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Abstract
Isotopomer spectral analysis (ISA) is a simple approach for modelling the cellular synthesis of fatty acids and cholesterol in a stable isotope labelling experiment. In the simplest model, fatty acid biosynthesis is described by two key parameters: the fractional enrichment of acetyl-CoA from the labelled substrate, D, and the fractional de novo synthesis of the fatty acid during the exposure to the labelled substrate, g(t). The model can also be readily extended to include synthesis via elongation of unlabelled shorter fatty acids. This modelling strategy is less complex than metabolic flux analysis and only requires the measurement of the mass isotopologues of a single metabolite. However, software tools to perform these calculations are not freely available. We have developed an algorithm (convISA), implemented in MATLABTM, which employs the convolution (Cauchy product) of mass isotopologue distributions (MIDs) for ISA of fatty acids and cholesterol. In our method, the MIDs of each molecule are constructed as a single entity rather than deriving equations for individual isotopologues. The flexibility of this method allows the model to be applied to raw data as well as to data that has been corrected for natural isotope abundance. To test the algorithm, convISA was applied to 238 MIDs of methyl palmitate available from the literature, for which ISA parameters had been calculated via other methods. A very high correlation was observed between estimates of the D and g(t) parameters from convISA with both published values, and estimates generated by our own metabolic flux analysis using a simplified stoichiometric model (r=0.981 and 0.944, and 0.996 and 0.942 respectively). We also demonstrate the application of the convolution ISA approach to cholesterol biosynthesis; the model was applied to measurements made on MCF7 cells cultured in U-13C-glucose. In conclusion, we believe that convISA offers a convenient, flexible and transparent framework for metabolic modelling that will help facilitate the application of ISA to future experiments.
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Introduction
Stable isotope experiments are powerful tools for the quantification of intracellular metabolic fluxes.1 Complex frameworks such as elementary metabolite unit (EMU), isotopomer or cumomer have been developed to solve the linear equations of stoichiometric models of central carbon metabolism.2,3 By measuring the mass isotopologue distribution (MID) of the intracellular metabolites following exposure to a 13C labelled substrate, the set of intracellular fluxes that best fit the measured data can be estimated. MIDs represent the relative abundance of all mass isotopologues for a given metabolite pool and are summed to 100%. While the term isotopologue is technically correct for describing such data, the use of the term isotopomer is in wide use.

However, much simpler mathematical models can be applied to condensation biosynthesis reactions of the stoichiometry: nA -> B, where n is an integer greater than one.4,5 This includes the biosynthesis of fatty acids or cholesterol from acetyl-CoA, which are key anabolic processes in dividing cells. Isotopomer spectral analysis (ISA) and a closely related approach called mass isotopomer distribution analysis (MIDA), were developed independently to exploit such models and attempt to describe the system by two parameters that describe the relative enrichment in the precursor A pool from a labelled substrate, as well as the relative fraction of newly synthesised product B.4,5 For the fatty acid ISA model (Figure 1) the parameter D provides an estimate of the relative enrichment in the precursor acetyl-CoA pool from a given 13C labelled substrate, and the parameter g(t) describes the relative fraction of newly synthesised fatty acid from the measured fatty acid MID during the course of exposure to the labelled substrate. This model can also be modified to include a third parameter that represents fatty acid elongation of long chain fatty acids by elongases.6 Isotopomer spectral analysis can also be applied to other biosynthetic processes involving condensation reactions, such as cholesterol synthesis.11 The approach uses mevalonate precursors synthesised from acetyl-CoA and acetoacetyl-CoA and an extra parameter is included in the model to account for the presence of endogenous acetoacetyl-CoA (Figure 2). A synthesised cholesterol molecule is then modelled from 4 mevalonate molecules containing 5 carbon atoms, 1 mevalonate molecule containing 4 carbon atoms and 1 mevalonate molecule containing 3 carbon atoms. The models assume that the system is in a metabolic steady state, and that the acetyl-CoA precursor pool has attained isotopic steady state due to its rapid turnover.4 The sampled fatty acid and cholesterol are not required to reach isotopic steady state and the parameter g(t) is time dependent.4 It is also assumed that the addition of a labelled substrate does not alter the metabolic steady state.4
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[bookmark: _Ref261628589]Figure 1 Schematic representation of fatty acid isotopomer spectral analysis. The model can be described by two parameters: D, the fractional enrichment of the precursor acetyl-CoA synthesis pool from a labelled substrate; and g(t), the fraction of sampled fatty acid that is from de novo synthesis during the exposure of a labelled substrate, in this case U-13C-glucose. A third parameter can also be included to represent fatty acid elongation (blue pathway) as an alternative mechanism for the synthesis of the sampled fatty acid. Reproduced from Keheller et al. 4

Descriptions to derive equations for the Isotopomer Spectral analysis of fatty acid synthesis were first published in 1992.4,7 Individual equations for each isotopologue of a specific fatty acid with respect to D and g(t) are calculated and a nonlinear least-square fit for the data is used to obtain estimates for the parameters. However, as there are no software tools currently available for ISA, these equations must be derived by researchers for each fatty acid of interest. It is possible to describe the ISA model as a simplified stoichiometric biochemical model.8 However, the use of metabolic flux analysis tools such as Metran and 13CFLUX2, requires a much more detailed knowledge of the complex stoichiometric metabolic flux analysis methods.9 Furthermore, the analysis is limited to MS data that has been corrected for natural isotope abundance, and a new model must be applied for each fatty acid of interest.
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[bookmark: _Ref268347432]Figure 2 Schematic representation of cholesterol isotopomer spectral analysis. The model can be described by three parameters: D, the fractional enrichment of the precursor acetyl-CoA synthesis pool from a labelled substrate; E1, the fraction of the acetoacetyl-CoA that is newly synthesised from the precursor acetyl-CoA pool; and g(t), the fraction of sampled cholesterol that is from de novo synthesis during the exposure of a labelled substrate, in this case U-13C-glucose. Reproduced from Keheller et al.11

Thus there is a need for software tools that are easy to use to aid these types of calculation. We have developed flexible, user-friendly software for ISA of fatty acids. Our algorithm uses a key feature of more complex metabolic flux analysis software, which is the convolution (or Cauchy product) of MIDs in order to determine the MID of a measured fatty acid. Using this method the MID of a fatty acid can be defined through an iterative process from a single carbon atom MID. The data does not need to be first corrected for natural abundance isotopes, as the algorithms can incorporate this by iteratively convolving the MIDs of all the other atoms present in the measured fragment. Classical search algorithms such as the Nelder-Mead method can then be used to estimate each of the parameters.

Material and Methods
The Fatty Acid Convolution ISA (convISA) Algorithm

The MIDs of labelled and unlabelled acetyl-CoA are calculated through the convolution of two carbon atom MIDs. The MID of an atom can be represented as an isotopic vector VA = [p(A(1)),..,p(A(x))] where p(A(x)) denotes the natural abundance of the xth isotope of the atom A. For raw MS data, the starting unlabelled carbon atom MID (‘natC’) is [0.9893, 0.0107],10 and the convolution of two of these MIDs generates a MID for unlabelled acetyl-CoA (1), where * represents the convolution or Cauchy product of the two vectors. The labelled carbon atom MID (‘labC’) is dependent on the purity of the stable isotope. For 99% 13C atom purity the isotopic vector is [0.01, 0.99] and the convolution of two of these MIDs generates the MID of acetyl-CoA with two labelled carbon atoms (‘labC acetyl-CoA). For stable isotope experiments that will generate a singly labelled acetyl-CoA precursor, the appropriate MID is generated by the convolution of the labC atom MID with the natC atom MID. For MS data corrected for naturally occurring isotopes, the starting natC and labC atom MIDs are [1, 0] and [0, 1], respectively. The MID of the acetyl-CoA precursor pool is then given with respect to D by equation (2). 

	[natC acetyl-CoA] = [natC] * [natC] 
			     = [0.9893, 0.0107] * [0.9893, 0.0107]
     = [0.9893^2, 2  (0.9893  0.0107), 0.0107^2]			(1)

[acetyl-CoA pool] = D  [labC acetyl-CoA] + (1–D)  [natC acetyl-CoA]		(2)

The MID for de novo synthesised fatty acids is generated by an iterative convolution of the acetyl-CoA pool MID with itself. This is referred to as convolution power (3), where x is the MID of the acetyl-CoA pool and n is the number of acetyl-CoA units in the measured fatty acid. For instance n = 8 for palmitic acid and n = 9 for stearic acid.

x*n = x1 * x2 * x3 * …. * xn		(3)

The MID for endogenous fatty acid is generated by the convolution power with the natC AcCoA MID (1). Equation (4) is then used for a given value of g(t) to calculate the MID of the sampled fatty acid carbon backbone.

[Sampled Fatty acid] = g(t)  [Synthesised Fatty acid] + (1–g(t))  [Endogenous Fatty acid]         (4)

A third parameter (Elongation) can also be included to represent a fatty acid synthesised by the elongation of a smaller endogenous fatty acid through the addition of single acetyl-CoA from the synthesis pool. For example, the synthesis of stearic acid by addition of acetyl-CoA to palmitic acid through the action of elongases. The MID for this fatty acid is generated similar to the endogenous fatty acid, but with one convolution with [acetyl-CoA pool]. The sampled fatty acid MID is then calculated using equation (5).

[Sampled Fatty acid] = g(t)  [Synthesised Fatty acid] + (Elongation)  [Endogenous Elongated Fatty acid] + (1–g(t)-Elongation)  [Endogenous Fatty acid]         (5)

For raw MS data the remaining atoms apart from the carbon chain, must by iteratively convolved with the MID generated by either (4) or (5). This includes any derivatisation groups present in the measured fragment. However, for MS data that has already been corrected for naturally occurring isotopes, this final convolution step is not necessary.

The parameters D and g(t) are estimated for a given measurement by least squares error minimisation. If samples from biological replicates are analysed together a weighted least squares minimisation may be performed, with the weight is proportional to the inverse of the standard deviation of the measured isotopologues, and the constrained nonlinear solver fmincon in MATLAB is used to limit the parameters to values between 0 and 1.

Confidence intervals for the parameters can be estimated when data from biological replicates are input to convISA as a data matrix, by using a Monte Carlo method. A large random dataset with mean and standard deviation isotopologue values equal to the sample data is generated and the parameter estimations are performed for each of the generated MIDs.

The Cholesterol Convolution ISA Algorithm
A schematic of the cholesterol ISA model can be seen in Figure 2. In essence the cholesterol molecule is synthesised from lanosterol and consists of 6 mevalonate molecules, which are each generated from the combination of acetoacetyl-CoA with carbon two of acetyl-CoA. However, through the transformation from lanosterol to cholesterol, a number of select methyl groups are removed. Cholesterol is therefore composed of five carbons (C5) from four mevalonate molecules, four carbons (C4) from one mevalonate molecule and three carbons (C3) from one final mevalonate molecule. The MIDs of these precursors are first generated separately and are then combined to produce a MID for the synthesised cholesterol. The position of 13C labelling of acetyl-CoA from the labelled substrate molecule will affect the final MID and therefore must be determined from established biochemical pathways from the labelled substrate.

The MID of the acetyl-CoA precursor pool is given by equation (2). Following from this the acetoacetyl-CoA pool is MID is represented by (6), where E1 is the fraction of synthesised acetoacetyl-CoA.

[acetoacetyl-CoA pool] = E1  ([acetyl-CoA pool] * [acetyl-CoA pool]) +
(1-E1)  ([natC acetyl-CoA] * [natC acetyl-CoA])			(6)

The C3 mevalonate precursor is composed of three carbons from acetoacetyl-CoA. This can be represented by the convolution of the acetyl-CoA pool MID with the MID of carbon 1 from another acetyl-CoA molecule (7). This carbon can come from either the labelled substrate, or from endogenous acetyl-CoA, in the ratios of D and (1-D), respectively, for the fraction of synthesised acetoacetyl-CoA (E1). Alternatively, the C3 mevalonate fragment can originate from the fraction of endogenous acetoacetyl-CoA (1-E1). 

[C3 Mevalonate precursor] = E1  (D  ([acetyl-CoA pool] * [C1 labelled acetyl-CoA]) +
(1-D)  ([acetyl-CoA pool] * [natC])) +
(1-E1)  ([natC] * [natC] * [natC])				(7)

The C4 mevalonate precursor is composed of the C3 mevalonate precursor combined with carbon 2 of acetyl-CoA from the synthesis pool. To generate the MID, the C3 precursor MID is convoluted with either the MID of carbon 2 of acetyl-CoA from the labelled substrate or carbon 2 of endogenous acetyl-CoA, in the ratios of D and (1-D), respectively (8).

[C4 Mevalonate precursor] = D  ([C3 Mevalonate precursor] * [C2 labelled acetyl-CoA]) +
(1-D)  ([C3 Mevalonate precursor] * [natC])			(8)

The C5 mevalonate precursor is synthesised by combining acetoacetyl-CoA with carbon 2 of acetyl-CoA and the generation of the MID is represented by (9).

[C5 Mevalonate precursor] = D  ([acetoacetyl-CoA pool] * [C2 labelled acetyl-CoA]) +
(1-D)  ([acetoacetyl-CoA pool] * [natC])			(9)

By convolution of the precursor mevalonate MIDs together we can generate the MID for de novo synthesised cholesterol (10), and then the sampled cholesterol MID is given by (11). The endogenous cholesterol MID is generated by the power convolution of natC MID with n = 27. To represent the raw data the sampled cholesterol MID from (11) is then iteratively convoluted with 44 hydrogen atom MIDs ([0.999885, 0.000115],10) to correct for natural isotope abundance.

[Synthesised Cholesterol] = [C3 Mevalonate precursor] * [C4 Mevalonate precursor] *
[C5 Mevalonate precursor] * [C5 Mevalonate precursor] *
[C5 Mevalonate precursor] * [C5 Mevalonate precursor]			(10)

[Sampled Cholesterol] = g(t)  [Synthesised Cholesterol] +
(1-g(t))  [Endogenous Cholesterol]			(11)

Some additional parameters are necessarily included to the model to account for fractions of different cholesterol fragments. When cholesterol is derivatised with MSTFA, the prominent fragment is measured at 368 m/z, corresponding to loss of the O-silyl group. However, this fragment can further lose a single hydrogen atom (367 m/z) or a CH3 group (353 m/z).11 

The MID of the 367 m/z fragment is calculated by the deconvolution of a single hydrogen atom MID from the sampled cholesterol MID, or by simply performing 43 instead of 44 hydrogen atom iterative convolutions as for the 368 m/z fragment when correcting for natural isotope abundances. 

Correction for the 353 m/z fragment is only necessary if the acetyl-CoA from the labelled substrate contains two 13C atoms. As for the 367 m/z fragment, the missing hydrogen atoms from the 353 m/z fragment can be accounted for by performing only 41 hydrogen atom iterative convolutions. The loss of a carbon atom can potentially be corrected for by the following methods:

1. The general method
This method represents the loss of a random carbon from each of the isotopologues. The probability vector for losing a labelled carbon at random from each of the isotopologues is given by p(-13C) = [0/n, 1/n, 2/n, … , n/n], where n = the number of carbons, which is 27 for cholesterol. It follows that the probability vector for losing a non-labelled carbon at random from each of the isotopologues is p(-12C) = [1-0/n, 1-1/n, 1-2/n, … , 0]. We can perform an element-wise multiplication each of these vectors with the sampled cholesterol MID to obtain two MIDs; one representing the isotopologues of the 353 m/z fragment resulting from the loss of 12C from and the other representing the isotopologues of the 353 m/z fragment resulting from the loss of 13C from. These MIDs are added together to represent the loss of either 12C or 13C, though since loss of 13C results in the loss of an extra mass unit, the elements of this MID must be shifted one position to the left before the addition of the two MIDs.

2. Assumed loss of specific methyl atoms
It is likely that C19 or C18 are preferentially lost as the carbons they are bonded with, C10 and C13, are quaternary carbons. This results in the loss of carbon from a C5 mevalonate precursor, essentially transforming it to a C4 mevalonate precursor. Therefore, the MID of a synthesised 353 m/z fragment can be generated by (12), and the sampled MID by (11).

[Synthesised Cholesterol 353 m/z] = [C3 Mevalonate precursor] * [C4 Mevalonate precursor] *
[C4 Mevalonate precursor] * [C5 Mevalonate precursor] *
[C5 Mevalonate precursor] * [C5 Mevalonate precursor]			(12)

Two additional parameters, F353 and F367, then describe the fractions of the 353 m/z and 367 m/z fragments respectively, when the MIDs are aligned with respect to their masses (13). 

 [Sampled Cholesterol Fragments] = F353  [Cholesterol Fragment 353 m/z] +
F367  [Cholesterol Fragment 367 m/z] +
(1-F353 – F367)  [Cholesterol Fragment 368 m/z]			(13)

Evaluation of the algorithm
Data from 238 methyl palmitate GC-MS MID measurements with calculated ISA D and g(t) parameters was obtained from the supplementary information of a recent publication.8 We used the fatty acid convolution ISA MATLAB script to estimate the D and g(t) parameters from this dataset. 

In addition, the parameters were also estimated using the metabolic flux analysis software 13CFLUX2, with the simplified stoichiometric network shown in Table 1. The data was corrected for natural occurring isotopes with in-house MATLAB scripts according to the method of Millard et al.12 Inputs to the model were Ac_l [0, 1], Ac_d [1, 0] and Palm_d [1, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0]. Reactions 1 and 2 were constrained to a flux value of 1, and therefore the D parameter was equal to the flux of reaction 1. The g(t) parameter was calculated by dividing the flux of Reaction 4 by the flux of Reaction 6.

[bookmark: _Ref261715644]Table 1  A simplified stochiometric metabolic model for the application of isotopomer spectral analysis of palmitate 
	Rxn 1
	Ac_l (ab) –> Ac (ab)
	(Labelled AcCoA)

	Rxn 2
	Ac_d (ab) –> Ac (ab)
	(Unlabelled AcCoA)

	Rxn 3
	8*Ac (ab) –> Palm_s (abababababababab)
	

	Rxn 4
	Palm_s –> Palm
	(Newly Synthesised Palmitate)

	Rxn 5
	Palm_d –> Palm
	(Endogenous Palmitate)

	Rxn 6
	Palm –>
	(Measured Palmitate)



Application of the 3-parameter fatty acid and cholesterol ISA models
The fatty acid and cholesterol ISA scripts were applied to GC-MS data from lipid extracts of MCF-7 cells that had been cultured with U-13C6-glucose for 24-48 hours in 6 well plates (n=4). Cells were collected by scraping in the presence of cold methanol (750 L, approx. -70°C) and metabolites were extracted using chloroform/methanol, 2:1 (300 l) and H2O (300 l). The organic fractions were transferred to silanized GC-MS vials and dried.

Fatty acid esters were transesterified with the strong base sodium methoxide, leaving the free fatty acids to be silylated with either MSTFA (cholesterol data) or MTBSTFA (fatty acid data) in a subsequent step. A dried sample was reconstituted with a solution of methanol/toluene (333 l, 1:1 v/v), treated with 0.5 M Sodium methoxide (167 l) and incubated at room temperature for 1 hour. The reaction was stopped by the addition of 1 M NaCl (500 l), and conc. HCl (25 l). The samples were extracted with two volumes of hexane (500 l), which were dried with MgSO4 and then the samples were concentrated under a stream of N2. Samples were then silylated by reconstituting with 40 l acetonitrile and treating with 40 l MSTFA or MTBSTFA (Thermo), and incubating at 37C for 30 min or 70C for 60 min, respectively. Following derivatization, 2-fluorobiphenyl in anhydrous pyridine (10 l, 1 mM) was added to the samples as an injection standard and the samples were transferred to deactivated glass vial inserts.

GC-MS analysis was performed on an Agilent 7890 GC equipped with a 30 m DB-5MS capillary column with a 10 m Duraguard column connected to an Agilent 5975 MSD operating under electron impact (EI) ionization (Agilent Technologies UK Ltd.). Samples were injected with an Agilent 7693 autosampler injector into deactivated splitless liners according to the method of Fiehn et al.,13 using helium as the carrier gas. Metabolites were assigned using the Fiehn Library13 with the deconvolution program AMDIS,14 and matlab scripts developed in-house were used to integrate metabolite peak areas for all samples.15

Results and Discussion
The fatty acid ISA algorithm that we describe involves using convolution (or Cauchy product) in an iterative process to calculate the mass isotopologue distribution (MID) of sampled fatty acids given certain D and g(t) parameter values. Where D is the fractional enrichment of the precursor pool of acetyl-CoA derived from the 13C labelled substrate, and g(t) is the fractional amount of the sampled fatty acid synthesised over the time period of the 13C labelled substrate exposure. A third parameter (Elongation) can also be included to represent the synthesis of long chain fatty acids through the action of elongases. Given a measured fatty acid MID, estimates for the parameters are then computed by least squares error minimization using a constrained nonlinear solver.

To evaluate the convolution ISA algorithm, convISA, we applied it to data from a study published by Metallo et al.8 The ISA parameters D and g(t) were estimated for 238 palmitate MID measurements from a number of different cell lines under normal and hypoxia conditions. These cells were exposed to either U-13C6-glucose or 5-13C-glutamine, producing acetyl-CoA precursor pools with both fully 13C labelled acetyl-CoA and singly 13C labelled acetyl-CoA, respectively. These calculations were performed with the authors’ in-house metabolic flux analysis program Metran.8 As a further comparison, we performed similar calculations with the metabolic flux analysis program 13CFLUX2.9 The results of the two calculations compared with the published data can be seen in Figure 2, and a very high correlation to the published values was found. The convolution ISA method had Pearson correlation coefficients of 0.981 and 0.944 for the D and g(t) parameters, respectively, compared with the published values. Furthermore, mean absolute errors were 0.013 and 0.018 for the D and g(t) parameters, respectively. The 13CFLUX2 method had the correlation coefficients of 0.996 and 0.942 for the D and g(t) parameters, respectively, compared with the published values. Mean absolute errors were 0.019 and 0.025 for the D and g(t) parameters, respectively. Collectively these observations demonstrate that convISA can replicate in a highly reliable fashion ISA calculations conducted by other, more complex algorithms.
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[bookmark: _Ref261350867]Figure 3 Calculated D (left) and g(t) (right) parameters for 238 methyl palmitate MIDs from the published literature8. The published parameter values are compared with those calculated with the convolution ISA algorithm convISA and those calculated by the 13CFLUX2 metabolic flux analysis software.

Despite the high correlation, there were a very small number of samples (9/238) for which the convISA calculations significantly differed from the published values (by more than 0.11 units, Table 2). For the majority of these differences (Samples 3 – 9, Table 2), the convolution ISA method agreed closely with the 13CFLUX2 calculations, favouring the interpretation of these MIDs provided by our calculations. For four of these samples (3,7-9; Table 2), the uncorrected fraction of unlabelled palmitate (M0) is reported as greater than 50% (62-82% when corrected for natural abundance isotopes, Samples 200,79-81 Tredwell et al.18) which would indicate a large fraction of endogenous palmitate and does not seem consistent with the reported8 fraction of newly synthesised palmitate (g(t)) of >60%.

[bookmark: _Ref261354551]Table 2 Comparison of ISA parameters calculated using convISA and 13CFLUX2 with published values for selected samples exhibiting large discrepancies.8
[image: ]

There were two of the convolution ISA calculations that did not agree with either the published values or the 13CFLUX2 calculations, generating much higher D parameter values (Samples 1 and 2, Table 2). On closer inspection of MIDs relating to this specific cell line and condition (Figure 3) we can see that the apparently poorly fitted MIDs have low values of g(t), and exhibit two maxima for masses above M0. Such a complex distribution could indicate a shift from a low fraction of 13C acetyl-CoA in the synthesis pool to a high fraction or vice versa during the experiment. This distribution was not present in the third biological replicate of these samples, so perhaps this distribution occurred as a result of experimental variation. As a result the convolution ISA algorithm was likely fitting to a local minimum. Values for the D parameter of 0.199 and 0.195 for samples 1 and 2 (Table 2), respectively, which are more representative of the published values were obtained by the convolution ISA algorithm by altering the initial parameter values for the minimisation. This suggests that in cases where g(t) is low and multiple maxima exist, running convISA with different starting parameters could help to avoid local minima. Excluding the results of 9 samples in Table 2 improved the mean absolute error of the convolution ISA algorithm compared with the published values to 0.007 and 0.010 for the D and g(t) parameters, respectively, i.e. convISA was within 8.4% of the published values for a two parameter ISA model in 90% of the analyses.
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[bookmark: _Ref261611672]Figure 4 Three replicate MIDs of published methyl palmitate measurements from MRC-5 cell line under hypoxia.8 Two of the replicates show a dual distribution of labelled palmitate.

Fatty acids with a chain length greater than 16 carbons are synthesised through the action of elongase enzymes in microsomes.16,17 This action is not limited to newly synthesised fatty acids; therefore, for large chain fatty acids a third parameter should be introduced to the ISA model to account for the elongation of a smaller chain endogenous fatty acid. In this case the de novo synthesis parameter g(t), then refers to the elongation of a newly synthesised smaller chain fatty acid. We applied our three-parameter ISA model to fatty acid GC-MS measurements from MCF7 cells, cultured with U-13C-glucose for 48 hours. The MID for transesterified palmitate and stearate from cellular lipids compared with their ISA model fits can be seen in Figure 4. Similar values for the enrichment of acetyl-CoA (D) were determined for both the palmitate and stearate measurements, though clearly the larger fatty acid stearate has a larger proportion synthesised by the elongation of endogenous fatty acids, evidenced by the larger M0+2 isotopologue corresponding to the addition of a single labelled acetyl-CoA molecule.
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[bookmark: _Ref261629557]Figure 5 ConvISA fitted 3-parameter ISA models for transesterified palmitate and stearate extracted from MCF7 cells grown on U-13C6-glucose. a) MID of methyl palmitate; b) MID of methyl stearate; c) estimated ISA model parameters. N=4 biological replicates. Error bars show the standard deviation of the data and 95 % confidence intervals for the model MID and ISA parameters.

The convISA algorithm can also be applied to cholesterol biosynthesis. Measurements of cholesterol from MCF7 cells treated with U-13C-glucose for 24 hours can be seen in Figure 5, compared with the fitted cholesterol ISA model. The model is more complex to the fatty acid ISA model, and as the cholesterol is composed of mevalonate molecules of different length, the exact positioning of the 13C atoms in acetyl-CoA must be known. Furthermore, depending on the derivitisation of cholesterol, additional parameters may need to be included to the model to account for potentially overlapping fragment MIDs. For instance, when cholesterol is derivatised with MSTFA, the prominent fragment is measured at 368 m/z, corresponding to loss of the O-silyl group. However, this fragment can further lose a single hydrogen atom (367 m/z) or a CH3 group (353 m/z).11 
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[bookmark: _Ref263368557]Figure 6 ConvISA analysis of cholesterol synthesis in MCF7 cells. a) Measured fragments of Cholesterol compared with the fitted ISA model; b) Values for the estimated cholesterol ISA model parameters.

Conclusion
We have developed easy to use MATLAB scripts for isotopomer spectral analysis using a convolution method to calculate mass isotopologue distributions. We have applied this method to fatty acid measurements from the literature and the method is flexible, allowing the use of raw data or data previously corrected for natural isotope abundance. For a group of measurements, the optimisation can be weighted, where the weight is inversely proportional to the standard deviation of the measurements. Furthermore, confidence intervals for the parameters can be calculated using a Monte Carlo method. We hope that these tools will enable a widespread use of isotopomer spectral analysis in the future.
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Label U-­‐13C6-­‐Glc U-­‐13C6-­‐Glc U-­‐13C6-­‐Glc U-­‐13C6-­‐Glc U-­‐13C6-­‐Glc U-­‐13C6-­‐Glc 5-­‐13C-­‐Gln 5-­‐13C-­‐Gln 5-­‐13C-­‐Gln
M0 0.71 0.72 0.68 0.31 0.31 0.31 0.51 0.53 0.56
M0+1 0.15 0.15 0.14 0.06 0.06 0.06 0.11 0.11 0.12
M0+2 0.05 0.05 0.10 0.03 0.03 0.03 0.02 0.02 0.03
M0+3 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.02 0.02
M0+4 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.03
M0+5 0.00 0.00 0.00 0.01 0.01 0.01 0.05 0.05 0.05
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D 0.15 0.14 0.06 0.71 0.71 0.71 0.79 0.79 0.78
g(t) 0.11 0.10 0.33 0.58 0.58 0.59 0.32 0.31 0.27
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