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Abstract

High-resolution mass spectrometry becomes in-
creasingly available with its ability to resolve
the fine isotopic structure of measured analytes.
It allows for high-sensitivity spectral deconvo-
lution, leading to less false-positive identifica-
tions. Analytes can be identified by compar-
ing their theoretical isotopic signal with the ob-
served peaks. Necessary calculations are, how-
ever, computationally demanding and lead to
long processing times. For wheat (trictum cs-
tivum) alone, Uniprot holds more than 142,000
candidate protein sequences. This is doubled
upon sequence reversal for identification FDR
estimation, and further multiplied by perform-
ing in silico digestion into peptides. The same
peptide might originate from more than one
protein, which reduces the overall number of
sequences to be calculated. However, it is still
huge. ISOSPEC2 can perform these calculations
fast. Compared to ISOSPEC1, the algorithm is
simpler, orders of magnitude faster, and offers
more flexibility for the developers of algorithms
for raw data analysis. It is freely available under
a 2-clause BSD license, with bindings for C+ -+,
C, R, and PYTHON programming languages.

Introduction

The ability to separate molecules by their mass-
to-charge ratio and to record a signal reflect-
ing their quantity proved crucial for the suc-
cess of mass spectrometry across the wide
span of its applications in modern sciences.
Progress in high resolution mass spectrome-
try ' sparked interest in its potential uses
in metabolomics,” proteomics,”’ and in specific
clinical contexts. "

The adoption of these method hinges upon
the availability of software able to handle com-
plex isotopic patterns that are present in the
observed signal. The theoretical description
of these patterns is known for more than 60
years -~ and found repeated use. A theo-
retical pattern can be calculated based on a
chemical formula, masses, and natural frequen-
cies of elements it the formula. Unfortunately,
the bigger the compound, the more complicated
such pattern becomes. For example, C;,0Hs002
results in 2,005,003 configurations — the isotopo-
logues. The most probable is *Cggq"*C1 Haygge,
with mass equal to 14027.7 u and probability of
roughly 9.68%. Next in line is "*Cggq "*C,; 'Hopgo
with mass 14028.7 u and probability circa 9.5%.
These two already consume 19% of probability,
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and with 68 more one already covers 99.9% of
the pattern. High-resolution calculators'® "
exploit probability concentration'”*’ to effi-
ciently represent most of the fine isotopic dis-
tribution. Typically, these calculators ask the
user for a lower bound on the stick height to
limit the calculations. IsoSpec2 can do that
too, but works also when told how much of
the pattern to reveal using most probable iso-
topologues alone. If that fraction is P, we
call the result an optimal P-set. For exam-
ple, {*Cygo"°C1g Hagpa: “Cose *Ciy Hagoa}
the optimal 19%-set of Cyyg0Hoge. Masses and
probabilities of the reported isotopologues form
a stick spectrum, like in Figure 1 (top), and can
be used to assess if a signal originates from a
given input analyte.”'

Focussing on top probable isotopologues is
not the only way to solve the isotopic dis-
tribution conundrum.' Instead of filtering
isotopologues, one can also aggregate them.
Most notably, the problem simplifies under
nominal mass approximation that assumes
that differences in masses between consecu-
tive isotopes (from lightest to heaviest) are
the same across elements. Two isotopologues
like "Cygy'*Ciy'Hagpy and *Cog; °Cy ' HageyH
cannot be told apart in low-resolution mass
spectrometry. This opens the possibility to use
either Fourier Transform methods,”"*"*" such
as Mercury,”” or plunge into the combinatorics
of generating functions;” ’ check Support-
ing Information (SI) for a detailed comparison
with IsoSpec2. Intermediate levels of resolu-
tion between nominal approximation and raw
isotopologues were considered.”’ Finally, Pois-
son approximation to the basic model was also
investigated ' which reduces the dimension of
the problem at a cost of less faithful represen-
tation thereof.

Our approach proposes an exact solution at
an optimal asymptotic runtime. Though op-
erating at infinitely resolved isotopic peaks,
IsoSpec? also offers the possibility to aggregate
these automatically to match given resolution.

In what follows, we describe the modifications
that IsoSpec?2 offers with respect to its prede-
cessor, IsoSpecl, followed by runtime tests.
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Figure 1: Getting optimal P-set stick spectrum
of CyyyOg. Stick heights/isotopologue probabil-
ities, Pr(i), are mapped to areas of Punnett tiles
(top-right). Each area is a product of subiso-
topologue probabilities, Pr(i) = pSp®. Tiles
form layers in the product space (middle) and
are reported in order indicated by numbers 1-
16. Layers are defined by cut-offs 1 = T} >
T, > T5 > T,. Subisotopologues of C,,, and
Og (left and bottom) are generated upon cre-
ating a layer of isotopologues, also in layers,
in decreasing probability. From top probable
isotopologue 1 we go right, reporting 2 and 3.
Pr(3) > T) and Pr(6) < T3, so from 3 we jump
to 4 and the layer with 5. Pr(1,2,3,4,5) < P,
so a new cut-off is selected. We restart from 6
and continue till 7. Pr(11) < 75, so is not re-
ported yet. We jump back to 6, mount up to 12,
and go left until we find an isotopologue more
probable than the previous cut-off. This way,
we recognize 5 as already reported, and report
8. We would continue right from 8, but there
are no more isotopologues above T; there. So,
we go from 8 to 14 and proceed the same way
we did from 6. Layer finishes at 10, from which
we jump back to 11, and continue to unveil iso-
topologues more probable than T3, as before,
until we reach 16.
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Methods

We describe the algorithm on the example of
a dummy molecule C,,,O4. We modify their
isotope frequencies, so that chances of meet-
ing *C, 7O and '®O are much higher than in
nature. This way, they are more spread out
and easier to visualize in Figure 1. The more
concentrated istopic frequencies are, the smaller
the resulting optimal P-set is, as shown in SI.
Each isotopologue of C,,,04 consists of two
sub-isotopologues of mono-atomic formulas
Cypp and Og. Its mass is the sum of their
masses and probability is the product of their
probabilities. Because of the latter, we rep-
resent each isotopologue as a Punnett tile.
Each tile in Figure 1 has area equal to that
isotopologue’s probability, and side lengths
equal to probabilities of its subisotopologues
(top-right). For example, for isotopologue 1
Pr(1) = p{pP, where p{ and p$ are the proba-
bilities of *Cy5'*C5 and '°0,'70,'%0, . Isotopo-
logue 2 consists of 1*Cy;'*C; and '°0,'70, 0.,
and so Pr(2) = p$p?, as ?Cy5°C; is repeated.
Subisotopologues in Figure 1 are ordered with
decreasing probability, p¢ > p$ > ..., p¥ >
pQ > .... This way, larger tiles concentrate
in the corner of the quadrant. Tiles with ar-
eas above some cut-off always form one cluster.
The optimal P-set can be gradually obtained
with layers of less and less probable isotopo-
logues. These correspond to tiles with areas
between consecutive, ever smaller cut-offs T;
obtained the same way IsoSpecl does. = Order
of tile visits is described in caption of Figure 1.
Suppose we have a new cut-off 75, lower than
the previous one 77 = 1, like in Figure 1. We
now need all subisotopologues of C,,, and of
Og necessary to reconstruct isotopologues 1-5
(in Figure 1, in pale red). For C,,, these are
all those more probable than t§ = Typ$ /Pr(1),
and for Oy all those above t9 = TypQ /Pr(1).
Indeed, only then isotopologues 1, 2 and 3
are more probable than p{t9. but 6 is not.
Also, isotopologues 4 and 9 are more probable
than pQtS, but 9 is not. One can generate all
subisotopologues above a given cut-off with the
breadth-first-search algorithm. One starts from
the top probable one and pauses after finding

all subisotopologues above the current cut-off.
This works, because subisotopologues follow a
multinomial distribution. There, as in case of
the tiles, the top probable configurations cluster
around the mode and decline the further away
one gets from it.”~ For instance, we can see, that
in Figure 1 (bottom) the red top three prob-
able subisotopologues are next to each other.
Next two (in yellow) are next to the red ones,
and the sixth most probable one (in blue) again
neighours the two previous layers. The same
follows for C,,, (Figure 1, left).

IsoSpec2 proceeds in steps. It iteratively
generates new cut-offs, finds additional subiso-
topologues, and combines them into isotopo-
logues. It stops, when joint probability of all
reported isotopologues exceeds P. Also, note
that operations required for visiting isotopo-
logues (caption of Figure 1) require storing only
subisotopologues and two isotopologues at a
time. Decoupling isotopologue generation from
their storage or postprocessing is a new feature
of IsoSpec2. The data flow of isotopologues
can be piped into user-defined post-processing.
IsoSpec?2 offers two such procedures. The sim-
pler one just dumps all results into a vector. In
that case, the user can additionally require the
trimming of the last layer to obtain a precise
P-set. The other option is to bin isotopologues
to a given resolution level and report mass bins
and their probabilities. Finally, the user can di-
rectly provide a cut-off T', i.e. a lower bound on
reported probabilities. In that case, IsoSpec2
calculates only the first layer using 7" directly,
which is how most other algorithms operate.

In SI we show, that IsoSpec2 performs
asymptotically a number of operations propor-
tional to the number of reported isotopologues,
which is optimal. Also, IsoSpec? is capable of
modelling the ion statistics by directly sampling
random mass spectra for a given substance with
a custom sampling algorithm.

Results and Discussion

We compare IsoSpec2 runtime with that
of IsoSpecl and the enviPat algorithm
enviPat was shown to be faster than the
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Figure 2: Run-time of IsoSpec2 plotted

against the speed-up with respect to IsoSpecl.

ecipex algorithm, ' so we skip the direct com-
parison here. IsoSpecl outperforms ° enviPat
v.2.0. A faster version (v.2.4) was since re-
leased, and we compare directly to that one.
IsoSpecl outperforms the isoVector algo-
rithm”’ while calculating infinitely resolved
isotopologues.  As IsoSpec2 is faster than
IsoSpecl, we also skip that comparison.

The comparison is performed on a collec-
tion of 19,817 human protein sequences from
Uniprot.”” IsoSpec?2 is written in C++, and has
bindings to R and Python that we call IsoSpecR
and IsoSpecPy. R run-times are measured with
the microbenchmark package, and C++ code is
timed using the chrono library. Reported re-
sults correspond to medians of 13 runs to min-
imize the impact of varying CPU load. The
principal task: get all isotopologues more prob-
able than one-millionth of the probability of the
most probable isotopologue. We use IsoSpec2
in the generator mode, i.e. only iterate over
isotopologues without any additional form of
post-processing. Our computer specifications
are available in the SI.

In Figure 2 we compare the C++ runtimes of
the current and previous versions of IsoSpec.
IsoSpec2 is at least three times faster for
smaller formulas and took about a tenth of a
millisecond. Biggest compounds took between
1 to 10 seconds, which is more than 30 times
faster than IsoSpecl.

Next, we compare IsoSpecR to enviPat v2.4.
enviPat is written in C++, with bindings only to
R. Due to the molecule size limits, only 14,101
out of all 19,817 proteins could be processed
with it. IsoSpecR failed only in case of titin
that exceeded R’s vector allocation limits. The
C++ generator of IsoSpec2 obtained results for
that formula in a few seconds. Figure 3 re-
ports run-times of enviPat divided by that of

IsoSpecR: full output \-—D]——mnm |
IsoSpecR: short output (0 -
IsoSpecl++ —-—I\II\II I
IsoSpec2++ [ ] :D
1 10 100

times IsoSpec is faster than enviPat 2.4

Figure 3: How much faster are variants of the
IsoSpec than enviPat 2.47

IsoSpec2 (v2.1, in salmon), IsoSpecl (v1.0.7,
in green), and two modes of the IsoSpecR. In
the short output mode, (in cyan) IsoSpecR re-
ports only masses and probabilities. In the full
output mode (in violet), it reports isotopologue
counts too. enviPat provides but the full out-
put; yet, minimizing the use of R structures
brings significant run-time speedups. IsoSpecR
is between 3 to 23 times faster then enviPat
(first and 99th percentiles) to get the same out-
put. This grows to anywhere between 10 to
135 times if one does not want to obtain iso-
tope counts. If the user is willing to use C+—+,
he can expect 31 to 329 times speedup.

What follows from the above cross-language
comparison is that IsoSpec?2 is a versatile tool
that can be used both in research scripts and
in professional software development.

In conclusion, IsoSpec2 is a significant im-
provement in isotopic calculations. It is notably
faster than other approaches and can be used
both for scripting and in development of pro-
fessional software for raw data analysis. The
IsoSpec algorithm has found application in
a variety of projects. It is open-source,
can be used on a variety of operating systems
(Linux, MacOS, Windows) and is available for
download from github, PyPI, and CRAN.
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