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SUMMARY

Dysbiosis of the microbiome correlates with many neurological disorders, yet very little is known about the
chemistry that controls the production of neuromodulatory molecules by gut microbes. Here, we found that
an enzyme glutamate decarboxylase (BfGAD) of a gut microbe Bacteroides fragilis forms multiple neuromodu-
latory molecules such as yy-aminobutyric acid (GABA), hypotaurine, taurine, homotaurine, and B-alanine. We
evolved BfGAD and doubled its taurine productivity. Additionally, we increased its specificity toward the sub-
strate L-glutamate. Here, we provide a chemical strategy via which the BfGAD activity could be fine-tuned. In
future, this strategy could be used to modulate the production of neuromodulatory molecules by gut microbes.

INTRODUCTION

Low levels of inhibitory neurotransmitter like y-aminobutyric acid
(GABA) have been associated with neurological disorders such
as epilepsy, schizophrenia, autism spectrum disorder (ASD),
attention deficit hyperactivity disorder (ADHD), panic disorder,
post-traumatic stress disorder (PTSD), major depressive
disorder, progressive multiple sclerosis, dementia, and Alz-
heimer’s disease.''? Taurine, another amino acid abundant in
the brain,'® acts as a GABAA receptor agonist and exerts down-
stream effects similar to GABA.'* Taurine concentrations are
altered in individuals with Alzheimer’s disease, with reduced levels
observed in the brain'>", increased urinary excretion of taurine is
found in elderly dementia patients,?> and lower fecal levels of
GABA and taurine were found in gnotobiotic mice transplanted
with fecal microbiota from an Alzheimer’s patient.”®> Based on
these observations, supplementation with taurine and its analogs
has been investigated in Alzheimer’s disease models.?**° In one
such study, homotaurine, a molecule similar to taurine, restored
cognitive functions in patients with Alzheimer’s disease.?® In addi-
tion, it was also observed that taurine reverses cognitive deficits in
APP/PS1 mouse model”® and improves learning and memory in
mice.?*?"

Studies linking gut microbial dysbiosis to dementia and Alz-
heimer’s disease frequently report changes in the abundance
of Bacteroides sp.,”®° which are key members of the human
gut microbiome®***> and can produce GABA***" (Figure 1A).
Most Bacteroides species encode glutamate decarboxylase
(GAD), a pyridoxal phosphate (PLP)-dependent enzyme that
converts the excitatory neurotransmitter glutamate into the
inhibitory neurotransmitter GABA.*® Applications of enzymatic
engineering to enhance the substrate specificity and efficiency

of GADs from abundant Bacteroides sp. in the gut microbiome
could offer a potential therapy for neurodegenerative disorders.
However, the chemistry through which GADs from any Bacter-
oides species produce GABA remains largely unknown. In this
study, we investigated, evolved, and optimized GAD from the
human gut microbe Bacteroides fragilis (BFGAD) to produce
various neuromodulatory molecules, including GABA, taurine,
its analogs, and B-alanine. Biochemical characterization re-
vealed that BfGAD exhibits distinct kinetic and functional proper-
ties compared to other known prokaryotic GADs. We found that,
while BfGAD prefers L-glutamate, it can also decarboxylate
other substrates to produce multiple neuromodulatory mole-
cules. This versatility suggests that BfGAD may play a critical
role in complex systems with diverse substrates, a trait advanta-
geous for microbes in the mammalian gut. Using rational protein
engineering, we enhanced BfGAD to produce twice as much
taurine as the native enzyme and improved its specificity for
L-glutamate. We demonstrate that BfGAD is highly amenable
to enzymatic engineering, even tolerating modifications to its
active site. Our study lays the foundation for the rational design
and engineering of BfGAD, which could, in the future, enable
the development of gut microbes capable of producing diverse
neuromodulatory compounds.

RESULTS AND DISCUSSION

GADs are prevalent in the Bacteroides genus

Prior research has implicated gut microbial contributions to the
production of GABA, specifically from the Bacteroides genus.*®*’
GABA, a neurotransmitter, is modulated in many neurodegenera-
tive diseases, including Alzheimer’s and dementia, where lower
GABA levels have been consistently reported.’ Microbes from
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Figure 1. Characterization of BfGADt

(A) Possible role of gut microbes in producing
neuromodulatory molecules.

(B) Spectra of PLP cofactor bound to the holoen-
zyme BfGAD\yt captured at various pH, depicting
tautomers of internal aldimine at 335 and 420 nm.
(C) Plot of initial velocity as a function of BfGADwt
concentrations (n = 4). Error bars represent SD.
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the genus Bacteroides are known to be fluctuated in individuals
afflicted by Alzheimer’s and dementia.*°® Due to the prevalent
nature of Bacteroides in the gut and the modulation of Bacteroides
during Alzheimer’s, we explored the mechanism by which GABA
is produced in these organisms.

A bioinformatics analysis showed that many species of the
Bacteroides genus harbor genes annotated as GAD (Figure S1).
Multiple sequence alignment performed with GADs from
various species of the genus Bacteroides displays a high
(>90%) sequence similarity (Figure S1), and a GAD, herein referred
as BfGAD, from the model organism B. fragilis was selected as a
candidate enzyme representing annotated GADs in all Bacter-
oides (Figure S2). Additional multiple sequence alignment per-
formed with gut microbial GADs including BfGAD revealed that
many catalytic residues, predicted to be involved in either sub-
strate binding (highlighted in cyan) or cofactor (PLP) binding (high-
lighted in yellow), are highly conserved (Figure S3),>%“° and GADs
from gut microbes such as Alistipes putredinis and Parabacter-
oides merdae are most closely related to BfGAD (Figure S4).

Wild-type BFGAD forms an oligomer

The recombinant wild-type BfGAD (BfGADy1) with an N-terminal
His-tag was purified using Ni-NTA affinity chromatography.
SDS-PAGE analysis showed a band corresponding to the
monomeric form (~56 kDa), while native PAGE indicated a tetra-
meric oligomer (Figure S5). Gel filtration chromatography (Fig-
ure S6A) revealed the oligomeric composition of BfGADyt at
acidic (pH 4.7, blue) and neutral (pH 7.2, red) conditions. At pH
4.7, amajor peak (peak 3) corresponded to an intermediate molec-
ular weight (~180 kDa) between a dimer and a tetramer, while,
at pH 7.2, the same peak shifted closer to the molecular weight
of a dimer (~150 kDa) (Figures S6A-S6C). Peak 2 (~351 kDa)
likely represents a hexamer, and peak 1, eluting in the void
volume, suggests protein aggregation. The intermediate molecular
weights observed may result from the inability to fully resolve the
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between dimeric and tetrameric forms. We

also observed a pH-dependent shift in the

oligomeric forms of BfGAD, similar to
the behavior reported for E. coli GAD (EcGAD), which exhibits sig-
nificant changes in oligomeric composition in response to pH.*®
Furthermore, the addition of external PLP did not alter the oligo-
meric state of BfGADy (Figure S6D).

PLP cofactor bound to the BfGADy undergoes pH-
dependent tautomeric changes

Spectral studies with BFGAD\yt revealed that the enzyme was pu-
rified in its holo form with the covalently bound PLP cofactor. There
were two absorption maxima observed for BfGAD\+—335 and
420 nm (Figure 1B). These absorption maxima likely result from
the two tautomeric forms of the enzyme-bound PLP cofactor, eno-
limine form at 335 nm, and ketoenamine form at 420 nm,*®™*® as
shown previously with E. coli GAD.“° The proportions of these tau-
tomers varied with pH (Figure 1B). At lower pH, the 420 nm species
dominated, while, at higher pH, the 335 nm species became more
prevalent. Increasing the pH from 4.7 to 8.6 resulted in a decrease
in the 420 nm species and a concomitant increase in the 335 nm
species (Figure 1B). These pH-dependent changes in PLP absor-
bance closely correlate with enzyme activity, with maximum cata-
lytic efficiency observed at pH 4.7, where the 420 nm absorbing
species predominates, and minimal activity occurred at other pH
values (Figure S7). Consequently, all subsequent activity assays
were performed at pH 4.7. These data are consistent with previ-
ously studied microbial GADs highlighting the influence of pH on
active site hydration and tautomeric equilibrium.>%4>4%->" More-
over, analysis of the pH versus absorbance curve at 420 nm sug-
gested that multiple protons influence the transition in absorbance
(Figure S7).

Evidence for allosteric regulation of BFGADy

Activity assays with varying BfGADwt concentrations demon-
strated a linear relationship between initial reaction velocities and
enzyme concentrations (Figure 1C). From this plot, the optimal
BfGADwt concentration for subsequent kinetic assays was
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determined. Interestingly, while varying L-glutamate concentra-
tions, the plot of substrate concentration versus initial velocity dis-
played a sigmoidal curve instead of a typical hyperbolic depen-
dence, suggestive of a cooperativity in BfGADy. Specifically,
we hypothesize that the observed sigmoidal curve may arise
from a conformational shift that modulates the affinity of the active
site for L-glutamate thus providing an example of a homotropic
allosteric regulation. From the fit of this plot with the hill equation
(Equation 2), the analyzed Kp 5 (Knai) Was 8.6 + 0.4 mM and Vax
was 0.86 + 0.04 mM/min with a hill coefficient of 1.7 (Figure 1D).
(Knai)" is also known as Korime (K'), which is equivalent to K, from
a hyperbolic kinetics of non-allosteric enzymes, when h = 1. How-
ever, in cooperative systems where h #1 like presented here for
BfGADwT, then K’ (Kha|fh) no longer represents the substrate
concentration required to achieve half of maximal velocity. Unlike
oligomeric conformations and spectral characteristics, the kinetic
parameters of BfGADw vary from previously investigated pro-
karyotic GADs.***'452 BfGAD,\ displayed a positive coopera-
tivity with the substrate L-glutamate. This aligns with studies on
other PLP-dependent and pyruvoyl-dependent decarboxylases,
which show that substrate-induced conformational changes can
influence their catalytic activity.”>** One such example is of a
PLP-dependent human ornithine decarboxylase where a catalyti-
cally active dimeric functional unit exhibited cooperativity with its
substrate.”® Similarly, a pyruvoyl-dependent histidine decarboxy-
lase displayed sigmoidal kinetics with increasing substrate con-
centration.>* While the physiological consequences of this cooper-
ativity in BfGAD need to be explored further, the data suggest
that cooperative binding and adaptability might help amplify the
response of an enzyme to changes in substrate concentration,
possibly making it more sensitive to the physiological substrate
concentrations and conditions.

Engineered BfGAD variants exhibit structural and
catalytic perturbations

Most microbial GADs are functionally active as dimers, with res-
idues from both monomers contributing to the active site.**™*?
The earliest microbial GAD structures with bound ligands were
solved for E. coli GADs (GADA: PDB ID 1XEY and GADB: PDB
ID 1PMM) (Figure S8).%°“° Two conserved residues of ECGADs,
phenylalanine 63 (F81 in BfGADwt) and aspartate 86 of the
neighboring subunit (D104 in BfGAD\ 1), make hydrogen bonds
with one of the carboxylates of ligands. Specifically, in GADB,
carboxylate of acetate forms H-bonds with the amide nitrogen
of F63 (F81 in BfGAD7) and the carboxylate side chain of D86
(D104 in BfGADwr), while, in GADA, carboxylate of glutarate in-
teracts similarly with these residues.®®“° These residues are
conserved across most gut microbial GADs, except for Egger-
thella lenta, which lacks a conserved phenylalanine (Figure S3).
Key residues for rational evolution of BfGADwr were then
selected based on interactions of ligands with EcGADs®%%%*°
(Figure S8B) and a recently solved ligand-bound structure of
glutamate decarboxylase (BtGAD) from Bacteroides thetaiotao-
micron.*? Specifically, structural alignments of glutarate-bound
EcGADA (PDB ID 1XEY) and BtGAD (PDB ID 7X51) with the
BfGADw dimer (created using AlphaFold2) guided the engineer-
ing of two BfGADyt variants: D104N and F81W, designed to test
substrate preference. Figures 2A and 2B highlight the active site
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positions of F81 and D104 in BfGADw (green), superimposed
with PLP and glutarate from EcGADA. Similarly, Figures 2C
and 2D show aligned structures of BfGADyr and BtGAD with
PLP and glutarate bound. The structures of variants BfGADp1g4n
and BfGADggqw Were also superimposed with ligand-bound
EcGAD and BtGAD structures, as shown in Figure 2.

The AlphaFold model predicts active site architecture of
BfGAD that is largely similar to EcGAD and BtGAD, though
positional shifts were observed, particularly for aspartate
(D104), which differed significantly between EcGAD and BfGAD.
However, substitutions introduced in the engineered variants
BfGADp104n @and BfGADgg4w altered H-bonding interactions be-
tween the substrate analog and active site residues. Despite
structural differences observed in the overlay, both variants
were successfully purified as holoenzymes (PLP-bound form)
under the same conditions as BfGADwr and retained activity.
Ultraviolet-visible (UV-vis) spectra at pH 4.7 revealed absorption
maxima at 335 and 420 nm for all three enzymes, with variations
in the relative proportions of these species (Figure 2E). In addi-
tion, progress curve analysis for the decarboxylation of
L-glutamate showed differing initial velocities where BfGADp1g4n
exhibited a 1.7-fold increase, while BfGADggqw showed a 2.5-
fold decrease compared to BfGADwr (Figure 2F). These
observed differences in catalysis by BfGAD variants highlight
the importance of F81 and D104 in substrate interaction and
demonstrate the impact of structural perturbations caused by
these substitutions. With these observations, we hypothesized
that the changes in these H-bonding interactions could poten-
tially provide a way to evolve new activity or specificity in engi-
neered BfGADs.

Wild-type and engineered BfGADs can decarboxylate
substrates other than L-glutamate

Our initial assays showed that the purified BfGADyr is able to
catalyze the conversion of L-glutamate to GABA. As a first
step to test our aforementioned outlined hypothesis, we con-
ducted activity assays with D-glutamate. We find that both
the wild-type and engineered BfGADs were unable to decarbox-
ylate D-glutamate (Figure S9). Microbial GADs from various
genera®® 1435657 show high substrate specificity toward
L-glutamate,*'°%°8:59 put instances of substrate promiscuity
are also found. For example, E. coli GAD can convert a phos-
phinic analog of glutamate to a phosphinic analog of GABA®’;
archaeal GADs can decarboxylate L-aspartate and L-cys-
teate®":%%; and certain mammalian GADs and their homologs
can decarboxylate one or more of the non-native substrates
such as L-aspartate, L-cysteate, and L-cysteine sulfinate to
produce B-alanine, taurine, and hypotaurine from their respec-
tive substrates.®* " Interestingly, mammals have additional de
novo pathways for the production of taurine and hypotaurine,
which primarily involves the enzyme cysteine sulfinic acid
decarboxylase (CSAD) that generates taurine and its intermedi-
ate hypotaurine by decarboxylating either L-cysteic acid (CA)
or L-cysteine sulfinic acid (CSA).°>®® In addition, mammalian
GADL1 (glutamic acid decarboxylase like 1) with very high
sequence similarity to CSAD, is also capable of producing
taurine.®>®° Alongside, mammalian GADL1 is also able to
generate B-alanine from L-aspartate.®®*®° B-alanine is a
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Figure 2. Structural and catalytic perturba-
tions of engineered BfGADs

(A) Aligned structures of EcGAD (1XEY, pink),
BfGADwt (model, green) illustrating the position of
the residue D104* (*residue from the neighboring
monomer), and BfGADp1p4n depicting the point
substitution D104N*(model, gray).

(B) Aligned structures of EcGAD (1XEY, pink),
BfGADwt (Mmodel, green) illustrating the position of
the residue F81, and BfGADggiw depicting the
point substitution F81W (model, gray).

(C) Aligned structures of BtGAD (7X51,
purple), BfGADwr (model, green) illustrating
the position of the residue D104* (*residue from
the neighboring monomer), and BfGADp1o4n
depicting the point substitution D104N*(model,
gray).

(D) Aligned structures of BtGAD (7X51, purple),
BfGADt (model, green) illustrating the position
of the residue F81, and BfGADggqw depicting
the point substitution F81W (model, gray).
The dashed lines indicate hydrogen bond in-
teractions of the amino acid residues with sub-
strate analog, glutarate (GUA), where pink
bonds are for interactions between EcGAD-
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precursor for the dipeptide beta-alanyl-L-histidine in humans,
commonly known as carnosine. Carnosine is found in muscles
and brain tissues at high concentrations.”””" In microbes,
B-alanine is a precursor for coenzyme A biosynthesis, which is
an important molecule in various metabolic pathways.”? Both
carnosine and B-alanine show protective effects in individuals
with cognitive deficits and Alzheimer’s.”®~"® Moreover, higher
serum concentrations of -alanine prevent dementia.”* Consid-
ering the structural similarities between L-glutamate and
L-aspartate and the ability of some GADs to use L-aspartate
as a substrate,®’**"® we hypothesized that BfGAD might
be able to produce B-alanine via the decarboxylation of
L-aspartate (Scheme 1).

In contrast to GAD, most prokaryotes (except for some marine
microbes) lack the major de novo pathway for taurine formation
via CSAD.®’ Interestingly, in these microbes, CSAD genes are
present in the operon containing cysteine dioxygenase (CDO)
enzyme that catalyzes the conversion of L-cysteine to L-CSA,
which then can be converted to hypotaurine and taurine (Fig-
ure S15). CDOs are not present in the members of the human
gut microbiome possibly due to the hypoxic and anaerobic
conditions of the gut. Despite an extensive bioinformatics
search, we did not find any gut microbial genes annotated
as CSAD. Due to the lack of the annotated CSAD enzymes
responsible for the de novo taurine biosynthesis, we further hy-
pothesized that BfGAD might be involved in the formation of
taurine and its derivatives in addition to GABA by using L-CA
(cysteate), L-CSA (cysteine sulfinate), and L-HCA (homocys-
teate) (Scheme 1).

If BfGADwt or engineered BfGADs are able to decarboxylate
substrates other than the native substrate L-glutamate, then
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30 GUA, yellow bonds are for interactions between
BfGAD-GUA, and purple bonds are for in-
teractions between BtGAD-GUA.

E) Spectra of PLP cofactor bound to the holoenzymes BfGADwr and engineered variants, depicting tautomers of internal aldimine at 335 and 420 nm.
F) Progress curves depicting initial velocities for reactions catalyzed by BfGADwr and variants (n = 3). Error bars represent SD.

the detection of the common product CO, will be a positive indi-
cator for the utilization of other substrates (Scheme 1). For this
reason, we used a headspace gas chromatography (GC) to
detect the CO, evolved from reactions catalyzed by either
BfGADt or engineered BfGADs with five different substrates
(Figure 3). CO, peaks produced by the reactions of BfGADwr,
BfGADp104n, and BfGADgg 1w With five different substrates were
visible with gas chromatograms immediately after 12.8 min
(Figures 3A, 3C, and 3E). Interestingly, CO, peak areas from the
decarboxylation reactions of the substrates after 24 h incubation
with BfGAD\yt showed significant production of CO, generated
from the decarboxylation of both L-glutamate (blue) and L-CSA
(red) (Figures 3A and 3B). To our knowledge, this is the first indi-
cation of a gut microbial GAD that can utilize L-CSA as a
substrate.

We also found that BfGAD\t was capable of decarboxylating
L-HCA (orange) and L-CA (green), albeit to a smaller extent, and
was able to decarboxylate L-aspartate (purple) (Figures 3A and
3B). Relative to the CO, production peak area with the native
substrate L-glutamate for BfGADwt, we observed 54%, 3%,
6%, and 20% of CO, production with L-CSA, L-CA, L-HCA,
and L-Asp, respectively, within 24 h, which increased to 75%
(L-CSA), 6% (L-CA), 7% (L-HCA), and 28% (L-Asp), respectively,
within 48 h (Figure S10A).

For BfGADpigsn, COo production is comparable to the
BfGADw while using native substrate L-glutamate. Compared
to the peak area of CO, production for L-glutamate (native
substrate), we observed around 16%, 11%, 3%, and 7% CO,
production from L-CSA, L-CA, L-HCA, and L-aspartate, respec-
tively, within 24 h (Figures 3C and 3D) that increased to 18% for
both L-CSA and L-CA and 7% for L-HCA and slightly decreased
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Scheme 1. Predicted substrates and prod-
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O*gﬁ)ko’ O*§/\/NH3 boxylation activity with L-CSA (Figures 3E

“O +NHj o) and 3F). It is interesting to note that

L-Cysteinesulfinate Hypotaurine a bulky substitution of tryptophan (W) at

position 81, instead of phenylalanine (F),

(L'CSA) made the enzyme more specific toward

o o Glutamate o the native substrate L-glutamate (Figures

¥ _ ¥ N 2B and 2D). Our GC data suggest that

O—?%O Decarboxylase O—ﬁ/\/NHS the substrate preference for BfGADwr

O +NHj GAD was L-Glu > L-CSA > L-Asp > L-

L- Cysteate C02 Taurine HCA > L-CA that changed to L-Glu > L-
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BfGADD104N. However, for BfGADF31w,

o. 0 O oL Jo . only L-glutamate and L-CSA showed

//SV\HJ\O_ S~ _NH; decarboxylation while L-glutamate was

o NH ) a much better substrate than L-CSA. Ab-

3 . solute quantification of CO5g was chal-

L-Homocysteate Homotaurine lenging due to its high solubility at acidic

(L-HCA) pH where we conducted our enzymatic

0 reactions. In these conditions, the CO,

- - - produced through the reaction might still

© o} OWNHs be in a soluble form as a dissolved COs,.

O +NHj3 o So, headspace GC was utilized as a tool

L-Aspartate [S-alan ine to identify alternate substrates by allowing

with L-aspartate within 48 h (Figure S10B). Based on the data
collected with BfGADwt and BfGADp1g4n, We find that the resi-
due Asp104 (D104) from the neighboring monomer plays a
crucial role in accommodating various substrates. This engi-
neered enzyme was also able to decarboxylate L-CSA, L-HCA,
and L-Asp in addition to the native substrate L-glutamate but
less efficiently than BfGADwr, and, specifically, the activity to-
ward L-CSA was significantly impacted. It is likely that the nega-
tive charge of the side-chain carboxylate from D104 is important
for the specificity toward alternative substrates L-CSA, L-HCA,
and L-Asp but not for the native substrate L-glutamate. As a
result, when the charge was removed due to the substitution of
Asp (D) to Asn (N) at position 104, the catalysis with these alter-
nate substrates was affected, but not with the native substrate
L-glutamate. Interestingly, we noticed a 2- to 2.5-fold increase
in the production of taurine with this evolved enzyme compared
to BfGADy (Figure 3D), indicating that the substitution from D to
N was favorable for taurine production.

The second engineered enzyme, BfGADgg1y retained its activity
with the native substrate L-glutamate, but, as demonstrated by its
initial velocity measurement, it was slower compared to BfGADyt
(Figure 2F). Relative to the CO, peak area of BfGADwt or
BfGADp1p4n With the native substrate L-glutamate, BfGADgg 1wy
showed the peak area of around 93%. Additionally, there
was minimal decarboxylation activity of BfGADggiw with L-CA,

detection of CO, peak that served as
a preliminary confirmation of our hypothe-
sis by providing indication of enzymatic
decarboxylation of diverse substrates by the wild-type and vari-
ants of BfGAD.

Wild-type and evolved BfFGADs produce multiple
neuromodulatory molecules

The generation of CO, in reactions facilitated by BfGAD and its
engineered variants prompted further testing of our hypothesis
via the detection and identification of products resulting from
decarboxylation with diverse substrates. Both BfGADyt and
BfGADp104n appear to produce decarboxylated products —hypo-
taurine, taurine, homotaurine, and B-alanine from substrates
L-CSA, L-CA, L-HCA, and L-Asp, respectively (Figures 4A-4D;
Figures S11A-S11D). Chromatograms showed that BFGADy de-
carboxylated L-CSA and L-Asp to produce hypotaurine and
B-alanine more efficiently than BfGADp4o4n (Figures 4A and 4C).
However, BfGADp o4y Was better at decarboxylating L-CA to
taurine than BfGAD (Figure 4B). We do not observe much of de-
carboxylated product taurine with BfGADyt from L-CA decarbox-
ylation during 24 h incubation, whereas BfGADp94n ShOws a sig-
nificant production of taurine during this time frame (Figures 4B
and S11E). While our CO, evolution experiments have shown
that BfGADy can catalyze L-CA decarboxylation in 24 h, the
failure to observe decarboxylated product may be attributed
to the low concentration of taurine produced, making it undetect-
able on a thin-layer chromatography (TLC) plate. Both enzymes
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BfGADyt and BfGADp4q4n Were able to catalyze the decarboxyl-
ation of L-HCA to homotaurine to a very small extent (Figure 4D).
We also verified that the product from the L-Asp decarboxylation
was B-alanine and not L-alanine. Although, the R¢ (retention factor)
values were almost similar for -alanine and L-alanine, the staining
with ninhydrin differs for these molecules. B-alanine exhibited a
purple color whereas L-alanine shows a brick red color with ninhy-
drin stain (Figure S11C). Despite the detection of CO, during the
decarboxylation activity of BfGADggqyw with L-CSA (Figure 3F),
we did not observe detectable hypotaurine spots on the TLC plate
(Figure S12A). It is possible that the low hypotaurine produced by
BfGADEggw may not be within the mM range required for our assay.
As expected, we did not find any activity of BFGADggqw With L-CA,
L-Asp, and L-HCA, and, in line with GC data, we did not detect
taurine, B-alanine, and homotaurine even after 48 hincubation (Fig-
ure S12A and S12B). The data presented here, along with the GC
data (Figure 3), support the conclusion that BfGAD is capable of
producing a range of compounds with known neuromodulatory
activity.

BfGAD,yt and BfGADp04n generate neuromodulatory
molecules at differential abundances, even when
presented with a mixed substrate pool

In a complex gut environment, a microorganism encounters mul-
tiple substrates simultaneously. To investigate how BfGADwt
functions in a complex environment, we conducted competition
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Figure 3. Wild-type and engineered

BfGADwr BfGADs can decarboxylate multiple sub-
strates

(A, C, and E) Chromatograms showing the CO,
peaks obtained from the decarboxylation re-
actions of multiple substrates after 24 h incuba-
tion with (A) BfGADWT, (C) BfGADD104N, and (E)
BfGADgg 1w using headspace GC (n = 3, only one
representative CO, peak is depicted for every re-
action).

(B, D, and F) The CO, peak areas are depicted
for the decarboxylation of various substrates
after 24 h incubation with (B) BfGADwr, (D)
BfGADp1osn, and (F) BfGADggiw. Error bars
represent SD (n = 3).

Various substrates are presented as specific
colors, which are consistent in all panels where
L-glutamate is blue, L-CSA is red, L-Asp is purple,
L-HCA is orange, and L-CA is green.

v R ¥
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BfGADb104n
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v
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assays between various substrates. The
presence of decarboxylated products in
mixtures containing the native substrate
L-glutamate with a specific alternate
substrate was detected. The data with
BfGAD\yt indicate that when the concen-
tration ratio of the native substrate to
the alternative substrate was 1:1, GABA
was predominantly seen as the primary
decarboxylated product (Figure S13F).
However, when the concentration ratios
were changed to 1:5 (L-Glu with L-CSA/
L-Asp) and 1:10 (L-Glu with L-CSA/L-CA/L-Asp), a gradual in-
crease over time was observed in the formation of the alternative
decarboxylated products—hypotaurine, taurine, and B-alanine
(Figures 5, 6, and 7). For the BfGADy-catalyzed decarboxylation
reactions of L-CSA and L-Asp, the resulting products hypotaur-
ine and B-alanine could be observed when these substrates
were in 5-fold excess to the native substrate L-glutamate. How-
ever, the accumulation of products hypotaurine and B-alanine
becomes significant only after 9 h (for B-alanine) to 24 h (for hypo-
taurine) (Figures S13D and S13E). In contrast, when L-CSA and
L-Asp are used in 10-fold excess of L-glutamate, the resulting
products, hypotaurine and B-alanine (peaks highlighted in pink),
started accumulating significantly much earlier around 3 h (Fig-
ures 5 and 7). We did not observe the accumulation of taurine
even when 10-fold excess of L-CA was mixed with L-glutamate
in the BfGAD\r-catalyzed reaction (Figure 6). However, as
mentioned earlier, we were able to detect CO, in the same time
frame (48 h) in the reaction catalyzed by BfGADt when L-CA
was provided as the sole substrate (Figure S10A). The inability
to detect taurine might be because of the low concentrations pro-
duced under the competitive environment of the mixed substrate
pool. Unlike BfGADwT, BfGADp104n Was able to decarboxylate
and accumulate taurine (peaks highlighted in pink) to a small
extent when L-CA is mixed with L-glutamate at a 10-fold excess
concentration, especially between 24 and 48 h (Figure 6). Inter-
estingly, in all mixed substrate experiments, we observed
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Figure 4. Production of multiple nheuromodulatory
molecules by wild-type and evolved BfFGADs
Intensity analysis of TLC plates depicting intensity plots for
each lane. The peak size is proportional to the intensity of
the sample spot on the TLC plate.

(A) Production of hypotaurine from the decarboxylation of
L-CSA catalyzed by BfGADwt and BfGADp1o4n in 24 h as
indicated by TLC intensity analysis. For intensity plots,
peaks highlighted in pink are for the substrate L-CSA and
peaks highlighted in blue are for the product hypotaurine.
(B) Production of taurine from the decarboxylation of L-CA
catalyzed by BfGADyr and BfGADpo4n in 24 h as indi-
cated by TLC intensity analysis. For intensity plots, peaks
highlighted in pink are for the substrate L-CA and peaks
highlighted in blue are for the product taurine.

(C) Production of B-alanine from the decarboxylation of
L-Asp catalyzed by BfGADwt and BfGADpo4n in 24 h as
indicated by TLC intensity analysis. For intensity plots,
peaks highlighted in pink are for the substrate L-Asp and
peaks highlighted in blue are for the product B-alanine.

(D) Production of homotaurine from the decarboxylation of
L-HCA catalyzed by BfGADwt and BfGADp1o4n in 24 h as
indicated by TLC intensity analysis. For intensity plots,
peaks highlighted in pink are for the substrate L-HCA and
peaks highlighted in blue are for the product homotaurine.
The original TLC plates are shown in Figure S11.
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Figure 5. BfGADWT and BfGADD104N
generate hypotaurine when presented with
a mixture of L-glutamate and L-CSA

Intensity analysis of TLC plates for various time
points of decarboxylation reactions catalyzed by
BfGADwt and BfGADpo4n for mixed substrates
where the concentration ratio of L-glutamate to

Substrate L-CSA is 1:10. Standards of L-glutamate, L-CSA,
L-Glu GABA, and hypotaurine were included as refer-
SllLb(s:tsr:fe ences. Production of hypotaurine (peaks high-

lighted in pink) can be seen as the peak area in-

1:10 GIJ:CSA Stan(}ards 1:10 Gl!I:CSA creases over time. GABA peaks are highlighted in
+ BfGADwr + BfGADp10an blue, peaks for the substrate L-CSA are high-
lighted in beige, and peaks for the substrate
1.2 1.2 L-glutamate are in brown. Spots visible on TLC
3h 3h .
064 064 plates from top to bottom show corresponding
/\~’—~/\‘ M intensity peaks from left to right.
0.0 .0
1.2 2
9h 9h
0 0.0 their presence and mass in mixed sub-
1.2 2ah 1.2 2ah strate assays where L-glutamate to
0.6 0% L-CSA or L-CA ratios were 1:10, which
_/\._/ﬂ _/\_,,_/\ confirmed the results of the TLC data.
9 09 The qualitative analysis of these mole-
- 30h 2 30h cules was conducted using multiple reac-
°-G'/\_)/\/‘\ °-‘*M’\ tion monitoring (MRM) mode by running
0 0.0 mixed standards (Figure S14). The native
12 28h 12 a8h substrate and product, L-glutamate and
0.6 o GABA, in these samples were previously
/\~/\/—\ L~ confirmed by both TLC and GABase
1":' ‘:f assay prior to liquid chromatography-
* Hypotauring] Hypotaurine tandem mass spectrometry (LC-MS/MS)
O-G-A O-G-A analysis. The product hypotaurine and
0 0.0 the remaining L-CSA substrate were pre-
1.2 1.2 sent in the mixed substrate reactions with
056 PABA 064 §ABA a 1:10 ratio of L-glutamate:L-CSA cata-
/L“__d_ A_w lyzed by BfGADwr (Figure 8A) whereas
9 o9 taurine and remaining L-CA were found
2 csal ? CSA in the mixed substrate reactions with a
0.6 0.6 1:10 ratio of L-glutamate:L-CA catalyzed
” — o A by BfGADp1o4n (Figure 8B).
2 12 In conclusion, we report that BFGADw
064 Glu 064 Glu is a promiscuous enzyme capable of de-
k k carboxylating four additional substrates,
0 0.0 structurally similar to L-glutamate, to
12 Control] Control produce known neuromodulatory mole-
O-G-M 0'6—.,‘..._4./\/\ cules such as hypotaurine, taurine,
homotaurine, and p-alanine. Through

maximum accumulation of the native product GABA (peaks high-
lighted in blue) within 3 h. The intensity peaks showed no further
increase after 3 htime point. This shows that even in the presence
of other substrates the native activity of L-glutamate decarboxyl-
ation occurred at the highest velocity for all BFGADs compared to
the decarboxylation reactions of other substrates.

The decarboxylated products hypotaurine and taurine
were analyzed using liquid chromatography-electrospray ioniza-
tion-tandem mass spectrometry (LC-ESI-MS/MS) to confirm

8 iScience 28, 112289, April 18, 2025

rational enzyme engineering, we gener-

ated an evolved BfGAD variant that pro-
duces twice as much taurine as the wild-type enzyme. These
findings open up new avenues for developing novel bio-
catalysts and exploring therapeutic applications, as well as
for scaling up the enzymatic production of neuromodulatory
compounds by microbes that reside in the gut. Future work
will focus on investigating the physiological significance of
these BfGAD-derived neuromodulatory compounds in animal
models, as well as optimizing the specificity and catalytic effi-
ciency of BfGAD for potential therapeutic applications.
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Figure 6. BfGADpiosn generates taurine
when presented with a mixture of
L-glutamate and L-CA

Intensity analysis of TLC plates for various time
points of decarboxylation reactions catalyzed by
BfGADywt and BfGADposn for mixed substrates

Contre,

Sull-)-sthate where the concentration ratio of L-glutamate to
u L-CA is 1:10. Standards of L-glutamate, L-CA,
Suf_sér:te GABA, and taurine were included as references.

Production of taurine (peaks highlighted in pink)

Y Y Y
1:10 Glu:CA Standards 1:10 Glu:CA can be seen as the peak area increases over time
+ BfGADwr + BfGADp1oan for BfGADp104n-Catalyzed reactions. GABA peaks
are highlighted in blue, peaks for the substrate
1.2 1.2 L-CA are highlighted in beige, and peaks for the
3h 3h ) iy
0.64 0.6 substrate L-glutamate are in brown. Spots visible
' M ’ o 7\ on TLC plates from top to bottom show corre-
0.0 0.0 sponding intensity peaks from left to right.
1.2
9h 9h
0.6-/\,_,._..../\ . 3 7\
0.0 0.0
1.2 1.2
24h 24h
0.6-_/\.__.__./\ 0-6-./\_.__.,_../\
0.0 .0
12 3on| '° 30h
0.6-_/\.______/\ O.G-M
0.0 .0
2 2
48h 48h
0.6-_..»/\._\,______/_\ 0.6___./\__,\,~/\.
0.0 0.0
1.2 - 1.2
Taurine Taurine
0.6-___,__,___,/\.&./ 0.6_________/\_&_/
.0 0.0
1.2 1.2
GABA GABA
0.6-| N 0.6 ~
0.0 0.0
1.2 1.2
CA CA
0.6-| 2 0.6 -
0.0 0.0
1.2 1.2
Glu Glu
0.6 /\ 0.6 /\
1 1
Control Control

Limitations of the study

Current limitations include the reliance on AlphaFold2-predicted
BfGAD structures, which might limit the accuracy of conforma-
tions for the wild-type and engineered BfGADs. In addition,
reaction kinetics for substrates other than L-glutamate remain
unknown with all studied BfGADs. A deeper understanding of
the capacity of B. fragilis to produce and secrete these neuromo-
dulatory molecules is necessary before pursuing potential bio-
therapeutic applications.

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to the lead
contact, Dhara D. Shah (dhara.shah1@asu.edu).

Materials availability

There are restrictions to the availability of plasmids to generate BfGAD variant
enzymes or purified preparations of these variant forms due to a pending pat-
ent application.
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Figure 7. BfGADWT and BfGADD1o4N
generate pB-alanine when presented with a
mixture of L-glutamate and L-aspartate

Intensity analysis of TLC plates for various time
points of decarboxylation reactions catalyzed by

cOn troj

Product - Substrate BfGADwt and BfGADp1o4n for mixed substrates
GABA ‘T L-Glu where the concentration ratio of L-glutamate to
Produ_ct -» « Substrate L-aspartate is 1:10. Standards of L-glutamate,
B-alanine L-ASP L-aspartate, GABA, and B-alanine were included
as references. Production of B-alanine (peaks
> \ ) highlighted in pink) can be seen as the peak area
1:10 é|U:ASP Standards 1:10 Glu:Asp increases over time. The increase over time for
+ BfGADwr + BfGADp10an BfGADp+o4n is Very clear from 3 to 9 h. Due to the
1.2 1.2 differences in the background intensity of the TLC
3h 3h plate in areas containing 3 and 9 h samples vs.
0.6 0.6 areas containing 24, 30, and 48 h samples from
0.0 J\_/\__/\ . BfGADp4o4n-Catalyzed reaction, the increase in
1': 1' the intensity peak is not uniform. GABA peaks are
“ 9h “ 9h highlighted in blue, peaks for the substrate
0.6 0.6 L-aspartate (L-Asp) are highlighted in beige, and
peaks for the substrate L-glutamate are in brown.
0.0 0.0 Spots visible on TLC plates from top to bottom
12 24h 1.2 24h s‘how corresponding intensity peaks from left to
0.6- 0.64 right.
0.0 0.0
1.2 1.2
48h 30h
0.6 0.6+
0.0 AN 0.0 /\
1.2 " 2
B- alanine| 48h
0.6 J\ 0.6
oo N SEANE
1.2 2
GABA B- alanine|
0.6 0.6 J\
0.0 0.0
1.2 2
Asp| GABA
0.6 /\ 0.6
0.0 .0
1.2 2
Glu Asp|
) B /\
1.2
Control Glu
0.6 0.6
I WAN N -
Control
0.6
i A
Data and code availability ACKNOWLEDGMENTS

e Allthe data reported in this article will be shared by the lead contact upon

request.

e The original code generated

in

this study has been

deposited at Zenodo and GitHub and is publicly available as of
the date of publication. The URL is listed in the key resources

table.

e Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.

10  iScience 28, 112289, April 18, 2025

This research is supported by the seed grant from Edson Initiative for Dementia
Care and Solutions to D.D.S. A.S. was supported by an NIH-NIGMS MIRA
award R35GM147131. We acknowledge resources and support from the
Knowledge Enterprise Biosciences Core Facilities at Arizona State University.
We also thank Dr. Rosa Krajmalnik-Brown and Christopher Muse from the Bio-
design Center for Health Through Microbiomes for the help with headspace
GC. All figures were created using BioRender.com.



iScience ¢? CellPress

OPEN ACCESS

Figure 8. Hypotaurine and taurine detection

A Glu:CSA (1:10) incubated with BfGADywr B Glu:CA (1:10) incubated with BFGADp1osn

via LC-MS/MS from BfGADwr- and
2x106 _ 4x104 2.5%x10¢ BfGADp1o4n-catalyzed mixed substrate re-
r_* 3%104 586 6.81 — HT .:-,- ,': 6.38 — Taurine Lox106 E actions
x — CsA  [1.5x106% = 3x1041 576 — CA [
2 2%10%- o 2 . L1.5%106 B, (A) lon chromatograms of product hypotaurine
Z) r1x106 = § 2x10% L 1x106 E and the remaining L-CSA substrate in the
,g 1%1044 L 5x105 a E 1%104 L 5x105 g mixed substrate reactions with a 1:10 ratio of
- 2z = L-glutamate:L-CSA catalyzed by BfGADyr.
04 é é 100 04 é é 100 (B) lon chromatograms of taurine and remaining
Time (min) Time (min) L-CA in the mixed substrate reactions with a

1:10 ratio of L-Glutamate:L-CA catalyzed by
BfGADD1o4N.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

E. coli BL21(DE3) New England Biolabs C2527H

E. coli NEB5a New England Biolabs C2987H
pET28a Lab stock

Chemicals, peptides, and recombinant proteins

kanamycin Sigma-Aldrich Cat#K1377
GABase Sigma-Aldrich Cat#G7509
B-ME Sigma-Aldrich Cat#1610710
a-ketoglutarate Sigma-Aldrich Cat#K1128
D-glutamic acid Sigma-Aldrich Cat#G1001
L-cysteine sulfinic acid monohydrate Sigma-Aldrich Cat#270881
L-cysteic acid monohydrate Sigma-Aldrich Cat#30170
GABA Sigma-Aldrich Cat#A5835
Hypotaurine Sigma-Aldrich Cat#H1384
Taurine Sigma-Aldrich Cat#T0625
Homotaurine Sigma-Aldrich Cat#A76109
L- Homocysteic acid Sigma-Aldrich Cat#H9633
L-aspartic acid sodium salt Sigma-Aldrich Cat#A6683
B-alanine Sigma-Aldrich Cat#146064
HEPES Sigma-Aldrich Cat#H3375
Imidazole Sigma-Aldrich Cat#12399
pyridoxal5’-phosphate monohydrate Sigma-Aldrich Cat#82870
TLC Silica gel 60 Fas4 Sigma-Aldrich Cat#1.05721
Sodium L- glutamate monohydrate Fisher Scientific Cat#G0188
Luria-Bertani Broth (LB) Fisher Scientific Cat#BP14262
Sodium chloride Fisher Scientific Cat#S271
NADP™ disodium salt Fisher Scientific Cat#481972
Sodium acetate Fisher Scientific Cat#S210
IPTG Fisher Scientific Cat#AM9462
ninhydrin Fisher Scientific Cat#A10409.18
Acetone Fisher Scientific Cat#67-64-1
Tris-HCL Fisher Scientific Cat#H5121
Ndel New England Biolabs Cat#R0111S
Hindlll New England Biolabs Cat#R3104S
BfGADwt This study

BfGADgg1w This study

BfGADp104n This study

Recombinant DNA

pET28a-BfGAD This study

pPET28a-BfGADp10an This study

PET28a-BfGADEgg1w This study

Software and algorithms

Code needed for TLC image analysis This study Zenodo: https://zenodo.org/records/

14962663
GitHub: https://github.com/Pavani-dadi/
TLC_profile

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Alphafold2 Jumper”’ https://alphafold.com/

PyMOL Schrodinger https://pymol.org/

CIPRES Miller’® https://www.phylo.org/

MAFFT in CIPRES Katoh”® https://www.phylo.org/tools/mafft_xsede.
html

iTOL Letunic®® https:/itol.embl.de/

FastTreeMP in CIPRES Price®"%? https://www.phylo.org/tools/fasttree_
xsede.html

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The bacterial strains used in this study are listed in the key resources table. Two primary Escherichia coli strains were used: NEB5a. for
cloning and BL21(DES3) for protein overexpression. Both strains were stored at -80°C and cultivated at 37°C in Luria-Bertani (LB) me-
dium supplemented with kanamycin at 50 pg/mL for plasmid selection.

METHOD DETAILS

Gene cloning

A synthesized gene for B. fragilis glutamate decarboxylase (BfGAD) was created with the help of Genewiz from Azenta life sciences.
The gene was codon optimized for expression in E. coli cells, which was then subcloned into a pET28a expression vector between the
Ndel and Hindlll restriction sites to incorporate an N-terminal hexahistidine (Hisg) Tag. The pET28a-BfGAD construct was confirmed
by agarose gel electrophoresis, restriction digestion, sanger sequencing (Genewiz), and full plasmid sequencing (Plasmidsaurus) and
then transformed into E. coli NEB5a and E. coli BL21(DE3) competent cells by heat shock. Glycerol stocks of the cells harboring the
construct pET28a-BfGAD were stored at —-80°C.

Expression and purification of BFGAD,,t and engineered BfGADs

E. coli BL21(DE3) cells containing the pET28a-BfGADs were cultivated in LB medium containing kanamycin (50 png/mL) with shaking
(200 rpm) at 37°C until ODggg reached 0.7. At this point, the BfGAD expression was induced with isopropyl f-D-1-thiogalactopyrano-
side (IPTG) to a final concentration of 1 mM and growth was continued at 37°C for 3 hours to allow for protein expression with contin-
uous shaking at 200 rpm. Cells were harvested via centrifugation at 4000g for 30 min at 4°C and cell pellets were stored at -80°C. The
frozen cell pellets were thawed on ice and resuspended in buffer A containing 20 mM Tris-HCI, 500 mM NaCl, 40 mM imidazole,
0.1 mM PLP, pH 7.8. All subsequent purification steps were carried out at 4°C. The cells were disrupted by sonication (20000 Hz
for 10 cycles of 30 seconds each altering 1 minute on ice) and centrifuged at 135009 at 4°C for 30 min to separate supernatant
from cell debris. The supernatant was then filtered through 0.2 um PES filter membrane and loaded onto a HisTrap HP
column (5 ml, 1.6 x 2.5 cm, Ni Sepharose High-performance column, GE Healthcare, now Cytiva) pre-equilibrated with buffer A at
1 mL/min. The wash step was carried out by running 5-column volumes of lysis buffer A to elute contaminating proteins. BfGAD
was eluted with a linear gradient from buffer A (containing 40 mM imidazole) to an elution buffer B containing 20 mM Tris-HCI,
500 mM NaCl, 400 mM imidazole, 0.1 mM PLP, pH 7.8 at 2 mL/min. Eluted protein peaks were pooled, buffer exchanged and concen-
trated to a final buffer (50 mM HEPES, pH 7.2) using Vivaspin 50 kDa MWCO filters (Cytiva). Aliquots of purified proteins were stored
at —80°C. Engineered BfGADs were purified similarly. SDS-PAGE analysis and activity assays were performed to confirm the purity
and presence of functional BfGAD proteins.

Gel filtration chromatography with BfGADt

To understand oligomeric state of BfGADywr, gel filtration chromatography was performed at two different pH, 4.7 (50 mM sodium
acetate, 150 mM NaCl) and pH 7.2 (50 mM HEPES, 150 mM NaCl), and in the presence of external PLP (overnight incubation of
BfGADyt was carried out with 2 mM PLP before gel filtration chromatography) using HiPrep™ 16/60 Sephacryl® S-200 HR column.
Equilibration and elution steps were carried out at a flow rate of 0.5 mL/min. High molecular weight (HMW) and Low molecular weight
(LMW) calibration kits (Cytiva) were used for column calibration, to create a standard curve, and for molecular weight determination
(Figures S6B and S6C).

Activity assays

BfGAD activity assays were performed by a coupled enzyme assay with a GABase system to measure GABA production
spectrophotometrically. Briefly, BfGAD was incubated with 50 mM L-glutamate in 50 mM sodium acetate, pH 4.7 buffer or in buffers
at other pH values for one hour at 25°C. Enzymatic reactions were stopped by boiling samples for 15 min. These samples were then
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centrifuged at 6000g for 5 min and if necessary, dilutions were created in 50 mM Tris-HCI, pH 8.6. For GABA measurement, 75 puL of
samples (either diluted or undiluted) were added to 25 uL of Gabase assay mix containing 10 mM BME, 2 mM a-ketoglutarate,
600 uM NADP*, and 30 pg (0.015U/mL) of GABase in 50 mM Tris-HCI, pH 8.6.%9%%%¢ |n the GABase assay, GABA is converted to
succinic semialdehyde (SSA) and then to succinate with subsequent production of NADPH which was measured at 340 nm. Using
an extinction coefficient of 6,220 M~ cm™ at 340 nm, NADPH concentrations were calculated which will provide GABA concentra-
tions in measured samples ((NADPH]=[GABA]). Activity assays with D-glutamate were carried out similarly.

BfGAD absorbance spectrophotometry and activity assays with pH variation
Spectra of BfGADwt were recorded from 200 nm - 800 nm in buffers at pH 4.7, 5.5, 6.7, 7.5, and 8.6 at 25°C on Agilent Cary
3500 UV-Vis spectrophotometer. From these spectra, absorbance changes at 335 nm (enolimine) and 420 nm (ketoenamine) for
enzyme bound PLP cofactor were collected. A plot of pH versus absorbance at 420 nm was generated and the curve fitting was car-
ried out using Equation 1.%°

AbsHnE — AbsE [10*””"]

Abs — Absk 1= [10-eH] (Equation 1)

Where pK is the acid dissociation constant, number of protons involved in the titration is n and, AbsHnE and AbsE are the absor-
bances at acidic and basic pH which produce protonated and deprotonated forms of the enzymes. The initial activity assays for
the BfGADyt were performed in buffers at pH 4.7 - 8 with GABase assay system as mentioned in the above method. Based on
the results of these activity assays, all subsequent enzymatic assays were carried out at pH 4.7.

Steady-state kinetics

Kinetic parameters of BfGADy were determined by varying BfGAD concentrations (25 nM-100 nM) and by varying L-glutamate
concentrations (0.125 mM-32 mM) in 50 mM sodium acetate, pH 4.7 at 25°C. For enzyme concentration variation experiments, re-
action samples with each enzyme concentration were collected at 1 min time point after starting the reaction and then stopped by
boiling for 15 min. Once cooled to room temperature, these samples were analyzed for GABA content with GABase assay as
mentioned above. For the substrate concentration variation experiments, 100 pL aliquots of reactions with each substrate concen-
tration were collected at different time intervals (0.2 — 30 min). The reactions were stopped by boiling the samples for 15 minutes.
Once cooled to room temperature, these samples were analyzed for GABA content with GABase assay as mentioned above. The
initial velocities of various reactions were calculated by fitting data of early timepoints to a linear regression. These initial velocities
were then plotted against substrate concentrations and curve fitting was carried out using Equation 2.

Vmax[S]"

) m (Equation 2)

Where v is the initial velocity, Vmax is the maximum velocity, Ky 4 is the concentration of substrate at which the reaction velocity is half
of Vinax, [S] is the substrate concentration, h is the hill coefficient.

Generation of engineered BfGAD variants
The pET28a-BfGAD was used as a template for the generation of engineered BfGAD variants. BfGADp1g4n and BfGADggqw Were
created by site-directed mutagenesis with Phusion DNA polymerase using the following primer pairs incorporating codons for the
specific amino acid substitution (bold).

For BfGADD104N

F: 5 CCGCAATGCGCGGATATTCGGTTTCATTAATATAGTTAATG 3’
R: 5" CATTAACTATATTAATGAAACCGAATATCCGCGCATTGCGG 3’

For BfGADF81 w

F: 5 CATCCATATAGGTGGTCACCCAGGTCGCCAGGTTCAGGCGCG &
R: 5 CGCGCCTGAACCTGGCGACCTGGGTGACCACCTATATGGATG &

The variants were confirmed by gene sequencing (Genewiz) and full plasmid sequencing with Plasmidsaurus.

CO,, detection by headspace gas chromatography

All enzymatic reactions and controls were prepared in 6 mL vials and sealed prior to starting the reaction. The reactions were started
by the addition of BFGAD (WT or engineered variants) with a syringe into the reaction mixture containing 50 mM substrate in 50 mM
sodium acetate, pH 4.7. These vials were incubated at 37°C for 24 hours and 48 hours. Headspace GC measurements were carried
out on an Agilent 8890 gas chromatograph system equipped with a flame ionization detector (FID) and a Hayesep Q packed column
(1.8 mx 2 mm x 3.17 mm) (Agilent) operating with an Argon carrier gas (flow rate= 5 mL/min). The oven was programmed to hold 30°C
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for 6.5 min, ramp at 30°C/min to 280°C with a hold for 4 min for a total run time of 18.83 min. The flame ionization detector was used
for the detection of CO, gas with a temperature setting of 275°C, hydrogen flow of 60 mL/min, air flow of 400 mL/min and constant
makeup gas (nitrogen) at 5 mL/min. The retention time for CO, gas was 12.83 min. Multiple standards of CO, gas were analyzed by
this method to confirm retention time before injecting reaction samples (Figure S16).

Thin layer chromatography (TLC)

Silica gel plates (stationary phase) with a solvent system (mobile phase) of 3:1:1 ratio of butanol: acetic acid: H,O were used to sepa-
rate reaction products from substrates.®” 2 uL of reaction mixtures were spotted on glass silica plates along with 10 mM of various
metabolites (L-glutamate, D-glutamate, L-CSA, L-CA, L-HCA, L-Aspartate, GABA, hypotaurine, taurine, homotaurine and B-alanine)
as standards. Separation via TLC was carried out at 25°C for 3-4 hours in an above-mentioned mobile phase. Once mobile phase
reached a sufficient height on the TLC plate, chromatographic separation was discontinued. Plates were treated with 0.5% ninhydrin
in acetone (w/v) and heated minimally with a dryer for the color development. The TLC plate images were initially inverted via ImageJ
and then intensity of each spot was quantified by a custom python code.

Liquid chromatography with tandem mass spectrometry (LC-MS/MS) detection of decarboxylated products from
reactions catalyzed by BfGADs (WT and engineered variants)

Samples were analyzed by ESI-LC-MS/MS in positive (products) and negative ion (substrates) mode using a Thermo vanquish LC
and TSQ Altis Triple Quadrupole Mass Spectrometer. Samples were separated by gradient elution using Agilent Infinity lab Poroshell
120 HILIC-Z 2.1 x 100 mm, 2.7 um column at 25°C with 20 mM ammonium formate, pH 3.0 (Solvent A) and 20 mM ammonium formate
in 9:1 acetonitrile: H,O, pH 3.0 (Solvent B). Elution was initiated at 70% B for 11.5 min, followed by gradient elution from 70 to 100% B
over 11.5 min, and 100% B for 4 min at a flow rate of 0.5mL/min. The precursor to product transitions of m/z [M+H] 152 —
88.1(Cysteine sulfinic acid), [M+H]” 168 —» 81.1(Cysteic acid), [M+H]*110.1 — 45.1(hypotaurine), [M+H]*126.1— 44.1(taurine)
were employed to monitor substrates and products.

Multiple sequence alignment and phylogenetic analyses of gut microbial GADs

All the protein sequences were obtained from NCBI. Multiple sequence alignments were performed using Clustal Omega (1.2.4) tool
with default parameters.s&89 The phylogenetic trees were created for GADs using cyberinfrastructure for phylogenetic research
(CIPRES).”® Within CIPRES, the MAFFT on XSEDE (7.505)"° was utilized to create a separate multiple sequence alignment that
goes through FastTreeMP on XSEDE(2.1.10)®"% to obtain the phylogenetic tree files which can be visualized and annotated with
Interactive tree of life (TOL v6.8.1).5°

BfGAD dimer generation with the AlphaFold2 and visualization, structural alignments, and mutagenesis via PyMOL
The dimer structure of wildtype BfGAD was generated using AlphaFold2’” and visualized using PyMOL. Variants were then created
using the mutagenesis wizard in PyMOL. Rotamers for the altered residues were selected based on their best fit to the position of
wild-type residues in the BfGAD protein. All structural alignments were carried out using PyMOL align method, involving five iteration
cycles and a cutoff of 2 A.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis was performed using GraphPad Prism. The specific statistical parameters are reported in the relevant figure leg-

ends. All data points on graphs represent the average of n experimental replicates, where n ranges from 2 to 4. Error bars on all graphs
represent SD.
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