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Abstract

Tandem mass spectral library search (MS/MS) is the fastest way to correctly annotate MS/MS
spectra from screening small molecules in fields such as environmental analysis, drug screening,
lipid analysis, and metabolomics. The confidence in MS/MS-based annotation of chemical
structures is impacted by instrumental settings and requirements, data acquisition modes including
data-dependent and data-independent methods, library scoring algorithms, as well as post-curation
steps. We critically discuss parameters that influence search results, such as mass accuracy,
precursor ion isolation width, intensity thresholds, centroiding algorithms, and acquisition speed.
A range of publicly and commercially available MS/MS databases such as NIST, MassBank,
MoNA, LipidBlast, Wiley MSforID, and METLIN are surveyed. In addition, software tools
including NIST MS Search, MS-DIAL, Mass Frontier, SmileMS, Mass++, and XCMS? to perform
fast MS/MS search are discussed. MS/MS scoring algorithms and challenges during compound
annotation are reviewed. Advanced methods such as the in silico generation of tandem mass
spectra using quantum chemistry and machine learning methods are covered. Community efforts
for curation and sharing of tandem mass spectra that will allow for faster distribution of scientific
discoveries are discussed.
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INTRODUCTION

Spectral searching of tandem mass spectral data (MS/MS) against reference databases has
been developed with the broader availability of tandem mass spectrometers since the early
1980s.175 In fact, searching MS/MS databases is currently the fastest approach for confident
compound annotations in small molecule analysis including metabolomics,5:7 lipidomics,8
food, and environmental sciences.® Despite advances in instrumentation from Fourier
transform ion cyclotron resonance MS (FT-ICR)10 to orbital ion trap (Orbitrap), 3D ion trap,
and time-of-flight/time-of-flight (TOF-TOF) mass spectrometers, the number of identified
chemicals in profiling screens has remained limited because no large MS/MS database
collections were historically available. However, during the last 10 years, small molecule
MS/MS databases have been steadily growing in coverage and diversity. Recently, there has
been an important shift from experimentally obtained reference spectral libraries to
computationally generated (in silico) MS/MS databases. This review discusses MS/MS
databases and software approaches for small molecules less than 2000 Da. Proteomics and
glycomics MS/MS search strategies!1~13 as well as multiple stage tandem mass
spectrometry (MS”)1# are discussed elsewhere.

INSTRUMENTAL SETTINGS FOR TANDEM MASS SPECTROMETERS

Tandem mass spectrometers are becoming more accurate and are routinely operated within
1-5 ppm mass accuracy. Up to 100 MS/MS spectra per second can be acquired and
instruments allow for operation with high mass resolving power ranging from 10 000 to 500
000 full width at half maximum (FWHM). Table 1 lists a selection of MS/MS capable
instruments that can be utilized for generating MS/MS datasets. A review from 2012 lists
additional instruments and their specifications.1> Many instrumental parameters influence
the number of MS/MS spectra obtained as well as the quality of those tandem mass spectra.
Such parameters include total acquisition speed, accumulation time per single MS/MS
spectrum, precursor ion isolation width, intensity threshold, collision energy, and others.

The “instrumental design” heavily influences the product ion masses and ion abundances in
MS/MS spectra. Tandem mass spectrometry can be classified into tandem in-time (ion traps,
FTICR) and tandem in-space (quadrupoles, TOFs) setups.18 Hybrid instrumentation can
include various combinations of beam- or trap-type analyzers such as quadrupole/time-of-
flight (QTOF), quadrupole/orbital ion trap, or quadrupole/linear ion trap (QLIT).’

The “ionization method” determines how sample material is transferred into the mass
spectrometer.18 The most common ionization mode for small molecule LC-MS/MS is
electrospray ionization (ESI).1920 Other modes such as atmospheric pressure chemical
ionization (APCI), atmospheric pressure photo ionization (APPI), and matrix-assisted laser
desorption/ionization (MALDI)2! are covered to a lesser extend in tandem mass spectral
databases.? For GC-MS based experiments, it is possible to utilize 70 eV electron ionization
(El) as well as chemical ionization (CI) with different collision gases, APCI,22:23 or APP|.24

The “collision energy” plays an important role in MS/MS spectra generation. For collision-
induced dissociation (CID), one can distinguish between low-energy collisions (0-100 eV
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range) observed in ion traps and high-energy collisions (keV range) utilized in sector
instruments and TOF/TOFs.2%:26 Most of the CID MS/MS libraries covered in this review
were created using low-energy CID conditions. Very few examples of high-energy CID
libraries exist, despite the advantage of creating fragment-rich and reproducible spectra.27.28
For low energy CID, one can measure energy resolved breakdown curves for specific ions,
by ramping or increasing the collision energy.22:30 Energy ramps will allow for finding the
optimum fragmentation energies for analysis.31 Low collision energies mostly preserve the
precursor ion and only few product ions are observed. Increasing the collision energy will
increase product ion abundances toward low /m/zranges and at the same time will lower the
precursor ion abundance. Some instruments allow for ramped collision energies, which are
then merged into a single MS/MS spectrum. For library searching, distinct individual
voltages (0, 10, 20, 30, 60 eV) are preferential because they allow for more fine-grained
library matching.

There are multiple “ion activation modes” that can be utilized in tandem mass spectrometry.
26 The time scale of the different activation modes has an impact on the fragments and their
abundances in measured tandem mass spectra.32:3% The most common ion activation and
fragmentation modes for small biomolecule LC-MS/MS based experiments are collision-
induced dissociation (CI1D)34:35 and higher energy collisional dissociation (HCD), the latter
on orbital ion trap mass spectrometers.36 Both CID and HCD are commonly operated in
low-energy collision modes (0-100 eV range) but can create fragmentation-rich MS/MS
product ion spectra with sometimes overlapping fragments.3” HCD was originally
introduced for proteomics experiments. Small molecule coverage for HCD MS/MS spectra
has dramatically increased over the past years’ releases of the NIST14 and MassBank
spectral libraries. Initial findings led to the conclusion that HCD MS/MS spectra can be
searched in much larger CID spectral libraries.38 Currently, no comprehensive statistical
analysis of fragment ions between HCD and CID modes has been performed for small
molecule libraries. Both CID and HCD can be utilized complementary to increase
compound identification rates.3%40 Electron-based dissociation techniques such as electron-
induced dissociation (EID)*! have been successfully used in structure characterization of
glycerophosphatidylcholines, specifically for determination of double-bond positions and
localization of acyl chains.#2 Other techniques would require various chemical
derivatizations when combined with CID/HCD to fulfill the same task. Additional modes
such as electron capture/transfer dissociation (ECD/ETD) are not commonly used for small
molecule analysis but rather in proteomics.*3

The influence of the “precursor ion isolation width” or precursor isolation window was
discussed with a special focus on sensitivity and selectivity during MS/MS data acquisition.
44 In general, selecting narrow precursor ion isolation windows (high resolution precursor
isolation) lowers the sensitivity of the precursor ion and thus the intensity of fragment ions.
This may lead to a lower number of acquired MS/MS spectra. However, this approach is less
prone to co-isolation of potential interferences along with the targeted precursor ion.
Widening the isolation window leads to the fragmentation of a larger number of different
compounds and results in impure product ion spectra with interfering ions.*® Using data-
dependent analysis (DDA), the current mass spectrometers permit relatively wide precursor
ion isolation windows (0.7-9 Da), but the precursor ion isolation window is generally set
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between 1 and 3 Da, depending on instrumentation. On the other hand, using data-
independent analysis (DIA), the precursor ion isolation window is much wider, depending
on the settings for sequential window MS/MS acquisition. For example, the sequential
window acquisition of all theoretical fragment-ion spectra, SWATH-MS/MS, (SCIEX)
typically uses 20-50 Da windows. For other, all-fragment-ion approaches larger windows
such as 600-2000 Da are used.*6

The duty cycle and the “acquisition speed” determine how many tandem mass spectra can be
acquired per scan event.*” With modern ultrahigh-performance liquid chromatography
(UHPLC) setups, chromatographic peak widths may only last a few seconds. It is important
to acquire a maximum number of product ion scans in untargeted metabolomics, as overall
run-times for high-throughput experiments tend to get shorter while complexity in
metabolomic experiments increase, for example, for analysis of fecal matter in microbiome
studies. In such studies, many compounds are not completely resolved. Furthermore,
acquiring maximum numbers of MS/MS spectra from the same precursor tremendously
improves the signal/noise ratio and spectral quality. Modern quadrupole/time-of-flight
(QTOF) instruments are able to acquire up to 50 MS/MS spectra per second. The latest
SCIEX TripleTOF, a hybrid quadrupole time-of-flight mass spectrometer combining
advantages of QTOF and QgQ systems, can acquire up to 100 MS/MS spectra per second
which corresponds to 10 ms accumulation time per a single MS/MS spectrum (see Table 1).
However, increasing the acquisition speed may lower the ion statistics and impact the quality
of MS/MS spectra®® because fewer raw spectra are averaged. Additional parameters that
influence MS/MS spectral quality and the total number of isolated precursor ions are charge
state screening (maximum 2 for small molecules), dynamic exclusion parameters, and
monoisotopic precursor selection.

For time-of-flight instruments, the “mass resolving power” is constant with increasing
acquisition speed.4® On the other hand, for Fourier-transform based technology such as the
orbital ion trap (Q Exactive HF instrument), the scan speed can be up to 18 Hz with a
resolving power of 18 000 FWHM (/m/z200). However, if users want to increase the mass
resolving power to 240 000 FWHM, the scan speed decreases to a mere 1.5 scans/s (1.5
Hz)50 which is too slow for fast UHPLC studies. For experiments that need a maximum
number of annotated compounds with an existing LC-MS/MS protocol, it is recommended
to limit the precursor ion mass range and split acquisitions into different runs. A simple
alternative is of course to perform very long LC-MS/MS runs to allow for better
chromatographic peak resolution, or to acquire dedicated MS/MS spectra acquisitions in
multiple runs for a few select samples, but not for all the samples in a study.

Modern mass spectrometers and multimode ion sources allow for “voltage or polarity
switching,” allowing the acquisition of data in positive and negative ionization mode in one
run.®1 This can increase sample throughput tremendously. Another option is to perform
separate runs for profiling (with polarity switching) and identification (no polarity
switching) to allow for enough time during the MS/MS acquisition.52 However, many
compounds show radically different ionization efficiency in different ionization modes,
depending on mobile-phase buffer systems.8:53 Therefore, using two different runs and
optimized buffer systems in negative and positive electrospray mode may be preferred.
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The hyphenation of tandem mass spectrometers with “ion mobility” provides an additional
orthogonal dimension for better separation of isobaric compounds, sterecisomers, and
challenging matrices.>* Many vendors provide plugin hardware solutions with short drift-
tubes to improve peak separation; 1-2 m drift tubes within hybrid ion mobility QTOF
instruments are also available. Using collision cross-section (CCS) information may help
during compound deconvolution and compound identification, and better separation will
likely yield cleaner product ion spectra.>®

Data-dependent acquisition methods

During “data-dependent acquisition” (auto-MS/MS), a specific intensity threshold is used to
trigger the acquisition of precursor ions*® (see Fig. 1A). Lowering the intensity threshold
leads to more product ion peaks. However, the purity of spectra decreases due to the
contribution of noise signals and data quality is hampered by lowered ion statistics for
product ions.*0 Tandem mass spectra of the same precursor and same ionization voltage can
be merged to increase the signal-to-noise ratio and quality of a product ion scans.
Furthermore, most instrument software also allow for a limit on reoccurring product ions
during data acquisition (dynamic exclusion).

Data-independent acquisition methods

“Data-independent MS/MS acquisition”8 such as SWATH-MS/MS and all-fragment-ion
techniques recently gained attention in the small molecule community#6:57 (see Fig. 1B).
Novel mass spectrometers with fast duty cycles and acquisition times with up to 100 MS/MS
scans per second at 35 000 FWHM mass resolving power allowed for the development of
these techniques.>® SWATH-MS/MS technique utilizes multiple cycles of large consecutive
precursor ion isolation windows (20 Da or more).59 One advantage is that very low intensity
precursor ions are fragmented, even if they would not trigger intensity thresholds (as in data-
dependent MS/MS). Even if there are co-eluting molecules with higher intensities (that are
usually triggered first in data-dependent MS/MS), low abundant ions are still fragmented.
Hence, in principle, all molecules in data-independent MS/MS undergo fragmentations. The
obvious disadvantage for SWATH-type analyses is that the direct link between a specific
precursor ion and its corresponding product ions is broken. Therefore, mixed product ion
spectra are generated, that originate from multiple precursor ions within each SWATH
window. Moreover, precursor ions from isobaric overlapping components cannot be easily
determined. Precursor determination in SWATH-MS/MS therefore requires mass-spectral
deconvolution on the MS? level and retention time information.

The recently introduced MS-DIAL software (http://prime.psc.riken.jp/) allows for automatic
mass spectral deconvolution and MS/MS-based library search.® Since compound
identifications in metabolomics are based on overall similarity between experimental and
reference spectra, the DIA-MS/MS spectra must be purified (ie, deconvoluted) from co-
eluting compounds and from noise ions to increase library-matching scores of true positive
compounds. Importantly, MS-DIAL requires at least two scan differences in the peak apex
of co-eluting compounds to be purified. Therefore, it is important for the deconvolution to
acquire a sufficiently large number of MS/MS data points across chromatographic peaks.
Other software tools such as OpenSWATH,61 DIANA %2 pSMART,% Biognosys
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Spectronaut, or DIA-Umpire®* are targeted toward the proteomics community and cannot be
directly used for small molecule identifications for two reasons: first, in proteomics,
SWATH-MS/MS-based identification relies solely on the MS/MS data. The fact that
precursor ions are isolated with narrow Q1 isolation windows helps reducing the complexity
of MS/MS spectra but MS? information about the precursor ions is not used at all. Second,
experimental libraries are used to do targeted data extraction followed by peak group scoring
and false discovery rate (FDR) calculation to figure out which is the correct annotation of
the peptide. For small molecule analysis we therefore recommend performing data-
dependent and SWATH-MS/MS analysis in a combined way using both techniques.

CREATION OF MS/MS DATABASES

Creation of experimental MS/MS reference libraries

Traditionally, MS/MS databases were acquired by analysis of authentic reference standards
(see Fig. 2A). For rapid creation of experimental MS/MS reference databases, a number of
vendors now offer compound standards in 96 well plate formats. IROA Technologies LLC,
Bolton, MA (www.iroatech.com) offers 619 unique small molecule metabolites on plates
and MicroSource Discovery Systems Inc., Gaylordsville, CT (www.msdiscovery.com) offers
plated natural products and drugs. These compound spectra should be acquired under
different CID or HCD voltage settings (10, 20, 40, and 60 eV) in positive and negative
ionization mode to acquire rich mass spectral fragmentations. Different molecular species
beyond simply [M + H]* and [M — H]~ should be included for each compound to capture the
whole width and breadth of possible adducts.®® That includes a variety of mobile phase
modifiers and solvent related ions as well as sodium and ammonium adducts or commonly
observed water loss.>%:66 To allow for high spectral quality, a high enough number of spectra
for each adducts type has to be obtained and later averaged. Additionally, improper data
acquisition methods can hinder compound identification based on MS/MS spectral
comparisons. For example, using a high fragmentor or cone voltage can result in loss of the
parent ion due to in source fragmentation, and MS/MS spectra would be acquired on
fragment ions instead of the parent ion. Careful consideration and planning should go into
MS/MS library acquisition in order to increase identification quality of small molecules in a
matrix of interest.

Creation of in silico MS/MS libraries

A rising trend is the generation of purely computationally derived mass spectral libraries.
Large compound libraries such as PubChem or Chemspider can then be utilized for input
structures. The generated in silico MS/MS spectra can fill the large gap of missing
experimental MS/MS spectra. Examples are databases utilizing the LipidBlast templates,
67.68 the Greazy/LipidLama platform,%® or the CFM-1D computational software.”%71 The
heuristic LipidBlast approach can only be used for compounds with reoccurring neutral
losses and fragments with consistent fragmentation pattern such as lipids. CFM-ID is more
flexible because it can create in silico spectra of any given spectrum type that was used
during training. The training spectra for CFM-1D MS/MS spectra were based on QTOF
tandem mass spectra from the METLIN database. Hence the output from CFM-ID for ESI
MS/MS mimics the 10, 20, 40 eV MS/MS spectra from a QTOF instrument. A recent
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approach utilized CFM-ID to create a computational derived in silico MS/MS database of
170 000 natural products to be used for natural product dereplication.”2

The development of quantum chemistry based methods for in silico generation of CID-
MS/MS mass spectra will be one of the next grand challenges in computational mass
spectrometry. So far only electron ionization mass spectra can be modeled with good
accuracy.”3~"5 The jump to the creation of in silico ESI-MS/MS spectra will require a
substantial innovative and intellectual input from the quantum chemical community, mostly
due to the variability of low-energy CID spectra and the required fragmentation voltage
spreads. Larger molecular weight compounds also will have higher degrees of freedom for
conformational movements which will render computational approaches very expensive and
time-consuming.

For the generation of in silico based MS/MS databases, it is extremely important to validate
the computational method for accuracy and precision and to determine sensitivity and
specificity based on experimental reference compounds. Most importantly, the structural
domain of the training compounds has to be observed. LipidBlast would not be able to
model fragmentations and rearrangements of small nucleotides. CFM-ID would not be able
to accurately model large molecular weight lipids, because they were not adequately covered
in the original training set of small metabolites. Once the algorithm is retrained by relevant
input spectra, the structural scaffold has changed and spectra of a different structural domain
can be created, as exemplified with the CFM-1D peptide set.’®

One of the latest trends is the use of computational compound databases that were created
using the most common enzymatic transformation reactions.””:’® These virtual compound
collections can be converted into in silico MS/MS databases and unknown experimental
MS/MS spectra can then be searched against them.”® However, with potentially millions of
structurally very similar compounds, millions of very similar in silico tandem mass spectra
will be created. Such an effect, called database poisoning, can only be overcome by novel
search algorithms or orthogonal filtering strategies.

Curation and cleaning of mass spectra

The “manual curation of mass spectra” was historically performed by groups that built mass
spectral collections such as NIST and Wiley and with that corrected spectra, added
structures and CAS numbers and created value-enhanced products.8%-82 Such curated and
high-quality libraries are used by almost all mass spectrometry labs worldwide. Curation
efforts include manual inspection of mass spectra by experienced mass spectrometrists,
noise removal and artifact removal, building of consensus spectra and peak annotations,8? as
well as inter-library comparisons.83 One caveat is that such approach affords high
acquisition costs that can reach more than $10 000 USD per library. Especially the creation
of consensus spectra in NIST and MassBank has gained attention because many MS/MS
spectra of the same compound have been added over the years. Automation of specific
curation aspects is now required for building high-quality spectral collections. For example,
consensus building may involve combining multiple MS/MS spectra from the same
instrument at the same collision energy into to a single high-quality spectrum. There are a
number of R-language computational packages hosted on BioConductor (http://
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www.bioconductor.org/) that can be used to manipulate and process MS/MS spectra. That

includes MSnID,84 MSnbase,8° msPurity,86 RMassBank,8” SwathXtend,8 and RAMClIustR.
89

The “automatic curation” of MS/MS spectra in order to create high-quality and high-
accuracy data has been a focus especially for MassBank and recently the MoNA database
(http://mona.fiehnlab.ucdavis.edu). Such automated cleaning processes include formula and
substructure annotations for precursor and product ions, noise removal, the calculation of
spectral quality codes, and annotations with metadata including InChiKey, SMILES,
compound names, as well as experimental settings.8” The advantage of using recalibrated
and cleaned spectra in MS/MS databases is that higher match scores can be obtained during
database search. All modern MS/MS databases such as NIST, MassBank, mzCloud, or
LipidBlast contain rich meta-data annotations such as compound structure, instrument type,
collision energy, type of fragmentation technique, adduct ion type, and product ion
annotations. There have been approaches in the past to create reproducible tandem mass
spectra across instruments from multiple manufacturers.® Furthermore, all databases
subsequently undergo benchmark evaluations and quality checks.8!

MS/MS data formats and software tools

There are a number of data exchange formats that can be used for MS/MS data transfer and
import/export options. However, there is no standardized format for MS/MS data file
storage. The three most frequently used formats in small molecule research and their
associated file converter tools are described below.

The “Mascot Generic Format (*.MGF)” from Matrix Science (http://
www.matrixscience.com) is the oldest and most commonly used format for storing tandem
mass spectra. Originally developed for the proteomics community it is widely available as
export format on almost all vendor platforms. External converter tools such as
ProteoWizard®! allow the conversion from Agilent Technologies (Santa Clara, CA), Bruker
(Billerica, MA), SCIEX, Thermo Fisher Scientific (Waltham, MA), Shimadzu (Pleasanton,
CA), and Waters (Milford, MA) raw files to MGF format. MGF files in their simplest format
provide a name, the precursor information as well as the product ion /77/zand abundances.
Multiple tandem mass spectra can be attached to each other resulting in files with thousands
of precursors and their associated product ion spectra. One caveat is that the format widely
differs in terms of additional defined meta-data options such as ionization information, MS
level, retention time, and voltage settings. This can result in software tools easily crashing or
refusing to import should such options be used or missing during the import/export of MGF
files. One solution to that problem is to utilize the diverse public data files from the
MetaboLights repository®2 or the Metabolomics Data Repository and Coordination Center
(DRCC) metabolomics workbench?3 to validate an error-free MGF import. The associated
*.dta and *.pkl which are single storage and container files did not obtain much traction and
are used to a lesser extent.

The “NIST MSP” format is mostly used by the NIST MS Search software, the MS-DIAL
application, and a number of databases such as LipidBlast and MoNA. The ASClI-based
format is very simple and has been available for many years. The format includes meta-tags

Mass Spectrom Rev. Author manuscript; available in PMC 2021 May 09.


http://www.bioconductor.org/
http://mona.fiehnlab.ucdavis.edu/
http://www.matrixscience.com/
http://www.matrixscience.com/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kind et al.

4|

Page 9

that describe important MS/MS spectral parameters, such as adduct type, collision energy,
instrument type, and more than 30 other conditions. However, these MS/MS special tags
were not completely documented until recently, which limited the broader use among the
community. In order to convert MSP files into searchable NIST libraries, for use in NIST
MS search GUI and the batch search software MSPepSearch, the freely available LIB2NIST
library conversion tool (http://chemdata.nist.gov) has to be used. For import of MassBank
records into the NIST format, the MassBank2NIST (https://github.com/MassBank/
MassBank2NIST) or the MassBank to NIST MSP format converter (http://
prime.psc.riken.jp/Metabolomics_Software/MassBankToMsp/index.html) can be utilized.

The “MassBank record format” is a well-documented format for storage of MassBank
records and follows ontology rules and defined parameter sets. Around 40 parameters
describe information about the chemical compound including mass, SMILES code, InChl
code, and formula as well as information about analytical methods and settings such as
instrument type and parameters, and additional parameters such as the type of biological
sample or instrumental chromatography settings. Despite the excellent and detailed
definition of the MassBank format, it is currently only used by MassBank itself and a
number of external applications including RMassBank.8”

MS/MS SEARCH ALGORITHMS AND SCORING

An “MS/MS database search” is a two-step procedure: (1) precursor ion matching and (2)
similarity matching of the remaining candidates (see Fig. 2B). The first and most powerful
filter, the precursor ion filter can remove up to 99.9% of the false candidates, depending on
database size and distribution. Precursor search windows can be either set in absolute m/z
values or in ppm. The second filter is the classical similarity-based filter that takes m/z
values and product ion abundances into account. Such similarity filters have been mostly
developed for electron ionization 70 eV mass spectra in the past.94

Typical precursor search windows range from 0.4 Da for low resolution instruments (unit
mass) to 0.005 Da for high-resolution QTOF or orbital ion trap instruments. Also the
product ion mass accuracy window can be adjusted which will exclude additional non-
matching candidates from the search results. For product ion peaks, the mass accuracy
settings during database search are usually relaxed. The lower mass accuracies observed on
the product ion level are related to unresolved interferences such as competitive
fragmentation pathways or simultaneous fragmentation of isobaric precursor ions.%

The obtained search score after a database search represents the likelihood of a search
spectrum corresponding to a reference spectrum in a mass spectral reference database.
Score-based equations typically include the m/zintensity pairs of the search spectrum and
library spectra as well as additional parameters such as weighing functions. Classical and
established mass spectral scoring algorithms include, for example, the probability match
algorithm (PBM)® and the dot-product®” algorithm. The McLafferty PBM algorithm was
introduced in 1974 and works especially well for very reproducible electron ionization (EI)
spectra. The PBM scores range from 0% to 100% and a high value represents a high
confidence that the spectrum was identified during database search. It is a linear

Mass Spectrom Rev. Author manuscript; available in PMC 2021 May 09.


http://chemdata.nist.gov/
https://github.com/MassBank/MassBank2NIST
https://github.com/MassBank/MassBank2NIST
http://prime.psc.riken.jp/Metabolomics_Software/MassBankToMsp/index.html
http://prime.psc.riken.jp/Metabolomics_Software/MassBankToMsp/index.html

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kind et al.

Page 10

combination of four probability measures: the uniqueness of /m/z values of a specific peak,
the peak abundance contributions, a window factor that integrates peak abundances, and a
dilution factor for mixture spectra. The dot-product algorithm uses the cosine of the angle
between the unknown and library spectral vectors®”:98 and is now commonly used during
accurate mass MS/MS database search. The composite equations include the dot-product
function and terms that use intensity scaling based on mass as well as non-scaled intensity
ratios of neighboring peaks.%” These library “match scores” range from 0 to 999. A low
score indicates that compound is not found in the database, scores from 200 to 650 indicate
few matching peaks, scores higher than 850 represent good matches and scores of 999
would present a perfect hit. However, these estimate rules are historically based on electron
ionization spectra and may not hold true for the large diversity of CID or HCD based
MS/MS spectra.®?

Other “similarity measures” such as the Jaccard,’® Pearson,89-100 Jeffries-Matusita distance,
101 and random projection192 can be used as well. A number of modified search algorithms
with the aim to improve scoring results have been published.193-105 Many of the modified
methods introduce correction factors to increase hit scores and sensitivity and specificity of
search results. Thresholds for good hit scores and useful cutoff-values have to be based on
statistical probability estimations. Such threshold must differ for El and CID MS/MS mass
spectra.%8 Cutoff values are also depending on the software and algorithm used as well as
library sizes, compound diversity, and MS instrument platform. Many ESI MS/MS spectra
have sparse product ion peaks, sometimes less than five ions. In such a case, the match
scores and the probability scores can be very low. Here, it would be better to utilize the
reverse dot-product algorithm. However, there is currently no large scale statistical
investigation published to shed light on the use of cut-off values or use of these scores.

A number of different “search options” are implemented in the freely available NIST MS
Search program. Classical El identity search, MS/MS search, high-resolution in-source
search, and neutral loss search are available. The following search options are offered:
forward, reverse, hybrid, neutral loss, similarity, and probability search. Related specific
match factors are all shown after each search in the result hit list. For MS/MS identification
purposes, the dot-product as well as the reverse dot-product search are commonly
recommended. The “reverse search” ignores non-matching peaks in the search spectrum and
the score is not penalized for peaks that are not found in the library spectrum. It has been
observed that the reverse search option is particularly helpful when MS/MS spectra with
sparse peaks are searched, such as in silico spectra generated for certain lipid classes.1%6 The
“hybrid matching” search combines normal search and neutral loss search which is
important for detecting compound classes with similar fragmentation patterns. The simple
“similarity search mode,” without precursor ion search, should not be used for MS/MS
database search alone. However, it is useful for compound identification purposes if the
compound or precursor itself is not contained in the MS/MS database. The premise under
such circumstances is that the core fragments still result in the same MS/MS fragmentations,
even if additional modifications are missing. For example, a similarity mass spectral search
of 4-acetamidoantipyrine would reveal hits with 4-formylaminoantipyrine and 4-
aminoantipyrine because both molecules share the aminoantipyrine core structure. A neutral
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loss calculation would reveal a difference of 42.01 Da or an additional acetyl group
(C2H20).

Parameters that can influence the result search scores are the precursor ion search width, the
acquisition mode of the product ion spectra (profile mode and centroided or stick spectra)
and the number of peaks in the product ion spectra. A short example using 200 000 spectra
from the NIST14 database and MassBank shows the powerful impact of the precursor filter.
A histogram based analysis of NIST and MassBank precursor ions reveals that many of the
molecules range between 250 and 450 Da. A search of the phenoxybenzamine MS/MS
spectrum with a 100 ppm (0.03 Da) precursor window results in 81 diverse molecules,
including many false positive candidates. Minimizing the window to 50 ppm (0.015 Da)
lowers the result list to 68 candidates. A more realistic value for modern high-resolution
QTOFs or orbital ion trap instruments is a 5 ppm (0.0015 Da) precursor window which
returns the correct single phenoxybenzamine hit.

Reports from several Critical Assessment of Small Molecule Identification (CASMI)
challenges provided a deeper insight into software, tools, and approaches used by multiple
groups.197:108 By introducing a binning system, it might be possible to allow low resolution
instruments obtain similar performances like searching spectra from high-resolution
instrumentations.109 Recently, a new spectral identifier for mass spectra the SPLASH was
developed.110 It allows for a one-way encoding of a mass spectrum into a fixed-length
identifier and can be considered an analog of the InChiKey. It employs a binning technique
to allow for efficient pre-filtering during tandem mass spectral search and is currently
implemented in the MassBank of North America (MoNA) database.

Until recently MS/MS decoy databases were not available for small molecule research.>112
It is now possible to estimate FDR values for small molecule MS/MS spectra.111 The
authors compared naive Bayes as well as three different target-decoy approaches. The
proposed method is a spectrum-based approach, circumventing the use of decoy structures.
Based on P-value and g-value calculations the authors concluded that for unfiltered spectral
data the empirical Bayes approach resulted in good estimates. For noise-filtered data the
tree-based decoy strategy using a re-rooted fragmentation tree can be recommended for FDR
estimations. The Passatutto software (https://bio.informatik.uni-jena.de/software/) provides
source code scripts for small molecule MS/MS decoy library generation, as well downloads
for target-decoy MS/MS spectra.

Practical prerequisites for MS/MS search

Performing MS/MS database searches is relatively straightforward but has certain
prerequisites. First, it has to be established if the database itself and the tandem mass spectra
that are to be searched contain “unit masses or accurate masses.” For example, NIST14 and
MassBank contain both unit mass and accurate mass spectra. In some cases, the relevant
digits of precursors are truncated, leading from seemingly accurate to relatively inaccurate
mass data. In cases where an accurate precursor mass is used, no spectra with unit mass
precursors will be found, even if the substance is contained in the database.
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The “instrument types” of MS/MS spectra have to be taken into consideration. Large diverse
spectral databases such as NIST and MassBank contain ion trap, QqQ, QTOF, and other
MS/MS spectra. If QTOF data are searched against an ion trap library, the hit scores will be
different from an approach where QTOF spectra are searched in QTOF libraries,104.113.114 ¢
is always best practice to search similar instrument types against their reference spectra.11°

Second, the true “experimental mass accuracy” for each run or set of experiments has to be
determined with internal or external reference compounds or quality check mixtures that
contain known compounds. This approach leads to the responsibility of each user to
accurately tune and calibrate the mass spectrometer independently in positive and negative
mode before any batch experiment. A commonly observed practical error is to simply
assume excellent mass accuracy without adequate tests. Experimentally obtained mass
spectra actually may contain large /71 zerrors for precursors and product ions. Such errors
will lead to non-existing or false annotations during MS/MS database search.

Third, in preparation of the actual search, the positive and negative “ionization mode”
MS/MS data need to be separated. Positive ionization mode spectra are only searched
against positive mode databases and negative ionization mode MS/MS spectra against
negative mode databases. This lowers false positive rates and avoids post-curation steps that
are otherwise needed. If libraries for specific adduct types such as formate, acetate (from LC
mobile phase modifiers), chlorine adducts (from extraction solvents), or residues of salts
(sodium, potassium) from sample preparation are available, the matching adduct library
must be chosen as fragmentations and the resulting product ions are different for diverse
adduct types.® For example, false annotations can be expected if the MS/MS library covering
acetate adducts is selected while ammonium formate is used as mobile-phase modifier
leading to formation of formate adducts for some lipids such as phosphatidylcholines.

Tandem mass spectra can be collected in “profile mode or centroid” (stick) mode. MS/MS
data collected in profile mode can result in very large data files (up to several gigabytes).
Resulting search times can be extremely long, several minutes in profile mode versus a few
seconds in centroid mode. The impact of different centroiding algorithms on search scores
has been investigated on peptide databases. The authors state that different software tools
create “surprisingly large intensity differences for even the most prominent peaks of a
fragment ion spectrum.”116 Our own preliminary investigations have shown that profile
mode MS/MS spectra create slightly higher match scores due to the fact that multiple very
tightly binned m/z values (often with few mDa distance) have a higher probability of
matching a library reference spectrum than a single peak. There are, however, practical
advantages in the use of centroided spectra because of smaller file sizes and much faster
library search speed.

The use of “multiple collision energies” (CID/HCD) for data acquisition is highly
recommended (see Fig. 3) because it increases the confidence in compound annotations by
multiple independent verifications. MS/MS databases such as METLIN, NIST, and
MassBank cover multiple collision energies. Most new instruments allow for high speed
data acquisition of MS/MS. Hence, either acquisition at discrete collision energies (eg, 10,
20, and 40 eV) or using collision energy spread or ramp (eg, 35 + 15 eV) and providing a
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combined spectrum can be used. Distinct small step voltages (5 eV) are recommended to
capture the whole width of mass spectral fragmentation and rearrangement reactions.34 Low
CID voltage MS/MS spectra contain dominant precursor ions and few low /m/z fragments,
whereas high CID voltage spectra show extensive fragmentation in low 7/ z ranges. In the
unfortunate event that a library was only created using a single collision energy, the same (or
close) collision energy must be used to create high score values. The use of collision energy
spreads or ramps (as well as reversed ramps) is advisable to create information-rich product
ion spectra.11” Some ion trap instruments use normalized collision energies to compensate
for mass dependencies during fragmentation. This allows for the creation of reproducible
MS/MS spectra especially for library creation purposes.118 The use of wideband excitation
on select ion traps is useful for the application of resonance energy on ions that are below 20
Da of the precursor ion. This allows for low energy fragmentation of molecules that undergo
water loss but with the specificity of the precursor ion retained.11® Additional parameters
such as in-source voltage and RF voltage can also influence peak abundances of product ion
spectra.120

There are around 300 “adduct ions” and in-source fragments that are covered in the NIST14
MS/MS database. The most prominent molecular ion species include [M + H]*, [M + H -
H201*, [M - H]~, [M + Na]*, and [M + NH4]*. Many solvents and mobile-phase modifiers
lead to dedicated adducts, for example formate [M + HCOO]™ and acetate adducts [M +
CH3COO0]~ commonly observed during lipidomics profiling in negative ESI mode.8 In-
source fragments such as water gain or loss [M + H — H20]* or [M - H — H20]~ are
commonly observed during small molecule ionizations.12! Certain substance classes such as
flavonoids and nucleotides have a higher probability of in-source fragmentations.122:123
Product ion artifacts from the reaction of arylium ions with nitrogen124 and unexpected
product ions from reactions with residual water can also influence spectral quality.12° In
principle, all adduct ions, in-source fragments, breakdown products, dimers, and multimers
need to be considered for the creation and collection of libraries as well for the library
search process itself.126

From a practical point of view also “taxonomy restrictions” or restrictions on the compound
space can be made during MS/MS search. Although taxonomy restrictions or molecular
phylogenetics'2? have been a long-standing feature in peptide search engines,128 small
database sizes hindered acceptance in traditional analytical MS/MS searches for small
molecule research. Moreover, metabolites cannot be captured on a single platform, as they
include volatiles, polar, nonpolar and lipid compounds. For example, when investigating
blood plasma samples, compounds only found in green algae should be excluded. Although
such restrictions can lower false positive and false negative annotations, they may also
hinder the discovery of unexpected compounds.

Post-processing of MS/MS search results

After an MS/MS search, a list of all spectral matches is returned. This list can contain
multiple scores, the names of the retrieved compounds and additional meta-data such as
accurate mass differences or links to traditional compound databases. Subsequently, the list
must be inspected for false positive or false negative compounds.®
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A recurring problem is “feature combination” of different adducts or different isomers at
different retention times.129-131 The identification of multiple adducts for the same
compound can be used as an additional confirmation of the substance, as formed ions
usually show different fragmentation patterns for different adduct types. For metabolic
profiling experiments, such adducts originating from the same compound sometimes need to
be unified to allow for subsequent biological interpretations. This can lead to problems,
because based on mobile phase composition and modifiers used, they are also represented by
different chromatographic peak heights. The simplest solution would be to sum different
adduct peak heights originating from the same compound and to report a single value for the
peak abundance.132

Instruments that add an additional ion mobility separation dimension based on drift-time ion
mobility spectrometry (DTIMS) or traveling-wave ion mobility spectrometry (TWIMS) may
increase post-processing requirements, because MS/MS spectra for stereoisomers might be
differentiated from each other. For clustering of millions of tandem mass spectra several
algorithms from the proteomics community are available.133134 The use of retention times
or retention indices as orthogonal filters is highly recommended for high-confidence
compound identifications.13%136 A few MS/MS databases such as ReSpect DB or the
Agilent METLIN Personal Compound Database and Library (PCDL), also contain retention
times to be used with a specific LC column, mobile phase composition, and separation
gradient.

TANDEM MASS SPECTRAL DATABASES

Tandem mass spectral databases contain mostly CID- and HCD-based MS/MS spectra for
LC-MS/MS settings. Because GC-MS/MS instruments are still niche products, no large GC-
MS/MS databases are currently available. However, GC-MS/MS spectra are useful to gain
additional insights into molecular fragmentations (see Fig. 4). Interestingly, the use of unit
mass (inaccurate mass) instruments for small molecule MS/MS search never gained much
attention, even though LC-MS/MS platforms have been available for more than 15 years.
Only a number of smaller libraries were ever derived.118.137-139 An excellent review from
2004 covers most of the available libraries and search techniques at the time49 and a more
recent review covers the structural overlap of some of the prominent MS/MS databases.®
The collection of multiple-stage MS” libraries (mass spectral tree libraries) has been covered
in other publications41-143 and is not further discussed here. While large commercial
libraries such as NIST and Wiley are available with curated spectra and enriched contents,
new databases such as MassBank, MoNA, or GNPS have evolved that specifically focus on
data sharing and community efforts (see Table 2). The following section gives an overview
of existing public and commercial MS/MS databases.

The “NIST14 MS/MS” (http://chemdata.nist.gov/) commercial database was one of the
earliest available and highly curated databases. It covers 193 119 spectra of 43 912 precursor
ions from 8351 small molecules.82 Many newly added spectra contain multiple collision
energies for CID and HCD mode, covering 2-5 eV steps across the entire collision energy
range available. Therefore, the number of MS/MS spectra is much larger than the number of
unique compounds. Additionally, NIST14 also contains over 40 000 MS/MS spectra from
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peptides. All MS/MS spectra were derived from reference standards and over 300 different
ionization species (adducts) are included. Data were derived from more than 100 different
instrument types and several ionization techniques (ESI, APCI) are covered. All compounds
are annotated with their structures, their InChiKeys, and metadata that gives detailed
information about the conditions the spectra were acquired. A number of MS/MS spectra
were collected from ion trap instruments and are unit mass based. The majority of entries are
accurate mass MS/MS spectra from orbital ion traps (HCD MS/MS) and QTOF (CID
MS/MS) instruments.

The “MassBank” online database (http://www.MassBank.jp/) is a large public repository of
mass spectra from different instruments and multiple contributors.144 Originally developed
in Japan starting in 2006, it has become one of the most popular community resources for
mass spectral data. Around thirty laboratories contributed to MassBank and consortium
members are from all over the world. The Norman MassBank (http://
MassBank.normandata.eu/) is a mirror of spectra from the European network of reference
laboratories (NORMAN). All MassBank spectra are annotated with structures, database
links and additional metadata. All tandem mass spectra are searchable online and can be
downloaded. Most spectra are available with a very distribution friendly open data license
(Creative Commons by Attribution, CC-BY) and can be easily incorporated into
independent software tools and databases.

The “METLIN” online database (http://metlin.scripps.edu/index.php) is one of the most
long-standing and largest databases for QTOF tandem mass spectra.145146 Experimental
MS/MS spectra for 14 034 compounds were originally measured on an Agilent QTOF
instrument in positive and negative ESI mode using different collision energies (0, 10, 20,
and 40 eV CID). METLIN has a special focus on metabolites and the associated online
structure database contains more than 240 000 metabolites and additional in silico spectra.
The IsoOMETLIN database (http://isometlin.scripps.edu) contains mass spectral data from
isotopically labeled compounds!4” as well as in silico generated fragments. METLIN is also
available as METLIN PCDL library for Agilent QTOF instruments with a smaller selection
of tandem mass spectra covering 2300 compounds. This allows for direct MS/MS and
retention time search within the Agilent MassHunter vendor software. Recently vendor
libraries for Bruker (MetaboBASE), WATERS (Progenesis Ql), and SCIEX instruments
have been released.

The “Wiley MSforID” or Wiley registry of tandem mass spectral data contains around 20
000 mass spectra from 1200 drugs, pharmaceuticals, pesticides, and other small compounds.
107,148,149 gpectra were acquired in positive and negative ionization mode with ten different
collision energies in the range of 5-50 eV. The library is available in three vendor formats
and contains independent MS/MS search software.150

The “ChemicalSoft” libraries (http://www.chemicalsoft.de/) of drugs and toxic compounds
were developed on QTRAP instruments®1.152 by several researchers in the toxicological
community. The provided databases contain MS/MS spectra at multiple collision energies
and retention times for over 1200 compounds. The library was also utilized for a
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comprehensive overview of the fragmentation behavior of the selected compounds in
positive and negative ionization mode.153.154

The “Maurer/Wissenbach/Weber” “LCMSn Library of Drugs, Poisons, and Their
Metabolites” includes more than 10 000 spectra from 6816 compounds. The database
contains MS? and MS3 wideband spectra from an LXQ linear ion trap in ESI mode. It covers
1500 parent compounds and additional phase | and phase Il metabolites as well as related
artifacts and impurities, 195156

The “Mass Spectra of Designer Drugs” library (http://www.designer-drugs.de) traditionally
contained only GC-MS spectra, but the latest editions added 10,000 MS/MS spectra from
750 compounds. The constantly updated database is available online with a large variety of
meta-data and commercially covering different vendor formats.

The “MoNA” (MassBank of North America) database (http://mona.fiehnlab.ucdavis.edu) is
a centralized repository that uses software based curation of mass spectra and depends on
crowd sourcing (user based) input. Over 190 000 mass spectra are publicly available for
download. Spectra were sourced from MassBank, LipidBlast, and in-house spectra. At the
moment, mass spectra published in the peer-reviewed literature are only available on paper
or PDF, preventing the broader use and applicability of such important information.1%7
MoNA provides programming interfaces such as REST (representational state transfer
architecture) to easily allow automated upload of spectra from any software that can utilize
such interfaces. Users can submit novel spectra for direct online access, to allow for broader
sharing within the community. Furthermore, all curated and cleaned public spectra can be
downloaded in MSP or JSON format to allow for independent in-house use.

The “mzCloud” online database (https://www.mzcloud.org/) focuses on searchable spectral
trees (MS”) data. The idea is that multi-stage spectra allow for additional information even if
the unknown spectrum is not found in the database.142:143 Multiple MS2 and MS” spectra
with various collision energies are organized in spectral nodes that make investigating and
searching spectra very intuitive and easy. Associated product ion structures for each peak
were calculated using Mass Frontier and additional quantum chemical methods provide the
most probable gas phase structure.

The “GNPS” library (http://gnps.ucsd.edu) is a platform focused on natural products.158.159
The Global Natural Product Social Molecular Networking (GNPS) website aims to let
natural product researchers work together and share spectra. Users are able to contribute
spectral collections and can search, view and download all shared spectra. Currently, around
9000 MS/MS spectra from the GNPS core and community collection are publicly available
as well as MS/MS spectra from MassBank, ReSpect, and HMDB. The associated MassIVE
website also hosts experimental LC-MS/MS runs and data analysis workflows from a large
user base. With a growing database of novel MS/MS spectra, these datasets can be auto-
searched and prior unknown compounds can be annotated.

The “ReSpect” database (http://spectra.psc.riken.jp/) is a plant-specific MS/MS database
compiled by researchers at the RIKEN institute.160 The ReSpect database was one of the
earliest freely available MS/MS databases. The database is derived from literature spectra as
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well as reference compound MS/MS spectra. The database also contains MS/MS
fragmentation association rules for product ions and such information can be used to obtain
compound class information. The associated MS/MS database also contains retention times
and is especially helpful for plant-based metabolic profiling.161

The “Spektraris AMT Database” (http://langelabtools.wsu.edu/amt/) was developed for plant
based metabolite screening and covers 2626 MS/MS spectra from 487 compounds.162
Compounds were measured under ESI and APCI conditions at three different collision
energies (10, 20, and 40 eV). All annotated compounds and retention times as well as their
associated adducts are freely available on the website and at MassBank.

The “Sumner plant natural product library” (http://metabolomics.missouri.edu/) is an
MS/MS library of 289 flavonoids, isoflavonoids, and phenylpropanoids covering 1734
tandem mass spectra collected at different collision energies (10, 20, 30, 40, 50, and 60 eV)
on an Agilent 6430 triple quadrupole mass spectrometer. The library can be used for plant
metabolomics identifications.163

The “GC-MAXIS/MetaMS” (http://metams.lumc.nl/) GC-APCI-QgToF online spectral
library is the only publicly available collection of GC-QTOF based MS/MS spectra. The
compounds were acquired on a Bruker maXis 4G QTOF mass spectrometer equipped with
an atmospheric pressure chemical ionization (APCI) interface.164

The “WeizMass” database is a collection of 3309 high-resolution MSE spectra measured on
an UHPLC-QTOF system (HDMS Synapt, Waters). The database covers positive and
negative ionization mode spectra from 3540 plant-based metabolites.16°

The “DTU Mycotoxin-Fungal” Secondary Metabolite MS/HRMS library (http://
www.bio.dtu.dk/english/Research/Platforms/Metabolom/MSMSL.ib) contains 836 MS/MS
spectra of 277 compounds in Agilent PCDL format% and was obtained on a Agilent 6550
UPLC-QTOF. The library covers and positive and negative ionization modes as well as
multiple collision energies (10, 20, and 40 eV) per compound.

The “MyCompoundID MS/MS” (http://www.mycompoundid.org/) database is an in silico
generated database of MS/MS spectra based on enzymatic reactions.”® The library covers
8021 metabolites and 375 809 predicted metabolites that were created by
heteroatominitiated bond breakage rules. The library can be searched online in single and
batch mode. All structures are visualized and rank scores are provided after search.

The “UNPD-I1SDB MS/MS” (http://oolonek.github.io/ISDB/) is a freely available database
consisting of 170 602 in silico MS/MS spectra covering 170 602 natural products from the
UNPD (Universal Natural Products Database).’2 All MS/MS spectra were generated with
CFM-ID"6 and were part of a natural product dereplication workflow.

The “LipidBlast” library (http://fiehnlab.ucdavis.edu/projects/LipidBlast) is a large in silico
generated MS/MS database specifically for lipid identifications.19¢ LipidBlast employed a
heuristic model for fragment and ion abundance calculations. Tandem mass spectra were
modeled according to authentic reference spectra and then large numbers of phospholipids
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with changing side chain fatty acyl lengths and degree if unsaturation were modeled
accordingly. Around 400-800 lipids can be annotated using LipidBlast and LC-MS/MS
methods. Utilizing the freely available LipidBlast development templates, libraries for new
lipid classes can be easily created.8” Originally developed for ion trap and FT-ICR-MS
instrumentations LipidBlast has now been optimized for QTOF and Q/orbital ion trap based
instruments by Tsugawa et al (http://prime.psc.riken.jp/Metabolomics_Software/). All
MS/MS spectra are available under a Creative-Commons-By-Attribution (CC-BY) license
that allows for commercial and non-commercial use.

The “Human Metabolome DataBase” (HMDB) (http://www.hmdb.ca/) provides coverage of
41 993 metabolites as well as 5774 experimental MS/MS and 27 999 predicted in silico
MS/MS spectra. HMDB contains MS/MS spectra from a variety of instruments with ramped
voltage settings and provides links to the MoNA DB. HMDB offers a convenient and fast
online MS/MS search with precursor filter and product ion match and head-to-tail view of
search versus reference spectrum.

SOFTWARE FOR MS/MS SEARCH

Mass spectral database software mainly provided search possibilities for single stage mass
spectrometry data (MS?) and historically focused on GC-MS electron ionization (70 eV)
spectra. Over the last 20 years, the focus has changed toward MS/MS data including CID
and HCD spectra obtained from a variety of LC-MS/MS instruments. The following section
only covers software applications that are focused on small molecule MS/MS search (see
Table 3).

The “NIST MS Search GUI” (http://chemdata.nist.gov) can be considered the gold standard
in mass spectral searching. It is a freely available search program with a graphical user
interface (GUI). The program can visualize all structures and spectra in head-to-tail view for
easy visual comparison. Furthermore, it provides an easy to navigate result list with match
scores, reverse-match, and dot product and probability search. All additional meta-data from
libraries can be searched and investigated with constraint search. Precursor and product ion
tolerances can be set in mDa or ppm and an unlimited number of custom libraries can be
imported using the LIB2NIST library converter.

The “NIST MSPepsearch” software (http://chemdata.nist.gov) is the batch software related
to NIST MS for processing hundred thousands of MS/MS product ions scans. In order to
create a NIST compatible library, MS/MS reference spectra have to be converted with
Lib2NIST software from MSP to NIST format. These libraries can then be searched with
traditional MGF or MSP files. The precursor or product ion search window can be defined in
a GUI or on the command line (CLI). The database internally uses an indexed and memory
cached non-relational database, which makes compound searches extremely fast with up to
5000 spectra per second. The investigation of an average LC-MS/MS run with 10 000
MS/MS spectra typically takes 5-10 sec to search, meaning thousands of LC-MS/MS
chromatograms can be processed in a few hours. The results are presented in tab-separated
values files (TSV) which include the search spectrum, precursor tolerance, library name
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found, formula, match scores, reverse match scores, and library hits. The result reports can
be imported and filtered very conveniently with the Microsoft Office Excel application.

The “ACD/Spectrus” and “ACD/MS Workbook Suite” (http://www.acdlabs.com/) provides
search support for MS/MS spectra and can read and extract a large number different vendor
file formats.

The “XCMS?2” software is a publicly available software that can be used within the R
statistics language.167 It directly searches METLIN online data (acquired on an Agilent
QTOF with multiple collision energies (0, 10, 20, and 40 eV). XCMS? also intelligently
matches the experimental collision energy if multiple energies available. It uses the
traditional precursor ion selection window and additionally a distance matrix score to obtain
good spectral matches.

The Wiley “MSforID” search algorithm is available with the MSforID library and uses a
relative average match probability (ramp) score.195.168 The software calculates the similarity
of fragment ions from the unknown MS/MS spectrum versus the library spectra. From the
matching fragments a reference spectrum-specific match probability (mp) is then calculated.
The match probability values from multiple reference compounds are averaged and the
compound specific ramp score is subsequently obtained.

The “Mass++" software (http://masspp.jp) is an open source LC-MS/MS software with
multiple vendor support and includes proteomics and metabolomics data processing tools.
169 Mass++ supports MS/MS search of MassBank spectra and additional data analysis and
visualization tools. Mass++ can search MassBank directly via the Simple Object Access
Protocol Application Programming Interface (SOAP API).

The “Progenesis QI software (http://www.nonlinear.com/progenesis/) allows for MS/MS
search and import of external reference libraries such as MassBank, METLIN, or LipidBlast.
Support for DDA and DIA workflows is provided. After the deconvolution, it allows for
selection of different databases, selection of precursor and product ion accuracy and presents
the output in a sortable identification sheet. The search score, mass error, and isotope
similarity are also taken into account. Additional retention time matching is also supported.
Progenesis QI also provides multi-vendor support for Agilent, Bruker, SCIEX, and Thermo
as well as for mzML and mzXML data.

The “OpenMS” software (http://www.openms.de) is an open source software workflow for
LC-MS/MS data processing.179171 |t supports open formats such as mzML and it is possible
to perform accurate mass search. The precursor mass tolerance can be set by utilizing
individual workflow nodes. The similarity scores are calculated by utilizing a number of
provided matching algorithms.

The “Expressionist Refiner MS” software (http://www.genedata.com) is a workflow system
that allows the processing of LC-MS/MS and direct-infusion MS/MS data. The software
integrates different workflow modules that can be used to search local and online MS/MS
databases and to perform additional retention time matching.
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The “SMILEMS” software (http://www.genebio.com/) permits the utilization of multiple
MS/MS and MS” databases. The software allows the import of data from multiple vendors
and it can utilize different reference libraries. SmileMS utilizes the X-rank algorithm and
retention time filters, which can aid during the removal of false positive identifications.103
The X-Rank does not take absolute or relative intensities into account, but sorts the peak
intensities of a spectrum and subsequently calculates a correlation between the sorted
spectra.

The “MS-DIAL” software (http://prime.psc.riken.jp/Metabolomics_Software/) can be used
for alignment of multiple runs and subsequent MS/MS identification based on DDA and
DIA data.50 The latter approach is more complicated because it requires a mass spectral
deconvolution step to obtain clean mass spectra. A number of external libraries such as
LipidBlast and MassBank can be imported and the MS-DIAL program and bundled MS/MS
libraries are freely available.

VENDOR-BASED SOFTWARE AND DATABASES

Interestingly, many mass spectrometry vendors have backed away from tightly restricting
their software and now allow the integration of third-party plugins and library import from
multiple sources. This trend positively supports users, who are now able to access a wider
product range and a larger number of libraries. Discussed below are only those vendors who
distribute tandem mass spectrometers as well as software and databases for MS/MS search.

“Agilent” provides the MassHunter Personal Compound Database and Library software
(PCDL) for searching MS/MS spectra. The PCDL Manager is software that allows for the
creation and browsing of MS/MS databases. The import/export functions are limited to TXT,
comma-separated values (CSV), and MOL files. No common mass spectral file formats are
currently supported. The PCDL databases can be directly accessed from the MassHunter
Workstation software or the ProFinder software. Both MS/MS search and retention time
matching can be employed. A series of commercial databases such as Agilent/METLIN
PCDL (2278 compounds) developed in collaboration with Gary Siuzdak at the Scripps
Research Institute, a toxicology derived database including the Broecker/Herre/Pragst PCDL
(2400 compounds) and a pesticide PCDL library (740 compounds) for LC-MS/MS and GC-
MS/MS are available. The extractables and leachables (E/L) PCDL contains MS/MS spectra
for 300 UV stabilizers, packaging contaminants, silicones, and nitrosamines measured with
Electrospray and APCI on a QTOF instruments.

“Bruker” currently provides the MetaboBASE personal library with 30 000 MS/MS spectra
measured at different collision energies from 13 000 compounds including di- and tri-
peptides. The library was created in collaboration with Paul Benton and Gary Siuzdak at the
Scripps Research Institute. The library covers 13 000 synthetic and isolated standards as
well as di- and tri-peptides. The smaller Bruker Human Metabolome Database (HMDB)
Metabolite Library with 800 compounds selected from the original HMDB (www.hmdb.ca)
specifically covers human metabolites. Spectra were acquired at different collision energies
(10, 20, 30, and 40 eV). The database also includes ramped spectra (20-50 eV) as well as
different isolation windows (1 and 6 Da). The MetaboBASE Plant Libraries contains around
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1000 MS/MS spectra of secondary plant metabolites and was created in collaboration with
Lloyd Sumner at the University of Missouri. All compounds are annotated with compound
structures and metadata as well as external database identifiers. Tandem mass spectral
databases can be queried using the Bruker Compass DataAnalysis and edited with the
LibraryEditor software. The Bruker ToxTyper Library of Drugs contains 830 compounds
and their related MS?, MS2, and MS3 spectra measured on an ion trap instrument.
Additional solutions are provided with the ToxScreener and ToxTyper software, which allow
for the forensic analysis of compounds and drugs of abuse.

“SCIEX” provides diverse customized libraries for metabolites, forensic drugs (517 MS/MS
spectra of 370 compounds), antibiotics (259 MS/MS spectra of 244 compounds), pesticides
(1310 MS/MS spectra of 557 compounds), and food environmental analysis (2148 MS/MS
spectra of 1189 compounds).172 The newer libraries are supported in high-resolution mode
and contain positive and negative ionization mode spectra. The spectra can be used with the
TripleTOF and QTRAP instruments. Support for mass spectral library search is provided
within the Analyst package, the MasterView, LibraryView, and LightSight software.

“Shimadzu” provides the Profiling Solution software program to search MS/MS spectra. A
number of MRM based libraries are provided, mostly for their QqQ line of instruments. The
structural analysis of 256 glycosphingolipids can be performed with a new MS? and MS3
Library. The integrated LCMSsolution software provides similarity search. Shimadzu also
supported the open source software Mass++ which can be used for independent MS/MS
search.

“ThermoFisher” now provides several software tools including TraceFinder, ToxFinder, and
the Compound Discoverer Software to search high-resolution accurate mass MS/MS spectral
libraries. The programs also allow for seamless integration into the mzCloud online
repository. Historically, tandem mass spectral search was performed by NIST integration
into ThermoFisher Xcalibur or the use of the Mass Frontier software. The “Library of
Toxicological Compounds” includes 900 clinical and forensic toxicology related compounds
with 4500 spectra with multiple collision energies. The “Library of Food Safety and
Environmental Compounds™ includes 1600 compounds and 8000 MS/MS spectra. The high-
resolution spectra allow a baseline resolution of carbon, nitrogen, oxygen, and sulfur
isotopes and the multiple collision energies allow for increased probabilities during
compound identifications.

“Waters” allows for spectral library creation within the Waters ChromaLynx software.
ChromaLynx also uses the NIST based search algorithm and can be used across all Waters
instruments. The new Waters Progenesis QI software (Nonlinear Dynamics) allows for third
party import of publicly available libraries such as MassBank or LipidBlast. The Waters
METLIN MS/MS Library covers spectra for 13 900 measured compounds as well as 220
000 in silico spectra.
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GLOBAL APPLICATIONS FOR SMALL MOLECULE MS/MS SEARCH

Fields of applications for MS/MS matching include nearly all scientific areas that make use
of LC-MS/MS, GC-MS/MS, and tandem mass spectrometry data.1”3-175 This includes
metabolic profiling,126 dereplication of complex natural extracts,176:177 fungal metabolites,
178,179 marine products,166 plant based metabolic profiling160.162.180.181 and plant
metabolomics, 0 lipid analysis, 182 toxicology analysis,183-186 environmental analysis,
187,188 food contaminants,189 forensics,199.191 drugs, 192193 and pesticide screening,194-196
as well as statistical MS/MS fragmentation analysis'9’ and network maps for visualizations.
198 For those cases where no reference spectrum is found in any database, purely
computational approaches have to be taken. These in silico tools are extensively covered
elsewhere.199-201

OUTLOOK AND CONCLUSIONS

Instrumental prerequisites to generate MS/MS databases have been available for a quarter of
a century. Data-sharing and collaborative research projects such as MassBank gave a huge
boost to promoting the wider use of MS/MS database search within the small molecule
community. Still, there are many examples where research groups publish papers using in-
house libraries that are neither publicly nor commercially available. Large European,
Japanese, and US funding organizations such as US National Science Foundation (NSF) and
the National Institutes of Health (NIH) clearly have an interest in data-sharing and novel
databases such as MassBank, MoNA, or GNPS show that such projects can be very
successful in supporting a large research community.

There is also a strong need for better and improved scoring algorithms. These algorithms
must be validated by using purely statistical validations from large and highly diverse
MS/MS databases. There are currently no decoy databases for small molecule MS/MS
available, which would be necessary for calculations of false positive estimates. False
discovery rates can now be calculated with recently developed MS/MS decoy databases for
small molecules.!1 MS/MS databases will grow in diversity and size and will include
experimental spectra from reference compounds as well as in silico generated MS/MS
spectra. Especially in silico generated libraries will gain in importance and accuracy, but
have to be carefully validated to avoid the distribution of inaccurately modeled spectra.

Online services that provide easy-to-use search interfaces will allow researchers to annotate
large LC-MS/MS runs in a convenient way. The post-processing of search results and library
hit tables will require approaches such as adduct removal, peak merging from multiple
spectra, and connections to compound databases for easy investigation. Here, we see
enormous development potential to improve such database services on an academic and
commercial level. MS/MS database search is a fast-lane for compound annotations and
fortunately there is a lot of positive momentum to widen the use and distribution for the
benefits of the broader community.
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Mms?

(A) During data-dependent MS/MS spectra acquisition, the instrument selects a highly
abundant MS? peak and discards all other peaks outside the selected precursor isolation
window. The ions are fragmented during collision-induced dissociation (CID) or higher
energy collisional dissociation (HCD) processes. The MS/MS contains information about
the precursor ion. (B) During all-ion fragmentation or SWATH mode the instrument
fragments all peaks indiscriminately of peak height. The spectra are information-rich
collections but lack the precursor information. In order to perform MS/MS database search
deconvolution software such as MS-DIAL has to be used to reconstruct the correct precursor

10N
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— (=)

Search
scores

(A) MS/MS database creation: a MS ion (precursor) is picked from an LC-MS/MS run and
undergoes fragmentation in the tandem mass spectrometer under different collision energies
to cover a broad range of characteristic fragments (product ions). (B) MS/MS search: the
precursor filter (from 0.1 to 0.001 Da) removes most of the candidates outside a mass
accuracy search window. The similarity algorithm ranks the remaining spectra against all

database spectra and creates a similarity score
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FIGURE 3.

Modern mass spectrometers can record multiple CID voltages for each scan event. Therefore
modern MS/MS libraries are now created with multiple distinct CID voltages, such as 10,
20, and 40 eV to increase compound identification probabilities. An example of matching an
experimental MS/MS spectrum of catechin acquired in negative ionization mode ESI(-). It
is matched against the 10, 20, and 40 eV reference spectra. If the library would only contain
40 eV spectra or single voltages a very low hit score would be obtained
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FIGURE 4.
GC-EI-MS and GC-EI-MS/MS of malic acid (3-TMS, trimethylsilyl) with precursor ion m/z

350.142. Different ionization voltages (5 and 30 eV) for product ion spectra can create
specific fragments. Such information is important for neutral loss and substructure analysis.
Current GC-MS/MS databases currently contain only a small number of compounds in
comparison to LC-MS/MS databases
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A selection of instruments for accurate mass MS/MS analysis (2016) and their maximum mass resolving

power and acquisition speed

© 00 N o U A~ W N P H

R I =
A~ w N -, O

15

Instrument

Agilent 6550 iFunnel QTOF
Agilent 7200 GC/QTOF
Bruker GC-micrOTOF-Q Il
Bruker impact 11

JEOL Spiral TOF-TOF

Perkin Elmer AXION iQT GC/MS/MS
SCIEX TripleTOF 6600
SCIEX TOF/TOF 5800
SCIEX X500R

Shimadzu LCMS-IT-TOF
ThermoFisher Q Exactive HF

ThermoFisher Q Exactive GC Orbitrap GC-MS/MS

ThermoFisher Orbitrap Fusion Tribrid
Waters Synapt G2-Si HDMS
Waters Xevo G2-XS QToF

TABLE 1

MS? mass resolving power
40 000
13 500
16 500
50 000
60 000
12 000
35000
26 000
35000
10 000
240000
140 000
450 000
60 000
40 000

MS/MS acquisition speed (spectra/s)
50
50
40
50
10
50
100
10
100
10
18
12
15
30
30
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Data were obtained from public sources and might vary slightly. Some instruments allow collecting data at different mass resolving power in msl

and MS/MS in order to increase the sensitivity or duty cycle.
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TABLE 3

Software programs for small molecule MS/MS or MS" search (2016)

Name

NIST MS Search
NIST MSPepSearch
MS-DIAL
MsforlD
SMILEMS
ACD/Spectrus
MSPepSearch

Mass Frontier

Mass++

© 0 N oo o b~ W N N PR

Progenesis QI

-
o

Refiner MS
OpenMS
12 XCMS2

iy
[N

Operating system
Windows
Windows
Windows
Windows
Windows
Windows
Windows
Windows
Windows
Windows
All

All

All

Freely (+) or commercially ($) available
+

+

+ + & © ¥+

R

+
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All vendor based software and additional details are described in the manuscript section for each of the software tools. Proteomics tools are not

covered.
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