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Abstract

Nuclear magnetic resonance (NMR) data are rarely deposited in open databases, leading to loss
of critical scientific knowledge. Existing data reporting methods (images, tables, lists of values)
contain less information than raw data, and are poorly standardized. Together, these issues limit
FAIR (findable, accessible, interoperable, reusable) access to these data, which in turn creates
barriers for compound dereplication and the development of new data-driven discovery tools.
Existing NMR databases are either not designed for natural products data, or employ complex
deposition interfaces that disincentivize deposition. Journals, including the Journal of Natural
Products (JNP), are now requiring data submission as part of the publication process, creating the
need for a streamlined, user-friendly mechanism to deposit and distribute NMR data.

Recently, our team reported the development of the Natural Products Magnetic Resonance
Database (NP-MRD; www.np-mrd.org). In this paper we present a new data deposition platform
for the NP-MRD project that is designed to enable users to deposit NMR data for published

or submitted manuscripts in under five minutes. This platform includes a suite of automated
data extraction and standardization tools, together with a simple-to-use web-based interface

and detailed error reporting to simplify the data deposition process and is available at https://
depositions.np-mrd.org/.
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The physical sciences are moving towards an open data model where raw data are
routinely released as part of the publication process.1=3 This change has been enabled
by improvements in the information technology sector that have lowered the barrier to
entry for creating and maintaining public repositories, and by increased scrutiny on data
dissemination by funders and journals.

Despite these advances, NMR data deposition rates currently lag behind those of other data
types.? This is in part because NMR data are complicated compared to other biological

or chemical data formats (e.g. sequence data or chemical structures). However it is also
due in part to the culture of data reporting for small molecule characterization which has
historically favored NMR assignment tables and images of NMR spectra in supporting
information files over raw data deposition. Although several established platforms exist for
NMR data deposition,>8 uptake has been low among the natural products community. The
effect of this is that while some data types such as biosynthetic gene cluster sequence

and mass spectrometry fragmentation data are routinely deposited into subject-specific
databases,”:8 other data types such as NMR and bioassay data are typically lost (Figure

1).

Recognizing the value of raw NMR data for the natural products community, in 2020 the
National Institutes of Health National Center for Complementary and Integrative Health
(NCCIH) and the Office of Dietary Supplements (ODS) jointly funded the creation of a
new data repository for NMR data for natural products; the Natural Products Magnetic
Resonance Database (NP-MRD). The NP-MRD is designed to house raw NMR data,
chemical shift assignments, and calculated chemical shifts and coupling constants for all
available natural products. Details about the design and functionality of the NP-MRD are
available in the paper reporting its initial release.? This database has grown rapidly since its
initial release in 2020, and now contains over 280,000 natural product structures and more
than 5.4 million experimental, simulated and predicted NMR spectra.

More recently, some journals are beginning to require data deposition of raw NMR data as
part of the publication process. The Journal of Natural Products (JNP) has led the way in this
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area among the ACS journals by requiring raw NMR data deposition for all papers reporting
new natural product structures published after June 1 of this year.10 This requirement will
have a direct effect on data deposition rates. In the six months leading up to the deposition
requirement JNP published 92 articles reporting new NPs (from a total of 156), of which just
11 (12%) included raw NMR data in the data availability statement, illustrating the need for
such an initiative.

To facilitate data deposition from the community and reduce the barrier to entry for
sharing raw NMR data the NP-MRD team has developed a new data deposition platform
that simplifies the deposition process and provides a seamless mechanism for submitting,
managing, and releasing NMR data to the NP-MRD database.

Results and Discussion

To develop the new deposition platform we first defined the desired attributes of the system,
which included:

. Ease of use (<5 minute deposition)

. Built in extraction, verification, and standardization of spectral metadata
. Detailed error reporting and user feedback

. Secure infrastructure

. Flexible data model (able to accommodate data from published articles,

presubmissions, and private collections)
. Embargo options for presubmission articles
. Capacity to generate private links to share with reviewers
. Ability to accept multiple data types (raw fids, processed data and peak lists)

. Compatibility with all major NMR spectrometer vendors (Bruker, Agilent/
Varian, JEOL)

. Compatibility with JCAMP-DX open exchange format for integration with
external NMR software including MNova and other commercial and open-source
tools

. Automated generation and assignment of NP-MRD accession numbers to
depositions and delivery to depositors

To accomplish these objectives we developed a ‘full stack’ application built in Python and
Next.js using the Django framework. This application includes a ‘frontend’ web server
that allows users to interact with the system, a ‘backend’ server where most of the

data processing is performed, and a database and data store where the data are housed.
This stand-alone system is connected to the main NP-MRD database via an automatic
programming interface (API) that enables transfer of completed submissions for final
validation and insertion. To simplify access for users we have embedded this service as
part of the NP-MRD website (https://depositions.np-mrd.org/).
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The data model for the deposition interface centers on article-based submissions, meaning
that all data for a given article can be deposited at the same time, rather than compound
by compound. The model can either accept data from existing publications or from
‘presubmission’ articles that are entering the peer review process. In addition it can
accommodate data from private repositories for which no article is available, making it
suitable for most sources of NMR data.

Currently, the deposition platform accepts raw NMR data for all types of 1D and 2D
NMR experiments, and can accommodate the full range of NMR-active nuclei. In addition
the system will accept peak lists for proton and carbon chemical shifts where available.
Fortunately, raw NMR data from all three of the major NMR instrument vendors (Bruker,
Agilent/ Varian, and JEOL) includes a broad set of associated metadata (NMR solvent,
observed nuclei, spectrometer frequency, temperature etc.). This greatly simplifies the
deposition process because key metadata can be extracted from the uploaded files without
requiring manual data entry by users. Leveraging this existing spectral metadata allowed
us to write code to automatically populate many fields in the database, and to simplify the
deposition process so that users are required to provide only those key data (e.g. compound
name and structure) not present in the NMR data file.

After logging in to the system the workflow for data deposition includes five key steps
(Figure 2, blue boxes):

1. Select deposition type. Users provide information about the article or repository
from which the data derive. If the article is already published then users supply
only the digital object identifier (DOI) of the paper, and our system automatically
searches three literature databases (PubMed, Scopus and CrossRef) to return
standardized citation information. If the paper is not yet published then users
supply the working title and author list from the draft manuscript and the
deposition platform automatically appends the DOI and citation information
once the paper is published. Finally, if the data are from a private repository users
enter some key details about that repository so that the provenance of the NMR
data are recorded.

2. Input structures. Users supply the names, structures (as SMILES strings), and
source organisms (genus and species) for each compound they wish to deposit.
All compounds can be added on the same page, which includes buttons to
dynamically add or remove compound entries.

3. Upload raw NMR data. Users prepare all the NMR experiments for a given
compound as a single zipped file. No specific folder naming convention is
required, and all 1D and 2D experiment types are accepted. Users drag and drop
the zipped file for each compound into the area next to each compound and wait
for upload to complete (typically a few seconds).

4. Input peak lists. Users can optionally provide peak lists for proton and/or
carbon signals. Peak lists are valuable for training automated spectral processing
tools, and help users to deconvolute complex spectra. Both peak list and raw data
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deposition are optional, meaning that users can submit raw data, or peak lists, or
both, for any compound provided that at least one of these data types is included.

5. Approve submission. Finally, users are offered the opportunity to review the
submitted data and correct any errors before completing the submission.

Data Standardization

A core principle of database development is the idea of data standardization.11:12 |f data
derive from a range of sources, then the same information may be provided in different
formats for different entries. For example, a journal may be listed as ‘Journal of Natural
Proaucts’from one source, but ‘J. Nat. Prod.’in another. This creates redundant terms in the
database and leads to fragmentation of the underlying data, which in turn causes incomplete
search results and other errors.

To address this issue, the data deposition system performs a suite of metadata extraction,
validation, and standardization checks at each step in the deposition process. After each

step in the deposition process (Figure 2, blue boxes), deposited and extracted data are
automatically reviewed to ensure that they meet the required standards for each field (Figure
2, green boxes). For example, SMILES strings for chemical structures are inspected to make
sure that they can be parsed by chemoinformatics software and that they describe a single
molecule. Any field that fails validation is returned to the front end and highlighted to the
user, along with a detailed error message that describes the error and how to fix it. The
development of tools for metadata extraction and detailed error reporting were both essential
steps in meeting our design goal of five-minute depositions.

The core data validation and standardization steps include:

1. Citation data. We have developed a microservice that uses either the Digital
Obiject Identifier (DOI; most journals) or the Publisher Item Identifier (PII;
Elsevier journals) to sequentially search Pubmed, Scopus and Crossref for
complete citation information for published articles. This approach means that
users only have to supply a single field (DOI/PII) for each paper, and that
the returned citation data are pre-standardized by these services. If the article
returns an abstract then this is analyzed using a machine-learning-based natural
language processing (NLP) module that has been trained to identify compound
names and the genus and species of producing organisms. This module examines
the relationship between compounds and organisms to determine the origin
of each natural product. For example, if the abstract contains the sentence
“Examplamides A - C (1 — 3) were isolated from the marine-derived bacterium
Nocardia sp. ”then the NLP module will return three compounds (examplamide
A, examplamide B, and examplamide C) and connect each to the source
organism Nocardia sp. The module is designed to recognize molecules that
derive from endosymbionts and the assign them to the correct producing
organism. For example, if the abstract text states “Examplamides A - C (1 -

3) were derived from the symbiotic bacterium Nocardia sp. isolated from the
marine sponge Dysidea herbacea”then the NLP module will correctly assign the
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producing organism as Nocardia sp., rather than the sponge host. If available,
compound details are prepopulated into the compound submission page to
simplify the submission process.

2. Compound data. Compound data are accepted as SMILES strings, which can
be easily copied from ChemDraw and other chemical drawing programs. As
described above, SMILES strings are first validated using the Python package
RDK:it13 to ensure they are valid molecular representations. Strings that pass
validation are standardized and converted to thumbnail images, which are
displayed to users. Each compound must be assigned a producing organism (if
known). Genus names are validated to ensure that they contain only characters
from the Roman alphabet, and that they are at least five characters long to
prevent submission of ambiguous abbreviations like S. erythraea. Species names
may contain characters from the Roman and Greek alphabets, numbers, and
a range of punctuation characters to permit the submission of strain codes if
desired. Species names must also be at least five characters long. If either genus
or species names are shorter than 5 characters then the submission is flagged for
manual review by the NP-MRD data curation team prior to data release.

3. Raw NMR data. Processing raw NMR data is one of the most complicated
steps in the submission process. Unlike databases of structures (e.g., the Natural
Products Atlas or LOTUS)415 or biosynthetic gene clusters (e.g., MIBiG)’
that distribute data as text strings, the NP-MRD must distribute both text-based
information and directories of raw NMR data. Raw data must therefore be
reviewed carefully to ensure that they do not contain malicious code or irrelevant
files (images, word processor documents etc.). Fortunately, data from each of
the NMR instrument vendors are generated in a single format for each vendor,
making it straightforward to scan, filter, and copy submitted data to create
standardized files for distribution.

In addition, the platform uses the submitted data to extract key metadata

for each experiment. The system first inspects the file structure to determine
which instrument manufacturer the data derive from. Next, manufacturer-specific
scripts are used to determine the experiment type, observed nuclei, frequencies,
solvent, and temperature for each spectrum. This approach has two advantages
over manual data entry. Firstly, it ensure that all entries conform to data
standards, reducing error in the underlying database (e.g. Chloroform vs.
chloroform, vs. CDCI3, vs chloroform-d etc.). Secondly, it reduces the amount
of information that users must supply, which eliminates data entry errors and
significantly simplifies the data deposition process.

4. Peak lists. Each peak list is submitted as a single comma separated string. To
validate peak lists we first examine each entry in the list to ensure that it is
a single value or a range. Values that are outside the accepted range for each
nucleus (-2 to 20 ppm for proton, —10 to 250 ppm for carbon) raise an error that
is reported to the user. These values must be corrected before submission can
proceed. Values that are unusual but within the allowed ranges (-2 to —1 and 16
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to 20 ppm for proton, —10 to 0 and 230 to 250 ppm for carbon) raise warnings
that are reported to the user, but do not prevent submission. The number of
values provided in the peak list is also compared to the atom counts for the
structure. Carbon and proton peak lists cannot contain more values than the
carbon and proton atom counts from the SMILES structure. Users can submit
either raw data or peak lists, or both but must submit at least one NMR data type
for each compound to complete the submission.

Following data validation, users are presented with a summary page that lists each of the
compounds they have submitted, along with a list of the data available for each compound.
Approved submissions are transmitted via the APl to the NP-MRD database for insertion
which involves the following four steps:

1.

Compound search. The NP-MRD database model is “‘compound-centric’, with
data organized into NP cards, one card for each structure. New depositions are
searched against the database to determine whether or not an NP card exists for
that structure. If the compound is not in the database, then a new NP card is
created, and a new NP-MRD ID number assigned to the card.

Data insertion. Once the correct NP card has been identified the NMR data

for each compound are inserted into the database using the metadata extracted
from the raw files during the deposition process. Each insertion is attributed to
the depositor, with attribution for each deposition clearly displayed next to the
data on the NP card. Because NP-MRD accepts data from both new and known
natural products this means that some compounds can include multiple examples
of a given experiment type (e.g. proton spectrum) deposited by different users
from different studies. This offers users multiple examples of data against which
to dereplicate isolated compounds, and provides tool developers with real-world
examples of spectrum variability between laboratories; a valuable resource for
creating robust informatics tools. As part of the data insertion step raw data are
converted to the nmrML open data format which is offered as a download option
for each spectrum.

Quality report generation. A long-term goal of the NP-MRD project is to
generate quality reports for all spectra deposited to the database. These quality
metrics help users to select data for applications such as dereplication, and
provide a mechanism for the database administrators to identify, review, and,
if necessary, remove spectra of very low quality. Currently quality reports are
generated for 1D spectra from Bruker instruments. Development of tools for
other experiment types and vendor formats is ongoing.

Insertion summary. Finally, the NP-MRD database sends an insertion report
summary back to the deposition platform to confirm successful insertion,
identify any errors or issues raised during the insertion process, provide the
quality report (if available), and define the accession code (NP-MRD ID) for
each compound.
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In the final step a summary of the insertion status for each compound in the deposition
dataset is sent to the depositor by email. This summary includes hyperlinks to the deposited
data, the accession codes for each compound, quality report values for relevant spectra,

and preformatted text for inclusion in the data availability statement of the manuscript. If
relevant, the summary also includes information about the embargo period (see below) and
instructions about managing public release of embargoed data.

Data Sources

The deposition system accepts data from three sources: published articles, presubmission
articles, and private collections. Presubmission articles are defined as those papers that

are in the publication process but have not yet been published or assigned a DOI. Private
collections are defined as those datasets for which no associated article is available. A
core design feature of the NP-MRD database is that the provenance of every data point
should be defined. Linking NMR data to publications provides a wealth of additional
information about the methods used to collect, isolate, and identify each compound.
However, many laboratories possess internal reference libraries of spectra that will never
be reported in publications, including data for frequently encountered known compounds
that are of particular value for dereplication. Enabling depositions that are not connected to
the scientific literature is therefore important for broadening the scope and coverage of the
database.

For published articles the only information that is required is the article DOI. As described
above, the DOI is used to retrieve all other data about the article in a standard format.
Because the article and chemical structures are already in the public domain there is no
need for an embargo period on data from published articles, so these data are released
immediately upon submission.

For presubmission articles both the title and the author list are required. Because these
papers are unpublished it is not always appropriate to release the raw data immediately

upon submission. Instead, users select one of three embargo options: ‘release immediately’,
‘release on a given date’, or ‘release upon publication’. Data that are subject to embargo are
transferred to the NP-MRD database and assigned an NP-MRD ID number which is returned
to the depositor. However, the data are not made public until either the embargo date is
reached, or the user manually changes the dataset to ‘public’ in their account settings.

If users select ‘release upon publication’ then the deposition system uses the title and

author list to scan the published literature daily to identify the corresponding published
article. Because titles and author lists can sometimes change between initial submission and
publication we use a ‘fuzzy’ string match that can accommodate moderate variations in the
text. Candidate matches are manually reviewed by a member of the deposition team prior to
data release. If a match is identified then data are set to public and the submission is updated
to include the new DOI. Occasionally titles or author lists change significantly, precluding
automated recognition of published articles. If data from a presubmission article have not
been published after six months then a follow up email is sent to the depositor requesting an
update on the publication status.
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For private collections additional metadata are required. The structure of this metadata

is dependent on the source of each molecule. Users can select from “purified in-house’,
‘commercial’, ‘compound library’ or ‘other’ as source types. The website dynamically
changes the required fields based on source type to ensure that each dataset includes basic
information about compound provenance. These data are displayed with the submitted data
on the NP card after submission.

Literature Tracking

Scientific databases are most valuable when they include a broad cross section of the
available data in a given subject area. The Protein Data Bank!6 and the X-ray structures
held by the Cambridge Crystallographic Data Centerl’ are two examples of repositories that
have matured into rich sources of open access standardized data for scientific discovery

and the development of new tools. However, achieving high rates of compliance for data
submission is challenging. Fields such as X-ray crystallography that have succeeded in
making deposition an expected part of the scientific process have done so over many years
through a combination of incentives and enforcement.

Raw data availability is currently weak in the field of natural products. Few publications
provide raw NMR, mass spectrometry, or screening data as supplementary information,
instead presenting these data as figures and tables in the main manuscript or images in the
supporting information. The reasons for this lack of data availability are complex, but two
factors are clear contributors to the issue. Firstly, until recently there were few available
repositories for data sharing, and most journals would only accept pdf files as supporting
information. This made it functionally difficult to store raw data in permanent locations
that were open to the general public. Secondly, there is a concern among some members
of the community that data sharing can expose research groups to significant downsides
(possibility of being ‘scooped’, encroachment on research areas by others, greater scrutiny
on published work) with little upside return, as discussed in a recent review on this topic.12

To increase the rate of data deposition to the NP-MRD we created a system for real-time
tracking of the scientific literature that creates customized deposition pages for all new
articles reporting natural products discovery (Figure 3). First, we perform a daily download
of article titles and abstracts from the RSS feeds of 50 journals known to publish papers
about natural products discovery. Next, we identify articles about natural products discovery
from this pool of text using a support vector model machine learning classifier trained

on ~20,000 published articles. Articles classified as reporting natural products isolation

are processed using the natural language processing (NLP) package described above that
identifies compound names and source organisms and determines the relationships between
these categories using named entity recognition (NER). This step returns a list of isolated
compounds and the organisms from which they derive. After manual review by a member
of the deposition team to correct any errors from the NLP step a custom deposition page

is created that is pre-populated with all the information required for submission except the
chemical structures and the NMR data. An email invitation is sent to the corresponding
author(s) inviting them to use this preformatted page to deposit their data to the NP-MRD.
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Currently uptake from these emails is ~10%, suggesting that while some groups see the
value of sharing raw data, this has yet to become an established activity in our field.

The same pre-population system is used for unsolicited depositions of data from published
articles (discussed above). When a user enters the DOI of the article they wish to submit,
the deposition system uses the literature service and the NLP/NER tool to generate a
prepopulated compound page for the article. A caveat with this approach is that these

data are not subject to review by a subject expert. This means that not all articles return
prepopulated fields (something that is fixed manually for literature solicitations), and that
prepopulated data must be reviewed carefully for accuracy.

Together these features provide a streamlined resource for raw data dissemination for
natural products-based NMR data. Although the NP-MRD is a new resource, these data

are already being integrated into a number of innovative new initiatives. For example, the
Natural Products Atlasl4 is engaged in an ongoing project to create cross-links to the NP-
MRD,® GNPS,8 and MIBIG,’ providing a central hub for integrating structural, taxonomic,
biosynthetic and spectroscopic data for microbial natural products. Separately the NP-MRD
is being recognized as a valuable resource for future applications in metabolomics and small
molecule discovery, including computer-aided structure elucidation.18

Conclusion

The new NP-MRD deposition platform has been live since mid-2022. To date (October 16t
2023) we have received data for 1,532 compounds, including 8,168 unique NMR spectra.
This has increased the raw data content of the NP-MRD by a factor of six, and established

a steady source of data for this growing resource. The interface for the deposition platform
and the underlying data structure have both been carefully designed with user experience

in mind. The website is supported by a rich suite of data inspection and standardization
tools, and is accompanied by detailed error reporting and feedback to help users successfully
complete data depositions.

Notwithstanding the ease of use, rates of data deposition to the NP-MRD remain relatively
low. We hope that new initiatives such as JNP’s recent requirement for NMR data deposition
for new natural products will increase the volume of data being placed in the public

domain. The benefits to our community are obvious if we look to other fields where this

is the norm. With better data availability comes the opportunity to develop new tools that
can revolutionize and simplify the ways in which science is performed. For example, the
availability of protein structures in the Protein Data Bank was critical to the development

of AlphaFold 2,12 which has revolutionized the field of structural biology. One can envision
many new opportunities that could be provided to the natural products community by the
creation of a large NMR data repository. Dereplication, de novo structure elucidation, and
even bioactivity target prediction could all be subjects for the development of new discovery
tools. We hope that this new deposition interface will encourage greater user participation in
the broader NP-MRD initiative, and provide JNP readers with a facile mechanism by which
they can comply with new data deposition requirements.
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Figure 1.
Workflow illustrating the common data types and example destinations during the data

lifecycle for natural products discovery. Notably, most NMR and bioassay data are not
currently deposited in open repositories, precluding their reuse by the scientific community.
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Figure 2:
Schematic of data deposition workflow. Blue boxes represent steps in the deposition process

on the frontend webserver. Green boxes represent actions taken on the backend server to
validate and standardize submitted data. The orange box represents the main NP-MRD
database, to which deposited data are transmitted and from which the insertion report is
returned.
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Figure 3.

A) Workflow of literature tracking module. Blue boxes denote steps in the automated
literature tracking pipeline. Green boxes denote information passed from one step in the
process to the next. B) Screenshot example of customized NMR data submission page.
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