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Utilising Fourier transform ion cyclotron
resonance mass spectrometry (FT-ICR MS) to track
the oxidation of lignin by an alkaliphilic laccaset}
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Lignin is a complex heteroaromatic polymer which is one of the most abundant and diverse biopolymers
on the planet. It comprises approximately one third of all woody plant matter, making it an attractive can-
didate as an alternative, renewable feedstock to petrochemicals to produce fine chemicals. However, the
inherent complexity of lignin makes it difficult to analyse and characterise using common analytical tech-
nigues, proving a hindrance to the utilisation of lignin as a green chemical feedstock. Herein we outline
the tracking of lignin degradation by an alkaliphilic laccase in a semi-quantitative manner using a com-
bined chemical analysis approach using Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR MS) to characterise shifts in chemical diversity and relative abundance of ions, and NMR to high-
light changes in the structure of lignin. Specifically, an alkaliphilic laccase was used to degrade an indust-
rially relevant lignin, with compounds such as syringaresinol being almost wholly removed (95%) after
24 hours of treatment. Structural analyses reinforced these findings, indicating a >50% loss of NMR signal
relating to B-f linkages, of which syringaresinol is representative. Ultimately, this work underlines a com-
bined analytical approach that can be used to gain a broader semi-quantitative understanding of the
enzymatic activity of laccases within a complex, non-model mixture.

Introduction

Lignin is one of the most abundant biopolymers on Earth,
comprising approximately 30% of plant secondary cell walls
and has the potential to replace fossil fuels as a feedstock to
produce fine chemicals due to its aromatic structure.' Its main
function in plants is to provide structural rigidity and vascular-
ity whilst acting as a protective barrier against pathogens.
Currently, it is a major by-product of the paper-pulp and
biofuel industries and is usually burnt in recovery boilers to
fuel respective processes. The aromatic structure of lignin is
the product of radical crosslinking of phenylpropanoids, syrin-
gyl (S), guaiacyl (G) and p-hydroxyphenyl (H) units, derived
from sinapyl, coniferyl and p-coumaryl alcohols, leading to an
inherently complex structure containing an array of recalci-
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trant linkages and bonds.>? The ratio of each phenylpropanoid
unit can vary significantly between species of plant, with soft-
wood lignins usually being comprised of G units with a small
amount of H units, whilst hardwood lignins are often com-
prised of G units and S units in varying numbers. These units
are linked by p-O-4, -5, a-O-4, 5-5, 4-O-5, -1 and p-p linkages,
where B-O-4 units are the most dominant in both hardwood
and softwood lignins representing approximately 60% and
45-50% respectively and are also the most amenable to degra-
dation. The recalcitrance of lignin provided by this array of
different linkages has proved a hindrance for the utilisation of
lignin as a green chemical feedstock; with a more comprehen-
sive understanding of lignin and its depolymerisation required
for these processes to succeed. Currently, commercial uses of
lignin are restricted to binding agents and additives, with a
few applications for fine chemicals other than vanillin.*”
However, there have been numerous strategies employed to
effectively depolymerise lignin utilising enzymes as green
catalysts,® > where successful enzymatic approaches pose a
low energy, non-toxic and green alternative to common pyroly-
tic techniques.

One such class of enzymes, laccases (EC 1.10.3.2) have
shown promise in the enzymatic depolymerisation of
lignin.'®'*™"> Laccases are enzymes produced by a wide range
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of organisms including bacteria, fungi, and plants where they
are implicated in the synthesis of lignin in plants and depoly-
merisation of lignin in bacteria'®'” and fungi.'®'® Laccases
have been further utilised in the bioremediation of industrial
wastes such as phenolic dyes, and as biobleaching agents."®>?
However, laccases often have a relatively low redox potential
when compared to other ligninolytic enzymes and therefore
require small mediators to oxidise non-phenolic
substrates.?*>° Moreover, laccases often have optimal activities
in acidic conditions,'® making their application to lignin depo-
lymerisation difficult due to lignins’ inherent insolubility in
aqueous systems at low pH. The alkaliphilic laccase used
herein is an engineered bacterial laccase (MetZyme) of indus-
trial relevance that has previously been implicated in both the
depolymerisation of lignin for chemical synthesis®*® and poly-
merisation for coating applications.*!

The complexity of lignin mixtures, both structural and
chemical, makes it difficult to analyse when compared to more
ordered polymers and although nuclear magnetic resonance
(NMR) spectroscopy, Fourier transform infrared (FT-IR)
spectroscopy and gel permeation chromatography (GPC)
approaches can elucidate linkages,*>* structural changes®?*>°
and deconvolute polymer characteristics,**?” fully understand-
ing the chemical diversity of lignin is a more challenging task.
The type of analysis chosen should also consider the extraction
method used to isolate the lignin from lignocellulose. For
example, lignins’ derived from the Kraft process, which includes
harsh physiochemical treatments, contain a much higher
chemical diversity of compounds due to both degradation and
repolymerisation.*® Conversely, the extraction of lignin using
organosolv methods yield lignin more akin to lignin’s natural
form®>*® and therefore a less complex chemical diversity which
is more readily amenable to a range of analytical methods.
Within this study we use a lignin derived from the liquid hot
water pre-treatment and enzymatic bioprocessing of Betula
pendula,”*™** European white birch, with the chemical diversity
arising from this lignin extraction method still a relative
unknown. Although, it has been highlighted that LHW proces-
sing can result in the cleavage of f-O-4 ether linkages which can
in turn transform into enol-ether compounds or repolymerise
into other structures.**™¢

To analyse the chemical diversity of lignin effectively,
several mass spectrometry strategies have been employed, uti-
lising different ionisation methods, which again can greatly
impact the subsequent analysis of lignin. More gentle ionis-
ation techniques such as electrospray ionisation (ESI) and
atmospheric photoionisation (APPI) and atmospheric pressure
chemical ionisation being among the most used ionisation
methods to reduce the fragmentation of lignin compounds
during ionisation.”” ®* Whereas matrix-assisted laser desorp-
tion ionisation (MALDI) methods have also been used to study
lignin to varying degrees of success with a recent study
showing improved detection using graphite-assisted laser de-
sorption ionisation of insoluble and soluble (Lignoboost &
Kraft) lignin compounds.”®> A comprehensive overview of
different MS methods and how they can be applied to lignin
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Table 1 Summary of characteristics identified by FT-ICR MS analysis of degraded (laccase-treated) and non-degraded (negative control) lignin. Standard deviation is shown in brackets and all

13C-containing ions are excluded
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samples is outlined by Letourneau and Volmer.> It has been
shown that low-resolution MS methods (including LC-MS
approaches) can be readily implemented for targeted analyses of
specific compounds, including of bio-oils.>* However, untargeted
approaches for profiling lignin’s chemical complexity require the
use of high resolution or ultrahigh resolution MS methods
(HRMS/UHRMS) and, in particular, Fourier transform ion cyclo-
tron resonance (FT-ICR) MS shows great promise in this area.
Unlike low-resolution methods, FT-ICR MS enables the
detection of thousands of ions concurrently with a very high
mass resolution and accuracy, allowing for the assignment of
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Fig. 1 Average number of ions assigned in the negative control and
laccase-treated sample. There is a significant decrease in the number of
compounds detected in the laccase-treated sample over time, ANOVA p
< 0.001 ***" and p < 0.01 **'. Whereas there is no significant variation
observed in the negative control sample.
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Fig. 2 The mass spectrum of a laccase treated METNIN™ lignin sample
at 0 hours (A), 2 hours (B) and 24 hours (C), with the most abundant ion
in each spectra representing 100% relative intensity. There are already
noticeable compositional changes, with the most abundant ion at 417
m/z steadily declining across the time course and the ion at 433 m/z
increasing after 2 hours before declining again after 24 hours.
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elemental formulae of individual compounds in extremely
diverse and complex mixtures. FT-ICR MS has shown great
promise in the semi-quantitative analysis of complex chemical
mixtures including dissolved organic matter (DOM),>™” oil
products,®®*®" whisky®*®® and lignin.>>**%” To date most
HRMS studies of lignin have focused on method
development,*”**7° broad analysis of lignin samples,**®”""7>
the physiochemical degradation of lignin®®*”%”* or the ana-
lysis of small model compounds which are unrepresentative of
complex industrial lignins.>®”* FT-ICR MS has been applied in
only a handful of lignin degradation studies often analysing
the fungal degradation of lignin or wood.**”*7>7® This
includes a study which identified a range of phenolic com-
pounds arising from the decomposition of wood by a brown-
rot fungus, Rhodonia placenta, using MALDI-FT-ICR MS.%*
Recently, we reported the first study using FT-ICR MS to
examine the ligninolytic activity of a laccase from T. versicolor
on Kraft lignin.’® Herein we build upon this previous study
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Fig. 3 Mass distribution of compounds assigned in the (A) negative
control and (B) laccase-treated sample, across timepoints. Error bars
represent the standard deviation of count for biological replicates.
Significant differences in peak number between treatment and time
across each mass bracket were calculated using a Poisson GLM; n = 3, p
<0.1'@®,<0.05"*, <0.01 **, <0.001 ***',
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and highlight the ability of high-resolution MS to monitor the
global changes in the composition of a high-molecular weight
industrial lignin (M,, > 70 kDa) after laccase treatment and the
fluctuations in abundances of individual ions. Moreover, using
complementary 2-D HSQC NMR analysis, we highlight specific
laccase action on p-p linkages.

Results and discussion
FT-ICR MS analysis

In total, 18 spectra were obtained pertaining to 0-hour, 2-hour
and 24-hour time points of the incubation of METNIN™
Macro lignin with the alkaliphilic MetZyme® laccase. After
data curation 26 731 ions were assigned across the 18 spectra,
with average compositions and the unique ions assigned for
each treatment and timepoint displayed in Table 1. All ions
were assigned using Formularity’”” and only included ions
comprised of C, H, O and S, with all *C-containing ions
removed. After data processing and ion assignment the
average number of assigned ions in the undigested lignin
samples was consistent with previous lignin FT-ICR MS
studies, with an average of 4005 (negative control) and 4057
(laccase-treated) ions at time zero, Fig. 1, compared to 3350,
1199-2793,”* 4201 % & 4740-6600.”® As FT-ICR MS does not

View Article Online

Analyst

distinguish between isomers of the same m/z, multiple
different candidate compounds may exist for each distinct m/z.

Within the untreated lignin there was no change in the
number of jons assigned over the time course (Fig. 1).
However, the mass spectra across the laccase treatment time
course display noticeable shifts in intensity and chemical
diversity, particularly for abundant ions at 417, 433, 449 and
521 m/z, Fig. 2, and there was a significant reduction of the
number of assigned ions after both 2 and 24 hours (ANOVA,
T2 = p < 0.01, T24 = p < 0.001, Tables S2 & S5%), with ~1000
ions lost over the time course, Fig. 1. Moreover, there is
minimal assignment bias in both treatments with only a 7%
reduction in the number of assigned ions after 24 hours in the
laccase-treated samples compared to the loss of 24% of the
ions originally assigned at time 0, with no reduction in overall
assignment or loss of ions observed in the negative control,
Fig. 1 & Table S1.f

Therefore, laccase treatment reduces the observable chemi-
cal diversity of the lignin, as reported previously,”® and could
correspond to enzymatic activity on larger lignin structures,
with the resulting ions falling into pre-existing m/z values
already present at 0-hours. However, it could also be the case
that smaller compounds are also being modified by the
laccase and detected at different m/z values. Complex mixture
profiling by FT-ICR MS is limited by the m/z range of what can
be accurately profiled. Consequently, small phenolic mono-
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Fig. 4 Histogram of heteroatomic classes of lignin-like compounds in the negative control and laccase treated samples. Panels (A, B and C) rep-
resent CHO,, CHO,S; and CHO,S, ions with time points shown from top to bottom. There are significant falls in the number of CHO, and CHO,S,
compounds after 24 hours of laccase treatment and no noticeable changes in the number of CHO,S; compounds. Error bars represent the standard

deviation of the number of ions in each heteroatomic class.
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mers may go undetected. This drop in ion assignment in the
laccase treated lignin was further assessed by binning ions
according to their assigned mass, allowing the detection of sig-
nificant reductions in count over the time course, Fig. 3. The
decrease in number of assigned ions occurred most consider-
ably within the higher mass ranges, for example, reductions of
37%, 55% and 80% were observed for 750-850 Da, 850-950 Da
and 950-1050 Da respectively after 24 hours (Poisson GLM, p <
0.001, Tables S6 & S771). This suggests that the alkaliphilic
laccase targets larger compounds, with the absence of
increases in count above 800 Da signifying that under these
conditions the laccase is acting to depolymerise the lignin.

Heteroatomic class analysis

To further investigate the activity of the alkaliphilic laccase,
heteroatomic class analyses of the lignin-like ions was con-
ducted, Fig. 4. As expected, at 0-hours both treatments were
similar in distribution. However, following 2 hours of treat-
ment, noticeable decreases within the CHO, and CHO,S,
classes were identified. After 24 hours, substantially larger
reductions in the number of ions identified in these classes
were noted, with significant decreases of 31%, 36%, 35%, 32%
and 28% observed for CHO,,_44 respectively (Poisson GLM, p <
0.01 - p < 0.001, Table S8t). Significant reductions were also
detected for CHO;,_;15S, with reductions of 45%, 33%, 36% and
36% respectively (Poisson GLM, p < 0.01 - p < 0.001, Table S97).
Conversely, the CHO,S; compounds remained comparable
across time and treatments, suggesting that compounds con-
taining multiple sulfur groups are more readily accessible to
enzymatic oxidation than mono-sulfur compound classes.

van Krevelen analysis

To assess each ion based on their abundance, the data were
analysed using van Krevelen diagrams’® (VKD), which separate
ions based on their hydrogen to carbon (H/C) and oxygen to
carbon ratios (O/C). These plots allow for the more quantitative
analysis of thousands of ions simultaneously and further allow
the broad classification of ions. Initially VKDs used relative
intensity (RI) and identified minimal shifts in H/C and O/C
ratios, Fig. S3,1 with the most notable reductions occurring
after 24 hours of laccase treatment between H/C = 0.30-0.43
and O/C = 1.15-1.30. However, when calculating the percen-
tage change in relative intensity across timepoints for each
ion, these shifts become clearer and allow for improved semi-
quantification. Each ion was also filtered to remove any ion
that did not change by +20% absolute intensity over the time
course, removing ions that changed significantly in relative
intensity, but which had no shift in absolute intensity. This
resulted in the removal of 1095 ions, and subsequent tracking
of 4569 distinct ions over the time course. Of these 4569 ions,
3118 were classified as ‘lignin-like’, with VKD of these ions
and their percentage change in RI after 24 hours shown in
Fig. 5. Notably, most ions at lower O/C values (0.2-0.4)
decrease in RI, with ions at higher O/C values (0.4-0.7) broadly
increasing in RI. This oxidation pattern was also observed in
the negative control, likely due to background oxidation of the

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 van Krevelen diagrams of the undigested negative control lignin
(A) and the MetZyme® laccase depolymerized lignin (B) after 24 hours.
The whole plot is shown on the right-hand side, with the lignin-like
region magnified on the left-hand side. There are minimal changes in
relative intensity in the negative control, within the lignin-like region,
whereas there are numerous changes of >100% Rl which occur after
24 hours of laccase treatment. Notably, there is a pattern of lower O/C
ratio ions decreasing in Rl and higher O/C ratio compounds increasing
in Rl after laccase treatment.

lignin, although the degree of change in RI is considerably
lower when compared to the ions in the laccase-treated sample.

Semi-quantitative analyses

Individual molecular formulae identified and assigned using
FT-ICR MS were also investigated, Fig. 6. After 2 hours the
largest increase in RI within the laccase-treated sample was
403.0% =+ 48.5 (—0.2 * 1.5: NegCtrl) for C,;H,;00, and a
decrease of —55.5% + 0.2 (4.2 + 1.7: NegCtrl) for C,¢Hpg0;.
Additionally, after 24 hours the largest shifts in RI correspond
to —94.8 + 0.1 for C,,H»605 (0.0% = 0.0: NegCtrl) and an
increase of 575.8% =+ 14.2 (9.5% =+ 2.5: NegCtrl) for C,5H3(01,.
In this case, C,,H,s0g corresponds to syringaresinol (con-
firmed via MS fragmentation experiments, Fig. 8), with other
resinol-related formulae such as C,,H,507 also decreasing sub-
stantially in RI after laccase treatment (—53.8% + 0.2 hours
and —85.1 + 3.1 after 24 hours). This indicates that these
resinol compounds and their f-f linkages are targeted and
modified by the laccase. Although they may not be wholly
degraded, phenol oxidising enzymes such as laccases, have
been implicated in the oxidation and destruction of f-§
linkages,”>®>®! with this activity previously identified for the

Analyst, 2024,149, 2399-2411 | 2403
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Fig. 6 Change in intensity of compounds after (A) 2 hours and (B) 24 hours after treatment with Metgen laccase (molecular formulae and not ionic

formulae is shown). The top 40 compounds that increased or decreased

the most in intensity after laccase treatment are highlighted. (A) Substantial

shifts can be seen after 2 hours of laccase treatment with the highest increase in intensity after 2 hours being C,;H4004 with an increase of 403% +
49 and largest decrease being C,¢H,5011 with a change in intensity of 55.5% + 0.2, with minimal changes observed in the negative control. (B) After
24 hours there are even more large shifts in intensity, with the highest increases now being 575% + 14 and 528% + 11 for C,5H3001, and Cy4H,70s,
respectively. The largest decrease in intensity is a 94.8% + 0.1 drop in signal of C,,H,60s, the compound with the highest Rl at O hours. Error bars
indicate the standard deviation of percentage change in Rl of ions between each timepoint, with some compounds that decrease substantially
lacking error bars due to the loss of signal in at least one of the three biological replicates.

MetZyme® laccase.’’ There were numerous other ions that
increased substantially in RI due to laccase activity, including
potential phenyl glucosides, C;;H;30s (+528%), C1,H150-
(+364%), C14H1509 (155%), C15H1605 (131%) and other poten-
tial oxidised resinol structures; Cy,H,,010 (+170%), Cy,H3601
(+162%) and C,4H»5044 (+177%). Although FT-ICR MS is semi-
quantitative, these changes are starkly different from the negative
control, suggesting a large shift in the abundance of these ions.

2-D 'H-"3C HSQC NMR

2-D HSQC NMR has been widely used across many different
lignin types for the quantification of specific lignin linkages

2404 | Analyst, 2024,149, 2399-241]

and to gauge the level of depolymerisation,>?%3%73:82784 NMR
analysis estimated the untreated p-O-4 and p-f linkage content
to be relatively low at 4.3 and 1.7 per 100 C9 units, respectively,
likely due to the lignin not being acetylated prior to analysis.
To further confirm that p-p linkages were targeted by the
laccase in this study, NMR analysis was performed on the
24-hour treated samples. In the laccase treated lignin, large
decreases in integral values of 46-62% were observed in the
proton environments, indicative of f-f linkages, specifically
the o, p & y protons at 6¢/8y 71.6/4.2 (y1), 71.7/3.8 (y2), 85.6/4.7
(o) and 3.1/54.0 (B), Fig. 7 & Table S10.T There were no notable
changes in the intensity of peaks associated with p-O-4 lin-
kages (0.96% + 10 and 0.07% + 8), perhaps owing to the lack

This journal is © The Royal Society of Chemistry 2024
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linkages have been circled, with their corresponding location in their respective linkages highlighted with letters and shown in panel (C). The peaks
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2.1 respectively compared to the negative control. However, integral values for the o and p protons for -O-4 linkages fell by only 0.848% + 6.2 and

3.23% + 7.0 compared to the negative control.

of a mediator compound in the digestion system preventing
oxidative attack of non-phenolic aromatics. The NMR experi-
ment was also unable to detect the signal corresponding to the
y proton of the p-O-4 unit or any signal corresponding to p-5
linkages, which were flooded out due to the high noise pres-
ence of an industrial PEG-like contaminant present at
3.51 ppm 'H.

FT-ICR MS CID fragmentation

The most abundant ion after 2 hours of laccase treatment,
433.1502 m/z (CpHy509 [M — HJ7), was left unassigned by
Formularity. Initially, as this ion differed from the most abun-
dant ion at time zero, (C,,H,505 [M — H], 417.1554 m/z), by
the accurate mass of oxygen, it was thought that it could rep-
resent a more oxidised form of C,,H,509 [M — H]™, potentially
representing syringaresinol (S-B-p-S) and was investigated
further. Subsequent collision induced dissociation (CID)
tandem MS experiments were employed for structural charac-
teristics of both ions, Fig. 8. The fragmentation pattern for the

This journal is © The Royal Society of Chemistry 2024

ion at 417 m/z, which decreased substantially over the time
course, aligned well with previous literature values for syrin-
garesinol (S-p-p-S), Fig. 8A.*>® The fragmentation pattern of
the ion at 433 m/z also agreed well with previous studies of the
syringyl dimer in a p-O-4 conformation (S-B-O-4-S), Fig. 8B,*
highlighting that the candidate ion likely did not represent an
oxidised form of syringaresinol as initially thought and
instead could be a S-p-O-4-S structure. The potential structures
of both candidate ions is shown in Fig. 8C. Interestingly, the
ion at 433 m/z varied considerably in RI across the time
course, increasing from 29% RI (intensity: 1.1 x 10°) to 100%
RI after 2 hours (intensity: 3.2 x 10°), before declining to only
10% RI after 24 hours (intensity: 7.0 x 10°). As NMR analyses
indicated there was no decrease in signals corresponding to
B-O-4 linkages there is potential that the ion at 433 m/z was
released from a larger lignin oligomer before being further
modified by the laccase without destruction of the f-O-4
linkage, or changes in the associated o and f proton
environments.

Analyst, 2024,149, 2399-2411 | 2405
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Table 2 Reaction conditions for lignin digestion experiments

Reagent Final concentration
MetGen laccase 31UmL ¢

200 mM ammonium acetate pH 9.5 20 mM

Lignin (METNIN™ Macro Soluble) 25gL7"

“U mL™" references the U L™" of laccase per mL of reaction mixture (a
total of 93 U was added to the reaction). This activity was chosen
corresponds to the same activity used in previous work.>

Conclusions

In conclusion, this work demonstrates the capability of FT-ICR
MS analyses to track the oxidative activity of laccases on lignin

2406 | Analyst, 2024, 149, 2399-2411

in a semi-quantitative manner, highlighting the significant
loss of compounds due to enzyme activity across different
mass ranges and heteroatomic classes. ESI-FT-ICR MS identi-
fied syringaresinol as being targeted by the MetZyme® laccase
(95% decrease), with this being reaffirmed by the p-p cleavage
detected by HSQC NMR (>50%). Moreover, tandem MS
methods were utilised to structurally identify individual ions
with specific chemical formulae; in this case confirming the
assignment of syringaresinol and a syringyl-syringyl p-O-4 with
fluctuating relative ion abundance. However, little to no oxi-
dative cleavage of the more prevalent f-O-4 linkages was indi-
cated by NMR, likely due to the absence of a mediator system
preventing oxidation of non-phenolic compounds. Although
laccases are often deemed as randomly acting enzymes, these
results demonstrate that they can be utilised in a more tar-

This journal is © The Royal Society of Chemistry 2024
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geted approach to degrade specific lignin linkages. This work
exemplifies how FT-ICR MS can be employed for the rapid ana-
lysis of lignin mixtures, helping to develop and optimise degra-
dation systems through the identification of target compounds
and linkages, resulting in more streamlined and focused pro-
cesses. These FT-ICR MS analysis methods could further by
employed to follow the activity of any enzyme in a complex
in a semi-quantitative manner, assessing both
changes in chemical diversity as well as highlighting ions of
particular interest.

mixture

Experimental
Enzymatic digestion

The lignin used in this study is the industrially produced
METNIN™ Macro, a lignin derived from the LHW treatment
and enzymatic hydrolysis of Betula pendula (European white
birch, hardwood), from the SWEETWOODS project and was
supplied by Metgen Oy. The specific METNIN™ Macro fraction
is representative of the crude lignin soluble in alkaline
environments for Metgens’ subsequent fractionation process.
The alkaliphilic laccase utilised was a commercially available,
genetically evolved laccase of bacterial origin, MetZyme®
LIGNO™ and was also supplied by Metgen Oy. 20 mM
ammonium acetate pH 9.5 was made by first creating a
200 mM ammonium acetate solution (Fisher Scientific) with
drop-wise additions of ammonium hydroxide (30% Sigma
Aldrich) to bring the solution to pH 9.5 using a pH probe
(Mettler-Toledo). The laccase was filter sterilised using a
0.22 pm Stericup® (Merck Millipore) and activity determined
against 2,6-dimethoxyphenol (2,6-DMP, Sigma Aldrich) as an
oxidation substrate in 20 mM ammonium acetate pH 9.5. To
prevent contamination of the experimental samples an
additional flask comprised of lignin in 20 mM ammonium
acetate pH 9.5 was used to confirm that were no background
fluctuations in pH across the time course. Digestion reactions
were setup according to Table 2, with a total volume of 30 mL
and were continuously shaken at 200 rpm and 25 °C for
24 hours, in 100 mL flasks (heat treated at 450 °C for 8 hours
to remove any organic material). The digestion reaction was
setup in triplicate, alongside three undigested (no laccase)
negative controls. The reaction mix was sampled at three time
points, 0 hours, 2 hours and 24 hours, with 2 x 1 mL aliquots
taken at each point and diluted 1:1 in Chromasolv™ metha-
nol (Honeywell) to stop the reaction prior to storage at —80 °C.
After 24 hours, the remaining reaction mixture was frozen in
liquid nitrogen and freeze dried.

Sample preparation

100 pL of each sample was diluted 1:10 in 50% methanol:
water (Honeywell, Chromasolv™) and analysed spectrophoto-
metrically at 280 nm in a 96-well UVStar® plate (Greiner Bio-
One) and compared to a standard curve of Sigma Kraft Lignin
(Sigma Aldrich, 471003), Fig. S1,T to determine the overall aro-
matic content. Concentrated samples were filtered using a

This journal is © The Royal Society of Chemistry 2024
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0.2 pm PTFE filter (VWR) and diluted in 50% methanol : water
to obtain a final concentration of 150-175 pg mL™" lignin.

ESI-FT ICR MS analysis

The mass spectra were acquired on a 12 T Bruker SolariX 2XR
FT-ICR MS (Bruker Daltonics, Germany) with an electrospray
ionisation (ESI) source in negative mode, with nebuliser gas
flow set to 1.0 bar with drying gas at 4 L min~" at 200 °C.
Spectra were acquired using 300 summed scans between
147.43 m/z and 3000 m/z into a 4 MW FID of 1.677 s. Time of
flight was set to 0.800 ms with an accumulation time of
100 ms. The three replicates of each treatment at time points
0, 2 and 24 hours, associated ‘enzyme-only’ blank control
samples, and three quality control (QC) replicates were ana-
lysed over two days. QC samples were run at specific time
points across the course of the analysis to ensure reproducibil-
ity. Samples were then applied to the system at a flow rate of
120 uL h™', with the syringe and line being purged with 50%
methanol and air two times between sample loadings.

Fragmentation analysis

Lignin samples were also subject to fragmentation studies.
Ions at 417 and 433 m/z were isolated using the quadrupole
and a 2 m/z window, with an accumulation time of 5 seconds,
a time of flight of 0.700 ms across 25 scans, in a 4 M file, on
the same FT-ICR MS as previous experiments. Collision
induced dissociation (CID) was utilised to fragment the ions
with collision voltages of 5, 10, 15 and 20 V, with spectra col-
lected as above. Where required, individual m/z ions were iso-
lated using a combination of the quadrupole and sustained off
resonance irradiation (SORI) in the ICR cell before CID frag-
mentation. Spectra for the CID experiments alongside mass
lists can be found in Fig. S8-S11 and Tables S11, S12.7}

Quality control analysis

The mass spectra were left uncalibrated prior to assignment in
Formularity (Pacific Northwest National Laboratory, U.S. DOE).
Peaks that were identified in multiple replicates were pro-
cessed to calculate the coefficient of variation to ensure replic-
ability of the instrument, Fig. S2.t

Calibration list creation

Isotopic fine structure analysis was conducted for high inten-
sity peaks to determine each chemical formula, with high-cer-
tainty predictions being included in the calibration list. The
spectra also contained traces of polymers at >400 m/z that
increased by C,H,0, including Cj3,Hs,04; at 617.38894 m/z,
which allowed them to be easily identified and used in the
calibration list. The spectra were iteratively calibrated with
known compounds to help ease the identification across the
m/z range. In total, 63 distinct ionic formulae were confirmed
and used to calibrate the experimental broadband mass
spectra using a quadratic function, Table S1.t All peaks which
conformed to the quadratic equation were used for calibration
of the spectra, with assignment errors and average resolution
of peaks highted in Table S2.}
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Data processing, analysis and visualisation

Peaks were selected using Bruker Data Analysis 4.4 after cali-
bration, with parameters set to a signal to noise ratio of 4 and
a minimum absolute intensity of 2 x 10° The calibrated
spectra included 6 decimal points and were exported in XML
format and assigned using Formularity with a filter for
elemental limits of Cy_1900Ho-20000-30N0S0-2Po and an align-
ment tolerance of 0.5 ppm. Compounds were assigned by the
lowest error against the Formularity Compound Identification
Algorithm (CIA) database. The average assignment errors and
resolutions of the assigned peaks from each spectrum can be
found in Table S4.f Formularity output files were loaded into
R 4.0.3 and processed to calculate heteroatomic classes, H/C &
O/C ratios using tidyverse package collection. Ions detected in
the negative control were subtracted from each experimental
spectra to remove contaminating ions. Only ions which were
present across all three replicates were utilised to calculate
the average relative and absolute intensity values and stan-
dard deviations for each ion at each measured timepoint.
Statistics were calculated using base functions in R 4.0.3.
After calculating the change in relative intensity (RI), the
results were passed through a filter to confirm that the ions
changed by at least +20% absolute intensity (Al), (if an ion
changed in AI by +20% within either treatment, abundance
values were retained for both treatments to allow comparative
analysis). Lignin-like compounds were defined as in previous
studies, where ions which H/C = 0.7-1.5 and O/C =
0.1-0.7,°%7%8879% were characterised as lignin-like. All graphs
were created in R 4.0.3 using either ggplot or cowplot, with
further annotation conducted in Adobe Illustrator CC.
Further plots, raw, calibrated, assigned and accessory data,
including Formularity filters and output, can be accessed via
ESIt or the University of Edinburgh datashare at https://doi.
org/10.7488/ds/3828.

2-D *H-"3C HSQC NMR

All samples were run on a He-cooled Bruker Avance III
600 MHz NMR spectrometer equipped with 5 mm TCI
"H/"C/"®N  CryoProbe™. Freeze dried samples were resus-
pended in 15 mL ddH,O prior to lignin precipitation using
excess 2 M HCI, before collection under vacuum onto a glass
fibre membrane. All samples were weighed prior to dissolution
of 40 mg lignin in DMSO-de and sonication in a sonicating
water bath, until full dissolution was achieved. One negative
control sample only included less, approximately 20 mg of
lignin, due to loss of mass during filtration. The prepared
samples underwent a primary 1-D '"H NOESY presaturation
experiment to determine the P1 pulse value (90° pulse width).
The P1 value was utilised in to modify a standard
‘hsqcetgpsp.3’ experiment alongside a change in the offset fre-
quency (O1P) value to 3.51 ppm to negate the PEG-like con-
taminant signal. Spectra were acquired over 4 scans with 50%
NUS for a total experiment time of 58 minutes, with the
spectra being processed using the gpol parameter. Peaks were
identified using literature values®***>°'"%* and integrated using

2408 | Analyst, 2024, 149, 2399-2411
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Bruker TopSpin 4.1 to retrieve a relative intensity level com-
pared to the aromatic region.

Data availability

All mass spectrometry and nuclear magnetic resonance data-
sets used in this study are available to download, in their orig-
inal data formats, from the Horsfall Research Group repository
at Edinburgh DataShare using https://doi.org/10.7488/ds/3828.
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