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ABSTRACT: Due to its speed, accuracy, and adaptability to various sample types, matrix-assisted laser desorption/ionization mass
spectrometry (MALDI-MS) has become a popular method to identify molecular isotope profiles from biological samples. Often
MALDI-MS data does not include tandem MS fragmentation data, and thus the identification of compounds in samples requires
external databases so that the accurate mass of detected signals can be matched to known molecular compounds. Most relevant
MALDI-MS software tools developed to confirm compound identifications are focused on small molecules (e.g., metabolites, lipids),
and cannot be easily adapted to protein data due to their more complex isotopic distributions. Here, we present an R package called
IsoMatchMS for the automated annotation of MALDI-MS data for multiple datatypes: intact proteins, peptides, and glycans. This
tool accepts already derived molecular formulas, or for proteomics applications, can derive molecular formulas from a list of input
peptides or proteins including proteins with post-translational modifications. Visualization of all matched isotopic profiles are pro-
vided in a highly accessible HTML format called a trelliscope display, which allows users to filter and sort by several parameters
such as match scores and the number of peaks matched. IsoMatchMS simplifies the annotation and visualization of MALDI-MS data

for downstream analyses.

INTRODUCTION

MALDI-MS (matrix-assisted laser desorption/ionization
mass spectrometry) is a popular technology for characterizing
molecular compounds and their location within biological sys-
tems (e.g., tissues, microbial colonies, etc.) due to its high sen-
sitivity and high throughput, relative to other spatially re-
solved MS technologies."? In a typical workflow, peak assign-
ments are based on matching the experimental masses to data-
bases of masses for known molecules, either from parallel ex-
periments or in silico prediction. To precisely match an entry
in one of these databases, high resolution data with isotopic
profiles are preferrable for high confidence identifications,
henceforth referred to as annotations. Of particular interest for
MALDI-MS analysis are proteins and their modified forms
(proteoforms), which have roles in epigenetics (gene regula-
tion), cell signaling, protein degradation, and signal transduc-
tion.> * However, only recently have developments addressing
ion transmission and resolving power limitations® enabled
isotopically resolved MALDI-MS spectra for intact proteins
(~<20 kDa). Therefore, most existing software for annotating
MALDI-MS data is largely focused on molecules with rela-
tively small isotopic profiles (e.g., lipids, metabolites),'*'
with limited support for peptides (i.e., digested proteins).'*'¢
Consequently, users interested in peptide and protein MALDI-
MS data often must manually combine the capabilities of

several different tools for peak assignment, which is a time-
consuming process.

Here, we developed an R package called IsoMatchMS
(https://github.com/PNNL-HubMAP-Proteoform-
Suite/IsoMatchMS) to support both the analysis of MALDI-
MS data with molecular formula annotation, and the analysis
of intact protein and peptide MALDI-MS data from
ProForma'” strings. IsoMatchMS derives molecular formulas
from ProForma'” strings or the modification formats from five
different proteomics identification tools: MSPathFinder'*,
ProSightPC', pTop'?, TopPIC*, and MS-GF+.*' Then, Iso-
MatchMS calculates full theoretical isotope profiles, matches
them to a summed spectrum, and visualizes the overlap be-
tween the two in an HTML display (called a “trelliscope? dis-
play”) where each plot is an overlay of a single isotope profile
for a molecule on the summed experimental spectra. Users can
then sort the display by high-scoring distributions to confirm
annotations. Unique to existing open-source software tools
with functions to identify high-quality annotations,'®'¢ Iso-
MatchMS supports spectral summing, common proteomics
datatypes (both peptide and intact protein), complex com-
pounds with modifications and unknown mass shifts, any ad-
ducts with a known mass, and visualizes the results in highly
shareable and sortable trelliscope displays. By unifying the




analysis process for multiple types of biological molecules
into a singular pipeline, IsoMatchMS reduces the time and ef-
fort for the annotation of MALDI-MS data. Trelliscope visual-
izations rank all possible annotations from highest to lowest
quality, based on Pearson correlation, and support user-de-
fined cut-off values.

EXPERIMENTAL SECTION

IsoMatchMS was written in R* 4.2.2 and has a main pipeline
function which requires three inputs: 1) molecular formulas or
ProForma!” strings, 2) MS peak data, and 3) a settings file (an
excel xIsx). The molecular formulas or ProForma'” strings
need only be a vector of characters in R and thus can be read
from any file format that can be read into R. Similarly, the MS
peak data is a pspecterlib* peak_data object that can be cre-
ated from any two numeric vectors (m/z and intensity), or ex-
tracted from a mzML or a ThermoFisher raw file with a
pspecterlib** wrapper function, which uses mzR* and rawrr.*
The settings file specifies several parameters such as m/z range
and m/z error; examples are provided within the package. The
run_isomatchms() function uses these objects to automatically
perform the isotope calculations, peak matching, and trel-
liscope display generation.

The ProForma'” strings can originate from experimental
(e.g., LC-MS/MS) or protein sequence (e.g., UniProt*’) data-
bases. If ProForma strings are not provided by an identifica-
tion tool such as TopPIC*, IsoMatchMS contains a function to
derive them from mzid files generated by tools such as MS-
GF+*! or from various modification formats, including those
used in the tools MSPathFinder'*, ProSightPC'®, and pTop."’
Molecular formulas are also accepted in lieu of ProForma
strings, written simply as element and number of atoms with
no spaces (e.g., “C69H118N18024S1”). MS1 spectra can be
summed with other software (e.g., instrument vendor soft-
ware), or calculated from mzML files with IsoMatchMS.
Within the settings files, users can set a variety of parameters
to optimize performance, including the isotope algorithm to
use (either Rdisop™ or isopat®), range of m/z values to search,
an abundance noise filter, a minimum number of isotopic
peaks to identify, a maximum number of charge states to in-
vestigate, and PPM and abundance tolerances to be considered
a “match.” For unknown mass shifts, the isotopic distribution
is calculated for the derived formula, and then adjusted by the
mass shift of interest. The example settings files in Iso-
MatchMS contain more details about each parameter, along
with suggested defaults. For intact protein datasets, we suggest
a minimum of 5 identified isotopes, higher noise filters (2.5-
10%), and using the Rdisop®® isotoping algorithm due to its
higher precision at heavier masses. For peptides and glycans,
we suggest a minimum of 2 identified isotopes and lower
noise filters (0-2.5%). Available isotope scores include Pear-
son correlation and the absolute relative error (1) where Ay is
the measured abundance, Acis the calculated abundance, and n
is the number of peaks.
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For higher mass profiles (intact proteomics), we suggest a
Pearson correlation of 0.95 or greater, and 0.7 or greater other-
wise. Alongside the trelliscope display, the main pipeline ex-
ports csv files with molecular formulas and masses, all
matched isotope peaks, and the processed mass spectra. De-
tails regarding MS acquisition of example datasets can be
found in Supporting Information.

RESULTS AND DISCUSSION
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Figure 1. Trelliscope display of the isotopic distributions of two
relevant protein species from the intact protein dataset. The blue
line is the monoisotopic mass, and the black lines are the experi-
mental mass spectra. The points represent the theoretical isotope
distribution where the purple points fit isotopes, and the orange do
not.

IsoMatchMS results, in which isotope profiles were calculated,
matched, and visualized for intact protein, peptide and glycan
datasets, are described below. All trelliscope displays of re-
sults can be found at https://pnnl-hubmap-proteoform-
suite.github.io/IsoMatchMS _Trelliscope Examples/.

Intact Protein. Of the possible 12,750 annotations, 52 had a
Pearson correlation greater than 0.95, 482 were greater than
0.9, and 878 were greater than 0.7 (Table S1). Proteins at cor-
relation scores less than 0.95 tended to have more missing
peaks or lower intensities due to limitations in MALDI-MS
technologies relative to LC-MS/MS, specifically the reduced
dynamic range of MALDI-MS (Table S2). Many of the iso-
tope distributions with Pearson correlations below 0.95 had
high levels of noise, thus we recommended capping correla-
tion scores at higher values and manually reviewing top-scor-
ing isotopic distributions. Note that IsoMatchMS does not col-
lapse isotope distributions that are similar due to their combi-
nations of molecular formulas, mass shifts, and adduct masses.
Instead, all possible combinations are returned.

Peptides. From 7782 possible annotations, 54 were identified
at a Pearson correlation of 0.95 or higher, 58 at 0.9, and 151 at
0.7 (Table S1). Isotope distribution with correlation scores less
than 0.9 tended to have lower intensities and thus only
matched one peak, typically the monoisotopic peak (Table
S3). The reliability of these “single match” annotations and
their biological relevancy can be determined by the user when
visualized in the trelliscope display.

Glycans. Of 1766 possible annotations, 18 were identified at a
Pearson correlation of 0.95 or higher, 21 at a correlation of 0.9
or higher, and 29 at a correlation of 0.7 or higher (Table S1).
Similar to the peptide dataset, there is a correlation score



threshold where isotope distributions tend to have lower inten-
sities and a single matched peak (Table S4).

Overall, based on these studies, we have provided suggested
defaults for each parameter for intact protein, peptide, and gly-
can datasets within the R package. Proper parameter selection
depends on the expertise of the user and their knowledge of
their own data.

CONCLUSION

Because manual assignment and validation of molecular iso-
topic envelopes is labor-intensive and error-prone, we built
IsoMatchMS, an open-source R package, to identify high qual-
ity annotations from high resolution MALDI-MS data. Iso-
MatchMS combines the steps of a bioinformatics workflow,
including sequence to molecular formula conversion, the addi-
tion of known molecular formulas, mass shifts, and adducts,
and isotopic matching, to provide fast and reproducible anno-
tation of high-resolution peptide, intact protein, and glycan
MALDI-MS data. Limitations to this approach include a de-
pendence on the quality of upstream identification tools, and
an inability to separate biomolecules with identical or highly
similar isotopic profiles. Future development could focus on
fine-tuning the isotope matching score to account for these is-
sues. Overall, IsoMatchMS provides a critical first screening
effort for MALDI-MS data, and the trelliscope displays sup-
port necessary manual verification of annotations.
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