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ABSTRACT: Dereplication, the rapid identification of known
compounds present in a mixture, is crucial to the fast discovery
of novel natural products. Determining the elemental
composition of compounds in mixtures and tentatively
identifying natural products using MS/MS and UV/vis spectra
is becoming easier with advances in analytical equipment and
better compound databases. Here we demonstrate the use of
LC-UV/vis-MS-based dereplication using data from UV/vis
diode array detection and ESI+/ESI− time-of-flight MS for
assignment of 719 microbial natural product and mycotoxin
reference standards. ESI+ was the most versatile ionization method, detecting 93% of the compounds, although with 12% ionizing
poorly. Using ESI+ alone, 56.1% of the compounds could be unambiguously assigned based on characteristic patterns of multiple
adduct ions. Using ESI−, 36.4% of the compounds could have their molecular mass assigned unambiguously using multiple
adduct ions, while a further 41% of the compounds were detected only as [M − H]−. The most reliable interpretations of
conflicting ESI+ and ESI− data on a chromatographic peak were from the ionization polarity with the most intense ionization.
Poor ionization was most common with small molecules (<200 Da). In ESI−, these were often polar and basic, while in ESI+ they
were small aromatic acids or anthraquinones. No single ion-source settings could be applied over a m/z 60−2000 range.
However, continuous switching among three settings (e.g., for 0.5 s each) during the chromatographic run allowed MS of both
small labile molecules and large peptides, and pseudo MS/MS data on labile molecules since the settings for large molecules
often induce fragmentation into small molecules.

Microorganisms and plants are an immense resource of
diverse natural products that are candidates for drug

development, food and feed additives, and other industrial
products.1−6 Dereplication7−9 of already known compounds
and their potential analogues is a vital part of the discovery
process that saves time and resources.1,10−13 Dereplication
processes typically combine chromatographic and spectroscopic
methods with database searching. One comprehensive database
for natural products from microorganisms is Antibase, which
was constructed and is maintained by Laatsch and co-workers.14

Our preferred dereplication method for small molecules has
gradually shifted from LC-UV/vis diode array detection (DAD)
to liquid chromatography combined with mass spectrometry
(LC-MS) over the last 10 years, with the LC-UV/vis-MS being
our current choice, as the UV/vis spectra still provide
important (and inexpensive compared to the MS) information
on the presence of conjugated double bonds.15 This is largely
due to the introduction of atmospheric pressure ionization
(API) techniques such as ESI and atmospheric pressure
chemical ionization (APCI),9,16−22 which allows a more gentle
and versatile compound ionization. Also, dereplication by LC-
MS has the major advantage that it can provide accurate mass,
which can be used as a query in nearly all NP databases.
Dereplication by LC-NMR has advanced substantially in the
past few years because of developments in nanoprobes and

cryoprobes.23,24 However, LC-MS is still more sensitive,
providing reliable results within the nanogram range.10,23,25

MS instruments are continuously being improved, and both
positive and negative ionization spectra can now be obtained
even during fast ultra-high-performance liquid chromatography
(UHPLC). Quadrupole TOF (QTOF) and ion-trap instru-
ments can perform data-dependent MS/MS on all major peaks
without predefinition of MS/MS parent masses. This decreases
the number of samples that need to be reanalyzed in MS/MS
experiments. Moreover, TOF, orbitrap, and Fourier transform
ion cyclotron resonance (FT-ICR) instruments provide mass
accuracies in the 0.5−1 ppm range, leading to only one or very
few possible elemental compositions for a given ion.9,16−22

However, the most accurate mass instruments currently cannot
perform positive/negative switching fast enough for the
ultranarrow peaks obtained by UHPLC.
Accurate mass measurements in the dereplication of unknown

compounds reduce the number of predicted elemental
compositions. This ensures that database searches are
conducted with the fewest possible candidates.26 Recently,
Kind et al.27 demonstrated that compounds within a 0.5−5 ppm
mass range often have very different numbers of carbon atoms.
Thus, mass accuracy and isotope ratio are almost orthogonal
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parameters that can be used to exclude hypothetical elemental
compositions. This has led to mass accuracy and isotope model-
fitting being integrated into a single weighted parameter that is
part of the software packages of most of the major MS vendors.
For compound classes that are biosynthesized from units with

a common elemental composition such as peptides, terpenoids,
rhamnolipids, or polysaccharides, accurate mass compared to
nominal mass determination provides limited extra information.
In these cases, MS/MS, or preferably MSn, with subsequent
fragmentation patterns is more efficient, assuming that reference
standards are available for modeling the fragmentation of the
compound class.28,29

Along with its many clear advantages, LC-MS screening with
ESI or APCI ionization faces five major problems: (i) Sensitivity
is highly compound-dependent, with some compounds unable
to ionize at all in positive and/or negative polarity. This can lead
to incorrect assignment of the molecular mass from coeluting
impurities, and to ion suppression. (ii) Determining the pattern
of adducts such as [M + H]+, [M + Na]+, [M + NH4]

+, [M −
H]−, [M + HCOO]−, and others for correct assignment of the
molecular ion can be difficult.24,25,30,31 (iii) Adduct patterns vary
substantially from one LC-MS system to another and can even
change during a sequence because of sodium extraction from
solvent glass bottles.25,32−35 (iv) Some compounds predomi-
nantly form di- and trimeric ions, e.g., [2M + H]+, [2M + Na]+,
[3M + H]+, and [2M − H]−, which can further complicate
assignment. Finally, (v) some compounds fragment very easily,
losing HCOOH, CH3COOH, one or more H2O equivalents,
and/or CO2.

36 Any of these problems can result in an erroneous
assignment of molecular mass.25,31

On the basis of the literature,25,30,34,35 approximately 20 types
of charged adducts and simple fragments are expected from ESI+

(including [M + H]+ and doubly charged ions), and about 11
different types of adducts and fragments from ESI− (including
[M − H]− and doubly charged ions), for commonly used
buffers and solutions. These studies were performed with a
single compound class such as trichothecenes37 or sugars.38 To
the best of our knowledge, no large survey on adduct formation
among different classes of compounds has been reported.
Fragmentation and the adduct formation are highly dependent

on the source settings, and especially the potential difference
between the skimmers (cones on the Micromass LCT used in
this study) has a pronounced effect on ESI spectra.25 A low
potential difference gives low ion transmission of especially high
m/z ions, whereas a high potential difference gives better ion
transmission but also fragmentation and thus higher abundance
of [M + Na]+ and [M + K]+ ions since these are more stable and
are not fragmented as easily as [M + H]+. To cope with this
problem, some manufactures can ramp the potential between the
skimmers during a scan, thus acquiring an “average” mass
spectrum over 0.3−2 s (depending on how narrow the
chromatographic peaks are). Additionally, some manufactures
can acquire fast alternating scans at different settings. We use
three shorter separate full scans (scan functions, here 0.5 s) each
acquired at 18, 30, and 50 V cone potential differences; this is
sometimes referred to as pseudo MS/MS. Comparison of the
different spectra from the same chromatographic peak can thus
be used to detect labile small m/z ions and high m/z ions (>m/z
700) and in most cases show the [M + Na]+ and [M + K]+ ions
as well as reveal losses of H2O, CH3COOH, HCOOH, and CO2
to be used for identification of functional groups.
Dereplication can be an arduous task, especially when a

database contains many candidates with similar or identical

masses that need to be evaluated. For candidate exclusion, UV/
vis25,39 and MS/MS33 or pseudo MS/MS data and taxonomic
knowledge of the producing organism and its close relatives can
be useful.25 Taxonomy is far more discriminatory for
eukaryotes than bacteria, as far less secondary metabolites are
found across several fungal genera15 than across bacteria, due to
the lower frequency of horizontal gene transfer in fungi.40

Candidates can also be differentiated on the basis of the
presence of ionizable groups by explorative solid-phase
extraction, E-SPE.41 This approach can be used to separate
neutral, basic, acidic, and amphoteric compounds as well as to
unmask coeluting compounds. This simplifies the subsequent
LC-MS spectra of individual fractions. Other parameters that
can be used to eliminate candidates include chromatographic
retention. For neutral compounds, the calculated octanol−
water partition coefficient c log P and its pH-corrected log
D correlate with retention time.42−44 This was demonstrated
for acylhomoserine lactones, where a convincing R 2 = 0.993
was found between retention time (tR) and log D.42−44

In fungal extracts we rarely have observed ion suppression
since organic extracts typically contain low amounts of
interfering polar compounds. However for quantitative analysis
in fungal extracts, recovery experiments are needed to
compensate for both losses during extraction and modulation
of the electrospray. For the strongly ionizing fumonisins we have
observed that spiking extracts from non-fumonisin-producing
Aspergillus niger strains with fumonisin B2 (always making
mainly [M + H]+) showed peaks 20−50% higher than from
pure solutions due to ionization enhancement.45,46 Real samples
may show a slightly altered adduct pattern with more [M + Na]+

and [M + K]+ adduct ions than pure standards due to the
presence of Na+ and K+ in the sample, and this may even change
over a sequence of samples. Note that using MS/MS one would
observe such adduct displacement as ion suppression.
The objective of this study was to obtain a detailed

understanding of adduct and fragmentation formation in ESI+

and ESI− for a database of 719 known compounds and to
highlight compound classes not easily detected by ESI+ and ESI−.
This has not been done on a large scale for natural products,
aside from our 2003 study25 on UV/vis and ESI+ spectra of 474
compounds. We also evaluated the impact of mass and isotope
pattern accuracy on differentiating elemental compositions of
33 136 valid compounds in Antibase2008. Finally, we explored
the accuracy of log D calculated by Advanced Chemistry
Development (ACD) software for predicting retention times
used to eliminate or verify candidates during dereplication.

■ RESULTS AND DISCUSSION
Antibase and Mass Accuracy. To characterize the

general mass distribution of microbial natural products, the
accurate mass was calculated for all compounds in AntiBase
2008.14 Antibase, which is used extensively in our laboratory,
contains data for secondary metabolites from microorganisms
and higher fungi, including yeasts, ascomycetes, basidiomycetes,
lichens, algae, and cyanobacteria.14 For important fungal genera
such as Aspergillus, Penicillium, Alternaria, Stachybotrys, and
Fusarium, AntiBase contains up to 95−98% of the compounds
published in journal papers and patents. Before investigating
the AntiBase data, the approximately 34 300 records were
stripped for (i) compounds with monoisotopic masses below
60 Da; (ii) compounds not containing hydrogen; and (iii)
C24H38N12O12 (used in the database for unidentified peptides),
resulting in 33 136 valid records.
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In Table 1, elemental compositions differing by less than 10,
5, 2, and 1 ppm are divided into mass intervals of 100 Da. For
example, the mass range 500−599 Da contains 132 compounds
with a mass difference of 5 ppm and 58 with a mass difference
of 2 ppm. The number of candidates can be reduced by 25−
50% when isotope ratios such as the number of carbon atoms
(A + 1 corresponding to 12C/13C ratio) and halogens or sulfur
(A + 2 corresponding to 79Br/81Br, 35Cl/37Cl, or 32S/34S) are
used. The AntiBase 2008 distribution confirms the results of
Kind et al.27 on hypothetically generated compositions within the
mass range 0−500 Da. One sulfur atom can be difficult to detect
because of the low natural abundance of the heavier isotope;
nonetheless it is found in 6.9% of the records and is therefore
relevant for dereplication purposes. Another way to recognize
sulfur-containing compounds is low mass defect (−0.0279, as
sulfur has the monoisotopic mass 31.9721 Da). The newest TOF
products from Agilent, Waters, Bruker, and Sciex are capable
of providing a strong combination of a high mass accuracy
(1.5 ppm) and an isotope ratio accuracy of 1−2%.
The observed mass distribution within AntiBase 2008 clearly

stresses the importance of high mass accuracy in a high-
throughput dereplication setup: if differences of less than
1 ppm mass can be detected, AntiBase 2008 has no overlapping
candidates (Table 1), even without information on isotopes.
However, in practice, to differentiate between two candidate
elemental compositions the mass accuracy of the MS
instrument must be 3- to 4-fold better than the mass difference
(depending on the statistical way one defines mass accuracy
and the “accepted” risk of confusing the two elemental
compositions).30 This level of accuracy can currently be
achieved on FT-ICR, Orbitrap, and the newest TOF instru-
ments, if internal mass correction is used.
Figure 1 presents the number of compounds in AntiBase

2008 with the same elemental composition, as a function of the

monoisotopic mass. Interestingly, the compounds with the
highest redundancy in composition were all terpenes. This
makes sense considering the numerous variations in fungi in,
for example, nonoxygenated mono- (C10H16) and sesquiterpe-
noids (C15H24), with the incorporation of repetitive isoprene
units into these compounds. For most, the proper isotope ratio,
tR's, MS/MS data, and/or prerequisite knowledge of microbial
origin is imperative for successful dereplication. This is very
time-consuming, especially for compositions such as C15H22O3,
with 113 candidates in Antibase2008. Thus, in-silico tools areT
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Figure 1. Distribution of AntiBase 2008 compounds (n = 33 136) with
identical elemental compositions by monoisotopic mass.
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needed for automated fragmentation analysis, especially for
compounds with the same elemental composition.30

Statistical Analysis on the Adduct Formation and
Ionization Efficiency for the 719 Reference Standards.
Finding compounds in databases requires unambiguous
establishment of the mass or the molecular formula. However,
defining the molecular ion from ESI-generated data may be
difficult. In addition, knowledge of the adduct pattern is
paramount. With a goal of developing a general strategy for
interpretation of ESI spectra, we compiled data from all 719
compounds (95% fungal metabolites) in our in-house collection
and stored these in an ACD Chemfolder database. Each entry
contained chemical structure, chromatographically validated
(deconvoluted) monoisotopic ions from ESI+ and ESI−, UV/
vis spectrum (pH 3−3.3), UV absorption maxima, and retention
index (tR relative to alkylphenones).47 Analyses were performed
by a 15 → 100% MeCN gradient in 20 min on a Luna C18

column with 20 mM formic acid in the solvents. The ions
detected with relative abundance higher than 5% of the most
intense ion from three continuously changing full scan functions
with different in-source fragmentation settings (different
potential differences between the skimmers/cones) are compiled
in Table 1 in the Supporting Information (Excel format). Doubly
charged ions are not included in the table because they were
rarely observed and their formation is dependent on the specific
ESI ion48 (on a recently acquired Bruker maXis G3 QTOF, we
observed doubly charged ions in ESI for most compounds).
Paracelsins constituted the only compound class in which

double-charged ions were regularly observed, and all were in the
1900−2000 Da range, which is the upper range for secondary
metabolites (Figure 1). Likewise, we did not include dimeric
[2M + X]+ and trimeric ions [3M + X]+;30,35 the intensities of
these types of ions were not reliably reproducible because their
production is concentration-dependent (Figure 2).48

The most common adducts and fragments observed from the
ESI+ and ESI− spectral data for the 719 database compounds are
shown in Table 2, with their frequencies. Adducts and fragments are

Table 2. Common Mass “Jumps” (Δ) Observed in Electrospray MS and the Frequency of Adducts in 719 Reference Standards

positive electrospray

relative to
[M + H]+ Δ

(amu)a

most
intense
(%)

observed
(%)

[M + H]+ 60.2 88.7
[M + Na]+, very stable adductb 21.9820 0.8 21.0
[M + NH4]

+ c 17.0265 8.6 20.0
[M + H + MeCN]+, neutral adductd 41.0265 7.8 26.7
[M + Na + MeCN]+, very stable
adductb,d

63.0085 0.4 20.2

[M − H + Na + HCOO]+ g

[M + K]+, very stable adductb 37.9559 ND 1.0
[M + K + MeCN]+, very stable
adductb,d

78.9824 ND ND

[M − H + 2Na]+ (acids, phenols, and
enoles)

43.9640 ND 0.2

[M − H + Fe]+, isotope m/z 2 lower
ca. 4%e

53.9193 ND 0.2

Exchanging adducts
[M + Na]+ to [M + NH4]

+ 4.9555 8.9f

[M + Na]+ to [M + K[+ 15.9739 ND
[M − H2O + H]+ to [M + Na]+ 39.9926 6.4
[M − H2O + H]+ to [M + MeCN +
Na]+d

81.0191 7.1d

[M − H2O + H]+ to [M + NH4]
+ 35.0371 7.5d

[M − 2H2O + H]+ to [M + Na]+ 58.0032 1.4
[M + NH4]

+ to [M + H −
CH3COOH]+d

77.0476 2.9d

[M + Na+MeCN]+ to [M + H−
CH3COOH]+d

123.0296 2.6d

Neutral losses
H2O 18.0106 4.9 33.0
2H2O 36.0212 0.1 8.3
CO2 43.9898 ND 4.9
CH3CHO 44.0262 1.0 1.8

positive electrospray

relative to
[M + H]+

Δ (amu)a

most
in-
tense
(%)

observed
(%)

Neutral losses
HCOOH 46.0055 1.0 5.3
CH3COOH 60.0211 4.0 6.8
NH3

c 17.0265 ND 1.5

negative electrospray

relative to
[M − H]−

Δ (amu)a

most
intense
(%)

observed
(%)

[M − H]− 56.7 69.4
[M + HCOO]−g 46.0055 17.2 36.4
[M + CH3COO]−h 60.0211 NDh NDh

[M − 2H + Na]− (acids, phenols,
and enoles)

21.9820 ND 4.5

[M + Cl]− (A + 2 isotope) 35.9767 ND 13.6
[M − H + H2O]−, e.g., opening
of lactones

18.0106 ND 2.6

[M − H + HCOONa]− 67.9874 0.10 9.9
[M − H + CH3COONa]−h 82.0031 NDh NDh

Exchanging adducts
[M + HCOO]− to [M + Cl]−g 10.0288 12.2g

H2O 18.0106 ND 2.6
CO2 43.9898 0.3 13.6
CH3 15.0235 ND 2.6
HCOOH 46.0055 ND 0.6
CH3COOH 60.0211 ND 2.2
aMass shift. bIncreased by high in-source fragmentation settings. cLoss
or addition of NH3 can usually be determined looking for [M + Na]+. dIf
MeCN is used as solvent. MeCN forms NH3 upon acidic hydrolysis.
eSiderophores and artifact from Fe2+ liberation in ESI+. fOften seen in
peptides >1000 Da. gIf HCOOH is added as buffer. hNot observed
since acetate was not added.

Figure 2. ESI+ spectrum of brevianamide B from the tail (top) and
apex (bottom) of the chromatographic peak. The peak apex has a
higher prevalence of dimeric ions.
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recognized on the basis of their relative masses (Δ) compared to
[M + H]+ or [M − H]−, creating characteristic patterns of
ions. Figure 3 illustrates the annotation of Δ-values in ESI+ and

ESI− spectra of asperphenemate to achieve correct mass
assignment.
In ESI+, in 60% of the cases the molecular ion [M + H]+ was

the predominant ion in the spectrum, and it was detected from
88.7% of the analytes (Table 2). Of the 719 compounds listed
in Supporting Information Table 1, 27.1% produced [M + H]+

as the only pseudomolecular ion. Distinguishing among [M +
H]+, [M + H − H2O]+, [M + Na]+, and [M + NH4]

+ could
usually be achieved by careful comparison of the spectra from
the different scan functions (with increasing in-source
fragmentation settings). Also, most compounds producing
[M + Na]+ or [M + NH4]

+ produce both, causing a characteri-
stic five mass unit difference that resulted in <3% risk of
incorrectly assigning the monoisotopic mass. The fraction of
molecules producing [M + H]+ is significantly lower than for
drug molecules,49,50 since most of the latter contain amines
added for enhanced solubility and bioavailability and therefore
ionize better than non-amine-containing analogues. The
frequency of fungal and bacterial secondary metabolites listed
in Antibase2008 containing a basic amine functionality has been
shown to be 8% and 28%, respectively.41

The acetonitrile (MeCN) adduct was the most frequently
formed adduct in ESI+ when using MeCN−water as the mobile
phase. Small molecules (<250 Da) such as pyrones often
displayed very prominent [M + H + MeCN]+ ions (Δm/z 41),
frequently accompanied by a strong [M + Na + MeCN]+ ion
(Δm/z 63), and in a few cases [M + H − H2O + MeCN]+

(Δm/z 23 to [M + H]+). Interestingly, the same compounds

did not ionize well in negative mode. Because of their intense
[M + H + MeCN]+, they could easily be mistaken for [M +
H]+, and thus special attention should be paid to even low
abundance Δm/z 41. The [M + H + MeCN]+ and [M + Na +
MeCN]+ pair can also be confused with [M + H]+ and [M +
Na]+. In most cases, increasing the skimmer potential resulted
in a lower abundance of [M + H + MeCN]+, but for a few
compounds it increased, possibly because the MeCN attached
to [M + H]+ upon collision. In a few cases, fragment ions with
MeCN adducts were observed.
An abundant adduct with sodium [M + Na]+ (Δm/z 22) was

formed by 21.0% of the compounds in ESI+, but this ion was the
most prominent ion in only a few cases. [M + Na]+ was especially
abundant for acids where ion exchange on the carboxylic acid
group could produce [M − H + 2Na]+. In alkaloids, the
abundance of [M + Na]+ was usually very low, presumably due to
the low affinity of the lone pair on the nitrogen for Na+ compared
to H+, and is probably already produced in the eluent.
An ammonium adduct [M + NH4]

+ (Δm/z 17) was
observed for 20.0% of the compounds. The affinity for NH4

+

is especially high for oxygenated molecules such as polyketides
as well as highly oxygenated terpenes, where this adduct ion is
often the most predominant. In contrast, this adduct is
extremely rare with alkaloids. For some primary amides and
amino acids, a loss of NH3 was observed, [M + H − NH3]

+,
giving rise to the same mass difference of Δm/z 17. However,
as the [M + NH4]

+ ion is often accompanied by [M + Na]+,
this set of ions can be identified by a characteristic mass
difference of five mass units. The high abundance of [M +
NH4]

+ adducts was surprising since ammonia was not added to
any of the solvents. The intensity of the [M + NH4]

+ ion peaks
usually increased during a sequence of samples, suggesting that
NH3 was formed from acidic hydrolysis of MeCN. This was
confirmed by using pure nonacidified MeCN. Substitution of
MeCN with MeOH had an even stronger effect and nearly
eradicated the ammonium adducts.
Not surprisingly, loss of water [M + H − H2O]+ (Δm/z 18)

was the most common fragment ion formed. Inspection of the
structures revealed that almost all lost H2O was from an alcohol
group in which a hydrogen on an α-carbon was available for
elimination via double-bond formation.
ESI+ was able to detect 91.5% (Table 3) of the 719

compounds in Supporting Information Table 1. However,
10.6% of the compounds ionized poorly and might be
overlooked at low concentration and/or in complex extracts.
Compounds that were unable to ionize in ESI+ were often (i)
anthraquinones (phenols and carbonyls in conjugated systems
do not accept a positive charge) and (ii) small acids with the
carbonyl bond carbon positioned next to a conjugated system
and thus delocalized, whereas non-conjugated carboxylic acids
seem to ionize well, probably by accepting a H+ on the carbonyl
lone pair. The 7-fold increase in nonionizing compounds

Figure 3. Asperphenamate ESI spectra (low in-source fragmentation):
(A) ESI+ and (B) ESI− with annotations. The molecular mass of 506
was unambiguously determined in both polarities, e.g., by Δ22 in ESI+
and Δ10 in ESI−.

Table 3. Combined Positive and Negative Ionization Electrospray to Determine Correct Molecular Mass

ionization ESI+ ESI− both pairs obsd (%) most intense obsd unambiguousd
unambig. or only

[M + H]+/[M − H]−

poor (%) 10.6 15.3 1.5 37.8 59−4 ESI+ alone (%) 56.1 83.2e

none (%) 8.5 17.0 2.4 [M + H]+ and [M-H]− 3.3 9.9 ESI− alone (%) 36.4 77.9f

risk of wrong
assignent

2.6a 7.1b −c [M + NH4]
+ and [M +

HCOO]−
ESI+ and ESI− (%) 92.9 92.9

a2.5% as [M + NH4]
+ (many saved by the m/z Δ5 mass difference of NH4

+ and Na+). b0.14% as [M − H]− as [M + HCOO]−. cNone if ions
observed in both polarities. dSeveral adducts point toward same molecular mass. eIf assuming most intense ion is [M + H]+ in the case of only one
ion. fIf assuming most intense ion is [M − H]− in the case of only one ion.
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compared to our last study25 was predominantly caused by an
increase in these types of small acids in our database. We found
that the fraction of poorly ionizing and nonionizing compounds
depended on the impurity levels in the solvents and how often
the solvent bottles were changed. Besides contamination of the
ion source with organic material, we observed that corrosion in
the column oven (observed as corrosion at the inlet)
introduced ions that caused a 10- to 100-fold drop in sensitivity
for poorly ionizing compounds. We speculate that the poorly
ionizing compound especially acids may bind to Na+, Fe2+, Fe3+,
and other metal and organic impurities and thus stay in the
droplets and/or form many different low-intensity adduct ions.
Strongly ionizing compounds such as alkaloids were not
significantly affected by these factors, as they mainly accept an
H+. Na+ efflux from the glass solvent bottles lowers sensitivity
and causes ion-pair effects especially visible under HILIC
separations (hydrophilic interaction chromatography).51 This
can be avoided by using special plastic bottles for the water
(e.g., from Dionex, Sunnyvale, CA, USA), which we are now
using on all our LC-MS systems. Solvent and water quality can
also have a significant impact on the background. Occasionally
the PTFE filters (from several manufactures) used for filtering
extracts have been contaminated by polyethylene glycol (PEG)
observed as numerous ions with Δm/z 44 (CH2CH2O) in the
600 to 2000 Da region.
When working with poorly ionizing compounds, we highly

recommend trying to purify the extract on small solid-phase
extraction columns of an orthogonal chromatographic principle
as the analytical HPLC, as, for example, outlined by the E-SPE
method.41 This can both remove coeluting impurities and
improve chromatographic peaks of the remaining compounds,
facilitating faster and more accurate data interpretation.
On the basis of ESI+ alone, only 56% of the compounds in

our database could have their monoisotopic masses unambig-
uously assigned (Table 3) via at least two adduct ions with the
same molecular mass. In an additional 27% of the compounds,
only the [M + H]+ ion was detected. As previously observed,35

ESI− produced fewer adducts than ESI+ (Table 2), and we also
observed that in ESI− 7.1% of the compounds (Table 3) could
have their molecular mass incorrectly assigned compared to
2.6% in ESI+, but none if both ESI+ and ESI− were used.
In ESI− the most commonly formed adduct ion besides [M −

H]− was [M + HCOO]− (Δm/z 46), and whereas the loss of
46 Da was rare (0.5%), an observed Δ46 was almost certain to
be from a formate adduct. We hypothesize that in some
instances formate delivers the charge by forming [M +
HCOO]−, leaving [M − H]− by evaporation of HCOOH.
The [M + HCOO]− ion can often be confirmed by the presence
of [M + Cl]−. A relative mass difference of Δ10 (and a Cl
isotope pattern) is therefore characteristic of this pair. In this
study, [M + HCOO]− and [M + Cl]− were mainly formed from
neutral compounds. Therefore, the detection of these adducts
was a strong indicator of molecules that did not contain
carboxylic acid or acidic phenol groups.
Loss of CO2 [M − H − CO2]

− (Δm/z 44) was the most
common (13.6%) fragment ion formed by ESI−. Among the
carboxylic acids, 37% lost CO2, which was a 2.5-fold higher
prevalence than for the entire data set, but still lower than
expected.36,52 Of the compounds losing CO2 in negative mode,
one-third lost HCOOH in positive mode (5% of the data set).
Interestingly, loss of H2O in negative mode was very rare
(Table 2) and observed in only 2.6% of the molecules
investigated.

Interestingly, alkali metal ion adducts were also observed in
negative mode often as [M − 2H + Na]− and [M − H +
HCOONa]−, which fits well with the Na+ exchange with a H+

on the acidic group. This was observed for 4.5% of all
compounds investigated, usually for compounds containing a
carboxylic acid or another acidic functionality, although these
adducts are also reported from phospholipids.53 Thus, when an
unknown compound is being dereplicated, [M − 2H + Na]− is
a strong indication of an acidic functionality. The positive
adduct [M + 2Na − H]+ was occasionally observed, but usually
at less than 2% abundance compared to the base peak.
Notably, 17 compounds including statins, citrinin, oosporein,

and mitorubrins produced [M − H + H2O]− in ESI− and [M +
H]+ in ESI+. We speculate that this is due to equilibrium
between (i) open/closed lactones; (ii) anhydrides; or (iii) an
internal aldehyde and alcohol forming a hemiacetal. On-column
and in-source reactions can be differentiated by looking at the
peak width, since on-column reactions produce a broad peak,
which was observed for rubratoxins A and B, glauconic acid,
byssochlamic acid, and terrestric acid.
For 36.4% of the compounds, the molecular mass could be

unambiguously assigned directly from ESI− (Table 3). In cases
where a single ion was observed, it was most likely to be [M −
H]− (41.5%); in only 7.1% of the cases was [M + HCOO]−

misassigned as [M − H]−. This can be clarified by using
CH3COOH in the solvent or looking carefully for a possible
[M + Cl]− ion. The lower fraction of [M − H]− compared to
[M + H]+ is likely due to fundamental differences in the ioniza-
tion mechanism. In ESI+, charged species (H+, Na+, K+, NH4

+)
are added to the native molecule due to the high ion strength on
the surface originating from HCOOH, Fe2+ liberated from the
steel capillary, and oxidation of water.54,55 In negative mode,
[M − H]− is formed through loss of H+, whereas all other ions in
both polarities are formed by addition of a charged species.
One-third of the compounds in our database did not ionize

or ionized poorly in ESI− (Table 3), making ESI+ the first
choice of ionization mode, unless a priori knowledge on the
target compound(s) suggests the use of ESI−. We note that a
high concentration of formic acid suppresses ionization in ESI−

because of low pH, which makes deprotonation more difficult,
and because of competition with formate ions. We obtained
better ESI− sensitivity by reducing the concentration of formic
acid; however, to obtain the best possible peak shape and the
same RTs between ESI+ and ESI− runs we maintained 20 mM
formic acid for both ESI+ and ESI−.
A comparison of compounds producing [M + H]+ and/or

[M − H]− ions is shown in Table 3. Both ions were observed
for 59.4% of the compounds investigated, yet in only 37.8% of
the cases did they represent the most abundant ions in both
polarities. As mentioned previously, unambiguous assignment
of molecular masses was possible for 56.1% of the components
tested using ESI+ and 36.4% using ESI−. Combining the two
ionization modes resulted in 92.9% correctly assigned masses.
The remaining 7.1% were poorly/nonionizing compounds or
compounds ionizing strongly in only one mode. For example,
highly polar alkaloids, such as roquefortines A and B, as well as
simple ergot alkaloids ionize strongly as [M + H]+, but are not
detected in negative mode. Presumably they are positively
charged in the high aqueous droplets formed early in the
gradient and thus require elimination of two positive charges to
be detected. Poorly ionizing compounds were often small
molecules (<200 Da), many having structures that appeared
to be volatile (few polar groups and no charge at pH 3.0−3.3).
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We propose that these are lost as neutral volatiles because of
the high source temperature (350 °C). Presumably, these
compounds require APCI ionization to be detected. As
expected, ionization efficiency increased during the gradient
run, because of the increasing concentration of MeCN, which
increased the volatility of the eluent going into the ESI. This
phenomenon has been known since the early days of ESI.56,57

The sensitivity of poorly ionizing polar compounds can
therefore be enhanced by using columns improved for polar
analytes, such as pentafluorophenyl or HILIC columns.58,59

Perhaps the most important observation from comparing ESI+

and ESI− was that the polarity providing the most intense
ionization always resulted in the most simple and easily
interpreted spectrum and the most reliable adduct pattern.
In-Source Fragmentation versus Ion Transmission. In

the ESI source, efficient transport of ions is achieved by a high
potential difference between the skimmers. However, for labile
compounds, this leads to fragmentation and loss of H2O, CO2,
HCOOH, CH3COOH, and other compounds, which can lead
to incorrect molecular mass assignment. Therefore, we
recommend a relatively labile compound for ESI source tuning
(instead of the very stable reserpine, which is used by many
manufacturers) especially for adjustment of the potential
between the skimmers (down to 12−20 V). However, tuning
the source on a small labile molecule (200−300 Da) leads to
very poor sensitivity for large m/z ions (>m/z 800). This
originates, in part, from the higher velocity (skimmer potential
difference ∼1/2 × m × V2) of low m/z ions between the
skimmers (cones). An m/z 60 ion has nearly six times the

velocity between the skimmers than an m/z 2000 ion. To
obtain a broad m/z range of ions for transfer from the ESI
source to the MS, full scans at two or three alternating skimmer
potentials need to be used (or one scan where the potential is
ramped from low to high). Furthermore the scan time needs to
reflect the chromatographic peak width, so one gets enough
scans over a peak (eight scans over a peak for nonquantitative
purposes). Thus, a 12 s peak width requires a scan time of 0.5 s
if three scans at three different cone potentials are desired. If
the chromatographic peaks are narrower, the number of
different cone potentials or the scan time should be reduced.
On the LCT used we have found that scan times below 0.5 s
yield an unsatisfactory mass accuracy (≫5 ppm).
Another advantage of alternating cone potentials is that it

enhances fragment ions and adducts with stable alkali metal
ions.31,60 In addition, it allows collection of pseudo MS/MS
data,61 as seen in Figure 4. This concept is now marketed as
MSE in QTOF instruments from one manufacture (fragmenta-
tion moved to the collision cell).62

Chromatography. The inherent nature of reversed-phase
chromatography makes it tempting to link retention and log D,
which has been shown to correlate well for acylhomoserine
lactones (R 2 = 0.993).63 As shown in Figure 5A, a similar
correlation was obtained for the fumonisins, which contain five
ionizable groups. However, for the neutral aflatoxins and
sterigmatocystins (Figure 5B) the correlation was less convincing
(R 2 = 0.65) with an average predicted error of 55 and a max
error of 95 for the retention index. Figure 6 shows that linking

retention and log D for all 719 compounds in our database gave
an unsatisfactory correlation (R 2 = 0.38). However, when several
groups of compounds were analyzed individually, compounds

Figure 4. ESI+ spectra of culmorin at cone potential difference of 50 V
(A), 30 V (B), and 18 V (C), showing extensive water losses, which
hamper the correct assignment unless the [M + NH4]

+ ion is identified
and data from ESI− are used where [M − HCOO]− is observed.

Figure 5. Correlation between calculated log D (pH 3.0) and retention index for two groups of mycotoxins: (A) fumonisins (FB); (B)
sterigmatocystins (ST) and aflatoxins (AF).

Figure 6. Plot of the retention index (relative to alkylphenones) of 719
secondary metabolites (collected over two years), with calculated log
D at the pH (3.0) used in the chromatographic run.
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such as acylhomoserine lactones correlated well (R 2 = 0.99)
under our conditions. In general, compounds with log D below
−1 were not retained, so a lower log D did not impact the
retention index. This shows that calculated log D values are of
limited use for exclusion of candidates in dereplication unless
sufficiently related compounds are available as reference
standards to verify the regression model. The generally poor
correlation seen in Figure 6 is likely due to factors such as
inaccurate pKa calculations, ionic interactions with the underlying
silica, steric effects of molecules, and ion-pairing effects with
HCOO− and H3O

+.64−68

Examples of Dereplication. Aspergillus nidulans is an
important filamentous fungus known to produce a wide range
of secondary metabolites. One such compound is arugosin A,
also known from Emericella rugulosa,69 which is a major
component in A. nidulans crude extracts (Figure 7). This
compound ionizes well in both ionization modes, with several
adducts verifying the molecular ion ([M + H]+ m/z 425.1963,
calcd 425.1964). Even at low in-source fragmentation settings
(25 V), the fragment ion representing [M + H − prenyl]+ (m/z
357) occurs at 30% of the intensity of the [M + H]+ ion. This
characteristic fragment can be used to selectively exclude

compounds from an AntiBase search, as only four of 34
potential (±0.05 Da) candidates have a labile prenyl group. The
four possible candidates, arugosin A, B, and C and
variecoxanthone C, have the molecular formula C25H28O6,
and all have been isolated from Aspergillus. The three arugosins
have the same chromophore, which can be matched with the
obtained UV data.69 Also, the appearance of the very broad
chromatographic peak is consistent with the structure of the
arugosins and coincides with their ability to form a hemiacetal
(pronounced at pH 3). The three arugosin isomers cannot be
distinguished by LC, MS, or UV characteristics, but ultimately
NMR is needed for absolute identification of arugosin A.
The antifungal metabolite aspirochlorine was tentatively

identified from an extract of Aspergillus oryzae (Figure 8). This
compound did not ionize at all in ESI+, so determination of the
molecular mass required negative mode data. [M − H]− (m/z
358.9601, calcd 358.9563) was recognized as the base peak
supported by a strong [M − H − HCOONa]+ ion (Δ m/z 68)
and the [2M − 2H + Na]+ dimeric adduct, in agreement with
the presence of an acidic phenol group. Interfering ions from
coeluting compounds were deconvoluted based on the high
mass defect. Of seven possible candidates in AntiBase, five

Figure 7. Dereplication of arugosin A in an Aspergillus nidulans extract, showing the extremely broad peak and loss of o-prenyl, as well as a
nonprenylated precursor (arugosin H).
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could be excluded based on isotope pattern. The remaining
candidates, aspirochlorine and A-30641, both have the
molecular formula C12H9ClN2O5S2, consistent with the
observed A + 2 ion intensity. Characteristic fragment ions
(25 V) at m/z 327 ([M − H−CH3O]−) and m/z 263 ([M −
H − CH3O − 2S]−) matched the structural moieties of both
compounds. Again NMR was used to prove the identity of the
peak as aspirochlorine (data not shown).

■ CONCLUSION

Thorough investigation of adduct formation from 719 natural
products demonstrated that ESI+ was the most versatile
detection method for 93% of the compounds. Unambiguous
assignment using adduct patterns was possible for 56% of
compounds by ESI+ alone and 37% by ESI− alone. Of the 719
compounds, 41% produced [M − H]− with no validating ions.
No perfect ion-source settings were found to cover the full range
of compounds with m/z 60−2000. However, ultrafast
alternation between two or three settings during the chromato-
graphic run allowed both small labile molecules and large
peptides into the MS and provided pseudo MS/MS data. When
combining ESI+ and ESI− data, the ionization polarity with the
most intense ionization always provided both the simplest
spectrum and the most reliable adduct pattern for interpretation.

■ EXPERIMENTAL SECTION
General Experimental Procedures. Solvents were HPLC grade,

and all other chemicals were analytical grade. All were from Sigma-
Aldrich (Steinheim, Germany) unless stated otherwise. The MeCN used
in the LC gradient system was Sigma catalogue #5485, and the formic
acid used was Fluka catalogue #56302 (for LC-MS). Water was purified
using a Milli-Q system (Millipore, Bedford, MA, USA). Alkylphenone
standards for retention index determination were diluted in MeOH to
2−3 mM as previously described.25,47 Extracts of Aspergillus nidulans
and A. oryzae were available from a previous study.70

Theoretical pKa calculations for compounds in Antibase200814,24 were
made by converting the ChemFinder versions to ACD ChemFolder
(Advanced Chemistry Development, ACD, Toronto, Canada) then
batch-calculating the log D values at pH 2.7, 3.0, and 3.3 using the
ACD 2008 PhysChem suite41 by Dr. Shahriar Jahanbakht (Chemacad,
Obernai, France).

Reference Standards. Metabolite standards have been collected
over the last 30 years,25,47 either from commercial sources, as gifts
from other research groups, or from our own projects; they are
therefore available only in micro- to milligram quantities, and some are
only about 50% pure. About 95% of the compounds are fungal
metabolites, while 5% are bacterial metabolites. About one-third of the
standards were purchased from Sigma-Aldrich, Axxora (Bingham,
UK), Cayman (Ann Arbor, MI, USA), TebuBio (Le-Perray-en-
Yvelines, France), Biopure (Tulln, Austria), Calbiochem, (San Diego,
CA, USA), and ICN (Irvine, CA, USA). Generally, reference standards
were powders transferred to an autosampler vial using a Pasteur pipet
(1−2 mm of powder in the tip), and, unless stated otherwise, 1.5 mL
of MeCN was added to the vial. For highly polar substances not
soluble in MeCN, a few drops of water were added or 2-propanol was
used. Standard solutions were kept at −20 °C.
LC-DAD-TOFMS. Tuning and calibration in ESI+ was performed

as previously described.25 In negative mode, the MS was tuned to a
resolution of approximately 5000 FWHM for [M − H]− of leucine
enkephaline and calibrated using a solution of PEG-di-acids (average
MW 200 and 600), polyalanine, 1,6-dihydroxybenzoic acid, and
chloramphenicol, diluted in MeCN−water (1:1 v/v).

The lock spray was connected to a custom-made system equipped
with a 0.5 L bottle to which a positive pressure of 2−3 bar N2 was
applied for a constant flow of approximately 20 μL/min leucine
enkephaline solution (0.1 μg/mL in MeCN−H2O−HCOOH at
50:50:0.1). The [M + H]+ and [M − H]− ions were used as lock
mass ions in ESI+ and ESI−, respectively.

All analyses were performed on an Agilent 1100 LC system with a
DAD coupled to a LCT orthogonal TOF mass spectrometer
(Micromass, Manchester, UK), with a Z-spray electrospray source
and a LockSpray probe. The system was controlled with MassLynx 4.0
software. Separation was at 40 °C on a 50 × 2 mm i.d., 3 μm, Luna C18
II column (Phenomenex, Torrance, CA, USA) equipped with a
Security Guard precolumn. A linear water−MeCN gradient of 15%
MeCN−water to 100% MeCN in 20 min was applied at a constant
flow of 0.3 mL/min; then 100% MeCN was maintained for 5 min
before returning to the starting conditions in 2 min and equilibrating
for 5 min. Formic acid was added to all solvents to 20 mM. UV spectra
were collected by a DAD every 0.4 s from 200 to 700 nm with a
resolution of 2 nm.

The source was kept at 120 °C, and the desolvation temperature
was 400 °C. The sample cone was continuously flipped among 18, 30,
and 50 V (scan functions 1, 2, and 3, respectively), for 0.5 s each, with
scan ranges of m/z 60−2000 for the last. The lock mass scan was
performed every 6 s at a sample cone of 30 V. The capillary was held a

Figure 8. Dereplication of aspirochlorine in an Aspergillus oryzae extract in which the compound ionizes only in negative mode and produces many
adducts. The mass accuracy is slightly off (10 ppm) due to peak overloading, which is a known problem on this instrument type.25.
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3000 V for ESI+ and 2000 V for ESI−, and the desolvation flow held at
400−450 L/h (ESI+) or 675−725 L/h (ESI−).
Data Analysis. Data from 719 metabolites are in Supporting

Information Table 1, which lists the metabolite, formula, and retention
index calculated as described by Frisvad and Thrane.47

ESI+ and ESI− data were separated by (i) how well the compound
ionized; (ii) ions that represented M adducts (H+, NH4

+, Na+, K+, Cl−,
MeCN, H2O, and formate, individually or in combination), or simple
losses (H2O, NH3, CH3, CH3COOH, HCOOH, CO2, CH3CHO); or
(iii) significant diagnostic fragments (usually from scan function 2 or
3). Isotope data included Cl loss only for significant fragments. All ions
of the individual components were confirmed by manual mass
deconvolution. Adduct data were obtained from the peak apex or
averaged over the peak, while accurate mass measurements were
calculated from spectra obtained from the front or tail of the peak.
This reduced the influence of detector dead time by keeping ion
counts below 1000 counts/s (overloading of the detector on the LCT
can lead to a mass error of up to m/z 0.05).
Data Management. MS and UV spectra data were stored in a

custom-made database made in ACD v. 12 Chemfolder. The structures
of most compounds were imported from Antibase 2007 or 2008.14,24

Table 1 in the Supporting Information is an Excel version of the
database. Log D at pH 2.7, 3.0, and 3.3 was batch-calculated and added
to the database. UV data were subjected to background subtraction
and confirmed to be not saturated.
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