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ABSTRACT: Ultrahigh-resolution mass spectrometry (UHRMS)
is a well-established analytical method for characterizing complex
molecular mixtures. It is usually performed with Fourier transform

Experimental Dataset
Re-calibrated Dataset

techniques, based either on ion cyclotron resonance (FTICR-MS) o
or mass-dependent oscillations in an ion trap (FT-Orbitrap-MS). —
5 = = g € 05
In spite of the high technical level of these instruments, often g
spectral interpretation remains difficult, in particular in a 00
nontargeted approach of complex samples. Here, we introduce a E
Diophantine method for molecular formula assignment. Taking the é—o.s
ubiquitous Gaussian distribution as an example, we first show how
knowledge about random mass error can be used to assign  -10
molecular formulas in a statistically consistent way. By considering 100 150 200 20 300 el

all possible attributions within a large mass error range, we show

how the systematic error stemming from suboptimal calibration

can be distinguished from the random mass error in peak position. Correcting for systematic mass error leaves us with a quantifiable,
Lorentzian random mass error as expected for Fourier transform-based instruments with long transients. This indicates that our
method is self-consistent, assigning molecular formulas close to the theoretical limit of achievable accuracy.

1. INTRODUCTION database are crucially important. Up to 30% of spectra in the

Ultrahigh-resolution mass spectrometry (UHRMS), typically NIST EI mass spectral database were claimed to be incorrectly
exceeding a resolving power of 100,000, is performed on assigned'. There are also open-source calculation methods

Fourier transform ion cyclotron resonance (FTICR-MS) and (e.g, CHO-F IT'"~") that do not require a database. A strong
Fourier transform Orbitrap (FT-Orbitrap) instruments. It is a limitation in the assignment process stems from the
powerful analytical tool, widely used to characterize complex combinatorial explosion accompanying higher mass molecules
chemical mixtures from various sources, including the made of several atomic species, making purely calculative
environment, biological matter, synthetic compounds, pharma- approaches challenging. Graph theoretical - and Diophantine
ceutical products, as well as the petroleum industry' > approaches have yielded elegant methods for improve-
UHRMS promises to identify, in a single measurement, a ment”*">*, The CHOFIT method'”'® used low mass moieties
huge number of molecular compounds (up to a few ten limited to CHO, leading to excellent results on small
thousands) within a complex sample. This type of information molecules.
can be crucial, for instance, in nontargeted assessments of Despite the high precision of UHRMS techniques and
toxicity of intricate molecular mixtures. It can be of great help devices, incorrect calibration often remains a significant source
in prebiotic scenarios”. This is among many other settings that of error that complicates accurate assignment. It is advised to
concern complex mixtures of molecules in industrial use internal calibration standards to control deviations that
applications or scientific research. may occur due to space charges in the cyclotron (or the
A significant large-scale effort to evaluate the reproducibility trap)****. Space-charge effects in FT-ICR cause frequency

of measurements and assignments by different groups with
different instruments hi%hlighted the critical need for reliable
assignment methods’~"". Interpreting complex spectra in a
nontargeted approach remains challenging. Several advanced
molecular formula assignment methods have been developed.
These include licensed based methods (e.g, Composer from
Sierra Analytics, PetroOrg'”) as well as open-source database
related methods (e.g., UltraMassExplorer (UME),"* FuJHA,"*
Formularity'®). However, completeness and correctness of the

shifts that depend not only on total ion abundance but also on
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ion cloud interactions, which can be linked to local peak
densities and amplitudes™ " so that corrections can be
performed26. In Orbitrap instruments, space-charge effects can
be pronounced due to ion-cloud interactions and field
nonidealities””””. Local ion—ion interactions can lead to
peak coalescence so that closely spaced ion peaks merge into
a single detected peak. This effect is particularly pronounced if
the relative abundance ratios are highzg, causing the weaker ion
cloud (the weaker peak) to lose coherence and collapse into
the stronger one. This has been experimentally observed on
Orbitraps™ and FT-ICR instruments’”’'. As a result, addi-
tional measurement strategies can be useful to improve
accuracy beyond ppm error. Segment-based approaches like
OCULAR hold great promise in complex mixtures, where they
improve the number of detected substances as well as the
accuracy of the determined m/z as compared to simple, one
shot injection’”.

Error and noise are an inherent parts of every data
acquisition process. The finite residence time of ions in the
trap represents a physical limitation causing an exponentially
decaying signal in the time domain resulting, due to the
Fourier transformation, in a Lorentzian peak shape in the
frequency domain. If the signal is cut off before decay, a sinc-
shaped peak will appear. The peak shape directly corresponds
to the theoretical error distribution caused by the (unavoid-
able) limitation in data®. Moreover, weakly concentrated ions
will exhibit more random peak shapes due to the limited
statistics that come with a vanishing number of ions*. Other
sources of mass inaccuracy, for example from detection
electronics, may increase error, although in well-designed
instruments, they should not contribute by much**. Mathur®
showed that the quality of the preamplifier sets the mass error
of the baseline, which limits the instrument in the detection of
weakly concentrated ions. For Q-TOF mass spectrometry,
different methods have been developed to model and denoise
acquired data®*™’ ;their systematic application in FT-based
mass spectrometry remains limited. To our knowledge, for FT
mass spectrometry, the impact of noise and error on the
accuracy of assignments has not yet been fully worked out.

In this study, we use linear Diophantine equations for
assigning chemical formulas in a combinatorial way to data
from UHRMS. However, instead of iteratively assigning peaks
and checking the plausibility of the quality of the assignments
at the end by looking at the statistics of mass deviations, here
we take the opposite route. We start by considering all possible
assignments (correct or not) that fall within a suitable range of
mass deviation. As their mass deviation is plotted as a function
of m/z, due to the nature of the solutions to the Diophantine
equations, a characteristic, symmetric pattern must appear. We
first investigate up to which point an intrinsic, random mass
error from the instrument limits the assignments in a perfectly
calibrated setting. We then show that deviations due to
imperfect calibration can be spotted and corrected for, since a
correct calibration necessarily aligns with the symmetric
Diophantine pattern. We apply our method to data from a
prebiotic broth generated in a Miller-Urey type experiment and
analyzed on a Bruker Solarix FTICR-MS (without apodiza-
tion) using electrospray ionization (ESI). We recalibrate the
measurement to a better degree than what is achieved by
internal calibration to obtain a basically Lorentzian distribution
of the mass error as the limiting factor for assignment. It is this
error that needs to be taken as the intrinsic error for a
statistically meaningful assignment.

106

2. BACKGROUND: DIOPHANTINE EQUATIONS

Diophantine equations, a class of equations requiring integer
solutions, have already been discussed in the context of mass
spectrometry’’ . They provide a natural framework for
molecular formula assignment, since each measured nominal
mass (the integer of its exact mass) must equal the sum of
integer multiples of the nominal masses of the constituent
atomic species. Usually, the uncertainty of the instrument is
such that the measurement of the nominal mass is not affected
by error. Accordingly, the molecular formula of the detected
nominal mass M must be among the solutions of the
Diophantine equation:

n*M, = M
Zi: (1)

where i indicates the different atomic species under
consideration; #; is the integer count of species i; and M, is
its nominal mass. This formulation follows from the discrete
nature of atoms, which defines the problem as Diophantine.
Unlike classical enumeration-based approaches, this formula-
tion generates candidate formulas systematically through
combinations of so-called “special” and “homogeneous
solutions”.

A special solution of the Diophantine equation can easily be
obtained as follows.

(i) carbon count: calculating the count of carbons through
integer division of M by the mass of carbon:

ne = Mdiv 12 (2)
(ii) hydrogen count: the number of hydrogen atoms can be
obtained as the remainder of this division:

ny =M — 12 X (Mdiv 12) (3)

This pair, (nc, ny), serves only as a mathematical starting
point. In some cases, for example M = 72, the special solution
yields only (six) carbons and no hydrogens. Our algorithm
adjusts such cases (e.g., by subtracting one carbon and adding
12 hydrogens) before proceeding.

Even for more than two atomic species, all solutions that
yield the nominal mass M can be obtained from one special
solution (any special solution will do) by adding all solutions
of the homogeneous Diophantine equation:

z n-M; =0

i (4)

where n; are integers that can be positive or negative, and M; is
the nominal mass of the atomic species i. Note that the exact
masses corresponding to the solutions of eq 4 are nonzero, so
that the elements of the set of Diophantine solutions (the set
of possible assignments for the nominal mass M) differ in their
exact masses. To give an example, possible solutions to the
homogeneous equation include C,0_; and C_,H,0,N with
exact masses of 1.5255 X 1072 Da and 8.554 X 107° Da,
respectively.

Solutions of the homogeneous equation form a vector space
with integer coefficients, spanned by A — 1 base vectors where
A is the number of atomic species i that come into play (see SI,
“Diophantine Vector Space” for details). Each base vector v,
has a nominal mass of zero, but an exact mass m, # 0.

For formula assignment, the exact mass of the special
solution, M(c ) is compared to the measured mass My,
wcFg

https://doi.org/10.1021/jasms.5c00226
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AM =My~ Micn,) )

The goal is to find integer coefficients 4, to match IAMI within

the error 6 that must be chosen as a function of the accuracy of
the measurement:

AM =5 < ). A,m, < AM + 68
P (6)

All possibly assigned molecular formulas are given by the
special solution plus homogeneous solutions from linear
combinations of base vectors A,v that satisfy the condition in
eq 6.

2.1. Example. Consider a detected, protonated ion with m/
z = 90.05495547 Da. The corresponding neutral mass is
89.047679 Da, with a nominal mass of 89 Da. A special
solution is C,;H;, with an exact mass of 89.039125 Da. The
mass deviation from the neutral mass is AM = 89.047679 —
89.039125 = 0.008554 Da. Within one ppm tolerance, all
solutions to eq 4 in the range (8.9 X 107 + 0.008554 Da) are
considered. The best elemental match is C_,H,0,N (8.554 X
107> Da). Adding this to the special solution reveals C;H,O,N,
corresponding to Alanine.

2.2 Significance of the parameter 6. Note that J in eq 6 sets
a finite volume in vector space, in other words, a finite number
of possible solutions/assignments (at least if we impose limits
on the number of atomic species). We understand that this
volume increases as a power law with the error of the
measurement with an exponent that depends on the number of
elements under consideration. However, the number of
possible assignments increases exponentially (or geometrically)
with the number of atomic species. If the instrument maintains
a certain error in terms of ppms across the considered mass
range, the absolute value of § increases proportionally to the
mass under consideration, that is, the number of possible
assignments grows as a power law. Unfortunately, ICR and
Orbitrap instruments often show an increasing relative error
with mass*""**. As a result, the number of possible assignments
grows faster than polynomially with m/z and faster than
exponentially with the number of atomic species. However,
some instruments maintain a rou%hly constant relative error
across the considered m/z range™. We understand that the
accuracy represented by the parameter 6 is crucial; however, a
priori, the accuracy of the measurement is unknown since
many parameters may contribute to the deviation of the
measurement from the ideal case.

3. COMPUTATIONAL DETAILS

3.1. Optimized Implementation of the Diophantine
Algorithm. To speed up computation, we do not simply apply
the condition in eq 6. Instead, we first compute a library of
solutions to the homogeneous Diophantine equation (eq 4).
The library is limited to positive exact masses, sorted in
ascending order. The library consists of low-mass compounds
containing carbon, hydrogen, oxygen, nitrogen, sulfur, and
phosphorus, limited as follows: ICI< 40, IHI< 140, 10I< 20, |
NI< 12, IPIS 8, ISI< 8. The limits on each element were
chosen based on known sample composition, and a trial-and-
error process: we adjusted the limits to ensure that every
plausible compound could be generated in the library while
keeping the computational load manageable. These constraints
are in line with the “Seven Golden Rules”*’. We refer to the
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elements of the library as low-mass moieties (LMMs) that
occupy the negative van Krevelen space.'”

With these limitations on LMMs, we can find an assignment
for masses up to 1500 Da within the defined accuracy. Here,
we only consider masses up to 500 Da for synthetic data and
up to 300 Da for experimental data. Therefore, the limitations
imposed on LMM:s should not matter for the cases considered.
To generate all exact masses within the tolerance & of the
measured mass following eq 6, we extract the corresponding
subset of LMMs from this library.

3.2. Isotope Pair Detection and Filtering. Accurate
recognition of isotopes is essential for molecular assignments.
Here we present a method limited to carbon that is valid for
small molecules. Other isotopes have a low probability of
appearing in our case so that we can safely neglect them. For
cases with a larger probability of more complex isotopologues,
more sophisticated algorithms such as IsoSpec need to be
applied in spite of the increased computational expense”>*.
Electrospray is used for ionization in our instrument. It is
known to produce almost only single charged molecules for
small masses’” so that we can safely neglect multiply charged
molecules.

The isotope filtering process detects paired isotopes in the
input mass list. It involves three steps:

(i) Setting the search interval SM: for a given mass M,
from the input list, masses within the range of M, + 1.003355
+ OM are selected, as shown in Figure 1. M represents the

25M
—

Intensity

ll
T

M, M, +1.003355
—_—

A(m/z) = 1.003355

Figure 1. Isotope filtering process. The x-axis represents the mass-to-
charge ratio. The y-axis indicates the peak height of detected masses
in the mass spectrum. 1.003355 corresponds to the mass difference
between '2C and C. For a given mass, M,, a paired isotopic
compound must be expected at M; + 1.003355. With 6M, the half-
confidence limit of the measurement, all masses within M, + 1.003355
+ SM (blue rectangle) are considered to be possible isotopes of M;.

half-confidence limit based on the expected accuracy of the
measurement. By default, we use 6M = 0.0001678 Da. The
value of 1.00335S corresponds to the mass difference between
2C and “C.

(ii) Kendrick Mass Defect (KMD) Analysis: Here, KMD
refers to a generalized transform used for isotope detection
rather than traditional CH, homologous series analysis. The
base unit is set to the 3C — '2C mass difference (Am

1.003355 Da), so that isotopologue series align. This isotopic

KMD is applied to flag possible poly isotopic peaks prior to
further checks and formula assignment. This saves computa-
tional time. As an example, the KMD of a mass M, =
235.18064 Da is calculated as follows:

https://doi.org/10.1021/jasms.5c00226
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Ml Ml
(KMD),, = -
1.003355 | 1.003355
23518064 {235.18064]
1.003355 1.003355

=234.394247 — 234 = 0.394247

where |.] represents the rounding down function. Two masses
are considered a match if their KMD values are identical to the
fourth digit, corresponding to a tolerance of approximately
0.067 ppm (see SI, “Isotope Filtering Tolerance Calculation”,
for details).

(iii) Relative Intensity Analysis: This is a postfiltering
analysis that is performed after assignment. The peak heights
of the isotope candidates are checked against the expected
abundance ratios. Here, we allow for a deviation of 10% in the
logarithm of relative peak heights. This deviation must be set
depending on the response function of the instrument.

A polyisotopic pair is confirmed if it meets all the three
conditions above. See SI under “Isotope Filtering and Relative
Intensity Analysis” for details on checks of the relative heights
of isotopic peaks, including an exemplary calculation.

3.3. Selecting Chemically Plausible Formulas Using
the Seven Golden Rules. Compared to a purely
combinatorial approach, many chemically nonmeaningful
molecular formulas can be excluded by applying six of the
seven Golden Rules™. The seventh rule is specific to small
molecules in clinical and metabolomics studies using GC/MS,
beyond the scope of this work, so, we dropped it.

The rules include: (i) restriction of element counts, (ii)
compliance with LEWIS and SENIOR rules, (iii) verification
of polyisotopic patterns, (iv) assessment of hydrogen-to-
carbon ratios, (v) evaluation of nitrogen, oxygen, phosphorus,
and sulfur to hydrogen ratios, and (vi) checks for high-
probability, multiple element-to-carbon ratios.

Moreover, elemental ratios are limited as follows: H > 2,

H 0 N P
0< % < 0.8. Table 1 summarizes the numeric constraints

on the presence of multiple elements within a molecule.

Table 1. Constraints on Multiple-Element Numbers for

Compounds up to 2000 Da as Adapted from Kind et al**.
elements constraints
N,O,PS>1 N<10,0<20,P<4,S<3
N,O,P>3 N<11,0<22,P<6
O,PS>1 O<14,P<3S<3
N,P,S>1 N<4P<3S<3
N, O, S$S>6 N<19,0<14,S<38

3.4. Algorithm and Computational Details. Figure 2
illustrates the algorithm. It starts by setting key parameters,
such as the mass interval for isotope filtering, peak height
deviation tolerance for isotopic pair verification, and mass
deviation tolerance for assignments. These parameters can be
modified by the user as a function of requirements. It
continues by detecting polyisotopic pairs. The input data in the
form of a list is divided in two: paired and unpaired masses.
These two sublists are then processed separately using the
Diophantine algorithm for molecular formula determination.
Candidate formulas are checked against six of the seven
Golden Rules. Formulas meeting these criteria are stored in the
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defined tolerances

l

input mass list

l

isotope filtering
paired /unpaired masses

l

Diophantine solutions

|

seven golden rules check

|

identified compounds

Figure 2. Flowchart of the proposed algorithm: after parameter
initialization, the m/z list is isotope-filtered into paired and unpaired
subsets. Both undergo Diophantine assignment, generating candidate
formulas filtered by six of the seven Golden Rules. Chemically
plausible formulas are stored in the output.

output list for further analysis. This implies that, for a single
input mass, most of the time multiple possible molecular
formulas are suggested.

3.5. Outline of the Calibration and Assignment
Process. Classical molecular formula assignment algorithms
often rely on some form of recalibration, either by identifying
internal calibrants or using an algorithm, for example the
CHOFIT method, which tries to find the molecules made only
from CHO, in the hope of attributing this limited amount of
molecules correctly'’. This is followed by brute-force
enumeration of all possible combinations of elements up to
certain limits, followed by heuristic filters such as the “Seven
Golden Rules”**. This produces a figure of merit, where the
mass deviation of the attributions is compared to a Gaussian
error distribution with an error usually below one ppm. In
contrast, our approach is explicitly rooted in the mathematical
structure of Diophantine equations. For calibration, we know
that we eventually need to generate a symmetric pattern if we
plot the mass deviation errors of all possible assignments
(including candidate assignments beyond the correct ones) as
a function of m/z. The symmetry is because of the
homogeneous solutions that can be added or subtracted
from the correct assignment represented by the axis of
symmetry. The pattern emerges from the discreteness of the
Diophantine solutions. We then extract an error from the
calibrated data. This error should be fed into the assignment

https://doi.org/10.1021/jasms.5c00226
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process as detailed in the first part of this paper to perform a
consistent assignment. With that, the fraction of false
attributions is known. Our method is simple and fast compared
to any other methods that we have found. It yields results close
to what is technically achievable, given the data as delivered by
the instrument.

4. METHODS

4.1. Hardware. We used a personal computer with a Linux
(Ubuntu) operating system, featuring a 12th generation Intel
Core i7 processor capable of operating in 32 GB and 64 GB
modes, running at 2.0 GHz. The algorithm was programmed in
house using Python (3.10.12). Each run of assignments for a
mass list between 150 and 500 Da typically required two to 3 h
of time, not including the setup of the library. A data set with
imposed random Gaussian mass error required more computa-
tional time due to increased complexity.

4.2, Data Sets. 4.2.1. Synthetical Data Set from Green
and Perdue. The mass list from Green and Perdue'’
comprises combinations of isotopes of carbon, hydrogen,
oxygen, nitrogen, sulfur, and phosphorus, spanning masses
from 150 to 1500 Da. For practical purposes, we restricted the
mass range to 150—500 Da.

4.2.2. Adding Mass Error and Decalibration. We added
Gaussian mass error to the synthetical data set. The Gaussian
mass error distribution is characterized by zero mean and a
defined standard deviation, quantifying the mass error level.
For a given exact mass, M, Gaussian mass error produced a
statistical error AM resulting in a new mass value M' = M +
AM. AM can be positive or negative. The standard deviation
was set to an average value expressed as parts per million
(ppm). Note that since the standard deviation was fixed in
absolute terms, the error expressed in ppm was higher for small
and smaller for large m/z. Setting the error in absolute or in
relative terms is not expected to affect our conclusions. In
practice, the error and its dependence on m/z is a function of
the instrument and needs to be determined from the data (cf.
Figure 12 for an example).

We decalibrated the data set with added Gaussian mass error
using a quadratic polynomial, inspired by the classical
quadratic calibration equation of Ledford and Gross®.

4.2.3. Experimental Data Set. We performed mass
spectrometry on a prebiotic broth, prepared as described
in®*. The sample volume, a few ml, was filtered with 2 um
pore size before measurement. We performed direct injection
using ESI on a Bruker Solarix FTICR instrument equipped
with a 7 T superconducting magnet. The transient duration
was 0.4194 s, with an ion accumulation time of 0.025 s, and an
average of 256 scans. These acquisition parameters were
optimized for the low mass range (<300 Da) setting. We used
the Bruker software (Bruker Compass Data Analysis 5.0 SRI
x64) for Fourier transform and peak picking. The data was
then exported to a computer for the application of our method.
Other instrument settings are given in the Supporting
Information Table 1.

5. RESULTS AND DISCUSSION

Unless stated otherwise, we applied the standard isotope
filtering parameters as given in the methods section.

5.1. Assignments in the Absence of Mass Error for a
Perfectly Calibrated Data Set. We begin by analyzing the
perfectly calibrated synthetic data set from Green and
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Perdue'”. Figure 3 illustrates the mass deviation of all possible
assignments, up to the limit of one ppm, as a function of m/z.

1.00
0.75 o ~e
0.50
0.25

LMM1

0.00
—0.25
—0.50
-0.75

mass deviation [ppm]

-1.00

150 200 250 300 350

m/z [Da/e]

400 450 500

Figure 3. Mass deviation (within +1 ppm) of all candidate molecular
formulas for the perfectly calibrated synthetic data set of Green and
Perdue'” as generated by the Diophantine solutions up to m/z = 500.
We applied the elemental restrictions as given by the data
(CHONPS). We applied the seven golden rules. Black dots denote
correct assignments from the target list; other dots are incorrect
candidate assignments. Each line represents a compound family
obtained by adding or subtracting a specific LMM from a baseline
formula, producing a fixed exact mass deviation. Three such families
are highlighted in red, e.g. LMMI1 = C;H_,0_¢NS with AM = 1.76 X
107 Da.

Correct assignments are limited to the baseline (at zero ppm).
A distinct, regular, almost symmetric line pattern is observed,
asymptotically converging toward the baseline. Each line
corresponds to a family of compounds sharing a specific
LMM in the Diophantine solution leading to a fixed, exact
mass deviation with respect to the baseline. Based on the
special and the homogeneous Diophantine equations, LMMs
can be added or subtracted, resulting in molecular formulas
that appear symmetrically positioned with respect to the
baseline. A small degree of asymmetry is due to constraints
from the seven golden rules.

5.2. Assignments in the Presence of Gaussian Mass
Error. Figure 4 shows possible assignments generated by our
algorithm for data with imposed Gaussian mass error with
standard deviations of 0.05, and 0.09 ppm. In the graph,
increasing the mass error reduces the resolution of the initial
pattern, however, up to this level of mass inaccuracy, the
pattern does not vanish.

We observe that the presence of mass error increases the
total number of assignments (the number of blue points in
Figure 4) from 13,280 in the ideal (noise free and perfectly
calibrated data set to 13,630 at 0.09 ppm mass error. To assess
the quality of the assignment, we determine the percentage of
correctly identified formulas from the target mass list (150—
500 Da) as a function of mass error (Figure 5). At 0.86 ppm
mass error (a very high mass inaccuracy for UHRMS),
approximately 66% of compounds, a substantial portion —
1172 out of 1789 — were still correctly identified.

Approximately 34% of the target mass list (608 out of 1789)
consists of polyisotopic pairs. As long as mass error is not
considered in isotope filtering, these compounds remain poorly
identified (Figure 6). At 0.86 ppm mass error, 90% of
polyisotopic compounds are lost. However, since missed
polyisotopic pairs are reassigned to molecules with '*C, only
half of these molecules are lost for correct assignment. This
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Figure 4. Mass deviation (within +1 ppm) of all candidate molecular
formulas for the perfectly calibrated synthetic data set of Green and
Perdue'” as generated by the Diophantine algorithm up to m/z = 500.
Top panel: perfectly calibrated data set without error (Figure 3).
Middle and bottom panels: the same data set with imposed random
Gaussian mass error of 0.05 and 0.09 ppm. Correct assignments from
target mass list as performed by our algorithm are in red; alternative
candidate formulas in blue. A higher level of mass error reduces the
sharpness of the pattern but maintains the symmetry relative to the
baseline.

results in an effective 15% (half of 34% X 90%) decrease in
correct assignment.

The identification of isotopes for the synthetic data set is a
two-step process, allowing for two potential improvements in
the presence of mass error: (i) broadening the confidence limit
for polyisotopic pairs by increasing AM (Figure 7) and (ii)
relaxing the precision of the Kendrick mass defect (KMD)
considering identical masses up to three decimal places instead
of four.

In the following, as an example, we set the mass error of the
data set to 0.5 ppm. We see (Figure 7) that the default
parameters correctly identified 82% of the compounds (1458
out of 1789). Relaxing the KMD precision to three significant
digits improved this to 1524, an increase of about 5%.
Expanding the search interval by a factor of 4 while
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Figure S. Percentage of correctly assigned compounds of the target
list as a function of the random mass error imposed on the data. As
the mass error increases, the ability to accurately identify compounds
diminishes, resulting in fewer correct identifications, i.e., the number
of red points in Figure 4 decreases as the mass error increases. Dots
represent data from simulations; line is a guide for the eye.
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Figure 6. Percentage of correctly identified isotope pairs as a function
of mass error, using the default parameters for isotope identification.
As the mass error rises, the number of correctly identified isotopes
decreases, subsequently affecting the assignments. Dots represent data
points. The gray line represents an exponential function as fitted to
the data.
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Figure 7. Percentage of correctly assigned isotopes of the target list at
0.5 ppm mass error as a function of multiples of the default isotope
search window (6M = 0.0001678 Da). The line is a guide for the eye.
The star marks results using default parameters (four-decimal
precision in KMD analysis); other points correspond to three-decimal
precision in KMD. Beyond a search window four times the default,
the gain is minor. We conclude that the isotope search window needs
to be adjusted as a function of the mass error of the data.

maintaining three-decimal KMD precision increased the
correct identifications to 1633, resulting in a 12% improve-
ment. Increasing the confidence limit beyond this threshold
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did not yield significant gains, but extended the computational
time.

Based on the cumulative distribution function of a Gaussian,
approximately 5% of assignments fall outside 26 and remain
unidentified. Since we limit ourselves to a deviation of 1 ppm,
the theoretical maximum for correct assignments at a mass
error of 0.5 ppm, is 95% (1699 compounds). With 1633
identified compounds (91.5%), we approach this limit rather
well. Figure 8 illustrates the limit across different levels of mass
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Figure 8. Percentage of correctly assigned components as a function
of input mass error. The teal dots represent the identifications using
the default parameter set. The orange dots represent the upper limit
of accuracy according to the cumulative distribution function of a
Gaussian. Refining the isotope filtering function increases the number
of correctly assigned components by about 12% percent (arrow and
star).

error and the fraction of correct assignments (using the default
parameter set). The relationship between the two is nontrivial
with the fraction of correct assignments varying with mass
error levels. The fraction of correct assignments remains
bounded, however, by the cumulative Gaussian distribution if
we limit ourselves to assignments within +1 ppm.

5.2.1. Detecting Ill-Calibrated Data. We test our method
on the synthetic data set with imposed random mass error that
we decalibrated (see methods for details). The assignment
process used the optimized parameters for isotope detection;
i.e, a 4AM isotope search interval and the (relaxed) Kendrick
Mass Defect (KMD) precision to the third significant digit.
Results are shown in Figure 9. The decalibration function is
directly visible from the shift of the entire pattern.

5.3. Application to Experimental Data. We produced a
prebiotic soup made from CHON (for details on production,
see”*”). We added internal calibrants (listed in Table 3-SI).
The instrument, a 7 T Bruker Solarix FTICR, was calibrated
before measurement according to specifications from the
manufacturer. We performed direct injection using ESI (see
Methods for further details). Figure 10 (top) shows the mass
deviations of possible CHON assignments from the measured
mass values. The emerging pattern, however, does not align
with the baseline, suggesting the presence of systematic error.

To address this, we identified the internal calibrants (see SI
Table 3) by matching their known chemical formulas to
assigned entries in the data set and extracting their mass
deviations for recalibration. These calibrants are highlighted as
orange plus signs in Figure 10 (top). They align along the most
densely populated line of the plot. We then recalibrated the
data by dividing the data into segments that contain three
calibrants each and fitting a quadratic function accross the
calibrants. This approach is inspired by the classical quadratic
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Figure 9. Mass deviation of all possible assignments within +1 ppm
from a decalibrated data set, subject to a random mass error of 0.05
ppm. Black dots represent the decalibrated data set without random
mass error. Red points correspond to correctly identified masses from
the target mass list. The pattern is asymmetrically distributed around
the baseline, closely following the decalibration function.

calibration equation of Ledford and Gross™® while the
segment-wise implementation is analogous to the “walking
calibration” strategy described by Savory*'. We detailed the
process in the SI, Sec. 0.5. As shown in Figure 10 (middle),
recalibration with the internal calibrants aligns the pattern
along the baseline.

Building on this, we performed an additional recalibration
step using six assigned compounds. We combined them with
the previously used internal calibrants (sets 2 in SI Sec. 0.5).
This further aligned the most populated line to the baseline
and improved the symmetry of the pattern as shown in Figure
10, bottom. We give detailed information on the calibration
process in the Supporting Information.

We quantified the degree of randomness in the deviation of
the assignments along the baseline using the autocorrelation
function (ACF), defined as

N-k
Yoy ek
N
Z,‘:l ri2

where r; represents the mass deviation from the baseline of the
it assigned mass and k denotes the lag. Figure 11 shows the
results. The lower degree of autocorrelation in the recalibrated
data confirms a more random pattern, indicating that
systematic deviations were reduced.

In FT mass spectrometry, m/z values are determined by
Fourier transform of the transient. If the transient is cut off
early, this leads to a sinc shaped peak in the frequency domain.
For transients that decay faster, however, the peak shape is
Lorentzian (due to the exponential decay of the signal at the
corresponding frequency). The peak shape corresponds to the
uncertainty resulting from the limited data in the time domain.
The m/z values are obtained by centroiding these peaks.
Accordingly, the horizontal (m/z) uncertainties must follow
the same Lorentzian (or sinc) distribution, other errors
neglected. If, like in our case, the observation time of the
transients is relatively long, the distribution of the m/z errors is
expected to retain a Lorentzian profile — as opposed to a
Gaussian. This is because the central limit theorem does not
apply to Lorentzians. Note that others obtain similarly shaped
distributions after recalibration>®. However, it is clear that if
the Lorentzian shape is lost, either due to very low amounts of
ions or elevated amounts leading to a sinc function, the average
resulting error should appear closer to a Gaussian.

ACF(K) =
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Figure 10. Mass deviation of all possible assignments within + 1 ppm
of deviation for a mass spectrum from a prebiotic molecular broth.
The top panel represents the raw data of the measurement. The
middle panel represents the pattern after “recalibration” based on the
internal calibrants, highlighted as orange plus signs before, and black
stars after recalibration. The bottom panel shows a pattern resulting
from a second recalibration using identified molecules (orange plus
signs) from the populated pattern at positions where no internal
calibrants were present (see Figure 2a-SI for the corresponding
pattern after a first recalibration). The mass deviation of the identified
molecules after recalibration corresponds to zero ppm (not shown).

To determine whether a Gaussian or Lorentzian function
better fits the mass deviations after recalibration, we applied
the Akaike Information Criterion (AIC) test (see SI Sec. 0.5
for details). Only after recalibration did the assignments clearly
favor the Lorentzian distribution, consistent with visual
inspection (Figure 12).

Note that the half width at half-maximum (HWHM) of the
Lorentzian fit to the mass deviation distribution is beyond 0.2
ppm (See Figure 12). The calibration error appears negligible
compared to this mass error. This becomes clear already in
Figure 10, bottom, where the deviation of the most populous
line from the baseline is smaller than the deviations cause by
the mass error. In’’, the authors achieved even slightly
narrower error at about double m/z, however, this was at the
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Figure 11. Autocorrelation function of mass deviations from the
baseline: initial data (blue) and recalibrated data (orange). The
reduced degree of autocorrelation in the recalibrated data confirms
increased randomness of the appearing mass error. The lag
corresponds to the number of successive data points taken as the
“distance” that the autocorrelation coefficient is determined for.
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Figure 12. Histogram of mass deviations of all possible assignments
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panels). The histogram is constructed using a bin size of 0.5 Da (300
bins over the 150—300 Da range). Compared to a Gaussian
distribution, the Lorentzian provides a better fit to the recalibrated
data. This is confirmed by the AIC values (insert).

expense of a much more sophisticated algorithm and data
calibration correction and for a different sample. It will be
interesting to see in future work, if our approach can be
improved to reach similar statistics.

In our analysis of the synthetic data above, we focused on a
Gaussian mass error distribution, which is not what we find in
Figure 12. However, since the distribution function of the

https://doi.org/10.1021/jasms.5c00226
J. Am. Soc. Mass Spectrom. 2026, 37, 105—115


https://pubs.acs.org/doi/suppl/10.1021/jasms.5c00226/suppl_file/js5c00226_si_002.pdf
https://pubs.acs.org/doi/10.1021/jasms.5c00226?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.5c00226?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.5c00226?fig=fig10&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jasms.5c00226/suppl_file/js5c00226_si_002.pdf
https://pubs.acs.org/doi/10.1021/jasms.5c00226?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.5c00226?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.5c00226?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.5c00226?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.5c00226?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.5c00226?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.5c00226?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.5c00226?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.5c00226?fig=fig12&ref=pdf
pubs.acs.org/jasms?ref=pdf
https://doi.org/10.1021/jasms.5c00226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Society for Mass Spectrometry

pubs.acs.org/jasms

Lorentzian is limited by the noise floor, in practice, this
function is finite. Accordingly we do not expect any principal
differences in transferring our results to that case.

Given the results above, an automatic recalibration strategy
could consist of identifying the most populous regions in the
mass deviation plots by an edge detection algorithm (see SI for
examples), and using the edges for recalibration. However, we
reserve a detailed study about optimization and automation for
future work. Many details, beyond the scope of the here
presented work, remain to be investigated. Alternative
strategies— such cross-correlation to establish the link
between the theoretical and the experimentally observed
pattern — may enhance assignment precision.

Moreover, one can feed our algorithm with improved data
along already established directions. Our approach could be
performed in Fourier space, where a gain in resolution can be
achieved, in principle up to a factor of 2°". A further aspect to
consider is the influence of concentration as reflected by peak
intensity. Highly concentrated molecules generate much longer
transients, leading to more intense and narrow Lorentzians.
This means that, in principle, these should have a stronger
weight in the calibration and attribution process. However, at
the same time they tend to deviate more in m/z due to their
increased space charge in the synchrotron. However, this
dependence can be quantified and corrected for*’. In the past,
improved experimental approaches have been proposed. One
of them is the OCULAR technique®”, where scanning the
entire mass range as small sections defined by a Quadrupole
could greatly increase the precision of the m/z measurement
while substantially increasing the number of detected
substances as part of a highly complex mixture. The latter
would improve our method, since more data is available for
recalibration. At the same time it is a segment-wise
measurement, which fits well to our segment-wise recalibration
strategy. Moreover, better statistics on chemically meaningful
molecular formulas that go beyond the seven golden rules
could improve the assignments further.

6. CONCLUSIONS

Here we presented a novel method for assigning chemical
formulas to mass spectrometry data in a combinatorial
approach. Using linear Diophantine equations and correspond-
ing low-mass moieties (LMMs), we looked at the ensemble of
possible attributions of chemically plausible combinations
within a given accuracy. Plotting mass deviations as a function
of m/z, this generated a symmetric line pattern in a perfectly
calibrated set. The symmetry stems from the low mass moieties
that appear as general solutions to the corresponding
homogeneous Diophantine equations. The symmetry was
used for recalibrating the data. Recalibration yielded a
Lorentzian mass error spectrum as expected from the physical
limitations of the instrument. This spectrum quantifies the
level of random mass error, an information that is crucial to
achieve predictable likelihoods of correct assignments in a
consistent approach. Note that at the same time our method
delivers an excellent tool to optimize the settings of an
instrument, since the mass inaccuracy becomes easily
quantifiable.
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