, however, are very
polysemous across scientific literature and clinical practice.
The nouns “hyperphenylalaninemia” and “phenylketonuria”
are frequently used interchangeably, and often the only
discernable difference between the meanings of the two
could be gleaned from the clinical practice where they
commonly refer to two different ranges of phenylalanine
concentrations in the blood. For that reason, by relying
solely on the usage of the terms, it is not easy to tell whether
hyperphenylalaninemia and phenylketonuria are two
separate medical conditions or one single condition with
two different degrees of severity [31]. Similarly, the noun
phrase “PAH deficiency” often refers to several different
scenarios: 1) the total absence of PAH in the organism [21,
31], 2) the situation when PAH enzyme exists in the body,
but due to its abnormally low activity, the Phe accumulation
ensues [21, 31] and 3) the complete inability of the existing
PAH enzyme to catalyze the conversion of phenylalanine to
tyrosine [31]. In an attempt to disambiguate these terms and
to answer the basic ontological question: Which is that
refered by the terms hyperphenylalaninemia, PKU and PAH
deficiency, we applied disciplined ontological reasoning
along with following the OGMS description of diseases and
disorders. In OGMS, 1) diseases are a type of
bfo:dispositions (realizables), 2) disorders are a type of
bfo:material entity and 3) diseases arise from disorders. By
following the OGMS approach and taking into account what
has been modeled so far, we could infer that PAH deficiency
can be picked out as both the defective PAH complex and
the hepatocyte lacking PAH complex. In other words, we
end up with two different entities on two different levels of
granularity that can both be identified as PAH deficiency.

For level uniformity’s sake and because defective PAH
complex is, after all, bfo:proper continuant part at all times
of cl:hepatocyte, we can deduce that the disorders
underlying PKU and/or HPA are 1) the hepatocyte
containing defective PAH complex and kidney epthelial cell
containing defective PAH complex or 2) the hepatocyte
lacking PAH and kidney epthelial cell lacking PAH complex

(Fig. 2).

'phenylalanine hydroxylase deficiency'

Class expression editor

F'congenital metabolic disorder' and

(('hepatocyte containing defective phenylalanine-4-hydroxylase complex'

and 'kidney epithelial cell containing defective phenylalanine-4-hydroxylase complex')
or

('hepatocyte lacking phenylalanine-4-hydroxylase complex'

and 'kidney epithelial cell lacking phenylalanine-4-hydroxylase complex'))

Fig. 2. Logical description for phenylalanine hydroxylase
deficiency class, as rendered by Protégé [32] class expression
editor.

Going one granularity level up, to the organ level, we may
also say that PAH deficiency can be considered as an organ-
level disorder, that is, it may be identified as a disorder of
liver and kidneys (a disorderd liver or disordered kidneys),
whereby liver and kidneys contain defective PAH complex,
and/or liver and kidney lack PAH complex. Consequently,
in accordance with OGMS, hyperphenylalaninemia and
PKU may be both picked out as sub-types of ogms:diesase,
and both as the sub-types of one single disease. The
rationale for such an ontological classification is threefold:
1) Based on clinical practice both hyperphenylalaninemia
and PKU arise from the PAH deficiency as the underlying
disorder, 2) both have essentially the same disease
phenotype (i.e., abnormally high Phe and abnormally low
Tyr concentrations in the blood and the CSF), and 3) both
are preventable from realizing/manifesting (sensu
bfo:realizable entity) by application of the same kind of
nutritional and medical treatments.

The process of metabolic conversion of Phe to Tyr
by the PAH enzyme as well as the chemical entities
involved in this process are of significant importance in
clinical practice covered by the ONSTR domain.
Tetrahydrobiopterin (BH4), for instance, is a bio-
synthesized molecule that serves as a PAH enzyme cofactor
and effector (inhibitor) [21], but is also used as a
pharmacological chaperone in the treatment of patients
whose PAH genotype makes such supplementation therapy
feasible [33, 34]. To accuratelly represent and capture all
relevant aspects of this process, in the true spirit of re-use,
we turned to OBO Foundry ontologies, primarily to GO, PR
and ChEBI. In GO, we found that there are four classes
pertaining to the process of catalytic conversion of Phe to
Tyr: 1) go:phenylalanine 4-monooxygenase activity and
three other classes representing processes that stand in
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part_of relationship to it, 2) go.L-phenylalanine metabolic
process, 3) go:tyrosine biosynthetic process, by oxidation of
phenylalanine and 4) go:tetrahydrobiopterin catabolic
process) [35]. Furthermore, the formula stated in the NL
definition of go:phenylalanine 4-monooxygenase activity
(go:phenylalanine 4-monooxygenase activity: L-
phenylalanine + tetrahydrobiopterin + O2 = L-tyrosine +
4-alphahydroxy-tetrahydrobiopterin) indicates that the team
GO appears to have defined the above four processes
according to the chemicals that apparently play the most
important role in the process being defined; one process per
important chemical participant and one term to represent
that process (molecular oxygen excluded). Bearing in mind
that the ONSTR domain covers the follow-up of 46
screened IMDs and assuming that each disease minimally
involves one (dysfunctional) enzyme, the number of GO
classes to be imported just to capture the enzyme-mediated
reactions would, as a consequence, roughly (or minimally)
be 190. Moreover, even though GO’s process-wise
granularity seems to offer sufficient ontological material to
model enzyme catalytic activities, there is still a missing
link needed to connect all relevant ontological elements
(PR, ChEBI and ONSTR classes) into the true-to-the-fact
representation of enzymatic processes.

To solve this problem, in our attempt to provide an
accurate but not too cumbersome representation of enzyme-
mediated reactions, we adopted a hybrid approach to model
the PAH activity as a prototype for all other enzymatic
processes to be modeled. In essence, we followed the
situational role based approach [36, 37] in which chemicals
have different roles with respect to the biochemical process
they participate in. However, in contrast to the role based
model [36, 37], we adhered to the BFO interpretation of
functions (bfo.:function), in the sense that enzymes’
functions of catalyzing biochemical reactions do inhere in
enzymes, just as the heart function of pumping blood
inheres in the heart. When enzymes cannot realize to the
fullest extent their catalytic function, that is when the rate of
their catalytic activity is abnormally low or zero, the IMDs
develop. In comparison to enzymes, chemical entities
participating in enzymatic processes other than enzymes
themselves are not bearers of any specific function (sensu
bfo:function), but have different roles depending on the
biochemical process they participate in. Consequently, a
chemical (which is not an enzyme type) may have different
roles in different enzymatic processes, or a chemical may
have the same role in different biochemical reactions. For
instance, the amino acid L-tyrosine, in the case of the
abovementioned PAH-catalyzed conversion of Phe to Tyr,
has the role of an enzyme product, while in the case of the
tyrosine 3-hydoxylase mediated reaction, L-tyrosine has the
role of an enzyme substrate. Similarly, BH4 has the role of
an enzyme cofactor and/or enzyme effector in several
different reactions catalyzed by different enzymes: tyrosine

3-hydrohylase, tryptophan 5-hydroxylase, all three forms of
nitric oxide synthase and glyceryl-ether monooxygenase
[38]. In representing the roles born by different molecules
(that are not enzymes and) that take part in enzymatic
reactions, we essentially followed the role based approach
[36, 37], as well as the TUPAC classification [39]. We
defined a small sub-hierarchy of roles born by chemical
entities relevant for biochemical reactions to be modeled in
our ontology (Fig. 3).

'role of a chemical entity in a biochemical reaction'
'enzyme cofactor role'
'enzyme effector role’'
'enzyme product role'
'enzyme substrate role'

Fig. 3. Sub-hierarchy of roles chemical entities may have in
biochemical reactions, as rendered by Protégé class hierarchy
editor.

Additionally, since providing a logical description for a
class imported from a source ontology is not a favorable
practice, based on the GO class go:phenylalanine 4-
monooxygenase activity, we resorted to defining an ONSTR
class phenylalanine-4-hydroxylase activity for which we
provided the logical description and the mapping to the
source GO class. By using the above-mentioned set of roles
as well as BFO2 relations, we combined classes from GO,
PR, ChEBI and ONSTR to represent the PAH activity that
unfolds in the cytosols of hepatocytes and kidney epithelial
cells (excluding the cells lacking PAH complex). During the
phenylalanine-4-hydroxylase  activity, ~PAH  complex
bfo:realizes its catalytic function (PAH function), while the
rest of the participating molecules have their roles defined in
accordance with the most recent scientific literature (Fig. 1,
encompassed area 2, PAH catalytic activity and its
participants, and Fig. 4, below).

'phenylalanine-4-hydroxylase activity'

Class expression editor

‘oxidoreductase activity, acting on paired donors, with incorporation or reduction of molecular oxygen,
reduced pteridine as one donor, and incorporation of one atom of oxygen'
and (realizes some 'phenylalanine-4-hyrdoxylase function’)
and (‘occurs in' some ((hepatocyte
and (not (‘hepatocyte lacking phenylalanine-4-hydroxylase complex')))
and (kidney epithelial cell
and (not ('kidney epithelial cell lacking phenylalanine-4-hydroxylase complex')))))
and (‘has participant at all times' only
(L-phenylalanine and (‘has role at some time' some (‘enzyme substrate role" and 'enzyme effector role’)))
and
(tetrahydrobiopterin and (‘has role at some time' some (‘'enzyme cofactor role" and ‘enzyme effector role’)))
and
(dioxygen and (‘has role at some time' some 'enzyme substrate role))
and
(L-tyrosine and (‘has role at some time' some 'enzyme product role'))
and
(‘4-alpha-tetrahydrobiopterin ‘and (‘has role at some time' some 'enzyme product role))

Fig. 4. Logical description for phenylalanine-4-hydroxylase
activity class, as rendered by Protégé class expression editor.

This kind of hybrid approach to modeling of
enzymatic processes proved to be very suitable for our
purposes for several reasons: 1) it accuratelly represents the
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functions of enzymes and roles of molecules in biochemical
reactions, 2) it is fully conformant to BFO2, 3) it is flexible
and re-applicable to all other enzyme-mediated processes
and 4) it allows representation of interconnectedness of
different and clinically important biochemical processes that
are of significance for research practices pertaining to the
treatment and management of IMDs.

4 CONCLUDING REMARKS

ONSTR is the first ontology of its kind primarily built to
support Semantic Web tools and applications as well as
reasoning over newborn screening and follow-up data.
ONSTR is in the early stages of development and now
covers the processes and measurements pertaining to blood
metabolites relevant in newborn dried blood spot screening,
growth and development follow-up and dietary treatment
parameters and the genetic basis of hyperphenylalaninemia.
To accurately represent the enzymatic processes, we
followed a hybrid approach, a role based approach to
biochemical reactions applied to imported and ONSTR
native classes, but fully conformant with BFO and OBO
Foundry best practices. Our future work involves testing the
ontology’s capabilities in integration and reasoning over
real-life LTFU data collected through the newborn
screening system with the goal of furthering the
translational research and personalizing the care of patients
with inherited metabolic diseases.
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