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Abstract: We present a simple, biochemistry data model (BioChemUDM) to represent compounds and assays
for the purpose of capturing, reporting, and sharing data, both biological and chemical. We describe an
approach to register a compound based solely on a stereo-enhanced sketch, thereby replacing the need for
additional user-specified “flags” at the time of compound registration. We describe a convention for string-
based labels that enables inter-organizational compound and assay data sharing. By co-adopting the Bio-
ChemUDM, we have successfully enabled same-day exchange and utilization of chemical and biological
information with various stakeholders.
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Background

As described previously [1], we originally approached retrosynthesis based on molecules, reactions, e-note-
books [2] and citations by using a unified data model (UDM) to merge public and private information into an
expert-curated chemistry database [3]. The UDM was designed to allow data to be easily shared and integrated
between parties by standardizing experimental business processes [4]. With guidance and support from the
Pistoia Alliance [5], the original UDM evolved into a robust Extended Markup Language version [6] as a better
alternative to the ChemDraw XML-compliant version [7] and the JavaScript Object Notation [8, 9]. As a result,
the UDM has accelerated machine-learning of retrosynthetic pathways through merging of information
sources [10]. The UDM concept has been applied to other areas of R&D as well [11].

Now, with an increasing number of contract organizations and biotechnology startups, we had begun
thinking about the role that the UDM concept can have when applied to compounds and assays. We repeatedly
found ourselves registering compounds, defining protocols, capturing assays, visualizing data, and struggling
to integrate data from collaborators. This led us to a series of questions that needed to be answered and
considered: Why does each group need to define compound registry rules, batch field names, or assay protocol
variations; How would that align with experimental results; How does one tackle sharing between research
groups? This needed an easy-to-implement, easy-to-understand approach to manage and share data. We need
an “Informatics Starter Kit” for small molecule drug discovery groups!

This leads us to present BioChemUDM, a novel approach for integrating compound data and assay results.
The original Unified Data Model (UDM) ([12] - this PAC issue) for reaction data integration used the ubiquitous
CTfile Formats [13], specifically the RDfile format [14], and we called this prototype the RxnUDM. Similarly,
BioChemUDM uses the enhanced SDfile [15] and CSV [16] formats. The techniques described herein enable
creation of a small molecule information platform compatible with other organizations without specialized or
costly integration services. The philosophy of BioChemUDM is a shift from extensively integrated IT systems
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towards training bench and data scientists to implement best-of-practices. Lastly, the primary motivation of
this study is to improve collaborative data sharing and data sustainability, thus, to foster wide-spread adoption
of the BioChemUDM, we encourage the sharing of scripts and templates to enable automation.

Methods

Our data model represents an object, and their relationships are modeled using string labels instead of a
markup language such as XML. In the absence of a standard XML parser in commercially available tools, we
chose to implement a reader/writer using human readable and easy-to-understand string labels. In the orig-
inal, RDfile-based RxnUDM, we used the labels MOL (molecule), RXN (reaction), and CITE (citation) to
represent objects and constructed a string. For instance, UDM.RXN.MOL.CITE described a citation for a
molecule in a reaction. Similarly, in the BioChemUDM, we used the labels MOL (molecule), BAT (batch), SAM
(sample), and ASY (assay) to represent objects and constructed a string. For instance, UDM.ASY.-
MOL.BAT.SAM describes a sample of a batch of a molecule tested in an assay. XML would provide an elegant
alternative approach; however, XML reader/writer(s) are commonly absent in commercially available tools.
Thus, we find that using string labels to be an effective way to quickly integrate research data with vendor tools
and databases. See Appendix A for a list of labels and their relationships to one another.

Compound identification

A fundamental part of a pharmaceutical information platform, in general terms but more specific to this
application is the compound registry. The registry provides a unique identifier for a compound, which enables
other entities (batch, sample) as a test article in an assay experiment. Establishing a registry involves business
rules for drawing sketches, standardizing compounds, normalizing forms, and handling enhanced stereo-
chemistry [17]. As proposed by Hersey and others [18], we subscribe to use a process consistently rather than
attempt to curate chemical databases across collaborators. With this in mind, we employed a process-driven
registration approach that enables data exchange between organizations where identical compounds are
drawn differently.

The BioChemUDM is based purely on the chemical connection table with enhanced stereochemistry, so
a compound identifier is based solely on a sketch. With one assumption about stereocenters (unspecified means
mixture), there is no need for complicated business rules or controlled vocabularies to distinguish a com-
pound. Interpretation of sketches using normalization techniques lends itself well to the language of the
chemist, who is skilled in drawing molecules. Upon compound registration of a sketch, the following fields are
key for data sharing.

The field ‘Compound’ is part of the molecule (MOL) object:

UDM.MOL.Compound - Connection table with enhanced stereochemistry.

The field ‘Num’ is the unique identifier for the compound:
UDM.MOL.Num - Registry number assigned by the system, e.g., 7.

The field ‘Name’ is a globally unique identifier, typically denoted by an organizational prefix:
UDM.MOL.Name - A organizational prefix with registry number, e.g., IDYA-7.

To enable cross-references between multiple organizations, the field ‘Synonyms’ extends the MOL object of the
BioChemUDM:
UDM.MOL.Synonyms — An array UDM.MOL.Name values (from other registries).
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To allow for verification of the compound, the MOL object represents additional unique identifiers:
UDM.MOL.InChlI - A non-proprietary identifier for chemical substances.
UDM.MOL.InChIKey — A compact chemical identifier derived from InChl.

UDM.MOL.IUPAC - A name for organic compounds as recommended by IUPAC.

One aspect of compound identification that deserves attention is handling of tautomers. To wit, a study of
commercially available samples shows the same compound may be sold as different products at different costs
[21]. Tautomerism is complicated [19] and steps to address tautomers in compound registration have been
described previously [20]. Our normalization technique for tautomeric states entering the UDM is based on
recent work from Dhaked and others [22]. For each compound, a set of business rules, i.e., SMIRKS patterns
[23], is applied to afford a canonical tautomer for registration. These patterns, originally developed for use with
the CACTVS tools [24], are adapted for use in RDKit toolkit [25] and Pipeline Pilot™ (PLP) software [26].
Furthermore, recent work by Baker and others demonstrates that use of an energy function to establish these
business rules may yield tautomers in better agreement with experimental observations [27]. See Appendix B
for details on the canonical tautomer implementation.

Drawing rules

There are three kinds of enhanced stereochemistry sketches: mixture, relative, and absolute.

The sketches shown in Fig. 1 naturally support the kinds of compounds synthesized during compound
progression. We may begin with a stereochemical mixture, then progress to a separation of isomers, and end
with a determination of chirality. In practice, these three kinds may be implied by the following sketches in
Fig. 2.

Using an industry standard drawing tool [28], some chemists naturally draw standard sketches (Fig. 1)
while others prefer shorthand sketches (Fig. 2). Therefore,

— a “straight bond” means a mixed stereocenter
— a “wiggly bond” means a stereocenter is enantiopure but not determined
— achiral center without designation means it is absolute.

Compound KeyVal

Using the Morgan Algorithm [29], CIP rules [30], and PLP scripting language [31], we produced a ‘Perceive
Structure & Stereo’ component to promote straight bonds, enumerate wiggly bonds, and ensure proper rep-
resentation of relative stereochemistry, pseudo-stereoisomers, atropisomers, global chirality, and meso

(0] (0] (6]
&1 orl abs
OH OH OH Fig. 1: Sketch of mixture (DL),
relative (D or L), absolute
NH, NH, NH, (L-alanine).
(0] O (@)
OH %OH \‘)}\OH Fig. 2: Sketch of straight bond,
wiggly bond, wedge/hash
NH, NH, NH, bond.
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compounds. The PP component prevents invalid registrations and is amenable to implementation in KNIME™
script [32]. The component exposes a categorical chirality attribute called StereoKeyVal for informational
purposes.

The field ‘StereoKeyVal’ is part of the MOL object:

UDM.MOL.StereoKeyVal — Concatenation of chirality attributes (output of perception).

Format: {chiral} {isomer} {ee} {member} {meso}

{chiral} - T or F, depending on whether the compound is chiral (rotates light).

{isomer} - A, D, E,N

A - Atropisomer

D - Diastereomer

E — Enantiomer

N — Not a stereoisomer

{ee} — 0 or 1, a Boolean depending on whether stereo excess can define a mixture.

{member} — M or P for atropisomers, A or B for pseudo-stereo compounds, otherwise X.

{meso} - T or F, depending on whether the compound is a meso form (no mirror image).

Batch identification

For a given compound, many batches may be synthesized. So, the BioChemUDM for batches depends on the
compound and each batch is identified by registration order. For example, the seventh compound registered
would be IDYA-7 and the third batch of that compound would be IDYA-7-3.
The field ‘Num’ on the Batch (BAT) object is the unique identifier for the batch (in this registry):
UDM.MOL.BAT.Num - Sequential number assigned by the system, e.g., 3.

The field ‘Name’ is a globally unique batch identifier, by extending the compound identifier.
UDM.MOL.BAT.Name - The compound name and the batch integer, e.g., IDYA-7-3.

The field ‘ExperimentID’ is a reference to an electronic laboratory notebook (ELN) experiment.
UDM.MOL.BAT.ExperimentID — The link to the source ELN experiment.

The field ‘Source’ is the owner/author of the ELN experiment.
UDM.MOL.BAT.Source - The controlled vocabulary (list) of collaborators.

The field ‘Tag’ is the organizational project code to associate a batch with a project.
UDM.MOL.BAT.Project — The controlled vocabulary (list) of projects.

To ensure an immutable batch identifier, we do not include salt form as part of the batch identifier thus
avoiding the inevitable problem of an incorrect salt form assignment. Instead, we opt to define salt form as an
independent data label (UDM.MOL.BAT.Salt). See Appendix C for the complete list of batch fields.

Sample identification

For a given batch, many samples may be containerized, thus, the BioChemUDM for samples depends on the

batch and each sample is identified by registration order. In this way, an immutable sequential number

starting at 1 can be used for compounds, batches, and samples and everything else is an attribute thereof.
The field ‘Num’ on the Sample (SAM) object is the unique identifier for the batch (in this registry):
UDM.MOL.BAT.SAM.Num - Sequential number assigned by the system, e.g., 1.
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The field ‘Name’ is an extension of the globally unique compound identifier:
UDM.MOL.BAT.SAM.Name - The batch name and sample integer, e.g., IDYA-7-3-1.

The field ‘ID’ is the barcode associated with the sample container.
UDM.MOL.BAT.SAM.ID - The barcode associated with the sample container.

The field ‘Type’ is a controlled vocabulary (list) of container types (e.g., dram1, dram4).
UDM.MOL.BAT.SAM.Type - The type of sample container

The field ‘Location’ is a controlled vocabulary (list) of inventory endpoints.
UDM.MOL.BAT.SAM.Location — The current location of the container.

The field ‘Form’ is a controlled vocabulary (list) describing the formulation of the sample (e.g., neat, solution).
UDM.MOL.BAT.SAM.Form — The formulation of the sample.

The field ‘Amount’ is the quantity of a neat sample (without weight of the container).
UDM.MOL.BAT.SAM.Amount (mg) — The sample quantity measured in milligrams.

The field ‘Volume’ is the quantity of a solution sample.
UDM.MOL.BAT.SAM.Volume (mL) - The sample quantity measured in milliliters, used when
UDM.MOL.BAT.SAM.Form=solution.

The field ‘Conc’ is the concentration of a solution sample.
UDM.MOL.BAT.SAM.Conc (uM) - The sample concentration measured in micromoles/liter, used when
UDM.MOL.BAT.SAM.Form=solution.

Assay identification

Another fundamental part of the information platform is the assay definition. Ontology concepts serve as
intentionally broad categories for organizing assays. We propose the following protocol categories for orga-
nizing pharmaceutical data:

— Activation

— Binding

— Induction

— Inhibition

— Oxidation

—  Permeability

— Pharmacokinetics

—  PhysChemProperty

- Stability

- Toxicity

Protocol categories are beneficial because similar assays can be treated in the same way. Within each category
are fields to distinguish one assay from another. For example, two kinds of activation are distinguished by the
conditional field called ‘Target’ (set to AhR or PXR). To simplify the problem, we represent unpivoted data
within the categories.

Each protocol category includes a common set of fields:

UDM.ASY.Name — The controlled vocabulary (list) of protocol names (shown above).

UDM.ASY.Protocol — The author and version number of the protocol, e.g., IDYA/v1.
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UDM.ASY.Date — The run date of the experiment. For multi-day experiments, the start day.
UDM.DOC.Query - A query string reference to documents associated with the experiment.
UDM.ELN.Query - A query string reference to the source ELN experiment.
UDM.COM.Contact — A controlled vocabulary (list) of internal points of contacts.
UDM.PR].Code - A controlled vocabulary of project identifiers.

UDM.ASY.Identifier — A controlled vocabulary (list) of assay identifiers.
UDM.ASY.TST.Article — A test article, e.g., a compound, batch, or sample identifier.
UDM.ASY.DAT.Control - A reference to a control test article.

UDM.ASY.DAT.Value — The readout for the control.

UDM.ASY.DAT.Comment — A description of the control value or unit of measure.
UDM.ASY.CND.Format — A controlled vocabulary (list) of assay formats.
UDM.ASY.CND.Target — A controlled vocabulary (list) of assay targets.

Each protocol contains result types and specific conditions. For example, the remainder of the ‘Activation’
protocol is:
UDM.ASY.CND.Conc (uM) - The concentration of the additive/stimulant (specified in the
UDM.ASY.CND.Format field)
UDM.ASY.RES.Emax (%) — The maximum fold activation.
UDM.ASY.RES.FoldActive — The fold-change over baseline.
UDM.ASY.RES.EC50 (uM) - The concentration associated with half-maximal effectiveness.

The “Activation’ protocol defines two assays: AhR and PXR. See Appendix D for the complete list of protocol
fields, controlled vocabularies, and templates.

Discussion

Reducing compound identity to its enhanced stereochemical connection table has benefits and consequences.
By basing the identity on a sketch only, we eliminate user-specified terms to describe stereochemistry and
register compounds based purely on chemical graph theory [33]. This means that we can register compounds
from disparate data sources using the extended connection table (V3000) format [15] or a canonical identifier
derived from it. Consequently, this requires adoption of the above drawing rules and commitment to repre-
senting stereo-enhanced sketches in the V3000 format. Additionally, ChemAxon CXSMILES [34] was amenable
to a canonical identifier, whereas InChl [35] was not due to issues regarding tautomers [36] and lack of support
of enhanced stereochemistry logic [37].

Constructing string labels to describe data about compounds and assay is simplistic however widespread
adoption by multiple companies is noteworthy. Over the past year, the BioChemUDM has been implemented
with multiple collaborators using the CDD Vault [38]. With support for mixtures, unknown absolute config-
uration and atropisomers [39], compound sketches can be systematically registered and assay results can be
automatically captured into databases. Given the adoption of the BioChemUDM by several popular contract
research organizations (CROs), we anticipate that any new biotech startup or academic group can quickly
establish data sharing with compound registration and assay capture. Furthermore, this approach scales well
with the addition of new assays and protocol versions.

This work is the result of following the FAIR guiding principles [40]. A persistent identifier for objects (MOL,
BAT, SAM) is achieved with a registration system to provide a unique number for an object (e.g., UDM.MOL.Num).
Such identifiers become globally unique with an agreed upon organizational prefix. Importantly, metadata clearly
and explicitly include the identifier of the data they describe. For interoperability, the use of controlled vocabularies
for fields and values follows FAIR principles. Finally, compounds are described with a plurality of accurate and
relevant attributes, to enable verification of a compound. As a result, we find collaborators willing to share this
approach because it enables machine-actionability leading to practical benefits of saving time and avoiding errors.
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We have described an approach to represent compounds and assay data from multiple, disparate sources
using an extension of the Unified Data Model (BioChemUDM) concept. This data model, like its predecessor, has
been born out of necessity. Compounds from various sources need to be registered and assay data from various
sources need to be captured into databases plus collaborators need to update their databases as well. By enlisting
collaborators to adopt the BioChemUDM for compounds and assays, coupled with a few powerful scripting
components, we can receive data from CROs and share data with other research groups within the same day.

Future directions

It is our hope that the BioChemUDM, like the RxnUDM, will be embraced and incorporated into the UDM.
Support for assay data was discussed as part of the Pistoia Alliance UDM project but has not yet materialized
due to lack of time and different scope of the project team (Tomczak, J. personal communication, October 14,
2021). We aim to expand the BioChemUDM to include concentration-response assays and surface plasmon
resonance experiments, plus integrate raw data from instruments. Additionally, we aim to automate the
continuous adaptation of the BioChemUDM with a data lake architecture [41]. Lastly, we aim to configure and
launch multiple vendor applications from our data lake based on the BioChemUDM.

Acknowledgments: Special thanks to Sandra Simon (IDEAYA Biosciences) and Jacob Spiegel (Workflow
Informatics) for supporting the effort to launch the platform based on the BioChemUDM and assistance with
writing this manuscript.
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