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Abstract
Taurine, the most abundant free amino acid in mammals, with many critical roles such as neuronal
development, had so far only been reported to be synthetized in eukaryotes. Taurine is the major
product of cysteine metabolism in mammals, and its biosynthetic pathway consists of cysteine
dioxygenase and cysteine sulfinic acid decarboxylase (hCSAD). Sequence, structural, and
mutational analyses of the structurally and sequentially related hCSAD and human glutamic acid
decarboxylase (hGAD) enzymes revealed a three residue substrate recognition motif
(X1aa19X2aaX3), within the active site that is responsible for coordinating their respective
preferred amino acid substrates. Introduction of the cysteine sulfinic acid (CSA) motif into hGAD
(hGAD-S192F/N212S/F214Y) resulted in an enzyme with a >700 fold switch in selectivity
towards the decarboxylation of CSA over its preferred substrate, L-glutamic acid. Surprisingly, we
found this CSA recognition motif in the genome sequences of several marine bacteria, prompting
us to evaluate the catalytic properties of bacterial amino acid decarboxylases that were predicted
by sequence motif to decarboxylate CSA but had been annotated as GAD enzymes. We show that
CSAD from Synechococcus sp. PCC 7335 specifically decarboxylated CSA and that the bacteria
accumulated intracellular taurine. The fact that CSAD homologues exist in certain bacteria and are
frequently found in operons containing the recently discovered bacterial cysteine dioxygenases
that oxidize L-cysteine to CSA, supports the idea that a bona fide bacterial taurine biosynthetic
pathway exists in prokaryotes.

Cysteine sulfinic acid decarboxylase (CSAD, EC 4.1.1.29), a member of the aspartate
aminotransferase fold type I superfamily (AAT_I), catalyzes the rate limiting step in the
biosynthesis of taurine (2-aminoethanesulfonic acid), the most abundant non-peptidic amino
acid in the human body and the main end-product of cysteine metabolism in mammals (1).
Taurine is involved in a variety of physiological functions (2) including neurotransmission
(3), neuromodulation, neuroprotection (4), osmoregulation (5), modulation of protein
phosphorylation (6), trophism in the development of central nervous system (CNS),
regulation of calcium homeostasis (3), and bile salt formation in the liver. The synthesis of
this amino acid starts with the oxidation of L-cysteine (L-Cys) to cysteine sulfinic acid
(CSA) by cysteine dioxygenase (CDO, EC 1.13.11.20), followed by CSAD-mediated
decarboxylation to hypotaurine, and subsequent oxidation to taurine (7) (Figure 1). CSAD
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also decarboxylates the oxidized form of CSA, cysteic acid (CA), providing another route
for taurine synthesis. Formation of taurine was initially thought to be catalyzed by L-
glutamic acid (L-Glu) decarboxylase (GAD, EC 4.1.1.15). However subsequent studies (9)
revealed that the main function of GAD is the synthesis of γ-aminobutyric acid (GABA). It
is now established that in mammals, CSA/CA decarboxylation and L-Glu decarboxylation
are in fact catalyzed by different enzymes (8). Specifically, CSAD decarboxylates CSA and
CA but has no detectable activity towards L-Glu (9). Commensurate with its physiological
importance, the synthesis of taurine is best documented in higher eukaryotes. Plants do not
appear to commonly synthesize taurine (10) although notable exceptions exist in certain
seaweeds (11) and cacti (12) and its presence in lower eukaryotes was only recently been
reported in the fungus Yarrowia lipolytica (13). There are no reports of a taurine
biosynthetic pathway in bacteria or archea and the current annotations of prokaryotic and
archeal genomes do not indicate the existence of CSAD homologues.

Similarities in the amino acid sequence (~46 % amino acid identity) of GAD and CSAD
suggest that they derive from a common ancestor. CSAD is thought to be more distant from
this common ancestor than GAD, consistent with its narrower substrate specificity (14).
GAD enzymes are widely prevalent amongst many eukaryotes and prokaryotes but serve
different functions in different organisms. In mammals, GAD exists in two isoforms of
different molecular weight: GAD-65 kDa and GAD-67 kDa. The two GAD isozymes play a
critical role in the function of the CNS as their product, GABA, is an inhibitory
neurotransmitter that regulates important physiological processes including neurogenesis,
movement and tissue development (15–18). In bacteria, GAD is involved in maintaining the
cellular pH at physiological levels under acid stress (19–22). Neither the taurine biosynthetic
enzymes nor taurine itself were believed to exist in prokaryotes or archea, although many
species of bacteria can use taurine as a source of sulfur, carbon or nitrogen (23).

Despite the importance of taurine in human health there has been little biochemical
characterization of human CSAD (hCSAD), although a recent advance is the deposition of
the hCSAD structure (PDB:2JIS). Comparison of the structure of hGAD-67 kDa (PDB:
2OKJ) (24) with the structure of hCSAD (PDB:2JIS), recently deposited by the Structural
Genomics Consortium, shows a high degree of structural homology (RMS = 0.68 Å) with a
largely conserved active site. However, the F94, S114, and Y116 residues in the active site
pocket of hCSAD that accommodates the amino acid substrate side chain are occupied by
S192, N212, and F214, respectively in the hGAD-67 kDa isoform. We hypothesized that the
identity of the amino acids occupying these three positions in the active site might dictate
the substrate selectivity of GAD and CSAD. To test this idea we constructed a set of single,
double, and triple amino acid substitutions to replace the nonconserved residues in the
hCSAD active site with the respective amino acids in hGAD-67 kDa and vice versa. We
show that GAD S192F/N212S/F214Y displays >700 fold switch in catalytic selectivity
towards the decaboxylation of CSA over L-Glu, whereas the Y116F mutation enables
CSAD to decarboxylate L-Glu, an activity not observed with the wild type (wt) CSAD
enzyme. Examination of the amino acid occupancy of these three positions within the
AAT_I family further suggests that they comprise a substrate recognition motif
(X1aa19X2aaX3) which may be important not only for the discrimination of L-Glu and CSA,
but also for the substrate selectivity in other AAT_I family members. A search for the CSA/
CA recognition motif (F1aa19S2aaY3) unexpectedly revealed that certain bacteria encode
AAT_I enzymes with a CSA recognition motif that had been previously annotated as GAD
enzymes. This was surprising as the decarboxylation of CSA/CA was believed to be
exclusive to the eukaryotic domain of life (25). Testing of recombinantly expressed proteins
of two of these putatively misannotated enzymes from Polaribacter irgensii 23-P and
Synechococcus sp. PCC 7335 demonstrated that they selectively catalyze the
decarboxylation of CSA but not L-Glu. Moreover we showed that taurine accumulates in the
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cytosol of Synechococcus sp. PCC 7335 under physiological conditions. We found that
bacterial CSAD-like genes are localized within putative operons containing CDO
homologues (CDO isozymes were recently discovered in bacteria (25)), indicating that
bacteria encode the catalytic machinery for the biosynthesis of taurine and hence that the
production of this amino acid is not limited to eukaryotes but is instead distributed
throughout the tree of life.

RESULTS
Expression and Biochemical Characterization of hCSAD

The gene for hCSAD was fused to nucleotides encoding an N-terminal His6 affinity tag and
expressed from a T7 promoter in E. coli (DE3) Rosetta(2) cells. Western blot analysis
revealed the expression of a ~55kDa His6-tagged protein in both the soluble and insoluble
fractions. Soluble hCSAD was isolated by immobilized metal ion affinity chromatography
(IMAC) purification with a yield of ~4–6 mg/L culture. Incubation of recombinant hCSAD
with CSA under physiological conditions (37 °C, pH 7.4) resulted in the formation of two
products that could be readily resolved by high performance liquid chromatography (HPLC)
and were shown to correspond to hypotaurine and its oxidized form, taurine. However,
hCSAD could not catalyze the decarboxylation of L-Glu as no GABA formation was
observed even after 12 hrs incubation with 0–4mM of L-Glu. hCSAD catalyzed the
decarboxylation of CSA and CA with well-behaved Michaelis-Menten kinetics giving kcat/
KM values of 3550 ± 880 M−1s−1 and 122 ± 46 M−1s−1, respectively (Table 1). The enzyme
was found to be stable in buffer at 37°C, displaying a deactivation t1/2 of ~84 hrs. Circular
dichroism analysis following the change in molar ellipticity as a function of temperature,
revealed that the enzyme has a TM ~ 70 °C.

Expression and Biochemical Characterization of hGAD-67 kDa
The hGAD-67 kDa enzyme was similarly expressed with an N-terminal His6 fusion tag from
the T7 promoter in E. coli (DE3) Rosetta(2). Consistent with earlier reports (26, 27)
hGAD-67 kDa was found to be largely insoluble in bacteria. However, expression in the E.
coli strain NiCo21 (DE3), which is optimized for IMAC purification purposes (28) resulted
in higher soluble expression as determined by Western blot analysis and thus GAD-67 kDa
could be purified with a yield of ~2 mg/L culture. Earlier studies had reported kcat/KM
values for the decarboxylation of L-Glu by hGAD-67 kDa that varied between 3,080 M−1s−1

at pH 6.5 and 43–50 °C (26) and 226 M−1s−1 at pH 7.2 and 22 °C (29). We found that
recombinant hGAD-67 kDa displays a kcat/KM = 790 ± 180 M−1s−1 with L-Glu as the
substrate at 37 °C, pH 7.4. The enzyme also displayed significant decarboxylation activity
with CSA (kcat/KM = 470 ± 160 M−1s−1) whereas the decarboxylation of CA occurred with
a >20 fold reduced catalytic efficiency (kcat/KM = 34.0 ± 0.4 M−1s−1).

Expression and kinetic analysis of hCSAD and hGAD-67 kDa variants
Overlays of the hCSAD (PDB:2JIS) and the GABA-bound hGAD-67 kDa (PDB:2OKJ)
crystal structures (Figure 2) revealed a high degree of structural homology with an α-carbon
RMS = 0.68 Å. Notably, the active site residues coordinating and orienting the pyridoxal-
phosphate (PLP) cofactor were found to be identical; the only differences in the composition
of the active sites in the two enzymes were observed in residues that lie within the pocket
accommodating the substrate side chain (F94, S114, and Y116 in hCSAD; S192, N212, and
F214 in hGAD-67 kDa). Multiple sequence alignments of > 900 enzyme sequences from the
AAT_I family (36% average pairwise amino acid homology to hCSAD and hGAD-67 kDa)
suggested that these three active site residues form a linear substrate recognition motif
(X1aa19X2aaX3, where X# indicates the active site amino acid 1, 2 & 3 involved in substrate
recognition, and aa indicates any amino acid). To evaluate if the hCSAD (F1aa19S2aY3) and
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hGAD-67 kDa (S1aa19N2aF3) motifs play a role in substrate selectivity we constructed a set
of hCSAD and hGAD-67 kDa single-, double- and triple-mutant variants where the putative
motif recognition elements were interchanged between hCSAD and hGAD-67 kDa (Table 1
& Figure 2). Steady-state kinetics of the various hCSAD and hGAD-67 kDa variants with
CSA, CA or L-Glu were determined at physiological conditions (37 °C, PBS buffer at pH
7.4) (M&M) (Table 1). As discussed above, wt hGAD-67 kDa displays only a 1.7 fold
catalytic selectivity for L-Glu over CSA [(kcat/KM)L-Glu/ kcat/KM)CSA] and a 23-fold
preference for L-Glu over CA. The kinetic analyses of the single point variants show that
within the X1aa19X2aaX3 motif, the identity of X3 is the most critical determinant of L-Glu
or CSA/CA selectivity. The hGAD-67 kDa -F214Y variant (whereby the amino acid in the
X3 position of GAD had been switched to the respective amino acid in hCSAD) displayed a
~3-fold increase in kcat/KM (1,240 ± 50 M−1s−1) for CSA and ~ 7-fold decrease in kcat/KM
for L-Glu (107 ± 3 M−1s−1) compared to the parental enzyme. More remarkably, the
equivalent amino acid substitution in the R3 position of hCSAD in CSAD-Y116F enabled
the enzyme to decarboxylate L-Glu (kcat/KM = 2.2 ± 0.8 M−1s−1), an activity absent in the
parental protein. CSAD-Y116F also displayed a ~7-fold decrease in the kcat/KM for CSA
and a ~2-fold increase in kcat/KM for CA. These results highlight the crucial role of a
phenolic side chain at motif position X3 in coordinating the methane-sulfinate group of
CSA. Presumably the larger propionate side chain of L-Glu clashes with the phenolic side
chain at the X3 position of CSAD resulting in an unproductive conformation at the active
site. The most dramatic change in substrate selectivity was observed when the full hCSAD
motif was introduced into hGAD-67 kDa. The resulting GAD-67 kDa (S192F/N212S/
F214Y) enzyme showed a >700-fold switch in substrate specificity [(kcat/KM)CSA/(kcat/
KM)L-Glu] with the catalytic activity for the decarboxylation of L-Glu reduced from 790 ±
180 M−1s−1 for the parental enzyme to 0.84 ± 0.02 M−1s−1 for the mutant, and kcat/KM =
625 ± 60 M−1s−1 for CSA decarboxylation. These results suggest that the CSAD motif
(F1aa19S2aaY3) plays a key role in the recognition of CSA and specifically that a phenolic
side chain at X3 is significant in binding CSA.

Glutamic acid inhibition of hCSAD
We further examined whether L-Glu is excluded from the active site of hCSAD by
incubating the wt enzyme with CSA in combination with various concentrations of L-Glu
(0–9 mM). CSA turnover was inhibited with an apparent IC50 value of 1.1 ± 0.1 mM
suggesting that although the parental CSAD enzyme doesn’t have detectable GAD activity,
most likely it binds L-Glu. UV-vis spectroscopic analyses of the hCSAD holoenzyme
showed typical PLP-internal aldimine absorption shoulders centered around 335 nm and 410
nm. Scans of hCSAD in a steady-state reaction with CSA revealed a 1.5–2 fold increase in
amplitude of the 335 nm shoulder indicative of a reaction intermediate formed by a CSA-
PLP-external aldimine. The addition of L-Glu did not appreciably alter the PLP absorption
bands of the hCSAD holoenzyme either with or without substrate (SI Figure 1). This
suggests that L-Glu inhibits hCSAD non-competitively as it had been demonstrated in an
earlier study of partially purified rat brain CSAD (30).

Discovery of CSAD enzymes and taurine synthesis in bacteria
A bioinformatics analysis (Linnaeus Blast Geneious 4.8.5 (31)) of hCSAD homologues
revealed a significant number of prokaryotic and archeal AAT_I superfamily enzymes that
contained the (F1aa19S2aaY3) CSA recognition element motif, within eubacterial phyla,
namely alphaproteobacteria, in cyanobacteria, bacteroidetes, in distinct sequences from the
marine metagenome, and one from an uncultured marine archeon. Interestingly, the CSAD
homologues from Polaribacter irgensii 23-P, Synechococcus sp. PCC 7335, and from
Flavobacteriales ALC-1 are located in putative operons with open reading frames encoding
proteins having high homology to CDO (Figure 3,) (We note there are other genes that may
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lie within these operons such as a predicted methyltransferase in Polaribacter and a predicted
cobalt transporter in Moorea product 3L). CDO is required to oxidize L-Cys to CSA, the
substrate of CSAD isozymes, suggesting the existence of a taurine synthetic pathway in
bacteria. We explored this hypothesis further by analyzing the substrate specificity of
CSAD-like enzymes from Polaribacter irgensii 23-P (PiCSAD) and from Synechococcus sp.
PCC 7335 (SsCSAD). Synthetic PiCSAD and SsCSAD codon-optimized genes were
constructed, fused to a 5′ sequence encoding a 5′-His6 affinity tag and expressed from the
T7 promoter. The psychrophilic Polaribacter enzyme, PiCSAD could only be expressed in
E. coli BL21(DE3) at 16 °C and even under those conditions the yield of soluble protein was
very low (SI Figure 2). Nonetheless, partially purified PiCSAD incubated with CSA, CA or
L-Glu in PBS at pH 7.4 and 4 °C, showed decarboxylation of CSA but no detectable activity
towards CA or L-Glu. The cyanobacteria SsCSAD expressed well at 25 °C in E. coli
BL21(DE3) and was purified to > 99 % homogeneity as assessed by SDS-PAGE (SI Figure
3) with a yield of 3 mg/L culture. Steady-state kinetic analyses over a (0–4mM) range of
CSA and CA concentrations revealed that the enzyme followed Michaelis-Menten kinetics
with kcat/KM values of 1,530 ± 870 M−1s−1 and 139 ± 27 M−1s−1 for CSA and CA
respectively (SI Figure 4). No apparent activity towards L-Glu could be detected.

To determine if taurine could be produced in vivo, Synechococcus sp. PCC 7335 (ATCC®

29403™) was obtained and grown in the presence or absence of CSA. Examination by
HPLC of lysates from Synechococcus sp. PCC 7335 cultured with CSA showed both
consumption of CSA and accumulation of a new peak matching the retention time of taurine
that was not detected in cultures grown without CSA (SI Figure 5) (We were unable to
assign a clear peak from the lysates to hypotaurine, suggesting that it had all oxidized to
taurine or was obscured by neighboring peaks). Analysis by electrospray ionization mass
spectrometry (ESI-MS) of either taurine standards or the CSA cultured Synechococcus
lysates revealed a 327 m/z peak corresponding to the calculated mass of the o-
phthalaldehyde (OPA)/mercaptopropionic-acid/taurine derivative. Collision induced
dissociation (CID) of these 327 m/z peaks yielded an identical fragmentation pattern for
both the taurine standard and the corresponding peak from the Synechococcus lysates
(Figure 4).

DISCUSSION
Enzymes in the AAT_I superfamily share a highly conserved structural fold, which enables
the catalysis of a diverse set of PLP-dependent reactions, including transaminations,
racemizations, and decarboxylations. Using a combination of phylogenetic and biochemical
analyses we found that several of the AAT_I superfamily amino acid decarboxylases have a
distinct sequence motif (X1aa19X2aaX3) comprised of three amino acids that in the
quarternary structure are part of the substrate binding pocket and dictate recognition of
various amino acid substrates. In particular we define a CSAD recognition motif
(F1aa19S2aaY3) where the Y3 phenol side chain appears to be highly selective for the sp3
hybridization state of the CSA methane-sulfinate group and to discriminate against the one
methylene longer sp2-hybridized L-Glu side chain. We speculate that a phenolic side chain
at the X3 position can form a hydrogen bond with the lone pair of electrons on the sulfur
atom of CSA. Consistent with this hypothesis, considering CA as a substrate, where the
sulfur atom lone pair is now part of an oxygen-sulfur covalent bond in the methane-
sulfonate group, we observed a 5.5-fold drop in kcat and 5.5 fold increase in KM compared
to the decarboxylation of CSA. Similarly, in the hCSAD-Y116F (X3) variant, the kcat/KM
for CSA is 7-fold lower, the kcat/KM for CA is slightly improved and L-Glu can be accepted
as a substrate. Likewise, introduction of a phenolic side chain at the X3 position into the
GAD motif (S1aa19N2aa(F→Y)3) potentiated a 12-fold selectivity of CSA over L-Glu, and
the complete CSAD motif (hGAD-S192F,N212S,F214Y) resulted in a highly selective
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CSA-degrading enzyme with a > 700-fold increase in kcat/KM towards CSA (625 ± 58
M−1s−1) as opposed to L-Glu (0.84± 0.02 M−1s−1). Similarities in amino acid sequence (~46
% amino acid identity) and activity have suggested that GAD and CSAD may be derived
from a common ancestor (14) and that CSAD may have arisen through a gene duplication
event. Our experiments demonstrate a simple mechanism by which the ancestral GAD
enzyme likely evolved into a highly specialized CSA-degrading enzyme, possibly to meet
high taurine requirements without producing excessive amounts of GABA.

The motif we identified is also germane to recent reports on the specific CSA decarboxylase
activity of an enzyme from Aedes aegypti, aspartate 1-decarboxylase (AeADC) and the of
the human glutamic acid decarboxylase-like protein 1 (hGADL1) which was shown to
display significant CSA decarboxylase activity (32, 33). Interestingly, the AeADC sequence
contains the consensus CSAD recognition motif (F1aa19S2aaY3), while hGADL1 has a very
similar recognition motif (Y1aa19S2aaY3), differing from CSAD only at the R1 position.
These examples further confirm that proteins with CSA decarboxylase activity share the
same structural fingerprint and that it is possible to use the CSA recognition motif to identify
other proteins in the AAT_I family with this specific activity. Similarly, variations within
the recognition motif can be used to predict other substrate specificities. For example,
multiple sequence alignment analyses show that bacterial diaminobutyric acid decarboxylase
(DBAD) (EC 4.1.1.86) enzymes contain an H1aa19S2aaD3 motif (Figure 5). This recognition
element for the substrate, L-2,4-diaminobutyric acid, is further observed in structural
alignments with the DBAD structure from Vibrio parahaemolyticus (PDB:2QMA) and
hCSAD (PDB:2JIS) where the aspartyl side chain at position X3 likely forms a salt-bridge in
coordinating the substrate’s ethylamine side chain. It appears that with minimal changes in
the primary sequence, this class of enzymes can plastically evolve to accommodate different
amino acid substrates according to an organism needs.

It has been thought that only eukaryotes synthesize taurine (7). Surprisingly, we found
AAT_I superfamily members containing the consensus CSAD motif in several bacterial
genomes and indeed CSAD-like proteins from a Polaribacter and Synechococcus species
displayed decarboxylation of CSA, but not of L-Glu. In particular the Synechococcus
enzyme, exhibited comparable kinetics to hCSAD. These results further support our finding
that the F1aa19S2aaY3 motif defines enzymes that recognize CSA as a substrate. (We note
that the SsCSAD enzyme has a tryptophan residue at the first position of the motif
(W1aa19S2aaY3) and hGADL1(Y1X19S2XY3) has a tyrosine thus the motif for CSA
recognition is best described by [(F/W/Y)1aa19S2aaY3].) We observed that SsCSAD is
apparently transcribed as we detected accumulation of taurine in Synechococcus cultures
incubated with CSA. Our observation that bacterial CSAD genes are found within operons
encoding enzymes with homology to CDO suggests that a bona fide taurine biosynthetic
pathway has evolved in eubacteria and is not exclusive to higher eukaryotes, as had been
previously surmised. The evidence of active CSAD proteins in eubacteria raises questions
about the potential physiological roles of hypotaurine and taurine in this phylum.
Interestingly, high contents of hypotaurine, taurine and taurine derivatives have been
reported for a variety of marine invertebrates that establish symbiotic associations with algae
and bacteria (34, 35). In fact, for some marine invertebrates, taurine and hypotaurine are the
dominant osmolytes and play a key role in counteracting hydrostatic pressure (36). We do
not know if taurine is utilized as an osmolyte in bacteria, but it is interesting that the ~35
CSAD motif containing bacterial sequences that we identified are all encoded by marine
dwelling organisms. Alternatively, taurine-conjugates could be important detergents and
surfactants for bacteria or bacterial hosts, similar to taurine-conjugates in mammalian bile
acids. Determining the physiological role that taurine has for the bacteria that can make it
may help clear up the question of whether taurine production (easily) evolved in the ancient
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eukaryote as our mutagenesis experiments suggest, or if it already existed in a progenitor
organism.

MATERIALS AND METHODS
Supporting Information available including: Reagents, E. coli strains and media used;
Materials & Methods of: cloning CSAD-like genes Polaribacter irgensii 23-P and
Synechococcus sp. PCC 7335; SI Table 1 of oligonucleotides used for constructing gene
variants, expression and purification of enzymes; methods for mass spectrometry of taurine
and SI Figure 1 of UV-Vis absorption scans of hCSAD; SI Figure 2 of SDS-PAGE and
western blot of purified recombinant Polaribacter irgensii 23-P and SI Figure 3 of an SDS-
PAGE of Synechococcus sp. PCC 7335 CSAD protein; SI Figure 4 of a plot of the initial
rates of product formation from recombinant SsCSAD incubated with CSA and CA; SI
Figure 5 of HPLC analyses of lysates from Synechococcus sp. PCC 7335 cultured with
CSA.

This information is available free of charge via the Internet at http://pubs.acs.org.

Molecular Biology methods
Full-length cDNA encoding for the human cysteine sulfinic acid decarboxylase (hCSAD)
and the human glutamic acid decarboxylase (hGAD-67 kDa) were isolated from the
Gateway human ORF collection. The hCSAD clone was amplified with 5′ and 3′
oligonucleotides incorporating NheI and EcoRI restriction sites. The hGAD-67 kDa clone
was amplified with 5′ and 3′ oligonucleotides incorporating EcoRI and NotI restriction sites.
The PCR reaction mixture consisted of the two specific oligonucleotides, standard 5X
Phusion HF Buffer and Phusion high fidelity DNA polymerase. The reaction was conducted
at an initial temperature of 98°C for 30 sec, followed by 30 cycles at 98°C for 10 sec, 60°C
for 10 sec in the case of hCSAD and 55°C for 10 sec in the case of hGAD-67 kDa, and 72°C
for 40sec, followed by a final polishing step at 72°C for 7 min. The resulting DNA product
was gel purified (Zymo), digested with the appropriate restriction enzymes and ligated into
pET28a (Novagen), and transformed in E. coli MC1061 electrocompetent cells. The gene
inserts in the resulting plasmids pCSAD and pGAD were sequenced and transformed into E.
coli Rosetta (DE3) (pCSAD) or E. coli NiCo21(DE3) cells (pGAD) for subsequent
expression. In addition, variants of hCSAD and hGAD-67 kDa were constructed using the
pCSAD or pGAD as a template and the primer pairs listed in SI Table 1. Each mutant
sequence was synthesized by overlap extension PCR consisting of two initial mutagenic
PCR reactions (pairing the forward wt primer with the mutant reverse, and the forward
mutant primer with the wt reverse), followed by a normal PCR reaction using the two
products from the mutagenic PCR reactions and the outermost wt primers. The single point
and multiple point mutants were cloned and expressed in a manner analogous to the
corresponding wt variants.

Activity assays
Reactions of hCSAD and hGAD-67 kDa variants, and SsCSAD with CSA, CA, L-aspartic
acid or L-glutamic acid (L-Glu), were performed using freshly purified enzyme or from
aliquots thawed from frozen stocks stored at −80°C. The formation of the decarboxylated
products (taurine, hypotaurine, β-alanine, γ-amino butyric acid (GABA)) was assessed by o-
phthalaldehyde (OPA) derivatization and high performance liquid chromatography (HPLC)
analysis essentially as described by Agilent Technologies (37). Reaction of enzymes
(concentration ranging from 0.1 to 1 μM) with substrates (concentration from 0 to 5 × KM)
were conducted at 37°C in 100mM PBS, 10μM PLP (pH 7.4), (PiCSAD was reacted with
CSA, CA, or L-Glu at 4°C) in a total volume of 50μL, and subsequently quenched with 5μL
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of 1M hydrochloric acid to stop the reaction. An aliquot of the quenched reaction mixture
was diluted 1:1 with activity buffer, mixed with a molar excess (relative to substrate) of
OPA reagent and brought to a final volume of 100μL with 400 mM borate buffer, pH 10.2.
The resulting solutions were analyzed by HPLC using an Agilent ZORBAX Eclipse AAA
Column (C18 reverse phase, 5 μm, 4.6 mm _ 150 mm). The amount of product was

calculated by the following equation, , where [P] is concentration of
product, [S] is the concentration of substrate used in the reaction and Parea & Sarea are the
product and substrate peak areas. All reactions were conducted at least in triplicate, and the
observed rates of product formation were either fit to the Michaelis-Menten equation or
when substrate saturation was not observed were fit to a linear equation v0/[E] =(kcat/
KM)*[S] using software from Kaleidagraph (Synergy).

L-Glu inhibition of hCSAD
The hCSAD enzyme (140 nM final) was incubated with a series of L-Glu concentrations
ranging from 0–9 mM in the presence of 0.45 mM CSA at 37°C in 100mM PBS buffer,
10μM PLP (pH 7.4) for 30s and subsequently quenched with hydrochloric acid to stop the
reaction. The samples were then analyzed by HPLC as described above to quantitate the
amount of hypo/taurine produced and the resulting data was fit to an exponential decay
equation to calculate an apparent IC50 value.

UV-vis spectroscopy of hCSAD reactions with CSA and L-Glu
Electronic absorption scans were obtained of the hCSAD holoenzyme alone, in the presence
of 4 mM CSA, in the presence of 6.7 mM L-Glu and in the presence of a combination of 5.7
mM L-Glu and 2.9 mM CSA at 25 °C. Scans of mixtures containing CSA were obtained
during the first 1–2 minutes of the reaction, and the resulting data was then normalized by
the absorbance at 280 nm. Scans were also obtained for CSA and L-Glu alone to ensure
there were no overlapping absorption bands.

Thermal Stability
A 2 μM sample of hCSAD in a 100 mM phosphate buffer, pH 7.4 was analyzed on a Jasco
J-815 CD spectrometer. The change in molar ellipticity at 220 nm (θ 220) was monitored as a
function of temperature from 20 – 95 °C. The fraction of denatured protein at each
temperature was calculated by the ratio of [θ 220]/[θ 220]d where [θ 220]d is the molar
ellipticity of the completely unfolded protein. The resulting data was fit to a modified
logistic equation to determine the thermal transition midpoint.

Culturing Polaribacter irgensii 23-P and Synechococcus sp. PCC 7335
Polaribacter irgensii 23-P was cultured according to the recommendations of ATCC at 4°C
in marine broth (BD Difco) supplemented with or without 1mM CSA. Synechococcus sp.
PCC 7335 was cultured in ATCC Medium 957 with or without 1mM CSA at room
temperature under fluorescent lighting. After turbid growth was achieved (2–3 weeks for
Polaribacter, and 1–2 weeks for Synechococcus), 4 ml samples of culture were centrifuged
to obtain cell pellets. The cell pellets were re-suspended in 500μL dH2O, heated at 95°C for
10 minutes and lysed by sonication. After centrifugation at 16,000g for 10 min, the soluble
fractions of the samples were concentrated by rotary evaporation, derivatized with OPA and
analyzed by HPLC as described for the activity assays.

Mass Spectrometry of taurine produced by Synechococcus sp. 7335
Taurine standards and lysate samples from Synechococcus sp. 7335 cultured with CSA were
reacted with OPA/mercaptopropionic acid and chromatographed on an LC system using a
gradient comprised of buffer A (H2O + 0.1% Formic Acid (FA)) and buffer B (acetonitrile +
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0.1% FA) with a 1% B (for 5 min) ramp from 1–95% B (10 min), a hold at 95% B for 1 min
then back to 1% B for 12min. The samples were then analyzed using a nano-ESI MS (Velos
Pro dual-pressure linear ion trap from Thermo) followed by collision induced dissociation
(CID) of the 327 m/z peak corresponding to the calculated mass of the OPA/
mercaptopropionic-acid/taurine derivative. CID data was collected at collision energy (CE)
20% and 25%.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Reactions catalyzed by cysteine dioxygenase (CDO) and cysteine sulfinic acid
decarboxylase (CSAD).
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Figure 2.
Human CSAD (hCSAD, in blue, PDB entry 2JIS) active site overlaid against the human
hGAD-67 kDa (hGAD-67 kDa, in red, PDB entry 2OKJ (24), with bound γ-aminobutyric
acid (GABA)) active site, using PyMol (38). In sticks are amino acids within ~5Å from the
PLP-GABA diamine in the hGAD-67 kDa structure. Residues colored in grey are conserved
between the two structures, those colored in blue are specific to hCSAD and those colored in
red are specific to hGAD-67 kDa. The sequence alignment depicts the linear substrate
recognition motif (X1aa19X2aaX3).
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Figure 3.
Comparative schematic of putative bacterial operons with genes containing AAT_1
homologues with CSAD motif [(F/W/Y)1aa19S2aaY3]. CSAD = cysteine sulfinic acid
decarboxylase, CDO = cysteine dioxygenase (predicted), hyp = hypothetical protein, MTase
= methyltransferase (predicted), cobalt transport = gene predicted to code for a cobalt
transporter. Brackets indicate number of base pairs (bp) between open reading frames.
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Figure 4.
Collision induced decay fragmentation of the 327 m/z peaks corresponding to the calculated
mass of an OPA/mercaptopropionic-acid/taurine derivative in a taurine standard (A) and in a
Synechococcus sp. 7335 lysate (B). Structures represent predicted fragmentation species
matching the observed m/z peaks.
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Figure 5.
Representative sequence alignment of AAT_I superfamily members with varying substrate
recognition motifs (X1aa19X2aaX3). DBAD = diaminobutyric acid decarboxylase; CSAD =
cysteine sulfinic acid decarboxylase; GAD = glutamic acid decarboxylase.
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Table 1

2nd Order Rate Constants of hCSAD and hGAD-67 kDa variants

A. CSA Decarboxylation

Variant kcat/KM M−1s−1 Variant kcat/KM M−1s−1

CSAD-WT 3550 ± 880 GAD-WT 470 ± 160

CSAD-F94S 3.4 ± 2.1 GAD-S192F 7.3 ± 0.5*

CSAD-S114N 1370 ± 520 GAD-N212S 52 ± 2*

CSAD-Y116F 490 ± 210 GAD-F214Y 1240 ± 50*

CSAD-S114N-Y116F 45 ± 3* GAD-N212S F214Y 36 ± 6*

CSAD-F94S-S114N-Y116F 0.38 ± 0.01* GAD-S192F-N212S-F214Y 625 ± 60*

B. L-Glu Decarboxylation

Variant kcat/KM M−1s−1 Variant kcat/KM M−1s−1

CSAD-WT n.d. GAD-WT 790 ± 180

CSAD-F94S n.d. GAD-S192F 2.2 ± 0.1*

CSAD-S114N n.d. GAD-N212S 57 ± 2*

CSAD-Y116F 2.2 ± 0.8 GAD-F214Y 107± 3*

CSAD-S114N-Y116F 0.030 ± 0.002* GAD-N212S F214Y 0.30 ± 0.04 *

CSAD-F94S-S114N-Y116F n.d. GAD-S192F-N212S-F214Y 0.84 ± 0.02 *

C. CA Decarboxylation

Variant kcat/KM M−1s−1 Variant kcat/KM M−1s−1

CSAD-WT 122 ± 46 GAD-WT 34.0 ± 0.4*

CSAD-F94S 0.020 ± 0.001* GAD-S192F 13 ± 1*

CSAD-S114N 42 ± 2 GAD-N212S 2.4 ± 0.4*

CSAD-Y116F 220 ± 65 GAD-F214Y 40 ± 3*

CSAD-S114N-Y116F 77 ± 14* GAD-N212S F214Y 0.09 ± 0.01*

CSAD-F94S-S114N-Y116F 0.08 ± 0.004* GAD-S192F-N212S-F214Y 93 ± 5*

*
Substrate saturation kinetics were not observed: Data were instead fit to v0/[E] =(kcat/KM)*[S]. n.d. = not detected
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