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The microbiome has been identified to have a key role for the physiol-
ogy of their human host. One of the major impacts is the clearance of
bacterial pathogens. We have now developed a chemoselective probe
methodology for the absolute quantification of short-chain fatty acids at
low nM concentrations, with high reproducibility and spiked isotope
labelled internal standards. Immobilization to magnetic beads allows for
separation from the matrix and the tagged metabolites upon bioortho-
gonal cleavage can be analyzed via UHPLC-MS. The major advantage of
our sensitive method is the simple combination with global metabolo-
mics analysis as only a small sample volume is required. We have applied
this chemical metabolomics strategy for targeted SCFA analysis com-
bined with global metabolomics on gut microbiome co-cultures with
Salmonella and investigated the effect of antibiotic treatment.

The critical role of the gut microbiota for human health has been
manifested in the past few decades." The gut microbiota is con-
sidered as an additional organ that modulates human physiology via
the production of diverse metabolites. Short-chain fatty acids
(SCFAs), defined as a class of aliphatic carboxylic acids with less
than six carbons, are one major bacterial metabolite class that has
been extensively investigated. Although SCFAs are products of several
metabolic pathways, the main location is the colon as it requires the
metabolism of specific commensal bacteria.” Acetate, propionate
and butyrate are among the main SCFAs in mammals and are
bioproducts of the gastrointestinal fermentation of dietary fibers and
resistant starches.> The function of SCFAs is not only energy supply
but also the regulation of T regulatory (Treg) colonies. In addition,
SCFAs have been identified to exert a crucial physiological impact on
several organs including the brain. Plasma and fecal SCFA levels
were identified as biomarkers in chronic kidney disease (CKD)
patients.™ Importantly, the level of SCFAs in the liver or blood is
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much lower than in the intestine.® Furthermore, SCFA levels can
be reduced by antibiotic treatment due to the disruption of the
gut microbiome. Thus, an analytical method that enables a
highly reproducible and sensitive quantification of SCFAs in a
broad concentration range using limited volumes of samples is
required for biological and clinical research for blood and
microbiota metabolism.

The quantification of biological SCFAs is typically performed
using nuclear magnetic resonance (NMR) or mass spectrometry
(MS).” Due to their small molecular weight and volatility, these
metabolites are commonly derivatized to overcome the limitations of
SCFA detection. Siloxyl ether, aniline, nitrophenylhydrazones (NPH),
and 4-bromo-N-methylbenzylamine (4-BNMA) have been utilized to
conjugate SCFAs, which improves their ionizability and thus MS-
based analysis.®* "' However, in order to precisely quantify the SCFAs,
internal standards for each metabolite are needed to prepare the
calibration curves. The ideal internal standard is an isotopically
labelled analogue of the corresponding SCFA."> Unfortunately, not
all isotope labelled internal standards are commercially available or
they are expensive. Most studies have thus used other internal
standards with a similar chemical structure to quantify different
SCFAs.>" This strategy can be biased in the precision and accuracy
of the quantification analysis. Additionally, these approaches using
derivatisation reagents usually suffer from ion suppression due to
the interference by the sample matrix and the use of excess coupling
reagents. Many biological samples are precious and many studies
are limited by the amount of biological sample volume."* A highly
sensitive quantification method would be beneficial to reduce the
limit of quantification (LOQ) and the sample volume required. Thus,
a method that is feasible for the quantification of SCFAs within a
broad range of concentrations (femtomole to micromole) to readily
obtain isotopic analogue-based internal standards is still missing.

We have recently introduced a new method, termed Quanti-
tative Sensitive CHEmoselective MetAbolomics (quant-SCHEMA)
using magnetic bead-immobilized chemoselective probes for
mass spectrometric analysis of carbonyl-containing metabolites
using alkoxyamine as the reactive site for selective reaction with
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Fig. 1 General overview of this methodology. (A) Chemoselective probe’s
chemical structure. (B) General workflow in this chemical probe utilization
for SCFA quantification.

carbonyls from different human samples.'* Due to the high impor-
tance of SCFAs, we have now developed a precise quantification
method for this compound class by activating our chemoselective
probes with N-methylbenzylamine as a new carboxylic acid chemo-
selective reactive moiety (1). The chemoselective probe design for
reaction with SCFAs has three advantages: (i) chemical synthesis of
all corresponding *Cg-labelled SCFA internal standards; (ii) a tag to
enable analysis of volatile SCFAs via UHPLC-MS analysis; and (iii)
the magnetic separation removes the matrix background and allows
for highly sensitive analysis (Fig. 1A).

As a proof-of-concept, we sought to develop this probe for
quantification of SCFAs in an isolated healthy microbiome mixture
co-cultured with the pathogen Salmonella. The design of our probe
allows for straightforward activation through acidic deprotection of
Boc in the immobilized probe (10/Scheme S1, ESIt). The activated
chemical probe was incubated with a limited amount of the sample
extract (2 pL) to react with the SCFAs using peptide coupling
conditions. The immobilized probes with captured SCFAs were
then magnetically separated from the complex sample matrix to
obtain cleaner chromatograms (Fig. S1, ESIT).">™" This separation
step has an additional major advantage as the solvent of analytes
from the probe treatment and the standard solution for the
calibration curves are highly similar, which further improves the
quantification accuracy. All six synthetic *Cq-labelled internal stan-
dards 3a-f* were spiked into the probe solution before the bioortho-
gonal cleavage of p-nitrocinnamyloxy-carbonyl (Noc) to release the
SCFA conjugates (Fig. 3A)."® The mixture of SCFA conjugates 3a-f
and their corresponding internal standards 3a-f* were separated
from the magnetic beads and analysed via UHPLC-MS analysis
(Fig. 1B).

The SCFA conjugates and their **Cg-labelled SCFA conjugates for
the calibration curve were synthesized from a simplified probe.
Synthetic intermediate 4 was coupled with 4-(Boc-aminomethyl)-
benzoic acid 5 using the common amide coupling reagents HBTU,
HOBT and DIPEA (Fig. 2A). Our optimized conjugation conditions
allow for 66% to quantitative conversion of SCFAs. The simplified
probe was then treated under acidic conditions to remove the Boc
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protecting group for activation. Activated probe 6 was then coupled
with formic acid (FA), acetic acid (AA), propanoic acid (PA), butyric
acid (BA), valeric acid (VA), and lactic acid (LA) using amide coupling
conditions to obtain the corresponding SCFA conjugates 3a—f and
their corresponding “Cglabelled conjugates 3a-f* (Fig. 2A and
Scheme S2, ESIt). These optimized conditions were also applied
for the immobilized probe experiments in biological samples. After
the synthesis of these SCFA conjugates, they were prepared as a
series of concentration solutions to determine the six LOD/LOQ
values and the six calibration curves. Serial dilution for each SCFA
conjugate was prepared to determine the signal-to-noise ratios for
these SCFA conjugates (Fig. 2B). We initially determined the rough
LOQ for these analytes to either be 10 nM (50 femtomole for FA, AA,
and LA) or 1 nM (5 femtomole for PA, BA, and VA/Table S1, ESIt).
The calibration curves were prepared with near perfect linearity and
the detailed LOD and LOQ values were determined that are compar-
able to other MRM-based methods (R* > 0.9994; Fig. 2C, Fig. S2 and
Tables S2, S3, ESIT).M‘lg’19 In addition, the linear concentration
range was determined to be between 1 nM and 1000 nM (Fig. S3,
ESIt). The method was then validated by quantifying an identical
bacterial sample six times to determine its reproducibility with
relative standard deviations (RSD) between 7.1% and 17.7%. These
highly reproducible results (average RSD as 12.40%) also demon-
strate the robustness of this new method (Fig. 3A). A reduction of the
signal of 68.3% to 83.9% was determined by quantifying the same
sample four times with and without the sample matrix. We also
observed a lower reproducibility of the matrix effect (RSD = 23.6%) in
comparison to analysis without matrix (RSD = 8.4%; Fig. S4 and
Tables $4, S5, ESIY).

One of the major advantages of our method is the high
sensitivity and thus a low need for the investigated biological
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Fig. 2 Method validation. (A) Synthetic scheme for SCFA conjugates; (i)
HBTU (1.6 eq.), HOBT (1.2 eq.), DIPEA (3 eq.), DCM, 16 h, r.t.; (i) TFA/DCM =
1:1, 2 h, r.t; (i) H, on 10% Pd/C, MeOH, 5 h, r.t. (B) LOQ experiment in
1 uM, 10 nM and 1 nM. The values highlighted in red represent the LOQ of
the corresponding SCFA. (C) Calibration curves for SCFAs with formic acid
(FA) and lactic acid (LA) as examples.
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Fig. 3 SCFA quantification. (A) Quantification of SCFAs in the random identical sample 6 times to validate the method reproducibility (See also Table S8,

Scheme S3, ESIt). Bioorthogonal cleavage conditions: triphenylphosphine,

dimethyl-barbituric acid, and Pd(OAc), in THF for 5 hours. (B) Total SCFA

quantification in biological samples and (C) individual SCFA values. Each condition was analysed as triplicates. Error bars are standard deviation.

sample, which is compatible with global metabolomics analy-
sis. Our method only requires 2% of the sample extract to
perform this sensitive SCFA quantification and the remaining
sample volume can be utilized for conventional global meta-
bolomics analysis. Herein, we have focused our SCFA quantifi-
cation in co-cultures of anaerobically cultivated human
intestinal microflora (ACHIM) and Salmonella for which we
only required 2 pL of the sample. Salmonella infection is one of
the main causes of food-borne diarrheal diseases. ACHIM has
been identified as a powerful model system that represents the
healthy human gut microbiota and demonstrated its ability to
inhibit Salmonella growth.”® However, the small molecule
metabolites responsible for this effect are yet unknown.
Herein, quant-SCHEMA was utilized for 2 pL of the bacterial
sample to investigate how SCFAs are altered between the healthy
microbiome (H), a co-culture of the healthy microbiome and
Salmonella (H + S), and the co-culture of the healthy microbiome
with Salmonella in the presence of the antibiotic spectinomycin
(H + S + Ab) at two different time points (day 1 and day 5). We have
selected an antibiotic resistant Salmonella strain as a realistic
example for the disruption of the healthy microbiome after anti-
biotic treatment, which has been identified to alter SCFA
concentrations.?" In addition, a diluted ACHIM culture is also tested
and referred to as a “weak” gut microbiome together with less
Salmonella to evaluate our method in a disrupted gut microbiome
with less density of bacteria and lower concentration of SCFA
(Fig. 3B). The antibiotic treated samples (H + S + Ab) were observed
with a significant decrease of the total SCFA levels on day 5
compared to day 1 regardless of the healthy or the weak gut
microbiome (Fig. 3B). This reduced total SCFA production is con-
sistent with literature reports of antibiotic treatment and validates
our method. Our results also reveal that acetate, propanoate and

This journal is © The Royal Society of Chemistry 2023

butyrate are mostly altered in cultures treated with spectinomycin.
Moreover, the total SCFA concentrations in the microbiome (H) were
slightly decreased after 5 days culture compared to an increase in the
ones co-cultured with Salmonella, which was observed in the healthy
and the weak gut microbiome. This observation correlates well with
reports that the production of SCFAs by the healthy microbiome has
been linked to the starvation of pathogens through a higher
consumption of sugars.”> This function is hindered through the
antibiotic treatment, which is further supported by the increased
Salmonella colony forming units (CFU) when the antibiotic is present
in the gut microbiome cultures (Fig. S5, ESIt).

Based on the successful SCFA experiments using a small
amount of the sample extract, we then utilized the remaining
sample for global mass spectrometry-based metabolomics.”*** We
have determined the main metabolites altered in the three groups
of the healthy microbiome, the Salmonella co-culture (H + S) and the
antibiotic administration culture (H + S + Ab). The internal stan-
dards spiked into each sample for quality control demonstrate the
stability of the mass spectrometry method with less than 10% of
RSD in the QC samples (Table S6, ESIT). The multivariate analysis
and the heatmap revealed that the antibiotic treatment has strongly
affected the metabolite composition (Fig. 4A and Fig. S6, ESIt). The
chemical structures for 44 metabolites of the Top100 features with
the highest statistical significance were determined through meta-
bolite annotation with the Human Metabolome Database (HMDB)
(Fig. S7, ESIf).>® A total of 13 metabolites were validated at the
highest confidence level through comparison with reference
standard compounds.*® Furthermore, two microbial metabolites
3-phenyllactic acid and indoleacrylic acid were identified among
these metabolites (Table S7, ESIf).”?® Interestingly, these two
metabolites were significantly increased after antibiotic administra-
tion. Similarly, 2-methylmalonic acid has been reported as a

Chem. Commun., 2023, 59, 5843-5846 | 5845
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Fig. 4 Standard global metabolomics analysis: (A) Heatmap; (B) Bar charts
and chemical structures of validated metabolites. Error bars: Standard
deviation.

metabotoxin and was increased in the antibiotic treated group,
which could be associated with side effects for the human host of
antibiotic administration.?® The two catabolism products of the
nucleoside uridine, dihydrouracil and 3-ureidopropionic acid, both
have similar tendencies in the investigated samples (Fig. 4B). Two
N-acetylated amino acids were both reduced, while the two amino
acids valine and tyrosine were found to be significantly increased
after Streptomycin treatment (Fig. 4B). The reduction of the
N-acetylated amino acids after antibiotic treatment correlates with
the decrease of acetic acid, which is required for the biosynthesis of
the acetyl-donor Acetyl-CoA.*® These findings are novel and indicate
that our method is of great value in finding new bioactive com-
pounds against pathogens, especially for antibiotic resistant bac-
teria. This demonstrates the powerful application of our combined
quantification method of volatile metabolites and through standard
global metabolomics analysis.

In summary, we have developed a novel method at the
interface of chemistry and biology for the precise quantification
of short chain fatty acids with high sensitivity. This method
only requires 2% of the global metabolomics sample volume to
save precious biological samples and to additionally obtain the
SCFA concentrations. To demonstrate this major advantage, we
have additionally performed a conventional global metabolo-
mics analysis using the remaining sample extract. Our quanti-
tative methodology has been validated by a series of analytical
experiments including linearity, limit of quantification, repro-
ducibility, and a positive control experiment in the presence of
an antibiotic. We have also synthesized the corresponding six
3Cg-labelled SCFA conjugates as internal standards, which are
now available for routine quantification experiments. The
designed synthetic route of *Cg-labelled conjugates allows for
the synthesis of the corresponding internal standard for any
desired carboxylic acid metabolite as our method does not
require a commercially available isotopically labelled standard.
As a proof-of-concept study for our methodology, we have
successfully and precisely quantified the concentrations of
SCFAs in 36 bacterial samples and performed a metabolomics
analysis in parallel to identify metabolic alterations in these
bacterial co-cultures. This parallel targeted and global analysis
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is possible due to a required low sample volume for the SCFA
quantification. We envisage that these quantitative chemose-
lective probes will be applied for general use in any biomedical
studies for the quantification of SCFAs as only small sample
volumes are required. This chemical metabolomics strategy can
be coupled with other analyses of low quantity samples.
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