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Abstract

Background: Structure elucidation of unknown small molecules by mass spectrometry is a
challenge despite advances in instrumentation. The first crucial step is to obtain correct elemental
compositions. In order to automatically constrain the thousands of possible candidate structures,
rules need to be developed to select the most likely and chemically correct molecular formulas.

Results: An algorithm for filtering molecular formulas is derived from seven heuristic rules: (I)
restrictions for the number of elements, (2) LEWIS and SENIOR chemical rules, (3) isotopic
patterns, (4) hydrogen/carbon ratios, (5) element ratio of nitrogen, oxygen, phosphor, and sulphur
versus carbon, (6) element ratio probabilities and (7) presence of trimethylsilylated compounds.
Formulas are ranked according to their isotopic patterns and subsequently constrained by presence
in public chemical databases. The seven rules were developed on 68,237 existing molecular
formulas and were validated in four experiments. First, 432,968 formulas covering five million
PubChem database entries were checked for consistency. Only 0.6% of these compounds did not
pass all rules. Next, the rules were shown to effectively reducing the complement all eight billion
theoretically possible C, H, N, S, O, P-formulas up to 2000 Da to only 623 million most probable
elemental compositions. Thirdly 6,000 pharmaceutical, toxic and natural compounds were selected
from DrugBank, TSCA and DNP databases. The correct formulas were retrieved as top hit at 80—
99% probability when assuming data acquisition with complete resolution of unique compounds
and 5% absolute isotope ratio deviation and 3 ppm mass accuracy. Last, some exemplary
compounds were analyzed by Fourier transform ion cyclotron resonance mass spectrometry and
by gas chromatography-time of flight mass spectrometry. In each case, the correct formula was
ranked as top hit when combining the seven rules with database queries.

Conclusion: The seven rules enable an automatic exclusion of molecular formulas which are
either wrong or which contain unlikely high or low number of elements. The correct molecular
formula is assigned with a probability of 98% if the formula exists in a compound database. For truly
novel compounds that are not present in databases, the correct formula is found in the first three
hits with a probability of 65-81%. Corresponding software and supplemental data are available for
downloads from the authors' website.
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Background

1.1 Structure elucidation utilizes NMR and MS

Since more than 50 years mass spectrometric techniques
are utilized to identify unknown compounds. Pioneers of
structure elucidation around Carl Djerassi [1] or natural
product researchers like Satoshi Omura [2] or Victor Wray
[3] often used additional analytical techniques like
nuclear magnetic resonance, Fourier-transform infrared
spectroscopy, ultraviolet spectroscopy or crystallographic
data for initial proposition of structures of natural prod-
ucts which were subsequently confirmed by organic syn-
thesis. The famous Dendral project [4] was one of the first
concerted actions for structure elucidation approaches
using computers which led to the term CASE (Computer-
Assisted Structure Elucidation). Machine learning tech-
niques (at this time called Artificial Intelligence), heuristic
rules [4] and other chemometrical methods were com-
bined to investigate nuclear magnetic resonance (NMR)
and mass spectrometry (MS) data in order to find the cor-
rect structure of unknown chemicals in shorter time than
manual investigation of all spectral data. Although micro-
flow-NMR [5] was introduced recently using new cap-
NMR probes or cryogenic probes, NMR still lacks
sensitivity compared to MS. Two dimensional NMR cou-
pling experiments need measurement times up to hours.
More importantly, complex mixtures cannot be fully
resolved by NMR data acquisition only. For this purpose,
NMR is coupled to high pressure liquid chromatography
(HPLC) to separate mixtures prior to data acquisition.
Data acquired solely by HPLC-'H-NMR are insufficient
for de novo structure elucidation purposes [6]. Only if sep-
aration of co-eluting compounds is complete, resulting in
a high enough mass of a pure compound, NMR couplings
of protons, carbons and heteronuclei can in principle be
used for a full structure elucidation, even without mass
spectral data [7]. However, a rapid and automated anno-
tation and structure elucidation of small molecules is still
a challenge for complex mixtures. Due to its universality
and sensitivity, mass spectrometry is a method of choice
as starting point for identification procedures. Library
search strategies using the fragmentation pattern of mass
spectra of known and available compounds are well
established [8]. However, small molecules can not be
sequenced like peptides or proteins [9]; hence there is no
universal approach for de-novo structure elucidation uti-
lizing MS/MS or MSn techniques for unknown com-
pounds or for the 30 million currently known isomeric
structures that are not commercially available.

Separation techniques like HPLC or ultrahigh pressure
liquid chromatography (UPLC), capillary electrophoresis
(CE) or gas chromatography (GC) are routinely coupled
to mass spectrometry to separate and eventually detect
and identify all components of complex matrices. Yet
reaching such comprehensive aims is far from reality. For
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the identification of an unknown compound by mass
spectrometry, first and foremost a correct elemental com-
position of the native chemical must be computed. We
have recently published an approach how to utilize iso-
topic abundance patterns of mass spectra for the reduc-
tion of formula candidates [10] and how public databases
can be searched and compounds can be annotated by
their molecular formula. We here extend this approach by
establishing and implementing chemical and heuristic
rules that are used as constraints for finding the correct
chemical formula, and we validate this approach on a
large database consisting of 432,968 molecular formulas
which covered a chemical space of more than five million
compounds.

Several other programs have been suggested in the past for
this purpose but none of them was validated on larger
datasets like in this study. One program directly uses elec-
tron impact (EI) spectra and performs a compatibility
check of the molecular formula on EI mass spectra [11].
For that purpose fragmentation patterns are examined
and molecular formulas are calculated for these fragments
using additional constraints. Another suite of programs
used a test set of 900 compounds for interpretation of low
resolution mass spectra and computation of highly prob-
able elemental compositions [12]. Subsequently, a set of
empirical filter functions is used, but the validity of these
filters was not thoroughly investigated due to the limited
size of the molecular test sets.

1.2 Compound identification requires high resolution and
high accuracy of mass and isotope ratio measurements

In this paper we assume compounds to be completely
resolved from co-eluting or isobaric compounds by the
combination of chemical separation and high mass reso-
lution [13]. Ultrahigh mass accuracy (less than 1 ppm)
and high resolving power (750,000 at m/z 400; FWHM,
full width at half maximum) can be obtained with Fou-
rier-transform ion cyclotron mass spectrometry (FT-MS)
[14] or by Orbitrap mass spectrometers [15] (max. resolv-
ing power 100,000, FWHM). However, data acquired
even by ultrahigh mass accuracy and mass resolution are
insufficient for calculating unique elemental composi-
tions without information about isotope ratios [10]. Iso-
tope ratios are measured since the very beginning of mass
spectrometry [16]. Natural occurring elements can be
monoisotopic (F, Na, P, I) or polyisotopic (H, C, N, O, §,
Cl, Br) [17]. The calibrated abundance values of these ele-
ments are reported by the [UPAC [18]. Using isotopic pat-
tern generators [19] one can calculate the contribution to
the abundances of the M+1, M+2, M+3 isotope ions in
mass spectra, where M+* or M-* reflect the molecular ion.
As the number of elements increase in complex and large
molecules, the computation of correct isotope ratios
becomes more complicated [20]. In fact, small molecule
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formulas can be calculated even from low-resolution
quadrupole mass spectrometry data when isotope pat-
terns and silylations were included as search constraints
[21].

1.3 Raw data processing for complex samples involves
peak picking, mass spectral deconvolution, and
determination of molecular ions by adduct detection
Even techniques with high peak capacities such as
GCxGC/MS (comprehensive GC) or UPLC/MS will lead
to partially co-eluting peaks for complex mixtures. More-
over, low abundant compounds may not be apparent by
visual inspection of chromatograms. Detection of single
components from complex chromatograms is therefore
performed by peak picking and mathematical deconvolu-
tion routines. The development of the freely available
AMDIS program [22] was a major milestone for GC/MS
data analysis. The CODA algorithm [23] for LC/MS data
analysis is now implemented into different commercial
packages. Such peak picking and mass spectrometric
deconvolution routines are obligatory unless chemicals
purified otherwise are directly introduced into the mass
spectrometer via a probe or direct infusion.

The determination of the molecular ion from a given mass
spectrum is one of the crucial steps during mass spectral
evaluation. For electron impact spectra (EI) this problem
has been tackled [24] and the corresponding algorithm is
implemented in the NIST MS-Search Program [25]. Most
often, GC/MS instruments are run under EI ionization.
Unfortunately, molecular ions observed in EI spectra fre-
quently have very low abundances or are complete absent
(specifically when using trimethylsilyl derivatives) which
limit the use of molecular ion calculations. Instead, soft
ionization techniques like chemical ionization (CI), field
emission (FE), field desorption (FD) or other methods
may be employed for ionizing compounds separated by
GC. Resulting from soft ionization, GC/MS spectra often
comprise abundant molecular ions which may be utilized
for assigning molecular formulas if an accurate mass spec-
trometer is used. LC/MS surveys almost exclusively use
soft ionization procedures (electrospray or atmospheric
pressure chemical ionization), both producing adducts of
molecular ions such as [M+H]* or [M+Na]+ or multiple
others. Obviously, the nature of the adduct formation
must be determined before accurate mass data acquisi-
tions can be used for assigning elemental compositions
[26]. Although the problem is well known since several
years, only recently a commercial program has been
released to the market [27]. Yet, routine recognition of
adduct formation in LC/MS has not been validated on
large datasets of diverse mass spectra.
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Results

Developing rules for constraining formula generators

2.1 The rings-and-double-bond equivalent and the nitrogen rule are
not instrumental for calculating sum formulas

Atoms in chemical structures are connected by one or
multiple chemical bonds. Consequently, the rings-plus-
double-bonds equivalent (RDBE) or double-bond equivalent
(DBE) concept was introduced in the 1950's [28,29], and
shortly later, the term of "degree of unsaturation" was
introduced [30]. RDBE values can be calculated the fol-
lowing formula [31]:

RDBE = C+Si - 1/2(H+F+Cl+Br+I) + 1/2(N+P)+1 (1)

Each element symbol here represents the count of atoms
of this element in the molecular formula. The elements
oxygen and sulphur were not taken into account. This
equation is still in use by organic chemists and mass spec-
trometrists, and it is frequently used in mass spectrometry
software and common molecular generators. However,
the equation is based on the lowest valence state for each
element which therefore does not allow an exhaustive and
correct calculation of the true RDBE values for a given
accurate mass. So even if double bonds exist in the mole-
cule, the formula does not count the number of double
bonds correctly. Due to this known problem a more gen-
eral approach was suggested to calculate the degree of
unsaturation which also includes excess localized elec-
trons [32]. However, even this approach does not yield
unique solutions. The elements nitrogen and phospho-
rous can have three or five valences, and sulphur atoms
may have two, four or six valences. In organic compounds
nitrogen has a valence of three. For molecules that contain
these three atoms in different mixed combinations of
their valence states, no single solution for RDBE can be
calculated but an RDBE range would result.

Moreover, negative RDBE numbers can not be excluded a
priori, because normal valence state may be exceeded.
More than 64 substances were found to have negative
RDBE numbers when querying formulas in the NIST and
Wiley mass spectral databases. Most of these compounds
contained either chlorine or fluorine atoms together with
elements N, O, S or P. For example C,,H;,F;N,O,P,Si,
(CAS: 110228-63-2, RDBE = -1) is a substance with phos-
phorous in the valence of five. CH,F,,S, (CAS: 117146-
25-5, RDBE = -4) comprises sulphur at a valence state of
six. Organic sulphates contain sulphur at a valence state of
six. For example, for dimethyl sulfate an RDBE value of
zero is calculated although actually two double bonds are
present in the molecular structure. Due to these uncertain-
ties, it cannot be automatically decided if the RDBE value
for a specific formula is correct. Therefore, RDBE values
are of rather limited use as constraint in assigning chemi-
cally possible elemental formulas. However, a helpful
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application of the rings-plus-double-bonds equivalent is
to detect formulas with an extremely high RDBE value. For
example, RDBE values may be utilized to either exclude or
include fullerenes, like C,4H;,Cl,N, with an RDBE of 73.
Most of the compounds in our test set (99.90%) were
found to comprise an RDBE of less than 40.

These results on assumptions and limitations of RDBE
values exclude using rings-and-double-bond equivalents
as constraint in calculation of molecular formulas.
Instead, we have assumed all chemically possible valence
values be valid for all elements under investigation, in
order to allow an exhaustive calculation of elemental
compositions. Consequently, the number of theoretically
allowed molecular formulas is dramatically increased in
the first instance, reflecting the chemical diversity of mol-
ecules that can be built from the scaffold of elements and
their oxidation and valence states.

The nitrogen rule states that an odd nominal molecular
mass implies also an odd number of nitrogens. This rule
should only be used with nominal (integer) masses.
When using accurate mass measurements this rule
becomes unreliable in mass ranges higher than 500 Da. A
test performed with 17,000 formulas from 27-3000 Da
resulted in 20% wrong assignments for the number of
odd or even nitrogens. This is due to the fact that small
non-nominal mass contributions from a large number of
elements add up in higher mass regions. An example
would be C;4H,N, (accurate mass 548.50692 Da; integer
mass 548 Da). This rule can be helpful in lower mass
ranges using unit resolution mass spectrometers or during
assignment of elemental compositions to small frag-
ments.

Below, we demonstrate how a combination of heuristic
and chemical rules reduces the number of theoretical for-
mulas to a small set of the most likely compositions. The
development and validation for each of the seven rules is
shown in the following sections.
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2.2 Establishing heuristic and chemical rules

Rule #1 — restrictions for element numbers

The restriction of element numbers is important to save
computational time and disk space. If the research is
aimed towards natural compounds (hence, excluding
peptides) there is no reason to include chemicals with
unreasonable high element counts. For developing this
rule, the absolute element limits were calculated by sim-
ply dividing the mass range through the element mass
(e.g. for carbon = 12 Da at 1000 Da follows 1000/12 = 83
maximum limit for a hypothetical molecule that consists
exclusively of carbon. The maximum element count was
further restricted in a heuristic manner by using the devel-
opment set of formulas that were derived from NIST and
Wiley mass spectra and DNP entries. Results are given in
Table 1. Maximum element counts were defined for the
mass ranges at < 500 Da, < 1000 Da, < 2000 Da, < 3000
Da by taking the higher value found in either of the two
development databases. For example, for 47 carbon
atoms the maximum hydrogen number does not exceed
150 using the most common six elements (C, H, N, S, O,
P and Si) and are usually much lower. For natural prod-
ucts, the numbers for nitrogen, phosphor and sulphur are
smaller than those of peptides. For example, in the range
960-1080 Daltons, peptides show a maximum nitrogen
number of 36 but for natural small molecules, a maxi-
mum of only 30 is found.

Rule #2 — LEWIS and SENIOR check

In principle, elemental formulas can be calculated from
accurate mass measurements for any species, ions, radicals
or neutralized (uncharged) molecules. Since mass spec-
trometers can only detect ions (and ion radicals), com-
mon formula calculators like CHEFOEG [33] or Hires MS
[34] calculate all combinations of elements that result in
the correct (measured) mass, disregarding advanced tests
for the physical existence of chemical structures, because
in gas phase chemistry of radicals and ion radicals, many
uncommon and short-lived molecule species may exist
(as fragments) that would not be described as stable com-
pounds under natural conditions. Conversely, for the
objective to determine the correct formula for natural
products, it is reasonable to check if a molecular graph (a

Table I: Restrictions for number of elements during formula generation for small molecules based on examination of the DNP and
Wiley mass spectral databases. For each element, the higher count was taken for denominating the element restriction rule #I

Mass Range [Da] Library Cmax Hmax Nmax Omax Pmax Smax Fmax Clmax Brmax Simax
<500 DNP 29 72 10 18 4 7 15 8 5

Wiley 39 72 20 20 9 10 16 10 4 8
< 1000 DNP 66 126 25 27 6 8 16 I 8

Wiley 78 126 20 27 9 14 34 12 8 14
<2000 DNP 115 236 32 63 6 8 16 I 8

Wiley 156 180 20 40 9 14 48 12 10 15
< 3000 DNP 162 208 48 78 6 9 16 I 8
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chemically existent species) can be built from a specific
formula. Two of the fundamental deterministic chemical
rules are not obeyed by common formula calculators, the
LEWIS and SENIOR rules. These rules can best be tested
for neutral compounds, hence ionic species detected in
mass spectrometry first need to be neutralized by deter-
mining the adduct formation and correcting for it. For
example, for obtaining the neutral structure from proto-
nated compounds, a common adduct formed under pos-
itive electrospray mass spectrometry conditions,
subtracting the proton mass of 1.007825 u from the accu-
rate mass data would be required. Without determining
and neutralizing the molecular ion, species that are non-
existent would be calculated by common calculators such
as C¢H,O;. Accordingly, any report on accurate mass
measurements should at least detail the ion species
(adducts) that were determined in order to enable post hoc
validations.

In its simplest form, the LEWIS rule demands that mole-
cules consisting of main group elements, especially car-
bon, nitrogen and oxygen, share electrons in a way that all
atoms have completely filled s, p-valence shells (‘octet
rule'). However, free radicals such as 5-hydroxy-2,2-dime-
thyl-1-Pyrrolidinyloxy (C.H;,NO,; CAS: 55482-03-6),
and in fact, all nitroso compounds, would not be allowed
if the LEWIS rule would be strictly enforced. The LEWIS
rule marks such compounds to be odd electron mole-
cules, and the RDBE value would be a non-integer (in this
case 1.5). If such radical components need to be checked,
the rule has to be disabled within the source code of our
script. Furthermore, newer quantum mechanic ab-initio
calculations have shown that certain hypervalent mole-
cules do not obey the LEWIS rule [35], and therefore we
have combined it with a test for the extended SENIOR
rule. Senior's theorem [36] requires three essential condi-
tions for the existence of molecular graphs [37]:

i) The sum of valences or the total number of atoms hav-
ing odd valences is even;

ii) The sum of valences is greater than or equal to twice the
maximum valence;

iii) The sum of valences is greater than or equal to twice
the number of atoms minus 1.

The SENIOR rule is included in advanced molecular iso-
mer generator such as the commercial MOLGEN [38] or
the Deterministic Structure Generator [39], which was
built with the help of the free Chemistry Development Kit
(CDK) [40]. Both calculators have free test-versions avail-
able online. However, certain radicals such as nitroso
compounds should be excluded in MOLGEN or need
additional preparatory steps. More severe limitations are
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found that both calculators only take ground state
valences into account, i.e. sulphur with two valences,
phosphorous with three valences. These elements may
have higher valences, and importantly, each element may
have different numbers of valences in a specific, chemi-
cally allowed molecule. So far, calculators were unable to
handle all combinations of mixed valences and higher
valence states which would discriminate physically exist-
ent molecular formulas if directly applied or imple-
mented into algorithms for filtering formulas by chemical
rules. Consequently, the algorithm presented here tests
for LEWIS and SENIOR rules by allowing maximum
valence states for each element, and presence of mixed
valence states for each element within molecular struc-
tures.

Rule #3 — isotopic pattern filter

Compounds that were synthesized by natural precursors
comprise monoisotopic and isotope masses according to
the natural average abundance of stable isotope abun-
dances which are listed for each element [18]. Previously,
we have shown that applying isotopic abundance patterns
removes most of the wrongly assigned molecular formu-
las from a certain mass measurement experiment [10],
and we proved that without isotope information, even a
hypothetical spectrometer capable of 0.1 ppm mass accu-
racy could not report unique elemental compositions in
the range above 185.9760 Dalton when elements C, H, N,
S, O and P were included in the search list. Therefore, iso-
tope ratio abundance was included in the algorithm as an
additional orthogonal constraint, assuming high quality
data acquisitions, specifically sufficient ion statistics and
high signal/noise ratio for the detection of the M+1 and
M+2 abundances. Mass spectrometers such as time-of-
flight instruments are commercially available which
report isotopic abundance patterns with a very low rela-
tive error (around 2-5% relative standard deviation Fig-
ure 1 shows all M+1 and M+2 patterns for the formulas
from the Wiley mass spectral database and a data set of
calculated peptide formulas. This figure demonstrates that
for a few compound classes such as brominated and chlo-
rinated small molecules, but also for sulphur-containing
peptides, the isotope pattern is a valuable tool to immedi-
ately determine the presence of such elements. For
monoisotopic elements (F, Na, P, I) this rule has no
impact. The relative impact of the isotopic ratio evalua-
tions against the other rules is highlighted below.

Rule #4 — Hydrogen/Carbon element ratio check

Another important constraint for restricting formulas to
those that are likely to exist is including element ratios,
especially the hydrogen/carbon ratio (see Figure 2). In
most cases the hydrogen/carbon ratio does not exceed H/
C > 3 with rare exception such as in methylhydrazine
(CH¢(N,). Conversely, the H/C ratio is usually smaller

Page 5 of 20

(page number not for citation purposes)



BMC Bioinformatics 2007, 8:105

http://www.biomedcentral.com/1471-2105/8/105

120 - - . . : ;
Bromine compounds
100 ¢ ° ® oo .
Chlorine compounds ¢
80 o i .
60 | 22 o .
[ R
+ °
= Lo
40 t Ei .
20 t .
Or : :
Peptides with sulfur pattern S,-Sy
-20 : : : : : :
-20 0 20 40 60 80 100 120
M+1
Figure |

Isotopic pattern of 45.000 compound formulas from the Wiley mass spectral database and 60.000 peptides for-
mulas in the small molecule space < 1000 Dalton. M+ and M+2 are given as relative abundances in [%] and are normal-
ized to 100% of the highest isotope abundance in the molecular formula.

than 2, and should not be less than 0.125 like in the case
of tetracyanopyrrole (CgHN;). Figure 2 demonstrates that
most typical ratios are found between 2.0 > H/C > 0.5, for
example for long chain alkanes (H/C ~ 2) or polycyclic
aromatic hydrocarbons (H/C~ 0.5). Frequency distribu-
tions were found to be not Gaussian, so limit ranges could
not be defined by 36 or 46 standard deviations which
would cover 99.7% and 99.99%, resp., of all formulas in
the data set. Instead, cumulative percentages were used as
range limits, given as Table 2 for examining the Wiley
spectral database as development set. More than 99.7% of
all formulas were included with H/C ratios between 0.2-
3.1. Consequently, we call this range the 'common range'.
However, a number of chemical classes fall out of this
range, and we have hence enabled the user to select
‘extended ranges' covering 99.99% of all formulas in this
development database (H/C 0.1-6). There are extreme

cases for which rules of typical H/C ratios may be overrid-
den, e.g. for the study of fullerenes [41] which have an
extremely low hydrogen/carbon ratio such as in
C,¢H,,CLLN,. The implementation of our script enables
researchers to exclude certain rules if needed for specific
applications.

Rule #5 — heteroatom ratio check

Element ratio checks strongly reduce the number of can-
didate formulas. However, we found that heteroatom
ratios distributions are even more skewed than H/C ratios,
because many formulas comprise no heteroatom at all
(such as alkanes) or very few, and rare cases exist with
high ratios of heteroatoms to carbon numbers. Table 2
lists the common, the extended and the extreme ratios for
small organic compounds comprised in the Wiley mass
spectral database.
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Hydrogen/Carbon ratio (H/C) for 42,000 diverse molecules (containing C, H, N, S, O, P, F, Cl, Br, I, Si) taken from the Wiley

mass spectral library.

Rule #6 — element probability check

Rule #5 only restricts unlikely high element ratios in
molecular formulas, but it does not test for multiple high
element counts like in the example of C,H,N,;,0,P;Ss.
This formula would pass all rules so far including the ele-
ment ratio checks; however, the combination of high ele-
ment ratios would still be too improbable. Therefore, an
additional constraint "multiple element count” (see Table
3) was included. All combinations for NOPS and all triple
combinations were included in this sub-rule. In order to
have a sufficiently large basis for evaluating combinations
of element ratios, this sub-rule was developed using the
Dictionary of Natural Products and the two mass spectral
libraries NISTO2 and the Wiley. For element combina-
tions of N, O, P and N, O, S a high number of formulas
was found with high element ratios, and specific thresh-
olds were defined accordingly.

Rule #7 — TMS check

Analysis of small molecules is often performed by GC/MS,
frequently requiring chemical derivatization of the origi-
nal molecules to enhance volatility, stability or sensitivity
of detection. For applications in metabolomics or clinical
chemistry, a commonly used derivatization step involves
trimethylsilylation by MSTFA (NMethyltrimethylsilyltrif-
luoroacetamide; CAS: 24589-78-4) which exchanges

acidic protons against TMS (trimethylsilyl) groups. If ion-
ization conditions and molecular structures allow for the
observation of molecular ions, TMS groups (C;HSi) have
to be subtracted for calculating the underivatized mole-
cule. For example, accurate masses for C,,HsgN;0,Si; and
C,,H,04Siqdiffer only by 4 ppm, but after subtraction of
TMS groups, the residual (native) molecule C;H,,O; is
much more likely according to rules #4-6 than
C,H,,NO,. Both compounds would bear six TMS groups
which may mask differences in mass spectral isotope
ratios given the high isotope abundances of silicon. Nev-
ertheless, the number of TMS groups can easily be
deduced by calculating isotope abundances, as we have
shown in earlier work [21]. For TMS derivatized mole-
cules detected in GC/MS analyses, the rules on element
ratio checks and valence tests are hence best applied after
TMS groups are subtracted, in a similar manner as adducts
need to be first recognized and subtracted in LC/MS anal-
yses.

2.4 Combination of all rules

The application of all rules together is sufficient to derive
the most likely elemental formula from accurate mass and
isotopic ratio mass spectral measurements. In any case,
adduct ions (in LC/MS) or TMS-derivatives (in GC/MS)
have to be determined [26] in order to obtain the neutral
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Table 2: Common element ratios obtained from 45.000 formulas comprising the Wiley mass spectral database for the mass range 30

Da - 1500 Da

Element ratios = Common range (covering 99.7%)

Extended range (covering 99.99%)

Extreme range (beyond 99.99%)

H/IC 0.2-3.1
F/IC 0-1.5
Cl/IC 0-0.8
Br/C 0-0.8
N/C 0-1.3
o/C 0-1.2
P/C 0-0.3
S/IC 0-0.8
SilIc 0-0.5

0.1-6 <0.l and 6-9
0-6 > 1.5
0-2 >0.8
0-2 >038
04 >1.3
0-3 > 1.2
0-2 >03
0-3 >0.8
(o > 0.5

form for each molecule. The seven rules are summarized
below.

Seven rules for molecular formula filtering for non-
charged molecules:

1) apply heuristic restrictions for number of elements dur-
ing formula generation

2) perform LEWIS and SENIOR check

3) perform isotopic pattern filter

4) perform H/C ratio check (hydrogen/carbon ratio)
5) perform NOPS ratio check (N, O, P, S/C ratios)

6) perform heuristic HNOPS probability check (H, N, O,
P, §/C high probability ratios)

7) perform -TMS check (for GC-MS if a silylation step is
involved)

The rules are implemented in an automated script written
in Visual Basic and C++ which can also be used to calcu-
late and subtract 45 usual adduct ions in LC/MS applica-
tions [26]. The adduct removal must be done manually
before entering any values. The script performs all the fil-
tering in an automatic mode, triggered by the user. If for-
mulas are not obeying the rules, they are marked with
"NO", whereas allowed molecular formulas are marked
with "YES". In addition, the isotopic pattern filter uses the
experimental isotopic ratios to assign a score for each for-
mula from 0-100 where higher numbers mean a higher
probability of existence. Mass accuracies should be deter-
mined for specific conditions, since mass errors are
known to be depending on ion statistics, automated ver-
sus manual runs, or direct infusion of purified com-
pounds versus LC/MS runs of complex samples. Default
values may be used as given by the instrument vendors. In
addition to ranking formulas, these formulas are queried

against internal target databases containing specific sets of
molecular formulas.

The highest ranked molecular formula candidates are
directly linked online to the freely available Chemical
Structure Lookup Service (CSLS) [42] which covers more
than 27 million unique structures from 80 public and
commercial databases at the time of writing. The CSLS
also links to PubChem [43] but has the advantage of a
much faster response time. The Dictionary of Natural
Products and other copyrighted databases are searched in-
house only.

We have validated the seven rules based on formula com-
pilations downloaded from PubChem in early 2006
(432,968 formulas) and additionally we downloaded and
included a peptide database of 120,000 molecular formu-
las [44] comprising all combinations of the 20 proteino-
genic amino acids for masses below 1000 Da.

3. Validation and exemplary application of the seven rules
3.1 Compounds in PubChem are covered by the rule constraints

As stated above, rules were evolved from the Wiley mass
spectral libraries and the DNP database (~ 47,000 and ~
31,000 unique elemental compositions, respectively and
combined a total of 68,237 unique formulas). The
NIST02 mass spectral database was additionally used for
special test cases. The mass spectral databases were
selected for rule development because mass spectrometry
is usually used for molecular formula determination. For
validation, we have compiled a much larger database of
432,968 unique molecular formulas that were derived
from 5 million compounds from the PubChem database
(version February 2006). At the time of writing the
PubChem database has almost doubled to 10 million
compounds. Even if such queries were possible, online-
query times would be rather slow. We have therefore
downloaded or purchased the databases for in-house use
and rapid access. The PubChem database was found to
well represent the known molecular space of small mole-
cules. 27% of all elemental compositions were found
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Table 3: Multiple element count restriction for compounds < 2000 Da, based on the examination of the Beilstein database and the

Dictionary of Natural Products

Element counts Heuristic Rule

DB examples for maximum values

NOPS all > | N<10,0<20,P<4,5<3
NOP all > 3 N<II,0<22,P<é6
OPS all > | O<I4,P<3,S5<3

PSN all > | P<3,S<3,N<4

NOS all > 6 N<I90<145<8

c:I5H34N9()8Ps' C22H44N4OI4P252v c:24H38N7()I9P3S
CZOHZBNIOOZIP4’ CIOHISNSOZOPS
C22H44N4OI4P252' CI6H36N4O4P252
C22H44N4OI4P252' CI6H36N4O4PZSZ
C59H64NI80I457

between 400-500 Dalton (see Figure 3). Out of a total of
more than five million chemical structures, 99.6% of all
formulas comprised less than 99 carbon or hydrogen
atoms, rendering this number a reasonable cut off that we
have utilized in our script implementation. Interestingly,
only 2665 molecular formulas (0.6%) failed to pass the
set of seven rules we have developed. Among them 1589
molecular formulas did not pass the Lewis and Senior
check, either because of conversion errors, wrong formu-
las or they were true radical containing compounds. Most
of the other failed candidates (1481) did not pass rule #6
- the HNOPS probability check - due to the fact that they
did not contain any hydrogen. The following largest
group (1349 candidates) did not pass rule #4, the hydro-
gen/carbon ratio test. An overlap analysis revealed that
21,783 molecular formulas (5%) from Wiley and DNP
were not contained in the PubChem validation set. These
results demonstrate the good performance of the set of
rules, despite the comparatively small size of the develop-
ment databases.

3.2 The space of chemically possible formulas is reduced [ 3-fold by
rules #4—6

The next validation step aimed at assessing the ability of
the seven rules to minimize the number of all molecular
formulas with less than 2000 Da in mass. We have per-
formed an exhaustive calculation of all formulas in this
mass range containing the elements C, H, N, O, S and P
which was just constrained by chemical consistency using
the LEWIS and SENIOR checks, allowing the maximum
valence state for each element. Table 4 lists the result of
this validation effort. Without any restrictions, i.e. by
using the original HiRes formula generator and its count
function, eight billion molecular formulas were generated
in 29 hours computational time. Conversely, when using
the newly developed brute force formula generator HR2
applying the element count, ratio and probability restric-
tions, the computational time was reduced to 455 seconds
resulting in only 623 million formulas. Using the stand-
ard valence of three for nitrogen in organic compounds
will slightly reduce the number to 598 million molecular
formulas. This 13-fold reduction of formulas validates the
use of elemental constraints, especially when novel mole-

cules are to be annotated that are not included in the cur-
rently available databases. For example, from each of the
most likely formulas, chemical structure generators may
be utilized to evolve all structural isomers in either deter-
ministic or stochastic manners, which may subsequently
be sorted using other physicochemical constraints. Such
exhaustive isomer generations have previously been
employed for small molecule research and drug screening
[45], and it might become a viable option for cluster com-
puting as search tool in metabolomics. Molecular isomer
generators can generate a plethora of structural isomers
from one single molecular formula [46]. Obviously, such
structure generators can only be successfully applied if the
number of input formulas is very small, at best restricted
to one single elemental composition.

3.3 Vdlidation by simulated mass spectral data of 6,000 chemically
diverse compounds

We have therefore further explored the validity of the
seven rules by simulating data acquisition errors that were
imposed on subsets of compounds from four important
application databases: the Dictionary of Natural Products,
the open access DrugBank database [47], the Toxic Sub-
stances Control Act database (TSCA) and compounds
from the NIST and Wiley mass spectral libraries. Com-
pound subsets were selected randomly except for the mass
spectral library entries which were chosen based on the
constraint that formulas were absent from the PubChem,
DNP or the peptide libraries. For each database subset,
compounds were selected in a way that preserved the orig-
inal distribution of isotope ratios and mass ranges. For all
selected compounds, mass spectral measurements were
simulated at + 3 ppm mass accuracy and with + 5% iso-
topic ratio errors. Such performance values should easily
be achieved by time-of-flight mass spectrometers. These
data were imposed by assumed random errors reflecting
mass spectrometric data acquisition, using the normal
cumulative distribution in order to introduce noise into
the selected datasets.

For each of these targets a ranking was performed apply-
ing the set of seven rules, and error rates were determined.
Statistics were based on the mass distribution of each of
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Figure 3

Frequency distribution for the molecular masses of all elemental compositions downloaded from the PubChem database

(2006) covering more than 5 million single compounds.

the target libraries. Most of the formulas were found in the
range between 300-600 Da (see Figure 4a), and the effect
of imposing assumed data acquisition errors is given in
Figure 4b and 4c. Table 5 details the result of this valida-
tion experiment. It was found that when applying the set
of seven rules and querying the correct target database, the
correct molecular formula was ranked at the top of the list
of potential other formulas in almost all cases (98-99%).
If the more general (and much larger) PubChem database
was queried, still the correct chemical formula would be
retrieved as top candidate in 84-90% of the test cases, and
only in 8-10% of the cases, a wrong formula was ranked
highest (either due to higher ranking of another
PubChem compound or due to absence of the correct for-
mula in PubChem). The residual 2-5% of the cases repre-
sents true negatives, i.e. no PubChem formula was
retrieved to fit the data because the input formula from
the target databases DrugBank, DNP or TSCA were indeed
absent in PubChem. Even without using any query of a

formula data base, the correct input formula was ranked
among the top three candidates in about 80% of the cases
by the scoring function. In addition, we have deliberately
selected 1200 formulas from the Wiley and NIST mass
spectral databases that were absent in PubChem. These
truly 'unknown compounds' would be ranked mostly
among the top three hits using the set of seven rules alone;
however, when querying the PubChem database, a high
number of false positive formula annotations would
result.

This result emphasizes that our algorithm correctly anno-
tates formula if these are present in small molecule data-
bases, but such annotations should not be confused with
unambiguous identifications. Instead, genuine com-
pound identifications require additional information
such as ion fragmentations [48] or verifications by pure
reference compounds. We have further investigated this
data set of 6,000 target formula on the mass dependence
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Table 4: Results for number of molecular formulas in ranges < 500, < 1000 and < 2000 Da for elements CHNSOP with maximum
valencies (v =5, vg = 6, vp = 5) and maximum element counts, last column with element count restrictions from either DNP or Wiley

database

Maximum number of
molecular formulas

Mass range (u)

500 2,707,540 1,772,483
1000 139,735,355 87,888,303
2000 7,995,776,805 4,926,973,096

With element ratio check

With probability check With probability check +

element count restriction

729,617 724,270
32,555,050 30,077,741
1,170,870,061 623,270,049

of the number of generated formula (figure 5) and the
number of correct top hits (figure 6), still assuming a 3
ppm error in mass accuracy and 5% isotope ratio error.
Figure 5 demonstrates the constraining power of the seven
rules at this level of mass spectrometric accuracy. The well-
known explosion of chemically possible formulas at
higher mass ranges is restricted by around 80% even at
2,000 Da. However, the sole use of the seven rules does
not generate unique elemental formulas. Up to about 800
Da, the scoring function alone is sufficient to rank the cor-
rect formula at the top without use of database queries
with an accuracy of 80%. When querying the large
PubChem database, the correct formula is ranked top
with an accuracy of about 88% even at extended mass
ranges, and when the (smaller) target libraries are applied,
the correct formula was retrieved as top hit with a 98%
rate even at high masses.

3.4 Example applications of the seven rules

We exemplify a worst case scenario for molecular formula
determination from (theoretical) accurate mass spectrom-
etry data: to annotate the pharmaceutical drug Cangrelor
comprising eight different elements
(C,;H,sCLF;N.O,,P,S,; CAS: 163706-06-7; 774.94831
Da). Even within an error of +/-0.1 ppm mass accuracy
more than 449 elemental compositions are possible.
More realistic data acquisition errors are, in fact, in the

range of 1 ppm even with advanced mass spectrometers.
For Cangrelor, 1 ppm mass accuracy would result in 4,465
molecular formulas to be generated by HR2 in 60 sec-
onds. The isotope ratio rule alone would exclude 4,330
elemental compositions if a 5% isotope accuracy could be
assumed, marked by a red box in Figure 7. A score func-
tion which matches the experimentally obtained pattern
against all theoretical calculated patterns can be used to
further rank sum formulas. If an accuracy of 2% relative
standard deviation is assumed, only 25 formulas are left
when applying all seven rules. The correct formula is the
only remaining elemental composition if this rank is que-
ried against the target drug data base (but it was not
present in PubChem at the time of search). In other cases,
investigation of tandem mass spectra would need to be
included as further constraint.

Next, we have taken actual experimental results to validate
the approaches using known compounds. First, GC-time-
of-flight MS measurement data were taken for which a
mass of 615.324 was obtained for the [M+H]*ion of the
sugar alcohol sorbitol under chemical ionization [49].
The neutralized molecule would thus have an adjusted
mass of 614.316 which results in 696 elemental composi-
tions if 5 ppm mass accuracy is assumed and the elements
C, H, N, O, S, P and Si are considered, based on calcula-
tion with the MWTWIN smart hydrogen option and no
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Figure 4

Frequency distribution for 1,200 randomly selected molecules downloaded from the Dictionary of Natural
Products at < 2000 Da and comprising C, H, N, S, O, P, F, Cl and Br. Left panel, 4a: mass distribution. Middle
panel, 4b: simulated measured masses at 3 ppm mass accuracy. Right panel, 4c: simulated measured isotope ratios at + 5%

accuracy.
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Table 5: Validation of the seven rules using random sub-sampled test sets from specialized databases. Performance is given assuming
mass spectrometry errors of 5% isotope abundance error and £ 3 ppm mass accuracy and calculating element combinations of C, H,

N, S, O, P, F, Cl and Br

Test set and Number of  Mass range target DB top hit PubChem top hit PubChem false top hit no DB query top 3 hits

Source random [Da] [%] [%] [%] [%]
formulas

Pharmaceuticals 2400 30-1093 99 90 8 78

(DrugBank)

Natural Products 1200 92-2020 99 84 10 8l

(DNP)

Toxic Chemicals 1200 56-2170 98 87 8 78

(TSCA)

Unknowns taken from 1200 150-1536 78 65

Wiley+NIST

restriction on element counts. Even if time-of-flight
instruments would be improved to empower 1 ppm accu-
rate mass acquisitions, still 148 formulas would be
obtained. For this example, the impact of each of the
seven rules was investigated, and results are given in Table
6. Isotopic pattern were calculated with a modified
Mercury6 version. None of the seven rules alone was effi-
ciently removing wrong elemental compositions but alto-
gether, the set of rules efficiently discarded more than
98% of wrong or unlikely formulas. Among the rules, still
rule #3 testing isotope ratios was most efficient, but rule
#2, the Senior and Lewis check and rule #7, the TMS
check, also proved to be very powerful by alone rejecting
60% and 62%, respectively. Finally the resulting ten for-
mulas were sorted according to their score matching the
experimental to calculated isotopic patterns, and the cor-
rect formula for Sorbitol was ranked as top candidate.

In order to test a high resolution and high accurate mass
instrument, a reference compounds was analyzed by FT-
ICR mass spectrometry under robotic nanoelectrospray
ionization conditions, Digitoxin (C,;H4,0,5 PubChem
CID 441207; 764.939 Da). For Digitoxin, at 2 ppm mass
accuracy the seven rules would result still in 146 valid ele-
mental formulas, and at 1 ppm accuracy, still 69 compo-
sitions would need to be considered. The experimental
mass accuracy for Digitoxin was 0.75 ppm. If isotope
errors are lower than 5% relative standard deviation, only
21 formulas would remain, with the correct formula
ranked at the 7t position. Isotopic ratio accuracies for
Digitoxin were 0.4% (M+1) and 2.4% (M+2). Further
reduction of likely compounds can be achieved by screen-
ing small molecule databases. Only two formulas were
found when screening the 21 possible compositions by
the DNP and PubChem databases, with the correct for-
mula C,;H4,0,; having the higher matching score com-
paring theoretical and measured accurate mass and
isotope data. For this formula, 34 isomeric compounds
would be found in the screened databases.

The anticancer agent Paclitaxel (Taxol), (C,,Hs;N;O,,
PubChem CID 441276; 853.906 Da) was measured on a
time-of-flight instrument. Assuming a mass accuracy of 2
ppm (with elements C, H, N, O, P, S, F, Cl and Br) 1418
possible elemental combinations were obtained. Assum-
ing an isotopic pattern error of 3% still 29 formulas were
retained, ranking the correct one on the 25t score posi-
tion. The low rank was mainly due to the influence of flu-
orine, which is a monoisotopic element and has no
impact on the orthogonal isotopic pattern filter. When
querying PubChem and DNP databases only one out of
these 1418 formulas was found to be known as physically
existing compounds, and correctly annotated as
C4;H5,N, 04, (Paclitaxel).

The last experiment to test the applicability of the seven
rules aimed at low resolution mass spectra. With only 5%
isotope ratio accuracy but even worse mass accuracy (>
100 ppm) we determined mass spectra for the natural
product  solanine  (PubChem CID 6326056,
C,5H,3NO,5,868.059 Da) using a regular linear ion trap
mass spectrometer, which resulted in a measured mass
accuracy of 46 ppm; however, calculations were per-
formed at the 100 ppm mass accuracy level. It is notable
that the mass accuracy is still better than unit-mass resolu-
tion one would expect from an ion trap instrument.
Solanine isotope experimental errors were 0.31% (M+1)
and 0.08% % (M+1). The program HR2 calculated 7692
possible formulas in three seconds from the neutralized
mass spectral data. The seven rules implemented in our
Excel script reduced these formulas to abundant 1396
possible candidate compositions assuming a 5% error for
isotopic abundances, but after querying PubChem, only
twelve hits remained, with the correct formula being
ranked top. On a Dual-Opteron PC (2.8 GHz) all steps
together were performed in 50 second