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Abstract

The accurate determination of mass isotopomer distributions (MID) is of great significance

for stable isotope labeling experiments. Most commonly, MIDs are derived from gas chro-

matography / electron ionization mass spectrometry (GC/EI-MS) measurements. The analysis

of fragment ions formed during EI, which contain only specific parts of the original molecule

can provide valuable information on the positional distribution of label. The chemical for-

mula of a fragment ion is usually applied to derive the correction matrix for accurate MID

calculation. Hence, the correct assignment of chemical formulas to fragment ions is of cru-

cial importance for correct MIDs. Moreover, the positional distribution of stable isotopes

within a fragment ion is of high interest for stable isotope assisted metabolomics techniques.

For example, 13C-metabolic flux analyses (13C-MFA) is dependent on the exact knowledge of

the number and position of retained carbon atoms of the unfragmented molecule. However,

the process of mass spectral fragmentation is complex and identifying the substructures and

chemical formulas for these fragment ions is non-trivial. Here, we present the fragment for-

mula calculator (FFC) algorithm that can calculate chemical formulas for fragment ions where

the chemical bonding (e.g. Lewis structures) of the intact molecule is known. The proposed

algorithm is able to cope with general molecular rearrangement reactions occurring during EI

in GC/MS measurements. The FFC algorithm is able to integrate stable isotope labeling ex-

periments into the analysis and can automatically exclude candidate formulas that do not fit

the observed labeling patterns.

We applied the FFC algorithm to create a fragment ion repository that contains the chemical

formulas and retained carbon atoms of a wide range of trimethylsilyl and tert-butyldimethylsilyl

derivatized compounds. In total we report the chemical formulas and backbone carbon com-

positions for 160 fragment ions of 43 alkylsilyl-derivatives of primary metabolites.

Finally, we implemented the FFC algorithm in an easy-to-use graphical user interface and

made it publicly available at http://www.ffc.lu.
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Introduction

Stable isotope labeling experiments (SLE) have emerged as an important tool in metabolic en-

gineering and systems biology2. Of key concern for SLE is the accurate assessment of iso-

topomer distributions of cellular metabolites by gas chromatography/mass spectrometry (GC/MS)

and NMR3. While NMR lacks sensitivity, it provides detailed positional information. In con-

trast, GC/MS allows a sensitive determination of isotopic enrichment, but only provides limited

positional information. Over the last years, powerful techniques such as metabolic flux analysis

(MFA) have been developed to determine metabolic fluxes in biological systems based on the mass

isotopomer distributions (MID) of small molecules4–6. MFA has been applied to many biomed-

ical and biotechnological problems7–11. Usually, MIDs for mass spectral fragment ions can be

calculated only if the chemical formula of the specific fragment ion is known, except if a special

experimental setup is used12. Hence, most often only the information of the molecular ion peaks

are used for MID measurements. However, electron ionization (EI) based mass spectrometry leads

to complex mass spectra, caused by the fragmentation of the analyzed compound. The analysis

of fragment ions, which contain only specific parts of the original molecule, can provide valuable

information on the positional isotopic enrichment within the molecule of interest. This positional

distribution of label is of high interest for 13C-MFA. In addition, based on the applied derivatiza-

tion method, the molecular ion might not be visible at all and fragment ions have to be analyzed

instead. An important consideration is that the process of assigning a chemical structure to a frag-

ment ion from a known molecular ion structure is time-consuming, even for an expert13.

In this work we propose a novel method for the determination of chemical formulas and retained

atoms for EI fragment ions based on the 2D structure of a compound in combination with the mea-

sured mass spectrum. In general, there are two ways to deal with EI based fragmentation: a rule-

based in silico prediction or a combinatorial approach. Rule-based algorithms, such as ACD/MS

Fragmenter or Mass Frontier14, rely on fragmentation mechanisms derived from molecules where

the fragmentation is known, assuming that similar structures will fragment the same way. How-

ever, small changes in structure can lead to a significantly different fragmentation mechanism13.
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Figure 1: Proposed fragmentation mechanism of N,O-bis-(trimethylsilyl)-glycine. After expulsion
of a methyl radical by alpha-cleavage next to the nitrogen, carbon monoxide loss occurs by a
retro-Diels-Alder-like reaction.

Furthermore, the rule-based approach fails for molecules where no similar fragmentation mecha-

nism is known. A combinatorial approach usually is based on a systematic bond cleavage. For that,

a cleavage cost is assigned to each bond to find the substructure with minmal costs. Finding the

correct cost function, however, is challenging. For example, MetFrag15 uses bond-dissociation

energies whereas FiD16 uses standard bond energies. One drawback of current rule-based and

combinatorial approaches is that they can only capture simple hydrogen rearrangements, but fail

for more complex rearrangements.

Here, we present an universal method to determine chemical formulas for fragment ions without

a priori knowledge about the fragmentation mechanisms, taking advantage of the combinatorial

aspect of the problem. A method based on a similar idea has been proposed for high resolution

tandem mass spectrometry16. However, our method is designed for MS data with nominal masses,

as produced by most GC/MS instruments with a quadrupole mass analyzer, which are routinely

used in many laboratories. In contrast to high resolution MS data determining chemical formulas

for nominal masses is algorithmically more challenging, because there are many possible permu-

tations of elemental compositions that cannot easily be ruled out. In addition, our algorithm is able

to cope with molecular rearrangements, which occur frequently in EI measurements.
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Theoretical Background

The fragmentation of gas phase ions is a complex and often hard-to-predict process. A detailed

description can be found elsewhere13. Although the whole fragmentation process can be very

complex, there are only a few basic types of reactions that break or form chemical bonds:

1. σ -ionization: Immediately breaks a bond (affecting mostly hydrocarbons)

2. α-cleavage: A new bond is formed from a radical site and an adjacent bond is homolytically

cleaved

3. Charge-induced heterolytic cleavage: Cleavage of a bond next to a charge-site

4. Rearrangements: Migrations of atoms or groups of atoms (see Figure 1)

5. Displacement of atoms or groups of atoms

6. Eliminations

Graph theory has been extensively used in the fields of biology and chemistry. To model the

fragmentation of a molecule, we will apply its graph-theoretical representation to determine chem-

ical formulas of mass spectrometric fragment ions. Based on the fragmentation rules described

above, a fragment ion is always composed of a subset of atoms of the original molecule. By using

graph theory, the problem of assigning a chemical formula to a fragment ion can, therefore, be

broken down to finding a subgraph H of G, assuming the graph G represents the structure of the

molecular ion.

A graph is an ordered pair G = (V,E) where V is a set of vertices (or nodes) and E a set of edges.

Each element of E contains a pair (u,v), elements of V . The term labeled graph refers to a graph

G where a label is assigned to the set of vertices and edges. Formally, this is expressed by the two

functions fV : V → A for the set of vertices and fE : V ×V → B for the set of edges. If B is an

ordered set (e.g. real numbers) the graph is called weighted and the value fE(u,v) is called the

weight of the edge from u to v. A connected component C of a graph G has every pair of vertices
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joined by a path. A connected graph consists of one connected component. The removal of a set of

edges, which disconnects the graph, is called a cut. A subgraph of G= (V,E) is a graph H = (W,F)

where W is a subset of V , and F is a subset of E, and all edges in F have their endpoints in W .

Algorithm

We model a molecule as an undirected, connected and labeled graph G = (V,E, fVA, fV B, fVC,

fED), where V is the set of vertices corresponding to the atoms and E is the set of undirected edges

corresponding to the bonds between the atoms. The function fVA : V→ A assigns each atom an

element (e.g. carbon, hydrogen, etc.), fV B : V → B assigns each atom an index and fVC : V →C

assigns each atom the atomic mass according to the chemical element. The function fED : V×V →

D assigns each bond an order (single, double, triple). The mass of the molecular ion corresponds

to the sum of the masses of all vertices:

W (G) = ∑
v∈V

fVC(v) (1)

The underlying idea of this algorithm is that the fragmentation process usually only breaks a few

bonds within the molecule. This can be simulated by removing a defined number of edges within

the molecular graph. In terms of graph theory this means to induce a cut of a certain size in in the

graph. This can leave the graph G disconnected. The resulting connected components C = {C1, ...,

Cn} of the subgraph H each have a molecular mass:

W (Ci) = ∑
v∈V (Ci)

fVC(v) (2)

Since the mass m of the fragment ion is determined by mass-spectrometry, the chemical formula

of this fragment ion corresponds to a combination of connected components of H which molecular

masses W (Ci) sum up to m. Figure 2 illustrates this process. The resulting subgraph (representing

the chemical composition), which can be composed of several connected components, does not
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Figure 2: Overview of the algorithm. (A) As input FFC needs the 2D structure of the compound
together with the mass spectrum of the ion of interest. In this example, we present the molecule
N,O-bis-(trimethylsilyl)-glycine (219 Da) and the fragment ion at mass 176. (B) The 2D structure
is first converted into a molecular graph. The graph contains 34 vertices and 33 edges. Then all
combinations of edge sets of a certain size (in this case 3) are consecutively deleted from the graph,
resulting in 5456 disconnected graphs, one for each edge set deleted. The number of resulting
subgraphs can be calculated with the binomial coefficient where n corresponds to the number
of edges and k corresponds to the cut size (Equation 3). For simplification, only the edge set
leading to the correct fragmentation is shown here. (C) For each disconnected graph the connected
components are determined. For every combination of connected components where the molecular
masses sum up to the mass of the fragment ion, the atoms of these components are combined to
build up a candidate formula. In this example, the connected components shown in green and
light blue with the masses 87 and 89 sum up to the target mass of 176. The candidate formula
is then C6H18NO2Si2, which is indeed the correct formula for this fragment ion. In addition to
the chemical formula, the algorithm also yields positional information about the fate of specific
atoms. For example, the carboxyl carbon of the original glycine molecule is lost in this fragment
ion. (D) Based on the candidate formula the theoretical mass spectrum is predicted and a spectrum
similarity score to the measured spectrum based on the dot product17 is calculated. This is of
special importance if more than one sum formula can be derived for the target mass.
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necessarily represent the chemical structure, because the formation of new bonds (e.g. fragmenta-

tion rule 4) is not modelled. However, the number and position of atoms of the intact compound

retained in this fragment ion is uncovered.

So far, we have relied on the assumption that the correct edges are deleted from the graph. There

are two unknowns, the number and the position of edges to be deleted. To define the minimal

number of edges to delete from the graph (cut size), necessary to model the fragmentation, it is

mandatory to take the fragmentation rules (as stated in theoretical background section) into consid-

eration. Fragmentation types 1-3 cleave one bond without forming new σ -bonds, 4 and 5 cleave

one bond while forming a new one, 6 cleaves two bonds while forming a new one. Therefore,

to describe an α-cleavage or a σ -ionization, clearly a cut size of one is sufficient. To simulate a

simple elimination or a rearrangement, which is equivalent to deleting one edge in the graph, a

cut size of one is also necessary. For the combination of a more complex rearrangement and an

α-cleavage (as depicted in Figure 1), a cut size of three is necessary. To capture both the single

and the combined fragmentations, the algorithm is designed to work with a defined maximum cut

size. The cut size starts at one and subsequently increases until it reaches the defined maximum

cut size.

One way to find the correct edges to delete from the graph is to select those edges that are most

likely to break. For example, low-energy bonds can be assumed to break more easily. Although this

is correct, additional rules are needed to describe rearrangements. Another more straightforward

way is to delete all possible combinations of edges of a certain cut size. Certainly this includes

the correct edges, but at the same time increases the number of possible results enormously. If the

number of edges is given by n and the cut size by k, then the number of k distinct elements of n is

given by the binomial coefficient: (
n
k

)
=

n!
k! · (n− k)!

(3)

For example, the graph of the molecule N,O-bis-(trimethylsilyl)-glycine with the molecular

formula C8H21NO2Si2 has 33 edges. The number of possible distinct edge sets to delete for a cut

size of 3 is then 5456.
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Figure 3: Graph representation of N,O-bis-(trimethylsilyl)-glycine. The graph contains 33 edges.
For a cut size of three the number of distinct edge pairs to delete is 5456. To reduce the number
of distinct edge pairs, non backbone edges (edges that are not connected to at least one backbone
atom) are grouped based on their loss pattern. For example, edges shown in red are grouped
together because their removal leads to the loss of one hydrogen. The group of edges shown in blue
lead to the loss of a methyl group when one of these edges is removed. The group of edges shown
in green lead to the loss of a TMS group when one of these edges is removed. After reduction to
relevant backbone edges, the graph now contains only 7 distinct edge groups (as illustrated by the
numbers above the edges) which reduces the number of distinct edge sets of size 3 from 5456 to
35.

To find the correct edges, the resulting fragment formulas for each of these possibilities have to

be ranked according to a score. At best, this score is linked to the measured mass spectrum. One

elegant way to do so is to predict the theoretical mass spectrum of the determined fragment formula

and calculate a spectrum similarity score to the measured mass spectrum of this fragment ion. A

mass spectrum can be theoretically predicted by using the natural stable isotopic distribution of

elements and statistical theory18. For elements that only have one naturally occuring stable isotope

of significant abundance, the distribution of isotopes can be predicted by a binomial distribution:

mi =
n!

i! · (n− i)!
· pn−i

0 · pi
1 (4)

where n is the total number of atoms, i the number of atoms containing the heavier isotope (e.g.

13C), p0 the natural abundance of the lighter isotope (e.g. p(12C)=0.989) and p1 the natural abun-

dance of the heavier isotope (e.g. p(13C)=0.01). In case an element has several natural occurring

isotopes the distribution of those isotopes within a molecule can be predicted by a multinomial
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distribution:

mi =
n!

a1! ·a2! · ... ·ak!
· pa0

0 · p
a1
1 · ... · p

ak
k (5)

where n is the total number of atoms, a0 to ak the number of atoms containing the respective isotope

and p0 to pk the natural abundances of those isotopes.

Reducing algorithmic complexity

For GC/MS, compounds are usually derivatized prior to analysis. For example, active protons

in functional groups (hydroxyl-, carboxyl-, thiol-, amino groups, etc.) can be replaced with a

trimethylsilyl (TMS) or tert-butyldimethylsilyl (TBDMS) group. This makes compounds more

volatile and less reactive, but at the same time increases the computational complexity of finding

the correct chemical formula of a fragment ion. In case of stable isotope labeling experiments, the

interest lies normally only in labeling patterns for atoms of the original (underivatized) molecule.

As a consequence, the information obtained from the loss of atoms originating from the derivati-

zation reagent used is often redundant. For example, when TMS derivatization is used, a [M-15]+

fragment is often present in the mass spectrum, originating from the loss of a methyl group from the

derivatized part of the molecule. Depending on the number of TMS groups within the molecule,

there are several possibilities for the position of the lost methyl group. Concerning the calculation

of chemical formulas, however, the position of this methyl group is not relevant and computational

time can thus be saved. For that reason, we divide the molecular graph into atoms belonging to the

original molecule (backbone atoms) and atoms originating from the derivatization reagent used.

Subsequently, non backbone edges (edges that are not connected to at least one backbone atom)

are grouped based on the atoms that would be lost if this edge is deleted (Figure 3). For example,

all edges are grouped together where their removal would lead to the loss of one hydrogen. This

reduces the number of distinct edges significantly, thereby decreasing the combinatorial complex-

ity for the problem of finding the correct chemical formula. Aditionally, this allows the user to

follow the fate of specific atoms in the molecular ion by selecting them as backbone atoms.
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Another advantage which makes the proposed algorithm capable of modelling rearrangements is

the use of connected components. Fragment ions resulting from a rearrangement reaction are often

composed of two or more disjoint substructures of the molecular ion. Identifying these substruc-

tures is computationally challenging, as their number grows enormously with the number of atoms.

However, in our algorithm the number of these substructures is limited by the number of connected

components within the molecular graph, making the proposed algorithm also applicable for larger

molecules.

Constraining/weighting the result set

One problem of finding a chemical formula through a combinatorial instead of a rule based ap-

proach is the high number of possible results. One way to remove redundant results is to consider

only results where either the molecular formula or the composition of backbone atoms changes. In

other words, results with the same chemical formula, but different non-backbone atoms are ignored

(as stated above). Although this shrinks the result set considerably, it still leaves a fair amount of

candidate formulas. For that reason, the FFC program allows to add a spectrum of a stable isotope

labeling experiment to the analysis. Labeled fragments are automatically detected and MIDs for

those fragments are calculated in order to determine the number of labeled atoms within this frag-

ment. Candidate formulas that do not fit the labeling pattern are directly excluded from the result

set.

Material and Methods

Details can be found in the supplemental information.
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Implementation

FFC has been developed in C++ and Qt4 and is based on the publicly available MetaboliteDe-

tector package19, the NTFD software package20, and the ICBM algorithm21. All graph based

calculations are done using the LEMON graph library22, available at http://lemon.cs.elte.hu.

Results and Discussion

We first validated the predictive capabilities of FFC by identifying the chemical formulas for 35

fragment ions of 13 tert-butyldimethylsilyl derivatized amino acids. These manually curated for-

mulas have been published previously by Antoniewicz1. The mass spectra as well as the 2D struc-

tures were obtained from the NIST 08 library. An overview of all fragment ions tested is depicted

in supplemental Table 1. We tested whether FFC can not only predict the correct formula but also

the correct position of retained backbone carbon atoms, which is very important for MFA. We con-

sidered a predicted formula as correct when the candidate with the lowest number of broken bonds

matched the formula proposed by Antoniewicz. If there were multiple formulas resulting from the

same number of broken bonds, we selected the formula with the highest spectrum similarity score.

For the composition of backbone carbon atoms selecting the correct solution is more challenging,

because candidates with different backbone carbon atoms but the same formula will have the same

spectrum similarity score. For this reason, we only considered the prediction of backbone carbon

atoms present to be correct if there was a unique solution. Overall, FFC was able to correctly

predict 34 out of 35 chemical formulas and 30 out of 35 backbone carbon compositions. In the

case of threonine the formula and the carbon atoms for the fragment ion at m/z 376 were predicted

incorrectly. However, when we used a spectrum measured using our Agilent 5975C MSD, both the

formulas and the carbon atoms were predicted correctly. Apparently, the spectrum similarity score

is dependent on the quality of the spectra used and how close it reflects the theoretical distribution

of naturally occuring isotopes. The number of correctly predicted formulas is slightly higher com-

pared to the number of backbone carbon compositions, because of similar structural groups within
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the 2D structure of certain molecules. For example, aspartate 3TBDMS and glutamate 3TBDMS

both have two carboxyl groups; for the ions at m/z 390 (Asp) and 330 (Glu) it is not clear which

of these two groups is cleaved off. The chemical formula, however, is the same. In case of leucine

and isoleucine, the side chains have the same chemical formula (C4H9) as the tert-butyl group and,

therefore, have the same mass (m/z 57) and cannot be distinguished by our algorithm. The top two

ranked candidate formulas for ions at m/z 200, 274 and 302 of N,O-bis(dimethyl-tert-butylsilyl)-

leucine are depicted in Figure 4. For the ion at m/z 302 there are two equally ranked candidate

formulas, resulting from either an α-cleavage of the tert-butyl group or the side chain. Interest-

ingly, Antoniewicz showed with a stable isotope labeling experiment that two fragments with the

same chemical formula are overlapping for this ion. He found significant M+2 and M+6 mass

isotopomer abundances when using U-13C-leucine. This suggests that both backbone carbon atom

compositions predicted by FFC are legitimate. For the ion at m/z 274, again there are two equally

ranked candidate formulas, resulting from either a loss of a tert-butyl and the carbonyl group or

the loss of the side chain and the carbonyl group. However, when using U-13C-leucine only the

M+5 peak is abundant, suggesting that five of the six carbon backbone atoms are still present in

this fragment1. This result can be explained by the rearrangement mechanism depicted in Figure 1.

The retro-Diels-Alder-like rearrangement occurs only if the N-terminal tert-butyl is lost in a previ-

ous fragmentation step, leading to the loss of the carbonyl group. As these two candidate formulas

cannot be distinguished solely from unlabeled spectra (unless an expert in the field is looking at it),

a stable isotope labeling experiment should be performed to determine which formula is correct.

For ion 200 the correct formula is C11H26NSi, resulting from an α-cleavage between the carbon of

the carboxyl group and the adjacent carbon atom. The second best hit with the formula C11H24OSi

has a slightly higher spectrum similarity score of 0.999866 (compared to 0.999819) but needs the

higher number of broken bonds, which is very unlikely from a chemical point of view. In our anal-

ysis, the correct chemical formula for each fragment ion was always present in the list of results.

However, as with most prediction algorithms, a critical look at the result is necessary in order to

pull out those that are most chemically relevant.
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Figure 4: Chemical formulas for ions 200, 274 and 302 of N,O-bis(dimethyl-tert-butylsilyl)-
Leucine. The two best ranked hits, according to the number of broken bonds and spectrum sim-
ilarity for each ion are shown. Incorrect fragmentations are visualized with a lower opacity and
cleaved atoms are shown in red.

Next, we applied the FFC program to determine the chemical formulas and carbone back-

bone compositions of a wide range of trimethylsilyl- (Table 1, Table 2, and Table 3) and tert-

butyldimethylsilyl- (supplemental Table 2, supplemental Table 3, and supplemental Table 4) deriva-

tized compounds of central carbon metabolism. In this article we report a fragment ion repository

that includes the chemical formulas and the retained carbon atoms for 160 fragment ions of 43

compounds. The retained carbon backbone compositions of all compounds can be found in the

supplemental material. We manually curated these formulas and verified them with labeled refer-

ence spectra. For that, we generated fully 13C labeled yeast extracts as decribed in the Materials

and Methods section of the supplemental information. These labeled spectra can be imported in

the FFC program and results that do not fit the labeling pattern are directly removed from the

result set. We additionally validated the TMS spectra with deuterated N-Methyl-N-(trimethyl-d9-

silyl)trifluoroacetamide (MSTFA-d9) as a derivatization reagent. In conclusion, we present a high
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quality fragment ion repository that can help researchers to analyze stable isotope labeling exper-

iments. For example, the fragment formulas can be used to calculate MIDs, which in turn can be

used in combination with the retained carbon atoms to perform 13C-MFA.

The calculation time for this algorithm is dependent on the size of the molecule and the max-

imum cut size. For small molecules like N,O-bis-(trimethylsilyl)-glycine the run time is in the

range of miliseconds, whereas for bigger molecules like (1Z)-O-methyloxime-2,3,4,5,6-pentakis-

O-(trimethylsilyl)-glucose the run time is in the range of seconds on a standard PC.

Conclusion

In this article, we present FFC as an algorithm to not only calculate chemical formulas, but also re-

tained atoms of a compound in its mass spectrometric fragment ions. Knowing the correct number

and position of specific atoms present in a fragment ion is of great significance for MFA. Although

only carbon atoms were tracked in the validation experiment, in theory any element’s fate (e.g.

nitrogen, sulfur, and hydrogen) can be followed with this algorithm. We provide an easy to use

software with a user-friendly graphical interface. Due to the combinatorial nature of our approach

it is not necessary to model the fragmentation based on a rule set, such as the preferred site of ion-

ization or the bonds most likely to break. This also allows the calculation of chemical formulas for

compounds where no similar fragmentation mechanism is known. However, identical structural

groups present in the compound of interest can complicate interpretation when there is ambiguity

in the results (e.g. alkanes, sugars, or fatty acids). To further filter out incorrect formulas, FFC can

integrate results of a stable isotope labeling experiment to exclude results that do not fit the labeling

pattern. In this article we showed that this algorithm can be successfully applied to a wide range of

biochemical compounds by identifying the chemical formulas and carbon backbone combinations

for a wide range of compounds.

FFC is freely available under http://www.ffc.lu. Currently, installable packages for Linux (Debian,

Red Hat packages), Mac OS, and Windows are provided.
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Table 1: Fragments of TMS- derivatized compounds part 1

Compound m/z m/z 13C m/z d9-TMS Formula
Adenine 2TMS 279 284 297 C11H21N5Si2

264 269 279 C10H18N5Si2
206 211 215 C8H12N5Si

Alanine 2TMS 233 - - C9H23NO2Si2
218 220, 221 233, 236 C8H20NO2Si2
190 192 205 C7H20NOSi2
116 118 125 C5H14NSi

Aspartic acid 2TMS 277 281 295 C10H23NO4Si2
262 266 277 C9H20NO4Si2
234 237 249 C8H20NO3Si2
220 222 235 C7H18NO3Si2
160 163 169 C6H14N1O2Si

Aspartic acid 3TMS 349 354 376 C13H31NO4Si3
334 338 358 C12H28NO4Si3
306 309 330 C11H28NO3Si3
292 294 316 C10H26NO3Si3
232 235 250 C9H22NO2Si2
218 220 236 C8H20NO2Si2

β -Alanine 3TMS 305 - - C12H31NO2Si3
290 - 314 C11H28NO2Si3
248 - 272 C9H26NOSi3
232 - 250 C9H22NO2Si2
174 - 192 C7H20NSi
86 - 92 C3H6OSi

Citric acid 4TMS 480 - - C18H40O7Si4
465 471 498 C17H37O7Si4
375 381 399 C14H27O6Si3
363 368 390 C14H31O5Si3
347 352 371 C13H27O5Si3
273 278 291 C11H21O4Si2

3-phosphoglycerate 4TMS 474 C15H39O7PSi4
459 462 492 C14H36O7PSi4
387 387 423 C12H36O4PSi4
357 359 384 C11H30O5PSi3
315 315 342 C9H28O4PSi3
299 299 323 C8H24O4PSi3

Glycerol-3-phosphate 4TMS 460 C15H41O6PSi4
445 448 478 C14H38O6PSi4
387 387 423 C12H36O4PSi4
357 359 384 C11H30O5PSi3
341 343 365 C10H26O5PSi3
299 299 323 C8H24O4PSi3
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Table 2: Fragments of TMS- derivatized compounds part 2

Compound m/z m/z 13C m/z d9-TMS Formula
Glutamic acid 3TMS 363 368 390 C14H33NO4Si3

348 353 372 C13H30NO4Si3
320 324 344 C12H30NO3Si3
246 250 264 C10H24NO2Si2
230 234 245 C9H20NO2Si2

Glutamine 3TMS 362 367 389 C14H34N2O3Si3
347 352 371 C13H31N2O3Si3
273 278 291 C11H25N2O2Si2
245 249 263 C10H25N2O1Si2

Glycerol 3TMS 308 - - C12H32O3Si3
293 296 317 C11H29O3Si3
218 221 236 C9H22O2Si2
205 207 223 C8H21O2Si2

Glycine 3TMS 291 293 - C11H29NO2Si3
276 278 300 C10H26NO2Si3
248 249 274 C9H26NOSi3
174 175 192 C7H20NSi2

Isoleucine 2TMS 275 - - C12H29NO2Si2
260 265, 266 275, 278 C11H26NO2Si2
232 237 247 C10H26NOSi2
218 220 236 C8H20NO2Si2
158 163 167 C8H20NSi

Leucine 2TMS 275 - - C12H29NO2Si2
260 265, 266 275, 278 C11H26NO2Si2
232 237 247 C10H26NOSi2
218 220 236 C8H20NO2Si2
158 163 167 C8H20NSi

Lysine 3TMS 362 368 389 C15H38N2O2Si3
347 353 371 C14H35N2O2Si3
200 206 209 C9H18NO2Si
174 175 192 C7H20NSi2
156 161 165 C8H18NSi

Lysine 4TMS 434 440 470 C18H46N2O2Si4
419 425 452 C17H43N2O2Si4
391 396 324 C16H43N2OSi4
317 322 344 C14H37N2Si3
174 175 192 C17H20NSi2

Malic acid 3TMS 350 354 377 C13H30O5Si3
335 339 359 C12H27O5Si3
307 311 331 C11H27NO4Si3
245 249 260 C9H17O4Si2
233 236 251 C9H21O3Si2
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Table 3: Fragments of TMS- derivatized compounds part 3

Compound m/z m/z 13C m/z d9-TMS Formula
Phenylalanine 2TMS 309 - - C15H27NO2Si2

294 303 309 C14H24NO2Si2
266 274 281 C13H24NOSi2
218 220 236 C8H20NO2Si2
192 200 201 C11H18NSi

Proline 2TMS 259 - - C11H25NO2Si2
244 249 259 C10H22NO2Si2
216 220 231 C9H22NOSi2
142 146 151 C7H16NSi

Serine 3TMS 321 - - C12H31NO3Si3
306 309 330 C11H28NO3Si3
278 280 302 C10H28NO2Si3
218 220 236 C8H20NO2Si2
204 206 222 C8H22NOSi2
188 190 203 C7H18NOSi2

Succinic acid 2TMS 262 280 C10H22O4Si2
247 262 C9H19O4Si2
172 181 C7H12O3Si

Threonine 3TMS 335 - - C13H33NO3Si3
320 324 344 C12H30NO3Si3
218 221 236 C9H24NOSi

Tyrosine 2TMS 325 - - C15H27NO3Si2
310 319 325 C14H24NO3Si2
282 290 297 C13H24NO2Si2
208 216 217 C11H18NOSi
192 200 198 C10H14NOSi

Tyrosine 3TMS 397 - - C18H35NO3Si3
382 391 406 C17H32NO3Si3
354 362 378 C16H32NO2Si3
280 288 298 C14H26NOSi2
218 220 236 C8H20NO2Si2

Uracil 2TMS 256 260 284 C10H20N2O2Si2
241 245 256 C9H17N2O2Si2

Valine 2TMS 261 - - C11H27NO2Si2
246 251 261 C10H24NO2Si2
218 220, 222 233 236 C9H24NOSi2
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