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Highlights

e FT-ICR MS allows changes in the chemical diversity of lignin to be monitored.
s Alaccase from T.versicolor targeted sulfur-containing polymeric lignin species.
¢ Significant decrease in the number of assigned lignin compounds was detected.

e FT-ICR MS can aid the development and optimisation of laccase-mediator systems.

Abstract

Lignin and lignin components of woody biomass have been identified as an attractive
alternative to fossil fuels. However, the complex composition of this plant polymer is one of
the drawbacks that limits its exploitation. Biocatalysis of lignin to produce platform chemicals
has been receiving great attention as it presents a sustainable approach for lignin
valorisation. Aligned with this area of research, in the present study we have applied ultra-

high-resolution Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS)
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to identify the preferred lignin substrates of a ligninolytic enzyme, a laccase produced by the
terrestrial fungus Trametes versicolor. A commercial lignin was incubated with the laccase
and acetosyringone (a laccase mediator) for up to 168h and direct infusion electrospray FT-
ICR MS enabled the identification of thousands of molecular species present in the complex
lignin sample at different incubation time points. Significant changes in the chemical
composition of lignin were detected upon laccase treatment, which resulted in a decrease in
the molecular mass distribution of assigned species, consistent with laccase lytic activity.
This reduction was predominantly in species classified as lignin-like (based on elemental
ratios) and polymeric in nature (>400 Da). Of particular note was a fall in the number of
species assigned containing sulfur. Changes in the chemical composition/structure of the
lignin polymer were supported by FT-IR spectroscopy. We propose the use of FT-ICR MS as
a rapid and efficient technique to support the biotechnological valorisation of lignin as well as
the development and optimization of laccase-mediator systems for treating complex

mixtures.

List of abbreviations
FT-ICR MS: Fourier transform ion cyclotron resonance mass spectrometry

FTIR: Fourier-transform infrared spectroscopy

LMS: Laccase-mediator system

ET: Electron Transfer

HAT: Hydrogen Atom Transfer

ABTS: 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)

HBT: 1-hydroxybenzotriazole

HPLC/MS: High-performance liquid chromatography/mass spectrometry
DMSO: Dimethyl sulfoxide

SORI-CID: Sustained off-resonance irradiation collision-induced dissociation
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Introduction

Lignin is one of the three major components of the cellular wall in vascular plants [1]
and can constitute up to 30% by dry weight in the wood of conifers [2]. Its main functions
consist of conferring structural rigidity and permeability to the plant, as well as playing a
major role as a protective barrier against microbial infection. The lignin polymer is composed
of phenylpropanoids, principally three hydroxycinnamyl alcohols, coniferyl, sinapyl and p-
coumaril, which are also known as monolignols. These units are connected by different
linkages, the presence and relative abundance of which differ across plant groups, with the
[3—O-4’ linkage being the most abundant (45-50% softwood, 60% hardwood) followed by 5-5 (3-
22%), B-5 (3-12%), BB (2- 12%), B-1 (1-9%) and 4-O-5 (4-9%) [3]. The high abundance of this
plant polymer makes lignin one of the most promising sources of platform chemicals (e.g.
aromatic building blocks)[4], potentially capable of replacing fossil fuels [3]. However, lignin
molecules are highly complex and recalcitrant to decomposition. Hence, the use of lignin for
the production of high value molecules is still underexploited; in the bioethanol and paper
industries, where most of the lignin is generated, it is generally burned for the production of
thermal energy [5]. However, this practice may change rapidly during the next few years as a
result of circumstances such as restrictions in COz emission levels due to climate change
and the depletion of fossil fuels. Moreover, the broad range of applications and technologies
obtained from lignin-derived products (e.g. concrete additives, industrial binders, and
biopolymers for ceramics) has been demonstrated by a few pioneering companies [6-8], and
shows that the valorisation of lignin by conversion into bio-based compounds can be a more
profitable alternative than incineration. Numerous depolymerisation routes have been
investigated to date [9], with enzymatic breakdown being one of the most environmentally
benign (greenest) alternatives as it has low energy requirements (reactions are conducted at
the relatively low temperature of 20-30°C) and does not involve the use of toxic chemicals or

solvents.

Laccases (benzenediol:oxygen oxidoreductases, EC 1.10.3.2) are enzymes
produced by a wide range of organisms, including plants, insects, fungi, archaea and
bacteria. Bacterial and fungal laccases are used as biocatalysts in diverse industries due to
their ability to oxidise a wide range of phenolic and other aromatic substrates; examples are
break down of textile dyes [10] and other micropollutants [11] , functionalisation of wood
fibres for the production of composite boards free from formaldehyde-based adhesives [12]
and potential applications towards the development of a sustainable refining industry for
biomass pre-treatment, lignin valorisation and the detoxification of waste streams [13]. Due
to their relatively low redox potential, laccases require the presence of small molecules

known as mediators to oxidise non-phenolic compounds such as a—hydroxyl groups and to



cleave B-O-4-ether bonds [13]. Several molecules have been identified for use in a laccase-
mediator system (LMS) to enable the oxidation of a wider range of inorganic and organic
compounds including lignin [14]. These mediators couple the oxidation of the substrate
through two different mechanisms, the Electron Transfer (ET) system or the radical
Hydrogen Atom Transfer (HAT) route. Two of the most extensively used mediators for the
LMS are 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) and 1-
hydroxybenzotriazole (HBT), [13,15-18] which react with laccase substrates via the ET and
HAT routes respectively [17].

The aim of the present study was to assess the applicability of ultra-high-resolution
mass spectrometry (Electrospray lonisation Fourier transform ion cyclotron resonance mass
spectrometry (ESI FT-ICR MS)) to investigate effects of a laccase on lignin and to determine
the substrate specificity of this enzyme. The high mass accuracy and mass resolution of FT-
ICR MS enables the elemental assignment of thousands of compounds present in complex
mixtures such as lignin [19-22] and bio-oils from lignocellulosic material [23-25]. In this
study, a commercial lignin product was incubated with laccase produced by the terrestrial
fungus T. versicolor [26], well known for producing ligninolytic enzymes [27,28], together with
the natural mediator acetosyringone [29]. FT-ICR MS was used to monitor chemical changes
accompanying enzyme-treatment. The potential of using FT-ICR MS for the analysis of
products derived from lignin model compounds after treatment with laccase has recently
been highlighted [15]. However, as far as we are aware, this study is the first in which FT-
ICR MS has been used to characterise changes in the chemical composition of a complex

mixture such a commercial lignin upon enzymatic treatment.

Materials and Methods
Reagents

Kraft lignin (471003, low sulfonate content; 4% total sulfur content — determined by
supplier), laccase from T. versicolor (code 51639), Acetosyringone (D1344063',5'-
Dimethoxy-4'-hydroxyacetophenone) and 2,2'-Azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt (ABTS) were from Sigma-Aldrich (St. Louis, MO). High-performance
liquid chromatography/mass spectrometry (HPLC/MS) grade water and dimethyl sulfoxide
(DMSO) were from Fisher Scientific (Pittsburgh, PA). All chemicals were used without further

purification.

Incubation of kraft lignin with laccase
The incubation of kraft lignin with laccase was performed in 100 ml glass conical
flasks at 25°C and 200 rpm in an orbital shaker to enhance oxygenation. The medium

composition consisted of ammonium acetate buffer (20mM,pH 4.5), laccase from T.



versicolor (51639) 25 ug ml" (enzyme activity 200U measured with ABTS substrate),
acetosyringone dissolved in (DMSO) (0.2 mM) and kraft lignin (5 mg mlI"' FT-IR
spectroscopy, 2 mg ml" FT-ICR MS). This lignin product is completely soluble in water at
25°C and at the concentrations used [30] due to the presence of sulfonate/sulfonic groups
[31]. For FT IR analysis, incubation was for 168h and 6 experimental replicates were
performed. In addition, two negative controls were introduced, (i) lignin only (no mediator, no
laccase), and (ii) lignin with mediator (no laccase). For FT-ICR MS analysis, the incubation
of laccase with the mediator was carried out in triplicate. Negative controls, without laccase,
were prepared similarly. Sample aliquots (0.5 ml) were collected at several time points (0,
0.5, 2, 24, 72,and168h), mixed with and equal volume of 100% methanol (ratio 1:1) to

quench the reaction [32] and stored at 4°C.

Fourier-transform infrared (FT IR) spectroscopy

For FT IR analysis, samples were freeze-dried after incubation for 168h and FT IR
spectra were registered using a PerkinElmer Spectrum 65 spectrometer with a Pike
Technologies diamond MIRacle ATR device. The spectra were collected from 4000 to 600
cm™" with 32 scans and 4 cm resolution. ATR correction and normalisation of spectra to
50% transmittance at 1502 cm™" was performed using the PerkinElmer software. For each
sample three independent measurements were taken. Absorbance data was normalised for

principal component analysis (PCA) as described elsewhere[33].

ESI (-) FT-ICR Mass Spectrometry

Prior to FT-ICR MS analysis samples were diluted in 1:1 methanol and water to a
final concentration of 100-200 ug ml'. Mass spectra were acquired by direct infusion on a 12
Tesla SolariX FT-ICR MS (Bruker Daltonics, Billerica, Massachusetts, USA) using an
electrospray ionisation ESI source. Nebuliser gas flow was set to 1.8 bar, drying gas was 6
L/min at 180°C. Typically, broadband spectra were acquired with 100 summed scans
between 98.3 m/z and 1000 m/z into a 4 MW FID of 1.1185 s. Time of flight was set to 0.6
ms with an ion accumulation time of 150 ms. Three technical replicates were analysed per
treatment to validate instrument reproducibility. To minimise any carryover effects between
samples, the syringe, capillary and sprayer were thoroughly flushed between samples with
methanol:water. Spectra were acquired in negative-ion mode, as the preference for negative
mode ESI (-) analysis of complex mixtures has been widely reported elsewhere [34—40]. For
isotopic fine structure analysis, continuous accumulation of selected ions (CASI) was
employed with the quadrupole width set to 20 m/z, and an ion accumulation time of 2000 ms.
For tandem mass spectrometry, individual species were fragmented using sustained off-
resonance irradiation collision-induced dissociation (SORI-CID). Signal intensity was

increased using CASI (with a quadrupole window of 10 m/z) and the ion accumulation time



was increased to 20-60 seconds. Fragmentation was induced with SORI-CID (using pulsed
nitrogen and frequency offset of 500 Hz). SORI power was varied to achieve maximum

fragmentation (typically 0.5-0.8%).

Data analysis

The collected spectra were calibrated and the list of peaks generated in Data
Analysis 4.4 (Bruker Daltonics) as described elsewhere [39]. The calibration list depicted in
Table S1 was configured based on a number of compounds identified in the literature and
with elemental assignments validated in this work. Formula assignment was performed by
PetroOrg S-10.2 (Florida State University, Tallahassee, USA) with the elemental limits C1.100
H1.200 O1.30 So-2 and with a maximum error threshold of 500 ppb. Only singly-charged
deprotonated species molecular ions were considered in the assignment of peaks. Van
Krevelen plots were produced using in-house Python scripts and Matplotlib [40,41]; each
assigned monoisotopic formula was represented as a circle on a scatter graph based on the
O/C ratio versus H/C ratio. The circles were sized according to normalized relative peak
intensity, where the sum of intensities per spectrum is set to 1. The circles were coloured

according to mass.

Results and Discussion
FT IR spectroscopy

FT IR spectroscopy provides information about the presence of specific molecules
and chemical bonds and has been extensively used to characterise the chemical structure of
lignin [42—44]. Furthermore, this technique has been widely applied for monitoring changes
in lignin with diverse treatments, such as biocatalytic [45], pyrolytic [46] and chemical [47]
and it was used here to investigate the effects of the laccase on a commercial lignin product.
Lignin was incubated with the laccase and the mediator acetosyringone for 168h before FT
IR analysis. Relevant absorbance peaks in the IR spectra of different samples of lignin were
identified (Table 1). No dramatic changes (e.g. disappearance/ appearance of new peaks)
were observed upon initial inspection of the spectra. However, small differences in the
region between 1700-1600 cm' were noted (Figure 1). A significant increase in absorbance
was detected in the samples treated with the laccase within this region, which is diagnostic

for the carbonyl bond.

The PCA of the absorbance at selected wavelengths showed a clear shift of the
samples after laccase treatment (n=6) towards the positive X-axis and the negative Y-axis
(Figure 1). The principal components PC1 and PC2 described up to 68.87% of the total
variability between samples. Major changes were associated with wavelengths 1700 and

1591 cm™, both corresponding to carbonyl bonds; details of the PC1 and PC2 loadings are



given in Table 2. Higher presence of carbonyl bonds after incubation with laccase suggests
a higher oxidation state of the lignin polymer. The oxidation of primary alcohols resulting in
carboxylic or/and aldehydes groups, as well as in ketone groups from secondary alcohols,
has been reported in previous reports using laccases from T. versicolor and different
mediators such as TEMPO [48] and 1-HBT [15,49]. The samples in the control treatments
(lignin alone (n=2) and the negative control (n=2)) did not show clear changes after 168h
incubation.

ESI FT-ICR-MS analysis of lignin allows the assignment of thousands of elemental formulae
and highlights the chemical complexity of commercial lignin.

The utility of FT-ICR MS for fingerprinting lignin and lignin-derived samples has
recently been demonstrated [19-21,50] as well as the identification of lignin molecules in a
wide range of samples such as bio-oils [24], whisky [39,40,51] and drinking water [52]. In
addition, the technique shows great promise for the characterisation of changes in the
chemical diversity of complex biological samples [53]. The enzymatic treatment was allowed
to progress for 168h and samples were collected at time points throughout the incubation. 42
samples were analysed in total, including experimental and technical replicates for the
laccase treatment and the negative control at different incubation time points. Initial analysis
of technical replicates confirmed the reproducibility of the analysis (data not shown); and

experimental replicates were used in all subsequent data analyses.

The representative mass spectrum of one of the samples collected from the laccase
treatment at time Oh is depicted in Figure 2. The acquired mass spectrum consisted of over
3350 peaks (S/N>4), with mass resolution of ~300,000 at m/z 400, highlighting the high
chemical complexity of the sample. After data acquisition, internal calibration was performed
using a calibration list prepared in-house from 55 compounds known to be present in lignin
(Table S1). The high mass accuracy and resolving power of FT-ICR MS enables the
determination of elemental formulae directly from mass measurement. This is exemplified in
Figure 2B where 11 peaks within a single nominal m/z (m/z 355) were unambiguously
assigned a molecular formula with mass errors of approximately 100 ppb (Table 3). Using
in-house scripts and commercial software, elemental formula assignments were made for
each spectrum obtained. Although formulae were first assigned based on CHO elemental
composition, initial analysis revealed that over half the assigned species contained sulfur
(CHOS species). In total, over all 42 datasets, 3137 different elemental formulae were
assigned and in each individual dataset, the total number of elemental formula assignments
varied between 1152 and 1742.

In order to confirm the assignments of sulfur containing species in the kraft lignin

samples, isotope fine structure (IFS) analysis was performed on several CHOS species.



Particular attention was paid to the isotopic fine structure of the [M+2] isotope where mass
defect difference between "*C,, 80O and *'S is most apparent. In all examples analysed, IFS

analysis confirmed original assignments (Figure S1).

The global assignment of elemental formula allows the visualisation of each dataset
as Van Krevelen (VK) diagrams [55] based on the O/C and H/C ratios (Figure 2C). In
addition, the chemical species could be classified into four major groups based on their
assigned elemental composition and elemental ratios: lignin O/C:0.3-0.7 and H/C: 1-1.5;
condensed aromatics O/C <0.25 and H/C: 0.5-1.0; fatty acids or esters/lipids O/C <0.2 and
H/C: 1.6-2.0; carbohydrates O/C: 0.8 — 1.0 and H/C: 1.65 — 2.0 [55,56]. The percentage of
each group (based on the number of compounds assigned) is depicted in Figure 2D. As
expected, the peaks associated with lignin-type species are the most abundant, up to 48.7%

of the total compounds assigned fall into this group based on the O/C and H/C ratios.

ESI FT-ICR-MS revealed chemical changes in commercial lignin after laccase treatment.

In order to investigate the chemical changes associated with laccase processing of
lignin, the changes in the elemental assignments over time were compared. On initial
inspection, it was apparent that the total number of chemical species decreased significantly
by 23% (RM ANOVA p<0.001), during the first 0.5h of incubation with laccase and continued
to decrease over 24h (Figure 3A). A similar trend was observed with the abundance of
peaks classified as lignin which also reduced significantly (25%) (Figure 3B). In contrast, no
significant change was observed in the number of peaks assigned in the negative controls.
As noted above, a large proportion of the elemental formulae assigned in the lignin substrate
contained sulfur. The analysis highlighted that the number of these S-containing species
decreased over 24h (Figure 4A). In particular, sulfur containing lignin species where
dramatically reduced upon laccase treatment with 46% reduction in S-containing

assignments after 24h incubation (Figure 4B).

This change can be visualised by VK diagrams for lignin samples before and after
laccase treatment (Figure 5); these plots display a clear reduction in the density of species
within the lignin region after enzyme treatment (O/C:0.3-0.7 and H/C: 1-1.5). From the
datasets, a subset of species was defined, the disappearance of which was associated with
laccase treatment. In order to do this, the data was filtered to include assigned species

according to the following criteria:

(i) species were present in all technical and experimental replicates in both
treatments (laccase, negative control) at Oh.
(i) species were not present in all samples incubated with laccase after 168h

(iii) species were present in all samples from the negative control after 168h.



This resulted in a subset of 169 assignments (Table S2). By visualising these species
on a VK diagram it is clear that the majority fall in the lignin-region (O/C:0.3-0.7 and H/C: 1-
1.5) (Figure S2). Surprisingly we also noted that 66.9% of these were CHSO species,

suggesting that sulfur-containing lignin type species are favoured substrates for the laccase.

The molecular mass distribution was analysed of the species assigned in the lignin
samples before and after laccase-acetosyringone treatment. Frequency distributions were
constructed for the m/z range which corresponds to monomeric (<250 Da), dimeric (250-400
Da) and higher order (400-500 Da and >500 Da) lignin-based molecules [19,57] (Figure 6).
The analysis highlighted that the reduction of assignments associated with laccase treatment
was predominantly in larger lignin-type species — the number of species assigned in the
mass ranges 400-500 Da and >500 Da fell from 279 to 166 and from 170 to 25 respectively.
In contrast the monomeric and dimeric species were largely unaffected by enzymatic
treatment; indeed, a small increase (70 to 77) was observed in species of mass <250 Da.
This observation suggests that the laccase activity was predominantly Iytic in nature —i.e.
catalysing the cleavage of polymeric lignins into smaller species. Further analysis of the
frequency distribution of heteroatomic classes highlights the dramatic reduction in sulfur-

containing assignments in polymeric lignin species (Figure S3a-d).

Characterisation of sulfur containing species by tandem mass spectrometry.

Finally, in order to investigate the chemical nature of the sulfur in the CHOS
assignments, tandem MS experiments were performed. Briefly, the monoisotopic peaks of
specific species assigned as CHOS were isolated and fragmented using a combination of
CASI and SORI-CID. Four sulfur-containing assignments were chosen from the O¢S class
(C20H2:04S, C21H2400S, C21H2606S and Cz1H2s0S). The relative abundance of the first three
decreased on treatment with laccase, and the peak for C,1H230¢S disappeared. In all
species analysed, fragments consistent with the loss of SO3H; were observed, and in
addition loss of both CH; and CH,O was common (Table 4). These findings suggest that the
sulfur is commonly present as sulfonate/sulfonic acid groups in CHOS compounds in lignin.
This is in agreement with a recent study of T. versicolor, the source of the laccase in this
work, which demonstrated that sulfonate was a preferred source of sulfur when grown on
wood biomass [58]. In agreement with previous work [59], we propose that the desulfonation
occurs via destabilisation of the C-SO3™ bond by an oxidation reaction catalysed by the

laccase, and subsequent loss of the sulfonate.



Conclusion

We have shown that ESI (-) FT-ICR-MS is a rapid and efficient technique to monitor
the effects of laccase on mixtures as complex as commercial lignin. By employing this
strategy, it was possible to propose preferred substrates of T. versicolor laccase. FT-ICR-MS
could be a key technique for the valorisation of lignin via enzymatic processes, affording a
large amount of information from a single measurement: mass distributions and chemical
sample composition, as well as allowing the identification of species which disappear upon
lignin treatment and their sum formulae. The great potential of FT-ICR MS for the
development and optimization of laccase-mediator systems shown here will find applications
in diverse sectors, e.g. the paper industry for the development of biomass pre-treatment and
pulp bleaching processes, the polymer industry for the production of bio-based polymers,

and for optimizing processes for bioremediation of waste streams.
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Figure legends

Figure 1. FT-IR analysis of laccase-acetosyringone treated lignin.

A) PCA analysis of the normalised absorbance of selected wavelengths at two different
incubation time points (Oh and 168h). Three different treatments (only lignin, n=2, negative
control n=2, and laccase treatment n=6). The arrows represent the component loadings for
each variable (wavelength). B) Normalised absorbance in IR spectra of laccase samples
before (Oh, blue line) and after (168h, red line) incubation with laccase-acetosyringone

system.
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Figure 2 ESI (-) FT-ICR MS spectra of the sample s9-1-0, collected from the laccase-
acetosyringone treatment at Oh.

(A) broadband mass spectrum between 100 and 750m/z, (B) 11 peaks of the zoomed in
region of 355.00 — 355.30m/z, (C) Van Krevelen diagram, the colour and diameter of the
points represent molecular mass (m/z) and relative abundance respectively and (D)%
number of compounds present in the commercial lignin product expressed as the mean
value (n=3) experimental replicates, laccase treatment at Oh. Lignin O/C:0.3-0.7 and H/C: 1-
1.5 (encircled in black); condensed aromatics O/C <0.25 and H/C: 0.5-1.0 (blue); fatty acids
or esters/lipids O/C <0.2 and H/C: 1.6-2.0 (yellow); carbohydrates O/C: 0.8 — 1.0 and H/C:
1.65 - 2.0 (green).
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Figure 3. Frequency histograms representing the number of assigned chemical formulae in
laccase-acetosyringone treated lignin.

(A) Number of total assignments and (B) lignin-type assignments expressed as the mean +
SD (n=3 experimental replicates (white bars), negative control (grey bars) n=2). Columns
with different letters indicate significant difference between time points (p < 0.05).
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Figure 4. Frequency histograms representing the number of assigned chemical formulae
containing sulfur in laccase-acetosyringone treated lignin.

(A) Number of total and (B) lignin-type assignments containing S, expressed as the mean *
SD (n=3 experimental replicates (white bars), negative control (grey bars) n=2). Columns
with different letters indicate significant difference between time points (p < 0.05).
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Figure 5. Van Krevelen diagrams to visualise the chemical complexity of lignin before and
after treatment with the laccase-acetosyringone.

(A) Van Krevelen diagram of the negative control. (B) Van Krevelen diagram after 24h
incubation. A; and B; show the VK of the lignin region (O/C:0.3-0.7 and H/C: 1-1.5). The
colour and diameter of the points represent molecular mass (m/z) and relative abundance
respectively. The numbers in the arrows indicate the percentage of assignments in common
between connected samples.
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Figure 6. Frequency histograms representing the number of assigned chemical formulae
according the m/z.

Frequency (counts) of (A) total assignments and (B) lignin-type assignments identified in the
laccase treatment (incubation: Oh/ 24h white/black) and in the negative control (Oh/ 24h
light/dark grey) according to their m/z. Data expressed as the Mean £ SD (n=3, lignin
treatment, n=2 negative control)
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Tables

Table 1 FT-IR band assignment for the lignin polymer used in the present study

Wavelength(cm-) Bond Reference
656 sulfonic acid group [39]
817 C-H out plane vibration guaiacyl unit [39,41]
859 guaiacyl ring [39]
1037 aromatic C-H in plane deformation [39,40]
1080 C-0 stretching [39]
1137 aromatic C-H in plane deformation [40]
1208 OH plane deformation [40]
1268 G ring plus C=0 stretch [40]
1330 Phenolic OH; S ring plus G ring condensed [40]
1416 CH2 scissoring [40]
1502 aromatic skeletal vibration [40]
1591 Aromatic skeletal vibrations plus C=0 stretch; [40]
1700 C=0 stretch [40]
2938 symmetric CH2 valence vibration [40]

Table 2 Component loadings for the wavelengths included in the PCA.

Wavelength (cm™') PC1 PC2
2938 -0.439 -0.0312
1700 0.835 -0.371
1591 0.839 -0.493
1330 0.917 0.136
1208 0.598 0.337
817 0.509 0.761
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Table 3 Exact masses and assigned molecular formulae with associated errors for

peaks shown in Figure 2

Number m/z [M-H] Molecular formulae Error (ppb)
1 355.016309 C11H1609S2 31
2 355.049312 C15H1608S1 23
3 355.085715 C16H2007S1 51
4 355.103462 C16H2009 17
5 355.118712 C20H2006 104
6 355.139841 C17H2408 28
7 355.176227 C18H2807 84
8 355.194854 C19H320451 59
9 355.212638 C19H3206 73
10 355.248998 C20H3605 14
11 355.285383 C21H4004 11

Table 4 Fragmentation Peaks Observed for the selected sulfur containing compounds.

m/z lon formula [M-H] Fragmentation Error (ppm)?
439.106502 C20H2300S M-H 0.740
357.134401 C20H210s6 M-H-SOsH; -0.109
343.118685 Ci19H19056 M-H-SO3H>, —CH- 0.078
451.137065 C21H2:0,8 M-H 0.608
369.134352 C21H2106 M-H-SO3H; 0.027
355.118647 C20H190s6 M-H-SO3H> —CH- 0.183
455.138127 C21H27058 M-H 0.418
373.165593 C21H2506 M-H-SO3H: 0.185
359.150014 C20H2305 M-H-SO3H; —CH-.0O 0.412
453.122477 C21H2500S M-H 0.620
371.149718 C21H23056 M-H-SO3zH: 0.792
341.139453 C20H2105 M-H-SO3;H; -CH-.0O -0.017

aMass Spectra were not calibrated post-acquisition which accounts for larger errors.
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