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Abstract

Ed Darland, Doug McIntyre, David Weil, When using mass spectrometry to analyze samples containing unknowns, it is
Frank Kuhlmann, and Xiangdong Li often necessary to derive elemental compositions (molecular formulas) for the

Agilent Technologies unknowns based on the mass spectral data. For lower-mass compounds,

accurate-mass measurements may be sufficient to produce a single, conclu-
sive molecular formula or a small number of possible formulas. With increasing
mass, however, the number of possible formulas increases dramatically.
Additional constraints must be applied to reduce the list of candidate formulas
to a manageable number. Agilent MassHunter Workstation software includes
proprietary molecular formula generation (MFG) software. This software takes
full advantage of the mass accuracy of the data, and then uses additional mass
spectral information to logically narrow the list of possible formulas. It reduces
ambiguity and delivers a list of candidate molecular formulas with scores
based on the relative probability that each formula is the correct one. This
significantly reduces data interpretation time and increases the value of
accurate-mass analysis.
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Superior Molecular Formula Generation from Accurate-Mass Data

The challenge of molecular formula
generation

Molecular formula generation from MS
data is important for identification of
endogenous and exogenous metabolites,
drug impurities, synthesis products,
pharmaceutical degradation products,
and for many other applications. The
task is difficult because the number of
plausible elemental compositions grows
very rapidly with increasing molecular
mass, and with the number of possible
elements. For example, at a mass of
509.978 u, with only C, H, N, O, S, CI,
and F allowed in the composition, there
are more than 250 possible formulas
within a £2.5 ppm mass window. Such
a large number of possibilities makes it
very hard for researchers to ascertain
the molecular formula using mass
information alone.

A recent study' concluded that even
1-ppm mass accuracy is not, by itself,
sufficient to narrow the list of possible
molecular formulas. For molecules with
higher masses, even expensive orbital
trapping and Fourier transform mass
spectrometers will fail to provide a
concise list of possible formulas based
solely on accurate mass. The same
study, however, concluded that addi-
tional constraints such as isotope
pattern matching can rule out most of
the candidate formulas.

Mass accuracy defined

Mass accuracy refers to the difference between a measured mass and a
theoretical or calculated mass. Mass accuracy (also called mass error) is
typically expressed in parts-per-million (ppm). It is calculated as follows:

6
(mmeasured - mcalculated) x10°/ Mealculated

For example, if the theoretical mass is 500 u and the measured mass is

500.005 u, the mass error is:

(500.005 — 500) x 10° / 500 = 10 ppm

Overview of molecular formula
generation

As noted previously, accurate-mass
measurements are, by themselves, often
insufficient to conclusively determine
the elemental composition of unknown
compounds. The unique Agilent molec-
ular formula generation software,
however, can incorporate additional
information such as:

* Isotope masses, abundances, and
spacing

* User knowledge of sample
composition (allowed elements)

» Accuracy of the mass measurements

* Masses of MS/MS fragment ions and
neutral losses (if available)

into its calculations (see Figure 1). By
doing so, it can generate a much smaller
and more relevant list of candidate
molecular formulas. For each compound,
the software scores the possible
molecular formulas based on their
relative probabilities and assigns each
formula a relative rank.

MFG also works in concert with the
MassHunter software’s proprietary
molecular feature extraction (MFE)
algorithms. MFE does an outstanding job
of identifying the relationship between
multiple forms of a single compound
(e.g. adducts). If multiple forms of the
same compound are present, MFG
combines their scores into a single
“cross score.”
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Figure 1. Agilent’'s molecular formula generation software uses multiple dimensions of information to generate and score lists of possible molecular
formulas. It has been optimized for analysis of accurate-mass data from Agilent 6200 Series TOF and 6500 Series Q-TOF LC/MS systems.

By dramatically reducing the number of
plausible formulas, and by using unique
scoring methods, the MFG software
reduces data interpretation time and
increases the value of the accurate-mass
analysis.

The MFG algorithms have been designed
specifically to produce optimum results
from the accurate-mass data generated
by Agilent 6200 Series Time-of-Flight and

www.agilent.com/chem/ms

6500 Series Quadrupole Time-of-Flight
LC/MS systems. Conversely, the super-
lative mass accuracy and consistency of
the 6200 Series and 6500 Series data
make it easier for the MFG algorithms to
generate the best possible results.

MFG is applicable across a wide variety
of applications that require identification
of unknown compounds. Accordingly,
Agilent has incorporated this sophis-

ticated algorithm into the following
Agilent software:

* MassHunter Workstation software
(qualitative analysis module)

* MassHunter Metabolite ID software

» MassHunter Profiling software

» GeneSpring MS software
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Processing of MS data

The MFG software starts by processing
MS data, either from an MS-only analysis
or from the precursor ions in MS spectra
from an MS/MS analysis. After finding
the mass, it calculates possible chemical
compositions based on the accurate
mass and isotope patterns, as well as
any user-supplied constraints on the
molecular formula. If molecular feature
extraction (MFE) was used, the MFG
software combines the scores of related
features such as adduct ions to achieve
a Cross score.

Step 1: Determining the mass
Determining the mass is the most
important step in obtaining a valid list
of molecular formulas. If the wrong ion
is chosen and the wrong mass assigned,
none of the molecular formulas gener-
ated will be correct. Isotopic peaks

and co-eluting species can complicate
this process.

The MFG software examines clusters
of ions. By applying common rules
concerning isotopic abundance and the
mass spacing of isotopes, it determines
whether a group of ions are related

and all part of the same isotope cluster,
or whether two or more co-eluting
compounds are present with their
associated isotopes. The result is higher
degree of confidence in the masses
selected.

Beyond the obvious importance of mass
accuracy in this process, mass resolution
is also critical to identifying the correct
masses. Without sufficient mass reso-
lution, ions with very similar masses can
be mistakenly identified as a single ion,
leading to incorrect assignment of the
mass and hence to incorrect molecular
formulas. The enhanced mass resolution
of the Agilent 6220 Accurate-Mass TOF
and 6520 Accurate-Mass Q-TOF is of
great benefit when determining masses.

Step 2: Applying user knowledge of the
samples to limit possible formulas

Users can use their knowledge of the
chemistry of their samples—for example,
knowledge of which elements might
logically be included and excluded—to
limit the possible formulas. Figure 2
shows two tabs of the dialog box that
permit users to specify constraints on
the molecular formulas.

The Allowed Species tab lets users set
the allowable elements, and the mini-
mum and maximum number of each
element. Elements can be added to
the list which, by default, includes the
elements most commonly found in
organic compounds. A special syntax
also permits naturally occurring isotopes
(e.g. 13C, ®N) to be included. This is
particularly useful for metabolomic
studies using isotopic labeling. The
Allowed Species tab also provides the
option of applying the nitrogen rule?3
concerning even-electron and odd-
electron species.

: [ Method Editor: Generate Formulas x : (2] Method Editor: Generate Formulas X
Py @ - | () ~| Method Items~ | (5 33 Py @ > | () ~| Method Items~ | (5 [
Allowed Species | Limits | Charge State Allowed Species | Lmits | Charge State
Charge camierto be assumed if not known Limits on input masses
Pasitveions = | e onss M = Maximum neutral mass for which —£0 000
ovetons: fa D Nemteans | D formulas should be calculated: 750.000
Allowed electron state: en ele v
Bt D Limits on results
Elements and limits Minimum overall score 50.000
Element Minimum Maximum [[] Maximum MS mass error
» C 3 60 -
H 0 120 [[] Require DBE from to
0 0 30 [] Maximum number of hits
N 0 30
S 0 5 Advanced: expected data varation
Cl 0 3 —
MS mass: 20 mDa + (56 ppm
MS isotope abundance: 7.5 %
% MS/IMS mass: |25 mDa + |75 ppm

Figure 2. Users can eliminate unreasonable formulas by specifying constraints on the allowed elements, mass error, and other parameters.



The Limits tab allows users to specify
the maximum mass error for their
instrument, so that the software will
reject chemical compositions that are
outside of the mass error window. Users
need to be familiar with the performance
of their mass spectrometer to get the
greatest benefit from this parameter.
When an instrument provides
consistent, excellent mass accuracy, the
mass error window can be narrowed,
significantly reducing the number of
possible formulas generated. If an
instrument has poor, or inconsistent
mass accuracy, however, making the
window too narrow could result in all of
the generated formulas being incorrect.
The excellent, consistent mass accuracy
and consistency of the Agilent 6200
Series and 6500 Series instruments
make it possible to set a narrower
window than would be possible with
some other instruments. The Limits tab
also allows users to set limits on the
number of double-bond equivalents that
proposed formulas must have.

The MFG software uses all of this
information to calculate all possible
molecular formulas that meet user
restrictions.

Step 3: Software rules out formulas
that are chemically impossible

In addition to accepting user input, the
MEFG software has built-in logic to elimi-
nate chemically implausible composi-
tions. For example, it would rule out
C,Hg because the ratio of carbon atoms
to hydrogen atoms is impossibly low.

www.agilent.com/chem/ms

Step 4: Probability scores are calcu-
lated for the molecular formulas

At the MS level, MFG takes advantage of
all available information from the molec-
ular ion isotope cluster to calculate a
probability score based on how well each
of the generated molecular formulas fits
the experimental data (Figure 3). To judge
whether a proposed molecular formula is
a good fit for the experimental data, the
algorithm considers the following
factors:

* How well does the candidate molecu-
lar formula explain the experimentally
derived mass? In this calculation, the
software incorporates the user-
specified maximum mass error.

* How well do the calculated isotope
abundance ratios for the candidate
molecular formula match those of
the experimental data?
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* How well do the calculated mass
intervals for the isotope peaks from
the candidate formula match the
experimental spectrum? This calcu-
lation also incorporates the user-
specified mass error.

The use of the mass intervals between
the peaks adds specificity to the genera-
tion of molecular formulas. When very-
low-ppm mass accuracy is combined
with this intelligent algorithm, the
resulting list of formulas is shorter and
the formula with the top score is more
likely to be correct.
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Figure 3. The molecular formula generation software uses isotope pattern matching to score tentative
molecular formulas. The results show a theoretical isotope pattern (rectangles) overlaid on an

experimental spectrum.
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Step 5: Each of the candidate formulas
is ranked based on its probability score

Finally, as shown in Figure 4, the MFG
software assigns a relative rank to each
candidate molecular formula based on is
probability score. The software always
assigns a score of 100 to the candidate
elemental composition that best predicts
the data. It calculates the rest of the
scores as percentages of the best score,
so lower scores represent less likely
candidates. The relative scoring makes it
easier to judge how significantly two
predictions differ, and aids the user in
selecting the correct molecular formula
from the list of possibilities.

Molecular formula extraction

The molecular formula extraction
(MFE) algorithm is a powerful compound-
finding technique that locates indi-
vidual sample components (molecular
features), even when chromatograms
are complex and compounds are not
well resolved. Rather than designating
compounds based exclusively on peak
information, MFE locates ions that are

covariant (rise and fall together in
abundance) and that are logically
related by charge-state envelope,
isotopic distribution, and/or the pres-
ence of adducts and dimers. It assigns
such ions to a single compound. Using
this approach, the MFE algorithm can
locate multiple compounds within a
single chromatographic peak.
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Figure 4. The final result of molecular formula generation for MS data is a ranked list of possible formulas, as shown in this
example for taurocholic acid. Note that by mass error alone, the correct formula would have been fifth on the list, but with
the MFG scoring technique, it is the top choice with a score of 100.




Unique cross score correlates data
from multiple forms of the same
compound

The MFG software uses a slightly differ-
ent scoring system when it is used in
conjunction with Agilent’s proprietary
molecular feature extraction (MFE)
algorithm. The molecular feature extrac-
tion algorithm finds and correlates
multiple species (ions) that are related to
the same neutral molecule, (for example,
ions representing multiple charge states
or adducts of the same neutral
molecule). When MFE information is

available, the MFG software calculates
an abundance-weighted, combined
cross-species score for each molecular
formula (Figure 5). This increases the
accuracy of the MFG results.

The cross score is still a relative score
that expresses how well the candidate
molecular formula fits the experimental
data. Howeuver, it is not scaled so that the
top score is 100. The top score is 100
only if the same formula receives a score
of 100 for each of the related species.

Technical Overview

Excellent performance of the MFG
scoring system for MS data

The MFG scoring system was tested by
analyzing a 300-component pesticide mix
at the 100-ppb level on the 6520 accurate-
mass Q-TOF. By looking at the MS data
only, MFE automatically found 98% of the
manually detectable compounds. MFG
found the correct molecular formula for
98% of the found compounds. 72% of the
time, the correct formula was the one
with the highest rank.
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Figure 5. A cross score is a unique Agilent capability that combines results when the analysis shows multiple ions that are all related to the same neutral

molecule. Note that for [M+Na]*, the formula with the top MS score is not the correct answer, but the cross score correctly picks the overall best result.
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Analysis of MS/MS data increases
specificity and confidence

When MS/MS spectra are available,
MFG can incorporate the MS/MS
information to provide even greater
confidence in the molecular formula
generated for the precursor ion. With
MS/MS data, MFG considers both the
accurate mass of each fragment ion and
the accurate mass of the difference
(neutral loss) between the precursor and
each MS/MS fragment.

Step 1: Software proposes formulas for
each MS/MS fragment

To incorporate MS/MS data, the MFG
software first proposes a list of
elemental compositions that correlate
with the accurate mass of each product
ion. Because MS/MS fragments
(product ions) are lower in molecular
weight than their precursors, there are
typically fewer possible molecular
formulas for each fragment than for the
precursor ion. As shown in the middle
highlighted column in Figure 6, however,
some proposed formulas are better than
others because the mass deviations are
lower.

Hi MS/MS Formula Details: Compound 3 C10H3N4025C1 X
miz Calc m/z l Formula Difference [(mDa) Loss Formula
> 92.04372 92.04948' CEHEN -0.25 C4H4N302SCI
92.04972 92.05285' C3H10NS 3:12 C7N302C
108.0442 108.04439' CEHENDY 019 C4H4N30SCI
156.01109| 156.011 38' CEHBND2S 0.29 C4H4N3CI
156.01109 158.008' CSH2NO2 -3.08 CH8N3SCI

Figure 6. MFG software assigns formulas to both the MS/MS product ions and the neutral losses.

Step 2: Precursor compositions
unrelated to the product compositions
are eliminated

For a precursor molecular formula to be
valid, the product ions in the MS/MS
spectrum must contain portions of that
formula. In other words, to qualify a
precursor composition, MFG must be
able to find at least one subset
composition for some of the product ions
(see Figure 7). After the MFG software
generates all possible elemental
compositions for all product ions, it uses

Precursor
composition

them to judge the goodness of the
tentative precursor compositions. The
software rules out a candidate precursor
composition if the algorithm fails to
establish the compositional relationship
for a large proportion of the products.
Thus, the MFG software uses the
MS/MS information to trim the list of
precursor molecular formulas, making

Possible product compositions

Figure 7. To make full use of MS/MS spectra,
MFG searches for relationships between the
tentative formulas for the precursor and product
ions. If a precursor formula fails to explain a large
number of the product ions, it is eliminated from

the list much easier to review. the list.



Step 3: Proposed precursor formulas
are scored and ranked based on their fit
with the MS/MS results (coverage and
mass error)

When MS/MS information is available,
MFG scores the candidate molecular
formulas based on their fit to the
MS/MS data. MFG uses a coverage
score to measure how much precursor-
product relationship it can establish for

a given precursor candidate composition.
The coverage expresses how much of
the total ion intensity in the MS/MS
spectrum can be explained with the ten-
tative molecular formula of the precursor
ion. Coverage is a good indicator of how
well the formula for the precursor ion fits
the MS/MS spectrum. The coverage
score is incorporated within the overall
MS/MS score and it aids selection of the
best molecular formula from the list of
results.

The MS/MS score accounts for both the
relative abundance of the product ions
and how well each tentative product

composition predicts the mass of the
product ion. If the MFG algorithm cannot
establish a precursor-product relation-
ship for a more abundant product, it
assigns a greater penalty than it does
for a less abundant product ion. The
algorithm also assigns a higher score
when the tentative product composition
better fits the experimental mass of the
product ion. As with the MS data, the
ranking for MS/MS data is relative. The
candidate precursor composition with
the best score receives a rank of 100,
while the others are assigned propor-
tionally lower rankings.

Step 4. A single overall score combines
MS and MS/MS data

Finally, the MFG software combines the
previously computed MS score and the
MS/MS score into a single, overall score
for each precursor molecular formula it
reports. This combined score summar-
izes all the factors that went into the
MFG calculations. The higher the score,
the more likely a candidate composition

a) MS data only—top two hits have similar scores and correct answer is second

Technical Overview

is the correct formula. The overall result
summary simplifies and accelerates the
interpretation of results. Once the best
formula has been selected, the software
can automatically annotate the peaks in
both the MS/MS and MS spectra with
that formula.

Figure 8 shows the value that the
MS/MS data adds to the calculation of
molecular formulas. With the MS data
alone (Figure 8a), the scores of the top
two hits are less than two points apart,
and the correct answer is second on the
list. In this situation, it is difficult to
unequivocally pick either the first or the
second hit as the correct answer. With
combined MS and MS/MS data (Figure
8b), the scores of the same top two hits
are now 15 points apart, and the correct
answer is first on the list. The addition
of the MS/MS data provides another
dimension of information that removes
uncertainty and delivers better results.

miz Species Formula Abundance
e | 588.30823] {MeNH4)+ C34H42N206 27374
Best Foimula Score Mass Calc Mass Difference (ppm)  Abs Diff [ppm) DBE
* Fl C30H34N804 100 570.2724 5?D,2703| -368 368 18]
— 1 C34H38N206 98.75 570.2724 570.27299 1.03 1.03 17
® El C35H34NB02 85.2 570.2724 57‘0.27432| 337 337 22
b) Combination of MS and MS/MS data—correct answer is first by a significant margin
miz Species Formula Abundance
= [M+NH4}+ C34H42N306 3
Best Forrula Score Cross Score Mass Calc Mass  Difference (pp Abs Diff (pp MS Score MS/MS Score Coverage DBE
— ¥ C34H38N206 100 570.27231 570.27299| 013 013 97.86 100 100 17
# O C30H34N804 85.96 570.27291 570.2703 458 458 100 8413 100 18
i £ C35H34NED2 70.06 570.27291 570.27432 247 247 87.26 7857 87.77 22

Figure 8. When both MS and MS/MS data are available, a single final score points to the best overall molecular formula. In this example, the addition of
the MS/MS data (bottom) provides greater selectivity and brings the correct formula to the top of the list.
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Conclusion—a superior approach to
molecular formula generation

When using mass spectrometry to
analyze samples containing unknowns,
it is often necessary to derive elemental
compositions (molecular formulas) for
the unknowns based on the mass
spectral data. As outlined in Figure 9,
the Agilent molecular formula generation
software uses a wide range of MS infor-
mation, not just accurate-mass measure-

Find mass

ments, to produce a list of candidate
molecular formulas that are ranked
according to their relative probabilities.
If molecular feature extraction locates
multiple species from the same
compound, the MFG software calculates
a cross score that combines the scores
of the related species for significantly
greater accuracy. When MS/MS data are
available, MFG uses that information to
further reduce the list of potential
molecular formulas and provides even

{

Restrict list of possible formulas based on user input

\

Rule out formulas that are chemically impossible

\

Use accurate mass/isotope cluster to calculate score

Calculate relative scores for candidate formulas

If more than one species, calculate combined score

A

—>

For compounds found by molecular feature
extraction (MFE) or “Find by Formula”

—

Propose product formulas for each MS/MS fragment

2\

Remove precursor formulas that fail to yield proposed
product formulas

Compute relative scores for candidate precursor formulas

2\

based on match to MS/MS results
Calculate combined MS and MS/MS score —>

Figure 9. Each step of the MFG algorithm reduces the ambiguity in molecular formula assignment.

10

greater confidence for high-scoring
results. The MFG software saves users
considerable time because it eliminates
unlikely candidates and delivers relative
ranking for the remaining candidates,
which makes it easier to find the correct
formulas.
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