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High-throughput experimentation for chemistry and chemical biology has emerged as a highly impactful

technology, particularly when applied to Direct-to-Biology. Analysis of the rich datasets which come

from this mode of experimentation continues to be the rate-limiting step to reaction optimisation and

the submission of compounds for biological assay. We present PyParse, an automated, accurate and

accessible program for data extraction from high-throughput chemistry and provide real-life examples

of situations in which PyParse can provide dramatic improvements in the speed and accuracy of

analysing plate data. This software package has been made available through GitHub repository under an

open-source Apache 2.0 licence, to facilitate the widespread adoption of high-throughput chemistry

and enable the creation of standardised chemistry datasets for reaction prediction.
Introduction

High-throughput experimentation (HTE) is a modern-day
powerhouse for organic chemistry; it refers to the execution of
multiple, miniaturised chemistry experiments in parallel,
which are performed on a plate rather than using traditional
glassware. With this parallelisation comes an acceleration by
which new discoveries can be made, in the optimisation of
reaction conditions, and the synthesis of analogues for drug
discovery. Numerous reviews have highlighted the positive
impact of this paradigm;1–5 this is particularly evident in the
pharmaceutical industry, where high-throughput6–12 and ultra-
high-throughput14 chemistry is increasingly used. Direct-to-
Biology (D2B),13,15–18 which uses nano-scale high-throughput
experimentation, has had a profound impact on the speed
and scale by which compounds can be synthesised and tested
(as unpuried reaction mixtures) in a biological assay. With this
increase in reaction efficiency, the rate-limiting step for new
discoveries in chemistry has arguably shied from reaction
setup to reaction analysis. Substantial progress has been made
in increasing the throughput of analytical data collection, which
typically makes use of tandem Liquid Chromatography-Mass
Spectrometry (LC-MS),19 but the subsequent analysis
continues to be labour-intensive.20 For endeavours in reaction
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prediction21–23 (and the generation of reaction datasets which
support these efforts)24 to realise their full potential, rapid and
robust reaction analyses are required.

Commercial soware packages are available to automate the
analysis of LC-MS data for high-throughput
experimentation;25–29 they are typically agnostic to the brand
of LC-MS machine used and are capable of processing the raw
data from the instrument directly. However, the associated cost
of these commercial solutions can be prohibitive. Furthermore,
not all tools are specic to the analysis of high-throughput
chemistry, and the closed nature of proprietary soware
development may hinder customisation for each user's needs.
Solutions from the academic community include the method
published by Steimbach et al. using Visual Basic and Spotre;30

however, selection of the appropriate LC-MS peaks was per-
formed manually. Osipyan et al. developed and published their
Python tool to analyse plate-based mass-spectrometry data,
using the observed mass-to-charge ratios to predict the abun-
dance of the desired product.31 Most recently, Haas et al. pub-
lished MOCCA, an open access Python tool for the analysis of
plate-based high performance liquid chromatography (HPLC)
data;32 other open-access tools for HPLC data are also avail-
able.33 Whilst all of these options provide certain functionality
for specic users, we believed that there was a need to develop
an open-source solution that would be suitable for the analysis
of LC-MS data from both D2B and reaction optimisation
experiments. An open-source solution was particularly attrac-
tive to us: the ability to adapt as required and implement into
alternative workows was considered a key advantage over
commercial solutions.

The result of our endeavour was a Python program capable of
reading and analysing (or “parsing”) LC-MS data for high-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schema for high-throughput experimentation workflow using liquid chromatography-mass spectrometry (LC-MS).
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View Article Online
throughput chemistry experiments, which has been named
PyParse. This program, already used across multiple depart-
ments at GSK, has been released under the open-source Apache
2.0 licence on GitHub with documentation and sample data.34

This article, intended as a user guide for the bench chemist,
provides further detail and real-life examples of using PyParse
(Fig. 1).
Method

The soware requires two key inputs: a plate map (a Comma-
Separated Values (.csv) le containing the structure of the ex-
pected compounds in each well of the LC-MS plate), and the pre-
processed Waters OpenLynx™ Browser Report le (.rpt).35

These are provided as arguments when calling the script via
a command line operation.36 PyParse was designed to work with
and is therefore currently limited to the .rpt le format, as this
is the primary LC-MS format used in chemistry at GSK.
However, the advantage of the open-source nature of the so-
ware release is that additional input options for LC-MS datamay
be scripted by a user to accept an alternative input type.

The output from PyParse comprises a heatmap, annotated
visualisations, and verbose descriptions to precisely describe
how the analysis was computed. Tabulated results are also
generated in the form of .csv les to facilitate the upload of the
data to a suitable database, thus enabling data mining and
reaction prediction efforts. All visualisations are presented to
the user in an HTML web page, chosen for its exibility in
styling and layout, as well as its intuitive user interface.

As part of the output, PyParse also generates a summary
table (see Fig. S1 of ESI†); here, the retention time is reported
for each compound, along with the ID of the well with the
highest purity or ratio to internal standard. Two columns
labelled “Overlap Detection” and “Potential Conicts” are also
present; they are designed to alert the user if PyParse has
detected that the reported purity may not be reliable. “Overlap
Detection” nds where a second peak has overlapped with the
product peak in the most successful well. The “Potential
Conicts” column alerts the user to cases where the compound
peak eluted at the same retention time as that observed for
another compound, potentially compromising the reported LC-
MS UV area. In each case, these warnings notify the chemist to
scrutinise that well manually, though it should be noted that it
© 2023 The Author(s). Published by the Royal Society of Chemistry
remains the user's responsibility to verify the quality of the LC-
MS data.

The comprehensive outputs are designed to allow the bench
chemist to interpret the data more easily, leading to the
submission of compounds to a biological assay, optimised
conditions for a chemical transformation, or new insights into
the reaction mechanism.
Results and discussion

To demonstrate how PyParse works in this user guide for
chemists, we have selected two complimentary work packages
to discuss. The rst, a recently published in-house data package
from a D2B synthesis and screening of a reactive fragment
library;13 the second, a plate-based optimisation for the C–H
activation of oxazoles.

In the original publication by Thomas et al.,13 more than
1000 reactive fragments were synthesised via an amide
coupling reaction (Fig. 2A), then screened using a Photoaffinity
Bit screening platform. The purity of each fragment was esti-
mated from the LC-MS UV peak percentage area, which was
determined manually for each reaction. This in-house dataset,
which had already been carefully analysed, represented the
ideal opportunity to evaluate the performance and delity of
PyParse. The original LC-MS data les obtained by Thomas
et al., covering the four separate 384-well plates, were re-
analysed by PyParse, where only the SMILES (Simplied
Molecular Input Line Entry System) of the product in each well
was provided in the platemap. We deliberately opted not to
provide the observed retention time to PyParse, as we believed
this represented a fairer comparison with the manual analysis
conducted by Thomas et al. The eight minutes and 36 seconds
taken for PyParse to analyse the data and prepare >2000
separate visualisations represented a substantial time saving
compared with the original manual analysis, which was esti-
mated to have taken over 34 h (two minutes per well × 1026
wells, Fig. 2B). A meta-analysis was then conducted, whereby
the output from PyParse was compared against the analysis by
Thomas et al. Results were assigned to one of three categories:
“Correct”, where the assignment from PyParse matched the
original publication; “Incorrect”, where the assignment by
PyParse did not match; and “Ambiguous”, where closer
(manual) inspection of the LC-MS data revealed that there were
Digital Discovery, 2023, 2, 1894–1899 | 1895

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3dd00167a


Fig. 2 Meta analysis for the in-house parallel synthesis of 1026 reactive fragments, previously published by Thomas et al.13 (A) Generic scheme
for the amide coupling reaction, and the stacked heatmaps that were generated by PyParse; (B) comparison of the time taken to analyse the full
collection of LC-MS data (note: manual analysis was estimated at twominutes per well× 1026 wells); (C) donut chart comparing the assignment
by PyParse with the original manual analysis: “Correct”, where the assignments by PyParse and Thomas et al. were in agreement; “Incorrect”,
where PyParse failed to find the peak assigned by Thomas et al.; “Ambiguous”, where closer inspection of the LC-MS data revealed there were
multiple peaks which contained the required m/z for the product, resulting in an ambiguous assignment.
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multiple peaks which contained the required m/z (mass :
charge ratio) for the desired product, resulting in a differing
but inconclusive result (see ESI,† page S14, for further details).
This meta-analysis revealed that the PyParse analysis matched
the original assignment in over 95% of cases (Fig. 2C). We
concluded this was a sufficient level of reliability, given that
this experiment of >1000 wells contained numerous complex
reaction proles and/or products with poor UV absorption
characteristics (see ESI, Fig. S3 and S4†).

Overall, the meta-analysis conducted exemplies PyParse's
high level of accuracy and performance, which serves to
demonstrate that the condence placed in PyParse for in-house
D2B analyses is well founded.

The second example of a PyParse analysis relates to a reac-
tion screening plate that was conducted during in-house efforts
to validate a plate design for the C–H activation of oxazoles at
the C2 position (Scheme 1A). The plate design (Scheme 1B and
Fig. S5 of ESI†) was inspired by numerous publications in the
eld,37–45 and hinged on the use of a palladium catalyst with
a copper co-catalyst to enhance C2 selectivity. In the planning
stage, we identied that the regioselectivity of the trans-
formation posed a key risk, as both the C2 and C5 positions are
precedented to undergo Pd-catalysed arylation under these
conditions.42 As both the identity of the palladium catalyst and
the base had been reported to inuence the regioselectivity, the
plate design focused on these two parameters (Scheme 1B).46,47
1896 | Digital Discovery, 2023, 2, 1894–1899
Aer heating for 18 h at 100 °C, LC-MS data were obtained for
the plate and analysed using PyParse. The hit validation graph
for the desired product 4.1, generated automatically by PyParse
(Scheme 1C), proved exceptionally useful in determining the
outcome of this optimisation. This graph plots all hits (dened
as any LC-MS peak which contains the expected m/z) for
a particular compound according to their retention time against
the well in which they were found. The markers are sized by the
UV percentage peak area of the hit, shaded by whether they were
included (black) or excluded (red) from the nal output (i.e., the
heatmap), and shaped by the cluster to which they were
assigned by the PyParse algorithm. The purpose of this graph is
to allow the user to visualise the results of this algorithm;34

successful validation is indicated by a horizontal straight line of
black markers, consistent with a set of peaks which have the
same retention time irrespective of the well. Using the hit vali-
dation graph for the product (Scheme 1C), two predominant
sets of hits at 0.71 and 0.73 minutes were rapidly identied.
Each set had a consistent retention time, thus indicating that
these were the likely retention times of the two expected
regioisomers 4.1 and 4.2. By resubmitting the data to PyParse
and specifying a retention time of either 0.71 or 0.73 minutes,
heatmaps (see ESI†) and tabular datasets were generated for
each regioisomer in turn. We also noted the presence of the bis-
arylation product 4.3 in the plate, identied by themass : charge
ratio, which comes as a consequence of over-reaction. The
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 An example reaction optimisation plate, designed for the palladium catalysed C–H activation of an oxazole. (A) Generic reaction
scheme for the plate-based optimisation; (B) 48-well plate design; (C) hit validation graph for the desired product; (D) bar chart comparing the
peak percentage areas of assigned compounds in the best performing wells for each regioisomer.
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heatmaps (see Fig. S7 and S8 of ESI†), in conjunction with
manual analysis of the tabular datasets, enabled us to identify
wells C12 and D6 as the best performing conditions for 4.1 and
4.2 respectively (Scheme 1D). The subsequent scale up (see
ESI†) and isolation of the two products allowed us to conrm
the regiochemistry for each isomer by HMBC and ROESY.

The visualisations generated by PyParse for this challenging
reaction optimisation plate facilitated the rapid identication
of the appropriate reaction conditions for each regioisomer.
These results led us to conclude that the plate design used was
indeed effective for the optimisation of C–H activation reactions
for oxazoles; investigations into a wider substrate scope are
currently ongoing and will be reported in a future publication.
Conclusions

In this work we present a new Python based tool for the auto-
mated analysis of LC-MS data related to high-throughput plates,
© 2023 The Author(s). Published by the Royal Society of Chemistry
and subsequent data extraction for visualisation and mining.
The package, named PyParse, has been published under an
open-source Apache 2.0 licence on GitHub to allow the wider
chemistry community to use the soware and benet from its
capabilities in LC-MS peak assignment and data visualisation.34

We expect that open-source tools like this will help drive
adoption of high-throughput chemistry by rst intent across the
academic and industrial sectors. This, in turn, will provide
richer datasets for existing collaborative efforts such as the
Open Reaction Database,24 in addition to facilitating the
generation of highly accurate predictive models.
Data availability

The code for PyParse can be found at GitHub at https://
github.com/thatchemistryguy/PyParse, with a corresponding
DOI for the v1.0.0 release at 10.5281/zenodo.8267220. The
version of the code employed for this study is version 1.0.0. An
Digital Discovery, 2023, 2, 1894–1899 | 1897
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example dataset (separate to that discussed in this manuscript)
may be found at the above GitHub repository for testing
purposes. The LC-MS dataset (and platemap for PyParse) for the
reaction optimisation 48-well plate have been uploaded as part
of the ESI.† The following parameters were specied for use for
this dataset, at the point of running the PyParse script in the
command line interface: -r: 4; -c: 12; -pt corrP/STD; -tat 0.01. The
four LC-MS datasets and associated platemaps containing full
structures for the D2B experiment are not currently approved
for public release, as GSK retains a proprietary interest in these
compounds.
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