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ABSTRACT: Stable isotope labeling techniques have been widely applied in the
field of metabolomics and proteomics. Before the measured mass spectrum data
can be used for quantitative analysis, it must be accurately corrected for isotope
natural abundance and tracer isotopic impurity. Despite the increasing popularity
of dual-isotope tracing strategy such as *C-'>N or *C-H, there is no accurate tool
for correcting isotope natural abundance for such experiments. Here, we present
AccuCor? as an R-based tool to perform the correction for *C-*N or 1*C-?H label-
ing experiments. Our results show that the dual-isotope experiments often require
a mass resolution that is high enough to resolve '*C and '*N or *C and *H.Otherwise
the labeling pattern is not solvable. However, this mass resolution may not be suf-
ficiently high to resolve other non-tracer elements such as oxygen or sulfur from
the tracer elements. Therefore, we design AccuCor2 to perform the correction based
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on the actual mass resolution of the measurements. Using both simulated and experimental data, we show that AccuCor2 performs
accurate and resolution dependent correction for dual-isotope tracer data.

INTRODUCTION

Stable isotope tracers have been widely used to study the metab-
olism of carbohydrates, protein, lipids and metabolic co-factors.'
Tracers can be used to determine the origins of specific metabolites
by quantifying the incorporation of the isotope atoms from the la-
beled substrates.>* Tracers can also be infused in vivo in a non-
perturbative way to measure the turnover rates of circulating me-
tabolites>°. Another application of stable isotope tracing is meta-
bolic flux analysis (MFA), which provides quantitative evaluation
of the rates of biochemical reactions in the entire metabolic net-
work.”-® The most commonly used tracing isotopes are '3C, H and
I5N. 13C tracers are frequently used to study the biosynthesis of me-
tabolites and quantify the carbon flow in the metabolic network!?,
However, there are also many metabolic reactions such as transam-
ination, (de)hydration and redox reactions that do not involve the
formation or cleavage of carbon-carbon bonds!!. In these cases, the
13C tracers are not informative and tracers that include ?H or SN
should be used instead. ?H tracers are commonly used to study iso-
merase reactions and dehydrogenase reactions that involve NADH
or NADPH as co-factors'?!3, Meanwhile, N tracers are widely
used to investigate the metabolism of amino acids and nucleo-
tides'#!3, Modern mass spectrometry provides high mass resolution
that enables unambiguous detection of various stable isotopes sim-
ultaneously. As a result, tracers containing dual-isotopes (e.g. 1*C-
5N and '3C-2H) have been increasingly deployed in biological ex-
periments. For example, L-['3Cs,' N4] arginine was used to inves-
tigate autophagy and melanoma growth'®. L-[1-13C, '>N] leucine
was used to study the whole body amino acid metabolism.!” Me-
thyl[?H3]-'*C-methionine was used to study protein methylation

and breakdown'8. In these applications, the biological interpreta-
tion of the results dependents on the accurate determination of the
isotopic tracer incorporation in the metabolites.

It should be noted that the measured mass isotopologue distribu-
tion does not directly indicate the tracer incorporation. This is be-
cause of the natural abundance (NA) of isotopes. For example, the
unlabeled metabolite NAD* (C21H27N7014P2) would have 19% be-
ing M+1 because of the NA of '3C. Furthermore, 2.8% of unlabeled
NAD* could be M+2 because of the NA of '80. These natural abun-
dance must be corrected to reveal the actual tracer isotope incorpo-
ration, which is done through a process called isotope natural abun-
dance correction (INAC).

Many efforts have been made to advance the methodology of
INAC. Biemann ef al.'® proposed the first INAC algorithm which
subtracts the isotopologue fractions in a stepwise manner (i.e. NA
contribution from m+0 were corrected first followed by contribu-
tions from m+1, m+2 etc.). Although the stepwise approach is
mathematically correct, this method is prone to experimental errors
since the measurement error in one mass fraction may be propa-
gated across all other mass fractions and lead to a biased result. This
issue was solved by Brauman?’, Wittmann and Heinzle?! and Van
Winden et al.? using a least-square approach where all measure-
ment errors were weighted equally. This method first use probabil-
ity theory to generate a correction matrix that links the isotope la-
beling pattern and the measured mass fractions affected by NA.
Then the least square approach is applied to solve the isotope label-
ing pattern. Millard et al.? further improved this method by apply-
ing a non-negative least square method to solve the labeling pattern
and developed a well-established software IsoCor. IsoCor is an ef-
ficient tool that can perform both tracer impurity correction and
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INAC for many different tracer elements in large datasets. While
IsoCor is accurate for low-resolution mass spectrometry data, it
may have an over-correction problem when handling high-resolu-
tion data. This is because under high-resolution, some isotopo-
logues may be resolved from the tracer isotopologues and therefore
the corresponding fraction should not be subtracted. To address this
issue, Su et al.** developed the first resolution dependent INAC
tool called AccuCor. AccuCor uses resolution information to eval-
uate the impact of all non-tracer isotopes and only corrects the frac-
tions that affect the tracer isotopologue channels. Millard et al.?
and Du et al.?® further refined this method by calculating the cor-
rection limits for non-tracer isotope combinations, and developed
IsoCor2 and ElemCor respectively. Despite the advancement of
INAC methods mentioned above, few tools are available so far to
perform INAC for dual-isotope tracer experiments.

In this study, we developed AccuCor2 as an R-based tool to per-
form a resolution-dependent INAC in data from dual-isotope trac-
ers. We found such correction problems require the two tracer iso-
topes to be resolved under sufficiently high mass resolution. The
non-tracer isotopes are often not fully resolved and AccuCor2 can
account for them in a resolution dependent manner. We also com-
pared the performance of AccuCor2 with two other available tools
IsoCorrectoR?” and PICor using both simulated and experimental
data. The result shows both IsoCorrectoR and PICor under-cor-
rected isotopologues caused by non-tracer isotope natural abun-
dance whereas AccuCor2 correctly solved this problem.

THEORY

Theory of isotope natural abundance correction

INAC is the process, whereby, isotope labeling patterns are
solved from the measured mass fractions. The isotope labeling pat-
tern (denoted by L) and the measured mass fractions (denoted by
M) can be expressed as column vectors. These two vectors are re-
lated by the correction matrix (denoted by CM): CM x L = M.21.22
The i-th row and j-th column element of the correction matrix CM;;
represents the probability of the j-th labeled fraction contributing
to the i-th measured mass fraction due to the isotope NA and the
isotopic impurity of the tracer.?!:?2 The INAC algorithm that is suit-
able for high-resolution mass spectrometry data will construct the
correction matrix based on the chemical formula of the ion, the
mass resolution of the measurements and the isotopic purity of the
tracer.2*2¢ Once the correction matrix is built, the labeling pattern
can be solved by non-negative least squares algorithms such as
Hanson-Lawson or L-BFGS-B.232* Here, we will demonstrate the
construction of correction matrix for dual-isotope data.

The form of the correction matrix is determined by the forms of
the isotope labeling pattern L and measured mass fractions M vec-
tors. Here, we use serine ([M-H]" C3HsNO3) as an example. If ser-
ine is only labeled with '3C in the experiment, the labeling pattern
vector L = [13C0, 13¢,, 13¢,, 13C3]T and the measured mass frac-
tions vectorM = [M+ 0,M + 1,M + 2,M + 3]T. The CM con-
necting these two vectors would be a 4x4 matrix. If serine is labeled
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with both 13C and PN, L and M vectors and their relationship can
be expressed as eq. 1.
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In eq. 1, the element 13leSNn in the L vector denotes the frac-
tion with m-3C and n-'>N labeling. The element M+CiNj in the M
vector denotes the observed mass fraction that corresponds to the
incorporation of i '*C and j "N atoms. As we shall see in the result
section, in the dual-isotope labeling experiment it is necessary to
be able to resolve mass fractions of the same nominal mass such as
M+C1INO and M+CONT1. If the measurements are done under unit
mass resolution and the M+1 (m/z 105 for serine) fraction is ob-
tained instead of the resolved M+C1NO (m/z 105.03867 for serine)
and M+CON1 (m/z 105.03235 for serine) fractions, the correction
may fail to generate the accurate labeling pattern. For serine which
has 3 C and 1 N atoms, the correction matrix CM is an 8x8 matrix.

Construction of the correction matrix

CM can be factorized into three matrices: the tracer isotopic pu-
rity matrix IPM, the tracer elements matrix TM and the non-tracer
elements matrix NTM: CM = NTM x TM X IPM. We begin the
demonstration with the construction of TM because this matrix
usually has the greatest impact on CM. For convenience, we always
use the following convention to arrange the terms in the L and M
vectors: ascending numbers of '*C followed by ascending numbers
of 2H or N (eq.1). Therefore, the TM for '3C->N labeling of ser-
ine can be constructed (eq.2).

As shown in eq. 2, for a metabolite with m carbon atoms and n
nitrogen atoms, TM is a square matrix with (m+1)x(n+1) row and
columns. In fact, TM is composed of (n+1) x (n+1) blocks where
each block is a (m+1) x (m+1) sub-matrix. For example, the ele-
ment in row 7 column 6 (element [7, 6]) is within block [2, 2] and
position [3, 2] in the sub-matrix. This element represents the prob-
ability of the 3¢, 15N1-1abeled fraction appearing as M + C2N1
due to the carbon and nitrogen natural abundance. Since the
13C1 1‘C’Nl-labeled fraction of serine has 1 '*C from the tracer, there
are only 2 carbon atoms that are of NA. Similarly, since the
13C1 1‘C’Nl-labeled fraction of serine has 1 N from the tracer, there
are no nitrogen atoms that are of NA. We use the term 1P to rep-
resent the probability of having 1 '3C out of 2 natural carbon atoms:

1p, = (i) x et X (1= pe)?~1 = 2 x (0.011)" x (0.989)?, in
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which pc=0.011 represents the NA of *C. Therefore, the element
[7, 6] is 3P; x SPy. More generally, for the carbon-nitrogen TM, the
element [(i-1)x(m+1)+f, (j-1)x(m+1)+g] which is in the i-th row
and j-th column of the blocks and the f-th row and g-th column of

f-g i-j
m+1-grC X n+1—jPN' The element

[7,6] has the block indices of i=2, j=2 and sub-matrix indices f=3,
g=2, and this element has the value of 3,372P; x ;,273Py = 3P x
m+{:§ n+11:}PN=0 when f<g ori<j, TM is a lower
triangular matrix and each non-zero submatrix is also a lower tri-
angular matrix. Because of this triangularity, TM is always well-

conditioned.

the sub-matrix has the value of

SPy. Because Pc x

Similar to TM, we can also construct the isotopic purity matrix
IPM for 3C-N labeled serine (eq. 3). For a metabolite with m
carbon atoms and n nitrogen atoms, IPM is a square matrix com-
posed of (n+1) x (n+1) blocks where each block is a (m+1) x (m+1)
sub-matrix. The element in row 5 column 7 (element [5, 7]) is
within block [2, 2] and position [1, 3] in the sub-matrix. This ele-
ment represents the probability of the 13¢, 15N, -labeled fraction
appearing as M + CON1 due to the tracer isotopic impurities. We
use the term ZP;pc to represent the probability of having 2 natural
carbon atoms out of 2 tracer carbon atoms:

2 -
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, in which p;pc=0.99 represents the isotopic purity of 3C in the
tracer. Therefore, the element [5, 7] is 2P;pc X {P;py. More gener-
ally, for the carbon-nitrogen IPM, the element [(i-1)x(m+1)+f, (j-
1) x(m+1)+g] which is in the i-th row and j-th column of the blocks
and the f-th row and g-th column of the sub-matrix has the value of
gg__lfPIpC X i]—_ llP[pN. The element [5,7] has the block indices of i=2,
j=2 and sub-matrix indices f=1, g=3, and this element has the value
- _ —f

of g—%PIPc X %—%PIPN = %PIPC X (1]PIPN . Because gg—IPIPC X
i'__llPIPN=O when g<f or j<i, IPM is an upper triangular matrix and
each non-zero submatrix is also an upper triangular matrix.

Unlike the construction of TM and IPM described above, the
construction of NTM is affected by the mass resolution of the
measurement?*. For serine that is '3C-ON labeled, it takes a mini-
mal resolution of 50,800 (defined at m/z 200 on Orbitrap ana-
lyzer)** to resolve '30; and *C peaks but a minimal resolution of
140,000 to resolve '"O; and !*C; peaks on the mass spectrum.

Therefore, if data were measured at a mass resolution of 100,000,
NTM should include the term of 7O but exclude the term of '30;
to avoid overcorrection. In our previous work, NTM was further
factorized. The contribution from each non-tracer element such as
oxygen or sulfur was described by separate matrices. These matri-
ces were multiplied together to obtain the full NTM. Later, Millard
et al.” pointed out that the combination of certain non-tracer ele-
ments may be harder to resolve than individual elements. For ex-
ample, a minimal resolution of 50,800 and 42,500 are required to
resolve 1301 versus 13C2and 2H; versus *C; of serine respectively.
However, it takes a minimal resolution of 260,000 to resolve
1301+2H; versus '3Cs of serine. As a result, a single NTM should be
constructed instead of a product of matrices for individual element.
The latest version of AccuCor has adopted such an algorithm for
improved accuracy. For AccuCor2, we also construct a single NTM
to account for the NA of the non-tracer elements. The algorithm for
constructing NTM is shown in Figure 1. First, the algorithm uses
the input data to calculate the mass limit (ML) of resolvable peaks.
Second, the algorithm generates a list of atom combinations that
satisfy the following criteria: 1, for each element, the atom number
in the list does not exceed the atom number in the chemical for-
mula; 2, the difference between the mass shift caused by the tracer
atoms and the non-tracer atoms is within the mass limit. Lastly, the
probability of each atom combination in the list is calculated and
added to the corresponding position of NTM. The construction
completes when all entries in the list are accounted.

As shown in eq. 4, for a metabolite with m carbon and n nitro-
gen, NTM is a square matrix composed of (n+1)x(n+1) blocks
where each block is a (m+1)x(m+1) sub-matrix. The element in
row 4 column 1 (element [4,1]) represents the probability of the
13C(,I‘C’N(,-labeled fraction contributing to the M+C3NO m/z chan-
nel due to the non-tracer elements. Under 100,000 resolution, the
only non-tracer element combination that make such mass shift is
2H,+!801, which has the probability of Pyx”iPy. The term Py
represents the probability of having 1 2H atom out of 6 natural hy-
drogen atoms. The term OéPo represents the probability of having
070 and 1 '30 atom out of 3 natural oxygen atoms. Note that NTM
is not strictly lower-triangular since element [4,5] is non-zero. This
represents the probability of 13C015N1 labeled serine contributing
to the M+C3NO channel, which reflects the fact that '’N;+2H» and
13C3 are not resolved for serine under 100,000 resolution.
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Figures 1: NTM construction algorithm for 3C-1°N labeling ex-
periments. In this example, carbon and nitrogen are the tracer ele-
ments, and we assume, for simplicity, that the non-tracer elements
only include hydrogen and oxygen. The algorithm takes the chem-
ical formula of the ion, the charge and the mass resolution as the
input information. The output is the resolution dependent NTM. Al-
gorithm for 13C-?H labeling experiments follows the same structure.

EXPERIMENTAL SECTION

Materials

LCMS-grade methanol (A456), acetonitrile (A955), acetic acid
(A35), and water (ACROS 61515) were purchased from Fisher
Chemicals (Pittsburgh, PA). 13C3-15N; L-serine (99% isotopic pu-
rity on both '3C and N, CNLM-474-H-PK) was purchased from
Cambridge Isotope Laboratories (Tewksbury, MA). L-serine
(S4500) was purchased from MilliporeSigma (Burlington, MA).

Sample Preparation

100 uM of L-serine, '*C3-"N; L-serine or 1:1 mixture were dis-
solve in 40:40:20 (acetonitrile:methanol:water) and centrifuged for
10 min at 4 °C. The supernatant was collected for LC-MS analysis.

Liquid chromatography-Mass Spectrometry

The LC-MS method is the same as previously published method.
The MS scans were obtained in negative ionization mode with a
resolution of 70,000 at m/z 200, in addition to an automatic gain
control target of 3 x 10° and m/z scan range of 72 to 1000. Metab-
olite data was obtained using the MAVEN software package®® with
each labeled isotope fraction (mass accuracy window: 16 ppm).

Isotope natural abundance correction

Spectra simulation was done using Thermo Xcalibur Qual
Browser. The natural isotope abundance correction code was writ-
ten in R. The labeling pattern solving was done using the Hanson-
Lawson non-negative least squares method, which was imple-
mented in the NNLS package, to avoid negative fractions. The Ac-
cuCor2 code is freely available in two versions for '*C-2H, and '*C-
5N labeling studies (https://github.com/wangyujue23/Ac-
cuCor2).

RESULTS AND DISCUSSION

Requirement on the mass resolution for dual-isotope tracer
experiment

Early isotope tracer experiments that use a single isotope were
typically done on unit resolution mass spectrometers. The dual-iso-
tope tracer experiments, however, often have a minimum require-
ment on the mass resolution of the instrument. Take *C-13N serine
as an example, there are 8 possible labeled fractions of serine: *Co-
3-1>No.1. The labeling pattern of serine can be correctly solved if the
sample is measured on a high-resolution instrument (see Theory).
Under low mass resolution, different labeled fractions with the
same nominal mass are combined (e.g. M+C1NO and M+CON]1 are
combined as M+1), resulting in fewer mass fraction measurements
than the labeled fractions. Therefore, when measured on a unit res-
olution mass spectrometer, serine has only 5 mass fractions M+0 -
M-+4. It is obviously impossible to solve 8 labeling fractions based
on the measurements of only 5 mass fractions. Therefore, the label-
ing fractions of the metabolite cannot be determined.

Even if the choice of the tracer limits the number of possible la-
beling fractions to be no more than the number of measured mass
fractions, the correction may still fail. Suppose serine can be la-
beled in only 3 forms: '3C1-1*No, *Co-*N1 and *C1-'>Ni1. Under
unit mass resolution, the *Ci-"No and '3Co-'>N; serine are both
measured as M+1 and the 13C1-15Ni fraction is measured as M+2.
Due to the isotope natural abundance, '3Ci-"No and '3Co-"’N; ser-
ine also contribute to M+2 and M+3 fractions and '3Ci-'>N; also
contributes to the M+3 fraction. Therefore, it would appear to be
possible to determine 3 labeling fractions '3Ci-*No, '*Co-'3N; and
13C;-15N; from the measurement of 3 mass fractions M+1, M+2 and
M-+3. However, Figure 2 provides a set of examples to demonstrate
that such correction cannot be done. We calculated 6 combinations
of labeling fractions (Figure 2A, Sample 1-6) which have the '3Ci-
15N fraction ranging from 0% to 95%. These samples have exactly
the same M+1, M+2 and M+3 fractions when measured under unit
mass resolution (Figure 2B, Supplementary Table 1). Therefore,
the labeling fractions cannot be calculated from the measured mass
fractions. In fact, there are infinitely many combinations that could
fit these mass measurements. The mathematical reason behind this
phenomenon is that low resolution causes certain columns of the
correction matrix, such as those correspond to M+1CON and
M+0CIN, to be combined as M+1. These combinations make the
correction matrix singular. Consequently, the labeling fractions
cannot be determined from such measurements.



(A) Labeling pattern of samples (B) Low Resolution Observation
.13C1:15No .13C0115N1 .1301115N1 100% M+1 6% M+2 0.8% M+3
Sample 1 75% 0.6%
Sample 2 4%
Sample 3 50% 0.4%
Sample 4 2%
Sample 5 25% 0.2%
Sample 6
0% 0% 0.0%
0% 25% 50% 75% 100% 123456 123456 123456
Sample
(C) High Resolution Observation
100% 6% M+2
75%
4%
50%
2%
25%
0% 0%

1 2 3 4 5 6

1 2 3 4 5 6
EIM+1coN [EIM+0CIN EJM+1C1IN ElM+2CON

Figures 2: Dual-isotope tracer experiment requires high mass resolution. Serine isotopologue mixtures ('*Ci-'3No, '3Co-"’Ni and '3Ci-
15N1) were measured under low and high resolution MS. Low resolution do not distinguish '3C and ?H, leading to the same observation
among all samples. Consequently, the labeling pattern is unsolvable under low resolution. In contrast, high resolution can distinguish '3C

and ZH isotopologues, leading to unique solution of labeling pattern.

In contrast, when these samples were measured under a mass res-
olution that is high enough to resolve *C and °N, 3C;-No, 13Co-
15N and '3C;-"N; would be measured as M+1CON, M+0C1N and
M+1CI1N respectively (Figure 2C). 1*C;-13Np would also contribute
to M+2CON due to NA, which can be resolved from M+1CI1N un-
der high mass resolution. In this case, all 6 samples give different
mass fraction measurements so that their respective labeling pat-
terns can be solved accurately. For serine ((M-H]", m/z 104.03532),
the nominal mass resolution (for Orbitrap instrument, defined at
m/z 200)>*?? should be >19,700 to resolve '3C and °N. In general,
the mass resolution should be high enough to resolve all the label-
ing fractions of interest. This requirement should be taken into con-
sideration when designing a dual-isotope tracer experiment.

Resolution dependent correction for the non-tracer elements

Dual-isotope tracer experiments require a minimum mass reso-
lution under which the tracer isotopes can be resolved. However,
this resolution may not be high enough to resolve other non-tracer
elements which should also be corrected. As shown by Su et al.*,
the minimum resolution for isotopologue separation depends on
both the absolute mass difference (Am) and m/z (represented by m
in the formula).

1.66 x m3/2

Nominal Resolution > ———
Am x /200

(&)

Eq. 5 suggests that as the mass difference Am goes lower, a
higher mass resolution is required to resolve the corresponding
isotopologues. Figure 3 provides a visual illustration of the rela-

tionship among resolution requirement, mass difference and the
mass of ion. For serine ((M-H]", m/z 104.03532) that is '*C and N

labeled, it only takes a minimum resolution of 19,700 to resolve the
13C1-1Np and '3Co-"*N; isotopologues. However, it takes a mini-
mum resolution of 50,800 to resolve 1*Cz and 801 (Am=0.00245).
Similarly, for serine that is '*C and ?H labeled, it takes a minimum
resolution of 42,500 to resolve the *C1-?Ho and '*Co-?H; isotopo-
logues. And it takes a minimum resolution of 260,000 to resolve
2H;-'80; and 3C3 (Am=0.00048) and 50,400 to resolve 2H3z-"N;
and 3C4 (Am=0.00247).

Moreover, as the mass of the ion goes up, the required resolution
also goes up (Figure 3). For acetyl-CoA ([M-H]",C23H37N7017P3S)
that is 13C-1SN labeled, it takes a minimum resolution of 427,000 to
resolve the 3C;-15No and '3Co-°Nj isotopologues, which is achiev-
able on modern Orbitrap instruments. However, it takes a minimum
resolution of 697,000 to resolve *Ci-1*N; and 801 (Am=0.00387),
1,100,000 to resolve *Cz and 801 (Am=0.00245) and 1,550,000 to
resolve 3*S; and N2 (Am=0.00174). The mass resolution for re-
solving these isotopologues is not attainable on many current main-
stream instruments. Fortunately, as long as the tracer isotopes are
resolved, the non- tracer correction matrix is always well-condi-
tioned so that the correction can be done even when the non-tracer
isotopes are not resolved.

To accurately account for the contribution from the NA of the
non-tracer elements, NTM should be constructed based on the ac-
tual mass resolution of the experiment (See Theory). Basically,
based on the mass resolution, AccuCor2 will calculate whether a
specific isotopologue is resolved from any of the tracer isotopo-
logues. If the resolution is not high enough so that the non-tracer
NA contributes to a mass channel of a labeling fraction, AccuCor2
will add associated probability to NTM and correct for it. If the res-
olution is high enough to resolve the non-tracer isotopologue from
the labeling fraction, AccuCor2 will leave this fraction off from
NTM to avoid over-correction.
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Figures 3: Effect of resolution on isotopologue separation. The minimal resolution for separating isotopologues according to m/z and
mass difference (Am) for experiments using '*C-">N (A) and *C-H (B) tracer experiments. The most commonly observed isotopologue
pairs are shown in different colors. All isotopologues shown were measured with -1 charge.

AccuCor2 performs accurate natural abundance correction
from dual-isotope tracer data

To test the performance of AccuCor2, we first used a simulated
dataset of '3C-?H labeled NAD* ([M-H]", C21H26N7014P2) (Figure
4). The simulation assumed a mass resolution of 750,000 which is
sufficient to resolve *C and ?H. The simulation also assumed the
following labeling patterns: sample 1: 100% non-labeled; sample
2:50% non-labeled + 10% *Cs-Ha + 40% '3Cs-*H3; sample 3: 36%
non-labeled + 14% '3Cs->Hz + 50% '*Cs->H3; sample 4: 100% '3Cs-
?Hs. These isotopologues were chosen because they are possible
products when *Cs-2Hy nicotinamide tracer is used®. The simu-
lated dataset shows that besides the expected labeled fractions such
as M+0COH, M+6C2H and M+6C3H, there are many unexpected
isotopologues in the uncorrected data. For example, in sample 4,
M+8C3H is 3.4% of the total intensity and M+9C1H is 2.1% of the
total intensity (Figure 4). Carbon natural abundance alone does not
explain the intensity of these signals. The observed signals are in
fact mainly contributed by '*Cs-2H3-'301 and '3Cg-?H3-'Ni respec-
tively. The mass difference between *Cs-2H3-'30; and '*Cs-?H3
NAD* is 0.00245 so that they are not resolved when the resolution
is below 816,000. The mass difference between '3Ce-2H3-'N; and
13Co-2H; NAD" is 0.00048 so that they are not resolved when the
resolution is below 4,200,000. AccuCor2 recognized these frac-
tions that arose due to NA of the non-tracer elements and corrected

them successfully. The corrected results from AccuCor?2 is identi-
cal to the expected labeling pattern of the samples. PICor and Iso-
CorrectoR, on the other hand, failed to correct these fractions. We
believe this is because these tools essentially assume infinite mass
resolution and ignore non-tracer elements and therefore lead to un-
der-correction of the data (Figure 4).

In addition to the simulated data, we have also tested the perfor-
mance of AccuCor2 using experimental data (Figure 5). In this ex-
periment, we used ['3C3-"Ni] serine and unlabeled serine to make
the following samples: sample 1: 100% non-labeled; sample 2:
50% non-labeled + 50% '3Cs-13N1; sample 3: 100% '3C3-15N1. The
measurement was performed at 70,000 resolution. For serine (Fig-
ure 5A), this resolution is sufficient to resolve all the non-tracer
elements. The only unanticipated measured mass fractions are
M+2CIN and M+3CON due to the isotopic impurity of the tracer
(99% isotopic purity on both '3C and *N). AccuCor2 and IsoCor-
rectoR both return the expected results, whereas PICor left the '3Co-
5N and '*C3-’Np fractions uncorrected because PICor does not
handle tracer isotopic impurity (Figure 5A). In this experiment, ser-
ine is also observed as a sodium acetate adduct ([M+NaAc-H]J,
CsHoNOsNa)3!. We observed signals that correspond to M+5C1N
serine+NaAc (Figure 5B). Since the NaAc is from the LC mobile
phase which is unlabeled, this fraction should have been generated



because of isotope natural abundance. In fact, serine+NaAc has the
m/z of 186.04, which means a minimum resolution of 120,000 is
needed to resolve 1*Cz and '801. The observed '*Cs-13N| fraction is
in fact '3C3-1°N;-180; fraction. The correction results show that Ac-
cuCor?2 recognized this fraction and corrected it. PICor and IsoCor-
rectoR failed to correct this fraction. Our tests using simulated and
experimental data demonstrate that the resolution dependent cor-
rection, as implemented in AccuCor2, is important for the accuracy
of isotope natural abundance correction for dual-isotope tracer
experiments.
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Figure 4: Performance of PICor, IsoCorrectoR and Accucor2
in simulated data. Uncorrected data are generated using NAD*
MS spectra simulated by Thermo Xcalibur Qual Browser at
100,000 resolution. The original labeling patterns are sample 1:
100% non-labeled; sample 2: 50% non-labeled + 10% '*Cs-*Hz +
40% '3Cs-*Hs; sample 3: 36% non-labeled + 14% *Cs-?Ha + 50%
13Cg-2H3; sample 4: 100% Ces-*Hs.

CONCLUSION

In this study, we developed AccuCor2 as a new tool to perform
INAC of data from dual-isotope tracer experiments in a resolution
dependent manner. Our results show that the dual-isotope tracer ex-
periment should use a mass resolution that is high enough to resolve
all the labeling fractions of interest. Otherwise, the labeling pattern
cannot be determined. The non-tracer elements may require an
even higher mass resolution to fully resolve, but this can be handled
by the resolution dependent correction in AccuCor2. AccuCor?2 is
freely available in open source format and would enable more ac-
curate calculation of metabolite labeling patterns from MS.
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