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MS/MS and filtering PTMs, and finally Microsoft Excel for
combining fragment abundances into proteoform quantifica-
tion and proportions. Besides several tools used in a stepwise
fashion, this workflow requires extensive manual analysis.
To facilitate the relative quantification of PI, we built

IsoForma, an R13 package that streamlines the workflow for
both the relative quantification and visualization of PI. This
package provides all the necessary steps for completing a full PI
analysis following identification in an automated fashion.

■ METHODS

Package Design

The IsoForma package was built in R 4.2.2 to perform the
following steps: detecting and summing MS2 data, generating
isoform sequences with user-specified modifications, matching
calculated and experimental peaks, summing the abundances
from multiple fragment charge states and isotopic peaks,
generating a final abundance matrix, and calculating the
proportions (i.e., the abundances of each input isoform relative
to each other). The wrapper function only requires that users
provide MS2 scan data, a relevant retention time (RT) range,
the unmodified protein or peptide sequence, and the
modifications of interest.
For LC-MS data, the first step of the algorithm automatically

detects and sums MS2 spectra from ThermoFisher raw or
open format XML-based MS files. IsoForma utilizes pspecterlib
wrapper functions (a package now providing programmatic
access to functionality originally implemented as an end-user
tool14) to allow the construction of peak data from either any
file type that can be read into R, or read peak data directly
from the MS files using other available packages.15−18

IsoForma’s MS2 scan detection algorithm selects MS2 scans
with precursor m/z and RT values that fall within the

corresponding windows. For each MS2, the precursor
theoretical isotopic distribution is matched to the closest
MS1 in RT and if the number of matched peaks satisfies the
user-specified minimum number of MS1 isotopic peaks
(typically 3) within the instrument-specified precursor
isolation window, then the MS2 is selected. This step was
designed to remove low-quality MS2 spectra. The selected
MS2 are then summed, and m/z values are rounded to the
user-specified PPM threshold (typically 5 ppm) to improve
signal-to-noise ratios.
To specify the modifications of interest in the parameters, a

format was created to simplify the evaluation of multiple
isoforms at once. For example, “Methyl,(3,5,7)[2]” generates
every possible combination of an input amino acid sequence
with two methyls on either the third and the fifth, the third and
the seventh, or the fifth and the seventh residues. To fix a
position and filter the results, a “∧” can be inserted next to the
number. The maximum number of modifications in a
combination could be fixed by changing the value in
parentheses, e.g., “[2]”. A full list of examples can be found
in the vignette at https://emsl-computing.github.io/isoforma-
lib.
The main IsoForma pipeline function generates the user-

specified isoforms with their theoretical fragments and matches
them to the summed MS2 using the pspecterlib algorithm,
which incorporates the MSnbase,18 Rdisop,19 and isopat20
packages. All charge states and isotopic peaks per fragment are
then summed together to maximize relative abundance values
and, thus, improve the quality of the results. Intensities are
divided by their corresponding charge states before summing.
IsoForma returns an abundance matrix with rows by a selected
ion type (a, b, c, x, y, or z) for every residue and each column
as a fragment. To calculate relative proportions, every fragment
ion in the abundance matrix is divided by the highest

Figure 1. IsoForma quantification benchmarking. (A) Expected relative abundance of ubiquitin modified with heavy isotopic labels at positions
17, 26, and 70 compared with the proportions calculated by IsoForma. (B) Proportions calculated by IsoForma for an LC-MS experiment compared
to previously reported results (blue boxes) for 4 isoforms of the histone H4 protein in the green microalga Chlamydomonas reinhardtii. Each
proteoform includes an alpha-amino acetyl modification and a single internal lysine acetylation at one of the residues: K5, K8, K12, or K16.
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abundance per row, which is always the last isoform in a series.
The mean relative proportion and their 95% confidence
intervals are then reported as each isoform’s proportion by
fitting proportions to a beta distribution with the stats413 R
package. If all other isoforms have a proportion calculation that
is nonzero, then the last isoform is calculated and otherwise
becomes NA (not available value). All quantification results
can be saved as csv files. A figure with proportions and an
interactive annotated spectrum in an HTML file can also be
generated.
IsoForma Installation
The following steps should be followed to install the IsoForma
package and necessary dependencies:

1. Download and install R: https://ftp.osuosl.org/pub/
cran/

2. Download, install, and open RStudio (Free version):
https://www.rstudio.com/products/rstudio/download/

3. If reinstalling, remove any previous versions of
pspecter:remove.packages(“pspecterlib”)

4. Install packages:
install.packages(“devtools”)
devtools::install_github(“EMSL-Computing/pspec-

terlib”)
devtools::install_github(“EMSL-Computing/isofor-

ma-lib”)
5. Test by completing the steps with example data in the

vignette at: https://emsl-computing.github.io/isoforma-
lib.

MS Data
Two public data sets were used to benchmark IsoForma’s
performance. The first, from Brunner et al.7 contains known
proportions of isoforms, where the positional isomers of
synthetic ubiquitin with a heavy isotope-labeled Valine
positioned at residue 17th, 26th, or 70th, were mixed in
known concentrations. The second data set, used in
Rommelfanger et al.,8 can be found in the MassIVE database
under accession code MSV000088458 (doi:10.25345/
C5J286). As opposed to the Brunner data set which has
known proportions, the proportions in this second data set
were calculated using the manual pipeline described in the
introduction, which uses MASH Explorer,9 TopFD,10
ProSightLite,11 and TDValidator.12 These values were then
treated as the true proportions for the purpose of comparison
to the IsoForma results. This example, including the input
parameter files and shorter versions of the LC-MS raw files in
mzML format, can be found in the example code and vignette
of the IsoForma package.

■ RESULTS & DISCUSSION
When compared to a data set where the positional isomer
concentrations are known, IsoForma reasonably recovers the
proportions of the ubiquitin proteoforms (Figure 1A). In the
1:1:1 ratio where the expected relative proportions of the
proteoforms are all 0.333, IsoForma calculated the V17
modification proportion as 0.234 with a 95% confidence
interval (CI) of 0.177−0.308, the V26 as 0.330 (95% CI of
0.289−0.370), and the V70 as 0.436 (95% CI of 0.396−0.477).
In the 1:4:8 ratio where the proportions are 0.077, 0.308, and
0.615 for V17, V26, and V70 respectively, IsoForma calculated
0.072, 0.362, and 0.566. For the 4:1:8 ratio, where the true
values are 0.308, 0.077, and 0.616, IsoForma produced 0.204

(95% CI of 0.141−0.294), 0.231 (95% CI of 0.191−0.272),
and 0.565 (95% CI of 0.524−0.605). In the 8:1:4 ratio the
expected proportions were 0.615, 0.077, and 0.308 for V17,
V26, and V70 respectively, and IsoForma calculated 0.481
(95% CI of 0.422−0.540), 0.0900 (95% CI of 0.045−0.134),
and 0.429 (95% CI of 0.385−0.475). To improve the
proportion measurements, especially in cases where there is
an over- or underestimation, we suggest that users increase
their sample size. Here, measurements are from a single run of
a sample through a mass spectrometer and, thus, have an n of
1. Despite the small sample size, in the unequal proportion
comparisons (e.g., 1:4:8, 4:1:8, and 8:1:4), IsoForma correctly
ranked the proteoforms in terms of most to least abundant.
Similarly, for the LC-MS data with 4 isoforms of the histone

H4 protein, IsoForma generated comparable results of isoform
proportions calculated using MASHExplorer and TopFD
(Figure 1B). The IsoForma algorithm for selection of relevant
MS2 successfully retrieved 4 of the 6 expected scans, but 2
scans were missed due to the erroneous precursor charge
assigned by the acquisition software (charges 36 and 21, rather
than 17). Overall, K5 and K12 are more abundant than K8 and
K16, as expected. For both analyses, IsoForma completed a set
of isoforms (e.g., 1:1:1) in under 1 min using a 2.3 GHz 8-Core
Intel Core i9MacBook Pro.
IsoForma is a single tool for calculating and visualizing the

relative quantification of PI that is faster than hand annotation
and eliminates the need for multiple tools. The modular design
of the package allows for experienced bioinformaticians to
adapt the pipeline as necessary, like skipping the MS2 scan
selection step for direct infusion experiments. For all new
users, IsoForma contains the full example code and
documentation in vignettes.

■ CONCLUSION
IsoForma is an R package for calculating and visualizing the
proportion or relative abundance of multiple proteoforms
representing PI in a sample. Although domain knowledge and
experimental context are needed to specify relevant PTMs and
get the most benefit from this tool, IsoForma serves to simplify
the relative quantification of PI by automating and significantly
reducing the time investment needed for data processing. Our
automated results show comparable accuracy for infusion data
with expected concentrations and LC-MS data analyzed by the
traditional hand-annotation method. Proteomics via top-down
mass spectrometry is a continuously growing field that needs
computational tools to keep pace, and IsoForma is a technology
built to make such analyses easier. Future work will involve
code refinements to quantify more complicated groups of
isoforms, improved determination of precursor charge for MS2
selection, and a graphical user interface. Our tool can facilitate
the uncovering of PTM relative abundance of protein isoform
groups and is expected to assist in the study of biologically
relevant modification sites to understand functional roles of
proteoforms.
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