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Abstract. We present a method for determination of the isotopomer distributions of metabolites from the data generated by a
tandem mass spectrometer. The method is an improvement over existing method as it is able to deal with overlapping fragments
in the spectra. Our experiments indicate that the new method surpasses its predecessors in separating isotopomers from each
other. When using the daughter ion scanning (collision induced dissociation) mode, the method was shown to be able to
constrain the isotopomer distribution of different amino acids better than two existing methods. In particular, the isotopomer
distributions of three amino acids, glycine, alanine and serine, can be fully uncovered with the method. However, due to the
imperfect fragmentation of molecules in the tandem mass spectrometer, isotopomer distributions of larger amino acids still
cannot be fully uncovered. In tests with isotope-labelled alanine, most accurate results were obtained using multiple reaction
monitoring and 15 eV collision energy. The meausured isotopomer frequecies were in the range 99–106% of the theoretical
value and the deviation between repetitions was in the range 1–10%.

1. Introduction

Metabolic flux estimation deals with uncovering the steady-state velocities of biochemical reactions
in vivo. This task arises in many fields of biological research, for example, in human neurochem-
istry [13], plant physiology [11] and metabolic engineering of microbes [9]. In metabolic engineering,
quantitative discovery of intracellular fluxes is arguably the most important question: knowledge of the
fluxes is a prerequisite to optimization of the metabolic pathways towards high yield of the product
metabolite of interest [19].

In recent years the use of 13C-labeled substrates has proven to be a promising method to quantify
intracellular fluxes of the cell when there are more than one alternative pathways between two metabo-
lites. These tracing methods are based on measuring the isotopomer distributions, that is, the different
13C-isotopic versions of the metabolite with their relative abundancies. By comparing the measured iso-
topomer distributions to the distributions expected when using each alternative pathway, one aims to
deduce information about the distribution of the fluxes among the pathways [14,16,17,19,22].
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At the moment there exists two principal methods to determine the positional isotopomer distribution
of the atoms, Nuclear Magnetic Resonance (NMR) and Mass Spectrometry (MS) coupled with liquid
(LC-MS) or gas (GC-MS) chromatographic separation. NMR has been used for flux discovery by several
authors [3,9,10,18,20,21,26]. Mass spectrometry has been applied, for example, by Di Donato et al. [4]
and by Wittmann and Heinzle [24,25]. The methods also can be combined to gain more information
about the positional isotopomer distribution and thus possibly about the fluxes as well [1,12].

Matrix based methods for calculating positional isotopomer distributions from the data produced
by MS have been developed by Wittmann and Heinzle [24], by van Winden [23] and by Dauner and
Sauer [2], who all use correction matrices to remove the effect of natural labeling from measured mass
spectra, and by Christensen and Nielsen [1]. These methods were brought to tandem mass spectrometers
with daughter ion scanning by Rantanen et al. [15] and by Jeffrey et al. [6].

A mass isotopomer distribution obtained from mass spectrometry imposes linear constraints to the
isotopomer distribution. In tandem MS, the ions can be fragmented and the fragments measured sepa-
rately which increases the number of constraints. With daughter ion scanning, only one mass isotopomer
is fragmented at the time that still increases the number of constraints to isotopomer distribution. In the
best case with tandem MS one can deduce the isotopomer distribution in its entirety, which is not possi-
ble in the normal MS even in principle.

This paper improves the method described in [15] by allowing the isotopomers of different fragment
overlap in the spectra. The structure of the article is the following. In Section 2, we shortly introduce the
mass spectrometric methods used Section 3 gives a thorough description of the computational methods
used to uncover the isotopomer distributions. In Section 4, experiments on discovery of isotopomer
distributions of amino acids are presented. Section 5 concludes the article with discussion.

2. Mass spectrometric methods

Mass spectrometry is nowadays a target of interest when analysing isotopomer distributions of the
metabolites because the advantage of the mass spectrometric methods compared to NMR is the sensitiv-
ity and speed. At the moment, the main mass spectrometric method used is GC-MS with electron impact
(EI) ionization and a full scan mode. With this method, all the mass isotopomers of the metabolite mole-
cule fragmentate simultaneously in the ionization chamber because of high energy, and a set of fragment
ions are observed in the spectrum. When using GC-tandem mass spectrometry method (GC-MS/MS),
the isotopomer ion of interest can be chosen and fragmented further (daughter ion scanning) to get ad-
ditional information. Because many of the metabolites analysed are quite polar, derivatisation is needed
to convert the metabolites volatile enough for GC-MS analysis. In isotopomer distribution calculations,
the atoms from derivatising reagent have to also be taken account.

With an LC-MS method, when an electrospray ionisation (ESI) is used when analysing polar metabo-
lites (in our case, amino acids), usually no derivatisation is needed which makes sample pretreatment
easier and quicker. ESI is a soft technique, i.e. in a full scan mode, usually only [M + H]+ ion (positive
ionisation mode) or [M − H]− ion (negative ionisation mode) with isotopomer signals of the molecule
are observed. In order to obtain fragmentation, a tandem mass spectrometer with a daughter ion scan-
ning technique has to be used. In this technique, only one mass isotopomer is fragmented at a time which
adds selectivity. However, attention has to paid to the collision energy and collision gas pressure to get
optimal fragmentation conditions: the more collision energy and higher gas pressure are used, the more
molecule fragments, which influences the isotopomer spectrum. This rule also applies to a GC-MS/MS
technique.
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Besides the daughter ion scanning technique, also another tandem mass spectrometric method, called
multiple reaction monitoring (MRM), can be used. With this method, only the daughter fragments of
the molecule having the known masses are monitored while with the daughter ion scanning method the
whole mass range is scanned. With a MRM-method, the sensitivity is better than with a daughter ion
scanning technique which can be important when analysing isotopomer distributions of molecules at
low concentrations.

In our experiments, ESI-MS- and daughter ion spectra of 20 amino acids have been measured at three
different collision energies and both the structures and relative intensities of the fragments of amino
acids have been determined. In addition, LC-MS and LC-MS/MS repeatability tests have been done with
labelled alanine standard solutions, which consist of natural alanine, 1-13C-alanine and 3-13C-alanine.

3. Computational method

In the following, we derive the computational method for uncovering isotopomer distributions of
molecules with a tandem mass spectrometer. We begin by a rigorous definition of the probability model
of isotopomer analysis, treating fragmentation and isotopomers as probabilistic events quantified by
random variables. The outline of correcting for natural abundance of non-carbon isotopes is presented
next, followed by a presentation of handling the tandem mass spectra in a way that makes it possible to
handle overlaps of different fragments. Equation systems for both full scan and daughter ion scanning
modes are presented.

3.1. Modeling preliminaries

We treat a molecular species M = {1, . . . , |M|} as a sequence of numbered atom locations, each
with a specific element type Ei ∈ {H, He, Li, . . .}. By C ⊂ M and C ⊂ M, we denote the sets of carbon
and non-carbon locations, respectively. A fragment (species) F ⊂ M is a subset of M. By C ∩ F and
C ∩ F we denote the carbon and non-carbon locations within F , respectively (Fig. 1). The mass/charge
value of a fragment F ⊆ M is denoted by mz(F ).

We associate with each atom location 1 � i � |M| a random variable λi : Ω �→ N where the basic
set Ω is a fixed pool of molecules of species M. The variable λi(ω) denotes the isotope in location i of
a single randomly drawn molecule ω; λi(ω) = 0 denotes the lowest mass isotope of element type Ei,
λi(ω) = 1, denotes the isotope with one additional neutron, and so on. In the case of carbon, we have
λi(ω) = 0 for 12C and λi(ω) = 1 for 13C.

The �th mass isotopomer of molecular species M is the event +�M(ω) = {
∑

i λi(ω) = �} denot-
ing that the atom locations within M contain a total of � extra neutrons. Respectively, the kth mass
isotopomer of fragment F is the event +kF (ω) = {

∑
i∈F λi(ω) = k}.

(a) (b) (c) (d)

Fig. 1. Illustration of the set notation with the alanine amino acid: a fragment (a), the set of carbons (b), the set of non-carbons
within the fragment (c) and the set of carbons outside the fragment (d).
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By +i{C ∩ F}(ω) (resp. +i{C ∩ F}(ω)) we denote the event that the carbons (resp. non-carbons) of ω
within the fragment F contain i extra neutrons. The (13C) mass isotopomer distribution of a molecular
species M with the carbon locations C = {c1, . . . , cn}, is the vector

MM =
[
P

{+0C
}

, P
{+1C

}
, . . . , P

{+nC
}]T

. (1)

An (13C) isotopomer is a joint event

wC(ω) =
{
λc1(ω) = w1

}
∧

{
λc2(ω) = w2

}
∧ · · · ∧

{
λcn(ω) = wn

}
,

where w = w1, . . . , wn is a binary string since we assume that 13C is the only higher carbon isotope.
The vector of relative isotopomer frequencies

IM =
[
P

{0...0C
}

, P
{0...1C

}
, . . . , P

{1...0C
}

, P
{1...1C

}]T
(2)

is called the (13C) isotopomer distribution of M. Note that, for clarity, we usually drop the argument ω
from the notation.

3.2. Correction of natural abundance of isotopes

Correlating the mass spectrum with the 13C isotopomer distribution is hindered by the fact that other
atoms types than carbon also contain – from natural causes – higher isotopes. To counteract their effect,
we need to estimate for fragments F ⊆ M the probabilites

αF (�) = P
{+�{C ∩ F}

}
(3)

of � extra neutrons to recide within the non-carbons of fragment. This is accomplished by the well-
known methodology introduced by Lee et al. [8]. In the estimation, standard assumptions are made:
higher isotopes of atom types other than carbon occur in a constant frequency, as reported in tables of
natural abundance. Moreover, it is assumed that the isotopes occur independently from each other and,
in particular, from the carbon isotopes. Based on these assumptions, (3) can be computed by considering
each combination of placing l extra neutrons among the non-carbons and summing the their proba-
bilites [8,15]. One should note that when using derivatisation in GC-MS, the carbons of the derivating
reagent need to be treated separately form the carbons of the analysed molecule M, and, in essense, the
same as the non-carbon atoms: assuming occurrence of 13C isotopes with natural abundance and inde-
pendently from other atoms. In practise, for large �, αF (�) will be negligible and can be taken as zero.
Also note that a coefficient αF (�) can only be non-zero for 0 � � � NF , where NF is the maximum
number of extra neutrons F can accommodate.

Handling a mass spectrum containing only peaks corresponding to an unfragmented molecular
species M is straightforward given the precomputed coefficients +�αF . Denote with m the base mass
of the molecular species M, with h(t) the intensity of a peak with mz = t and with N the maximum
number of extra neutrons that the molecular species can accommodate. The relative intensity ι can then
be interpreted as the relative frequency of the corresponding mass isotopomer:

ι(m + �) =
h(m + �)∑m+N
t=m h(t)

� P
{+�M

}
.



J. Rousu et al. / Isotopomer distribution computation from tandem mass spectrometric data 57

Assuming that the carbon and non-carbon isotopes occur independently from another, we can decompose
the above into a weighted sum of carbon mass isotopomer probabilites

P
{+�M

}
=

�∑
i=0

P
{+�−i C

}
· P

{+iC
}

=
�∑

i=0

αM(� − i) · P
{+iC

}
. (4)

The equation sums over the probabilities of all possible combinations of putting i extra neutrons among
the carbons and the rest � − i extra neutrons among the non-carbons.

Each carbon mass isotopomer +iC can be further decomposed into a sum of (positional) isotopomers

P
{+iC

}
=

∑
{

w|
∑

p
wp=i

} P
{wC

}
.

Plugging the above to (4) and noticing that each isotopomer wC appears exactly once in the sum gives
us the desired linear equation between the carbon isotopomers probabilites and the measured relative
peak intensity:

ι(m + �) =
�∑

i=0

∑
{

w|
∑

p
wp=i

} αM(� − i) · P
{wC

}
=

∑
w∈{0,1}n

αM

(
� −

∑
p

wp

)
P

{wC
}
.

The same procedure is repeated for each peak t ∈ {m, . . . , m+N} to obtain a system of linear equations

A · IM =




α(0, 0) . . . α(0, 2n − 1)
...

. . .
...

α(N , 0) . . . α(N , 2n − 1)


 ·




P
{

0...0C
}

...
P

{
1...1C

}


 =




ι(m)
...

ι(m + N )


 = �ιM (5)

where we denoted α(�, q) = αM(�−∑
p wp) where w is the qth binary string of length n. The matrix A

is less than full rank for any molecule that contains more than one carbon. This is because two molecules
of the same weight fall into the same peak, regardless of the location of the labels. Thus, from (5) we can
solve the mass isotopomer distribution (1) but not the isotopomer distribution (2). Fortunately, tandem
mass spectrometry can help us in obtaining better solutions.

3.3. Utilizing tandem mass spectrometry

The full scan-mode tandem mass spectrum contains all produced fragments of all ions, regardless
of their mass. The daughter ion scanning-mode spectra are more selective, only containing fragments
originating from ions of a particular mass. Both methods enable us to obtain further information of the
isotopomers that have the same number of labels.

Methods for the full scan mode have been previously presented by Christensen and Nielsen [1] and
methods for daughter ion scanning by Rantanen et al. [15] and Jeffrey et al. [6]. In this paper we ex-
tend the previous works by considering the problem of overlaps in the daughter spectra in a systematic
manner.

Overlaps in the fragment spectra complicate the isotopomer analysis. An overlap occurs when two or
more fragments have their mass close together, for example, the fragments C2H3 (m/z = 27) and CH3N
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(m/z = 29) overlap since the mass isotopomer +�+2{C2H3} has the same (integral) mass as the mass
isotopomer +�{CH3N}, where � ∈ {1, 2, . . .}. The contribution of one fragment to the peak depends, in
addition to the isotopomer distribution of the molecule, on the probability that the fragment emerged in
the mass spectrometer.

For GC-MS, consideration of overlaps has been performed by Jeffrey et al. [6]. They, however, present
only the case where the overlapping fragments are known to originate from different source molecules.
This may be warranted assuming that the fragments of a derivatized molecule have distinctly different
weights.

In the following, we derive a method for tackling the overlaps in a general manner, without the above
assumption. For each fragment F ⊆ M, let us define a random variable gF : Ω �→ {0, 1} and an event
GF = {gF (ω) = 1} to denote whether fragment F was generated out of the molecule ω or not. Consider
now a tandem mass spectrum (h0(0), . . . , h0(mz(M) + N )) generated by sampling a pool of unlabelled
molecules.

Assuming that no fragments have exactly the same mass, the expected relative intensity E(ι0(mz(F )))=
P{GF}/

∑
Fi⊆M P{GFi} is directly related to the emergence probability of the fragment. The observed

intensity ι(mz(F )) can thus be used to approximate the relative probability

rF =
P{GF}∑

Fi⊆M P{GFi}
� ι0(mz(F )

)
(6)

of fragment F emerging.

3.3.1. Equation system for the full scan mode
Let us now examine how the situation is compicated by the isotope labeling. With LC-MS in full scan

mode, usually only [M + H]+ ion (positive ionisation mode) or [M − H]− ion (negative ion mode) with
isotopomer signals of the molecule is observed. With GC-MS, in the full scan-mode, each peak generally
contains isotopomers of all fragments that emerged in the ion source and have mass isotopomers of the
same mz value, and correspondingly, each fragment contributes to a number of peaks.

For a peak mz = t in the spectrum, denote by δF (t) = t − mz(F ) the offset from the fragment
peak mz(F ) and by S(t) = {F ⊆ M | 0 � δF (t) � NF} the set of fragments that have mass
isotopomers able to contribute to the peak mz = t, where NF is the maximum number of extra neutrons
the fragment can accommodate.

The contribution of fragment F to the expected intensity of the peak t = mz(F )+k is P{+kF∩GF} =
P{+kF} · P{GF} assuming negligible isotope effects, that is, the emergence of certain fragment is
independent of which isotopomer is in question. The probability of a fragment of mass/charge mz = t
emerging can then be expressed as

∑
F∈S(t)

P
{+δF (t)F ∩ GF

}
=

∑
F∈S(t)

P
{+δF (t)F

}
P{GF}

and the peak’s expected proportion of the total intensity of the spectrum as

∑
F∈S(t)

P
{+δF (t)F

} P{GF}∑
Fi⊆M P{GFi}

=
∑

F∈S(t)

P
{+δF (t)F

}
· rF ,
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assuming that isotope labeling does not affect the fragment emergence probabilities rF . The factor
P{+δF (t)F} can be decomposed by considering all possible ways of allocating the k = δF (t) extra
neutrons among the carbons and non-carbons of the fragment:

P
{+kF

}
=

k∑
i=0

P
{+k−i{C ∩ F}

}
· P

{+i{C ∩ F}
}

=
k∑

i=0

αF (k − i) · P
{+i{C ∩ F }

}
.

Furthermore, we can decompose P{+i{C ∩ F}} as a sum of (positional) carbon isotopomers of the
molecule M that have i = iF (w) =

∑
p∈C∩F wp labels among the carbons within the fragment:

k∑
i=0

αF (k − i) · P
{+i

{C ∩ F}
}

=
∑

w∈{0,1}n

αF
(
k − iF (w)

)
· P

{wC
}
.

We equate the expected and the observed relative intensities to obtain an equation for a peak mz = t in
the full scan mode spectrum. We thus obtain

ιFS(t) =
∑

F∈S(t)

∑
w∈{0,1}n

αF
(
δF (t) − iF (w)

)
· P

{wC
}
· rF

=
∑

w∈{0,1}n

P
{wC

} ∑
F∈S(t)

αF
(
δF (t) − iF (w)

)
· rF =

∑
w∈{0,1}n

P
{wC

}
· β(t, w), (7)

by changing the order of summation, taking P{wC} out of the inner sum and finally denoting β(t, w) =∑
F∈S(t) αF (δF (t) − iF (w)) · rF .
The linear equations thus obtained are collected into a matrix system

BFS · IM =




β(0, 0) · · · β(0, 2n − 1)
...

. . .
...

β(m + N , 0) · · · β(m + N , 2n − 1)


 · IM =




ιFS(0)
...

ιFS(m + N )


 = �ιFS

denoting β(t, q) = β(t, w) where w is the qth binary string of length n.

3.3.2. Equation system for the daughter ion scanning-mode
In daughter ion scanning, one selects a single mass isotopomer +�M to be subsequently fragmented.

Thus the daughter ion spectrum contains fragments that originated from a molecules of equal weight.
This procedure is then repeated for all interesting mass isotopomers of the molecule, which results in a
collection of daughter spectra.

Selecting the mass isotopomer +�M implies that the daughter peak mz = t contains those fragment
mass isotopomers +kF only that have correct weight, that is mz(F ) + k = t and that originate from the
selected molecule ion. The relative intensity of the daughter peak satisfies

ιD(t, �) =
∑

F∈S(t)

P
{+kF | +�M

}
· rF .

Note that the probability of the fragment F emerging is taken to be independent of which parent ion
was selected. The factor P{+kF | +�M} = P{+kF ∩+�M}/P{+�M} can be further decomposed into a
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sum of probabilities of events where i labels are situated within the carbons of the fragment, k− i labels
within the non-carbons of the fragment, j labels among the carbons outside the fragment and l − k − j
labels among the rest of the atoms:

P
{+kF | +�M

}
=

∑k
i=0

∑�−k
j=0 P{+i{C ∩ F} ∩ +j{C ∩ F} ∩ +k−i{C ∩ F} ∩ +�−k−j{C ∩ F}}

P{+�M}

=
k∑

i=0

�−k∑
j=0

P
{+i{C ∩ F} ∩ +j{C ∩ F}

}
· αF (�, k − i, � − k − j).

The last equality was obtained by making the same assumption are before that the labels in the
non-carbon part occur independently of each other and of the labels among the carbons, and denot-
ing αF (�, t, u) = P{+t{C} ∩ F} · P{+u{C ∩ F}}/P{+�M}. Note that the numerator is given by
P{+t{C} ∩ F} · P{+u{C ∩ F}} = αF (t) · αF (u) and that P{+�M} � ι(mz(M) + �) can be obtained
from the spectrum of the unfragmented molecule.

As in the full scan mode, by taking advantage of the fact that each isotopomer occurs exactly once
in the (double) sum we can decompose the carbon mass isotopomer probability as a sum of isotopomer
probabilities

k∑
i=0

�−k∑
j=0

P
{+i{C ∩ F} ∩ +j{C ∩ F

}}
αF (�, k − i, � − k − j)

=
∑

w∈{0,1}n

P
{wC

}
αF

(
�, k − iF (w), � − k − jF (w)

)
,

denoting jF (w) =
∑

p∈C∩F wp and iF (w) =
∑

p∈C∩F wp.
By similar derivation as in (7), the equation for the daughter peak can thus becomes

ιD(t, �) =
∑

F∈S(t)

∑
w∈{0,1}n

P
{wC

}
αF

(
�, δF (t) − iF (w), � − δF (t) − jF (w)

)
· rF

=
∑

w∈{0,1}n

P
{wC

}
· βF (�, t, w)

where we denoted

βF (�, t, w) =
∑

F∈S(t)

αF
(
�, δF (t) − iF (w), � − δF (t) − jF (w)

)
· rF .

The above equations can be collected into a system of linear equations. From the daughter ion spec-
trum of +�M, we get the following system

B� · IM =




β(�, 0, 0) · · · β(�, 0, 2n − 1)
...

. . .
...

β(�, m + N , 0) · · · β(�, m + N , 2n − 1)


 · IM =




ιD(0, �)
...

ιD(m + N , �)


 = �ιDIS(�),

where again β(�, t, q) = β(�, t, w) for qth length-n binary string w.
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The systems of equations for the unfragmented molecule, the full scan-mode daughter spectrum and
the set of daughter spectra emerging from the daughter ion scanning experiment all represent linear
constraints to the isotopomer distribution IM of the molecule. Thus they, or any subset of them, can be
collected into a common system

S · IM =




A
BFS

B0
...

BN



· IM =




�ιM
�ιFS

�ιDIS(0)
...

�ιDIS(N )




and solved together.

4. Experiments

4.1. Materials and methods

4.1.1. Materials
Natural L-amino acids were obtained from Sigma-Aldrich (Steinheim, Germany). 1-13C and 3-13C

labelled L-alanine (99 atom% 13C) were from Aldrich Chem. Co (Milwaukee WI, USA). Acetonitrile
(ACN) used was from Rathburn (Walkerburn, Scotland, UK), formic acid from J.T. Baker (Deventer,
The Netherlands) and heptafluorobutyric acid (HFBA) from Sigma-Aldrich (Steinheim, Germany). All
the reagents and solvent were of analytical purity.

4.1.2. L-amino acid standards
In direct infusion experiments with microsyringe pump (no LC-separation), the amino acid solution

concentrations used in mass spectra analyses were 10 µg/ml and they were done in acetonitrile/water
1 : 1 + 0.1% formic acid. In addition, an alanine solution (10 µg/ml) where 5% was 1-13C-alanine, 5%
3-13C-alanine and 90% natural alanine, was analysed.

In LC-MS experiments the amino acid solution concentrations were about 100 µg/ml or 1 mg/ml
in water. In addition, an alanine solution (ca. 100 µg/ml) where 6.6% was 1-13C-alanine, 6.9%
3-13C-alanine and 86.5% natural alanine, was analysed.

4.1.3. Instruments
The mass spectrometer used was Micromass Quattro II triple quadrupole instrument equipped with an

electrospray interface (Manchester, UK). The spectra were measured in a positive ionisation mode. The
electrospray capillary voltage was 3.5 kV and cone voltage varied between 20–60 V. Collision induced
dissociation (CID) daughter ion spectra of the amino acids were measured with three different collision
energies (15, 30 and 50 eV). Collision gas was argon with a gas pressure of 1.5e–3 mbar.

The liquid chromatograph used was HP 1100 (USA) with an autosampler. The column was XTerra
MS C18, 1 × 150 mm, 3.5 µm particle size (Waters, Milford MA, USA). Eluents used were: A = 0.3%
HFBA (V/V) , B = ACN + 0.3% HFBA (V/V). A LC-gradient program was: 0%, 7 min → 2.5%/min
B → 50% B, flow rate 40 µl/min, injection volume 2 µl.
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4.1.4. Repeatability tests
In LC-MS and LC-MS/MS repeatability tests, an alanine solution (ca. 100 µg/ml) where 6.6% was

1-13C-alanine, 6.9% 3-13C-alanine and 86.5% natural alanine, was used. In measurements, daughter ion
scanning mode (collision energy 15 eV) and MRM mode with two collision energies (15 eV and 30 eV)
were tested. With the daughter ion scanning mode, collision induced dissosiation (CID) was made for
alanine isotopomer signals m/z 90 (M + H), m/z 91 (MH + 1), 92 (MH + 2) and 93 (MH + 3). With
the MRM mode, monitored fragment signals were m/z 91 → m/z 27–30, 44, 45, m/z 92 → m/z
28–30, 45, 46 and m/z 93 → m/z 29, 30, 46. Calculations have been done with PIDCv2. Repeatability
(RSDs, n = 5 injections) and measured isotopomer distribution/theoretical distribution relationship
were compared between these methods.

4.2. Results of repeatability tests

LC-MS/MS spectra of the mixture of 1-13C/3-13C-labelled alanine and natural alanine measured from
different isotopomer signals are presented in Fig. 2 where the differences in the daughter ion spectra can
be seen as a result of a amount of 13C-labelled carbons in the fragments. In the daughter ion spectrum,
where m/z 90 is fragmented, there is no 13C-label in the molecule and the spectra where the fragmenta-
tions were done at m/z 91 and 92, the labelled carbons are included.

The suitability of the described approach for isotopomer distribution calculations have been tested
in the repeatability tests, where two LC-tandem mass spectrometric methods, daughter ion scanning
and MRM method, were used for analysing the isotopomer distributions for 13C-labelled alanine stan-
dard mixture. With the MRM method, also the influence of collision energy was investigated and two
different collision energies (15 and 30 eV) were used. Comparison of the measured isotopomer distri-
bution/theoretical distribution relationship (%) with the tandem mass spectrometric methods used, is
presented in Fig. 3. It can be observed that depending on the isotopomer and the method, the measured

Fig. 2. LC-MS/MS spectra the mixture of 1-13C/3-13C-labelled alanine + natural alanine measured from different isotopomer
signals (CID at m/z 90–92, collision energy 15 eV).
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distributions varied between 83–142% from the theoretical ones. The best results were obtained with
MRM method at collision energy 15 eV, the variation being between 99–106%. With the daughter ion
scanning mode at 15 eV, the variation was between 98–111% and with the MRM mode at 30 eV, the
variation was 83–142% from the theoretical distribution. One reason for higher error with 30 eV colli-
sion energy can be the higher noise in the spectrum, especially when fragmentating isotopomer signals
of lower intensities.

The same tendency can also be observed when comparing repeatability between the methods (Fig. 4).
Relative standard deviations (RSD) for the calculated isotopomer distributions between the injections of

Fig. 3. Comparison of different mass spectrometric methods used for a determination of positional isotopomer distributions
(calculated by PIDCv2) from the 13C-labelled alanine solutions, in which the calculated distribution are compared to the the-
oretical distributions. [0 0 0] = unlabelled alanine, [0 0 1] = 13C-label in carbon number 3, [1 0 0] = 13C-label in carbon
number 1. Carbon numbering of amino acids follows IUPAC guidelines.

Fig. 4. Comparison of repeatability (RSD) of different mass spectrometric methods used for a determination of positional
isotopomer distributions (calculated by PIDCv2) from the 13C-labelled alanine solutions (N = 5 injections/method).
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labelled alanine solution, is the best with the MRM mode at 15 eV, the RSDs varying between 1.1–10%
depending on the isotopomer. For the daughter ion scanning mode at 15 eV, the RSDs were be-
tween 0.7–12% and for MRM mode at 30 eV, the RSDs were between 0.6–15%.

4.3. Identifiability of isotopomer distributions

The extent to which an isotopomer distribution is identifiable from tandem mass spectrometric data
depends on two aspects: First, the frequencies of mass isotopomers need to be sufficient the correspond-
ing peaks to be reliably detected. Second, the fragmentation of the molecule needs to be sufficient. In
order to completely pinpoint the abundance of each isotopomer, for every pair of carbons there needs
to exists a fragment where exactly one of the carbons appears. For a set of carbons C′ that always oc-
cur together it is not possible to distinguish between the isotopomers of the molecule M where the only
difference is the location of the labels within C′. In the best case, we can give an equation giving the com-
bined abundance of such a group. The number of such groups in the output is given by the rank of the
equation system constructed from the measurements. In the case of a completely determined isotopomer
distribution each group contains a single (different) isotopomer.

In Fig. 5 we compare three methods in the analysis of isotopomer distributions of amino acids:
the LC-MS daughter-ion scanning methods presented in this paper (leftmost column) and that of
Rantanen et al. [15] (middle column), and the results by Dauner and Sauer [2] on a GC-MS-based
method (rightmost column). The vertical axis denotes the relative rank of the equation system com-
pared to the theoretical maximum 2|C| corresponding to completely determined isotopomer distribu-
tion.

Fig. 5. Rank of the equation systems for amino acids obtained via the current method (leftmost column), the method by Rantanen
et al. [15] (middle column) and the GC-MS method by Dauner and Sauer [2] (rightmost column).
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The new method can be seen to surpass both previous methods: It is never worse than the better than
the competitors and is often better than either of them. The ability to handle overlaps helps the present
method surpass the method by Rantanen et al. [15] in the analysis of six of the amino acids. In the case of
three amino acids – alanine, glycine and serine – the new method is able to fully uncover the isotopomer
distribution.

On the negative side, the large amino acids that contain ring structures or linear chains without side-
groups turn out to be difficult to all of the compared methods. This is due to the fact that such substruc-
tures tend to fragment poorly in the equipment used in these experiments.

5. Discussion

We have presented a method for the discovery of isotopomer distributions of molecules with tandem
mass spectrometry. The method is able to deal with overlaps in the spectra, caused by fragments of
near-equal mass, with the help of a precomputed database of relative intensities of different fragments.

When using the daughter ion scanning mode, the method was shown to be able to constrain the iso-
topomer distribution of different amino acids better than two existing methods. In particular, the iso-
topomer distributions of three amino acids, glycine, alanine and serine, can be fully uncovered with the
method. It should be noted that the computational method is in no way tied to amino acids. In principle,
tandem mass spectra of any small molecule can be analyzed.

In tests with isotope-labeled alanine it was found that multiple reaction monitoring mode using 15 eV
collision energy provided the best results. Daughter ion scanning mode with the same energy was slightly
less accurate, and MRM with 30 eV energy was clearly less accurate than the best method, indicating
that the use of a correct energy level is critical in these kind of experiments.

For most of the amino acids – and for other molecules as well – the fragmentation in the tandem mass
spectrometer is not sufficient to enable full discovery of isotopomer distribution: some carbons always
appear together in the fragments, and no information is gained about the location of the labels. So-called
MSn-mass spectrometers that are able to further fragment the molecule, do not suffer from this problem.
However, such equipment is considerably more expensive than the equipment used here.

Another challenge to mass spectrometric methods is the analysis of intermediate metabolites. Their
number alone makes it hard to develop such separation methods that the mass spectrum only consists of
mass isotopomers of a single molecule. The method presented here needs to be extended to handle cases
where the overlaps can occur between fragments of different molecules.

The described method for computing the positional isotopomer distribution of the molecule from
the data produced by MS with daughter ion scanning is implemented as a MATLAB software called
PIDC v2. The software takes as input the intensities of the full scan mode spectrum and daughter ion
spectra and outputs the constraints to the positional isotopomer distribution. Both input and output are
standard ASCII files. Database containing the relative amounts of different fragments for each molecule,
MS device and energy level of interest is also in the form of ASCII file. The editing of the database can
be done inside the PIDC software.

PIDC v2 is implemented and tested with version 6 of MATLAB in Windows and Linux operating
systems, but probably works also with older versions of MATLAB and in different operating systems.
The software will be made freely downloadable for academic use from the url http://www.cs.helsinki.
fi/group/sysfys.
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