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Background: The biochemical activities and tissue distribution of GADL1 have remained unknown.
Results:GADL1 is expressed inmuscles and kidneys; it catalyzes decarboxylation of aspartate, cysteine sulfinic acid, and cysteic
acid to produce �-alanine, hypotaurine, and taurine.
Conclusion: GADL1 has aspartate 1-decarboxylase and cysteine sulfinic acid decarboxylase activities.
Significance: GADL1 could potentially participate in mammalian taurine biosynthesis.

This manuscript concerns the tissue-specific transcription of
mouse and cattle glutamate decarboxylase-like protein 1
(GADL1) and the biochemical activities of human GADL1
recombinant protein. Bioinformatic analysis suggested that
GADL1 appears late in evolution, only being found in reptiles,
birds, and mammals. RT-PCR determined that GADL1 mRNA
is transcribed at high levels inmouse and cattle skeletal muscles
and also inmouse kidneys. Substrate screening determined that
GADL1, unlike its name implies, has no detectable GAD activ-
ity, but it is able to efficiently catalyze decarboxylation of aspar-
tate, cysteine sulfinic acid, and cysteic acid to �-alanine, hypo-
taurine, and taurine, respectively.Western blot analysis verified
the presence ofGADL1 inmousemuscles, kidneys, C2C12myo-
blasts, and C2C12 myotubes. Incubation of the supernatant of
fresh muscle or kidney extracts with cysteine sulfinic acid
resulted in the detection of hypotaurine or taurine in the reac-
tionmixtures, suggesting the possible involvement of GADL1 in
taurine biosynthesis. However, when the tissue samples were
incubated with aspartate, no �-alanine production was observed.
We proposed several possibilities that might explain the inactiva-
tionofADCactivity ofGADL1 in tissueprotein extracts.Although
�-alanine-producing activity was not detected in the supernatant
of tissue protein extracts, its potential role in �-alanine synthesis
cannot be excluded. There are several inhibitors of the ADC activ-
ity of GADL1 identified. The discovery of GADL1 biochemical
activities, in conjunction with its expression and activities inmus-
cles and kidneys, provides some tangible insight toward establish-
ing its physiological function(s).

�-Aminobutyric acid (GABA)2 is found in every class of liv-
ing organisms (1). In higher organisms, GABA functions as an

inhibitory neurotransmitter; for those without nervous sys-
tems, such as plants and bacteria, GABA is considered an
important signaling molecule (2, 3). GAD catalyzes the synthe-
sis of GABA from glutamate. Even though GAD is a pyridoxal-
5�-phosphate (PLP)-containing enzyme, bacterial/plant and
animal GADs are quite different (4, 5). Animal GAD is present
in Parazoa and all later groups of animals with �40% sequence
similarity throughout evolution (Fig. 1). Inmost animal species,
there are two isoforms of GAD, which could be required for
tissue-specific or developmental regulation and in turn reflect
the important roles of GABA in living species (6–8). Other
similar PLP-containing acidic amino acid decarboxylases, such
as aspartate 1-decarboxylase (ADC), cysteine sulfinic acid
decarboxylase (CSADC), and GADL1, seem to have evolved
later than GAD in species evolution (Fig. 1).
Animal ADC is only found in insects (Fig. 1). Sequence anal-

ysis indicates that insect ADC shares high sequence homology
with mammalian CSADC. Recently, we determined that insect
ADC also is able to catalyze the decarboxylation of cysteine
sulfinic acid to hypotaurine, the typical CSADC activity, but
human CSADC has no activity to aspartate (9). HuGADL1
equivalent sequences are present in other availablemammalian
genomes, but there have been no publications addressing its
activity or function. Despite its name, HuGADL1 actually
shares higher sequence identity to human CSADC (59% iden-
tity) than to human GADs (50 and 51% identity). HuGADL1
also shares sequence similarity to insect ADC (51% identity).
Therefore, it is possible that HuGADL1 could have activity for
aspartate and/or cysteine sulfinic acid. Compared with the
three-step reductive uracil degradation processes for �-alanine
synthesis in mammals and some other species (10), insects
seem to use a much more straightforward enzymatic pathway
to produce �-alanine through aspartate decarboxylation.
Mammals need �-alanine for the synthesis of a number of �-al-
anine-containing dipeptides (particularly carnosine), leading to
the question of why a seemingly direct and simple aspartate to
�-alanine pathway has not evolved in mammals. It has been
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established that skeletal muscles contain high concentrations
of carnosine whose synthesis occurs primarily in muscles
(based on the presence and activity of muscle carnosine syn-
thase) (11, 12). �-Alanine is indispensible for carnosine synthe-
sis, and oral consumption of �-alanine could significantly
improve the muscular carnosine concentrations, although a
considerable portion of the �-alanine would be digested before
reaching tomuscles (13, 14). This suggests that in situ synthesis
of �-alanine would be advantageous for carnosine synthesis.
Muscles have high levels of taurine concentration, whereas the
muscular taurine is mostly synthesized in livers and trans-
ported to muscles via the taurine transporter (15). It has gener-
ally been considered that taurine and �-alanine are not synthe-
sized in muscles, but the similarity of GADL1 to mammalian
CSADC and insect ADC, together with its high expression lev-
els in muscles, provides a basis to speculate that GADL1 could
use cysteine sulfinic acid or/and aspartate as a substrate, there-
fore likely involving in taurine or/and �-alanine biosynthesis.
In this study, we expressed recombinant human GADL1 and

examined its activity to different amino acids, which resulted in
the detection of decarboxylation activity of both aspartate and
cysteine sulfinic acid. GADL1 does not work on glutamate as its
name suggests. Subsequently, we analyzed the transcript and
protein levels of GADL1 inmice and cattle, determining that its
mRNA and protein were present primarily in skeletal muscles
of both species. The transcription and expression of GADL1 in
muscles and the ability of its recombinant protein to produce
�-alanine and hypotaurine through decarboxylation of aspar-
tate and cysteine sulfinic acid, respectively, suggest that the
decarboxylation of aspartate and cysteine sulfinic acid could be
a route of �-alanine and hypotaurine synthesis in skeletal mus-
cles. Then, we were able to detect the hypotaurine-producing
activities in the supernatant of protein extracts from muscle
and kidney tissues. A number of endogenous compounds were
shown to inhibit the ADC activity of GADL1.

EXPERIMENTAL PROCEDURES

Chemicals—All of the chemicals used in this report were
from Sigma-Aldrich unless specified otherwise.
Tissue Collection—Mouse tissues were collected from two

male mice �8 weeks old. Bovine tissues were collected from
twoHolstein bulls�5 years old at slaughter. The tissue samples
were immediately frozen in liquid nitrogen and stored at
�80 °C until RNA isolation.
Cell Culture—C2C12 myoblasts were cultured in growth

medium (DMEM with 10% FBS and 1% antibiotic antimyotic).
C2C12 myotubes were cultured in differentiation medium
(DMEMwith 2% horse serum and 1% antibiotic antimyotic) for
72 h before experiments.
Expression and Purification of GADL1—To express

HuGADL1, a forward primer (5�-AAACATATGATTCCAAG-
TAAGAAGAATGCT-3�) containing a NdeI site (underlined
nucleotides) and a reverse primer (5�-AAAGAATTCACAT-
GTCTTTACCCAGTAAGTCTA-3�) containing an EcoRI site
(underlined nucleotides) were designed and used to amplify
HuGADL1 from human liver cDNA. The amplifiedHuGADL1
cDNA was cloned into an Impact-CN plasmid (New England
Biolabs) for expression of its recombinant protein. The frame of
the HuGADL1 was verified by DNA sequencing. Escherichia
coli BL 21 cells with the expression vector were induced at 0.15
mM of isopropyl �-D-1-thiogalactopyranoside when optical
density reached 1.0 and grew for 24 h at 15 °C before breaking
the cells in a suggested lysis buffer. The recombinant enzyme
was obtained from E. coli BL 21 cells. The concentrated protein
sample was further purified by ion exchange and gel filtration
chromatographies (Mono-Q column and Sepharose 12; GE
Healthcare) with 20 mM phosphate buffer (pH 7.0). Protein
concentrations were determined by a Bio-Rad protein assay
using bovine serum albumin as a standard. The spectrum of
HuGADL1 was recorded using a Hitachi U2800 UV-visible
spectrophotometer.

FIGURE 1. A cartoon evolutionary diagram showing the appearance of GADs, CSADC, ADC, and GADL1 during species evolution. The assignment of
proteins in different classes was based on the overall sequence similarity with typical human GAD1 (GAD67), GAD2 (GAD65), CSADC, and GADL1, respectively.
The classification of proteins used in the phylogenetic tree was based on the similarity with human GAD1, GAD2, CSADC, and GADL1.
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Substrate Screening—The purified recombinant HuGADL1
was used for substrate screening. Each reaction mixture of 200
�l containing 10 �g of purified recombinant protein and 40 �l
of 50mM of a substrate (aspartate, cysteine sulfinic acid, cysteic
acid, or glutamate) was prepared in 150 mM phosphate buffer
(pH 7.0) with 0.40�M of PLP. The reactionmixtures were incu-
bated for 10min at 25 °C and stopped by adding two volumes of
100% ethanol. The specific activities and standard deviations
were calculated based on the averages of triplicates. The mix-
tures were derivatized by two volumes of o-phthaldialdehyde
(OPT) agent as described in a previous method (9). Determina-
tion of the products was based on the detection of OPT deriv-
atives by reverse phase liquid chromatography with electro-
chemical detection. The mobile phase consisted of 50 mM of
phosphate buffer (pH 3.5) containing 25% acetonitrile at a flow
rate of 0.5 ml per min. The oxidation potential of the working
electrode was set to �0.75 V. The activities of HuGADL1
toward the substrates were calculated based on standard curves
generated with authentic standards at the identical conditions.
After the substrate specificity of GADLI was determined,

protein extracts from either mouse muscles or mouse kidneys
were obtained and assayed for decarboxylation of aspartate and
cysteine sulfinic acid. The extracts were obtained from raw tis-
sues by homogenization in 100 mM HEPES buffer (pH 7.5). 1
mM of MgCl2, 10 �M of PLP, 2 mM of �-mercaptoethanol, and
20 �M of phenylmethanesulfonyl fluoride (protease inhibitor)
were added into the homogenization buffer. The components
of homogenization was the same to the previous lysis buffer
except that the buffer compound isHEPES instead ofTris as the
amino group of tris(hydroxymethyl)aminomethane will inter-
fere with the following OPT assay. The protein extract was
directly used for activity assay.
Kinetic Assays—The catalytic efficiencies of HuGADL1

toward aspartate and cysteine sulfinic acid were determined by
incubating 20 �g of enzyme in the presence of varying concen-
trations (0.1, 0.5, 1, 2, 5, 10, and 20mM) of aspartate and cysteine
sulfinic acid in 500 �l of 150 mM of phosphate buffer (pH 7.0)
containing 0.40 �M of PLP. Fifty millimolars of aspartate and
cysteine sulfinic acidwere prepared as stock and adjusted to pH
7.0 using 1 M of phosphate buffer (pH 7.0). Each reaction was
incubated for 10 min at 25 °C before analysis. The kinetic
parameters and standard deviations were calculated based on
the averages of triplicates. Lineweaver-Burk double reciprocal
plots (1/V versus 1/S) were used to determine the Michaelis-
Menten constant Km and the maximum velocity Vmax.
RNA Isolation—Total RNA was isolated using TRI Reagent�

according to the manufacturer’s instruction (MRC, Cincinnati,
OH). The extracted RNA was dissolved in diethypyrocarbon-
ate-treated water. Concentrations of total RNA were deter-
mined using a NanoDrop 1000 spectrophotometer (Thermo
Scientific, Wilmington, DE).
RT-PCR—Total RNA (0.1 �g) was reverse transcribed into

cDNA in a total volume of 20 �l using the ImProm-II reverse
transcriptase (Promega) according to the manufacturer’s
instruction. Ribosomal 18 S RNAwas used as internal standard.
To amplify the target gene, 5 ng of cDNA was mixed with 12.5
�l of 2 � PCR Master Mix (Promega) and 10 pmol of each
corresponding primer in a total volumeof 25�l. The conditions

for PCR were 32 cycles at 94 °C for 30 s, 55 °C for 1 min, and
72 °C for 30 s. The primers used for RT-PCR are shown in
supplemental Table S1.
Western Blot Analysis—Frozen tissues (�0.5 g) and C2C12

cells were lysed in ice-cold radioimmunoprecipitation assay
buffer (50 mM Tris-HCl, pH 8, 150 mMNaCl, 1% Nonidet P-40,
0.5% sodium deoxycholate, and 0.1% SDS) supplemented with
protease inhibitors (Roche Applied Science) and phosphatase
inhibitors (0.5 mM Na3VO4, 5 mM sodium pyrophosphate, 50
mMNaF, 10mM sodium�-glycerophosphate). The lysates were
centrifuged at 12,000 � g for 15 min at 4 °C. The final superna-
tants were collected and stored at �80 °C. Protein concentra-
tions of the supernatants were determined with a BCA protein
assay kit (Thermo Scientific, Rockford, IL). For Western blot
analyses, 40 �g of isolated total protein or 10 �g of purified
CSADC protein was resolved by 10% SDS-PAGE and then
transferred to a nitrocellulosemembrane (Bio-Rad). Themem-
branewas blockedwith 5%nonfat driedmilk inTBSTbuffer (20
mM Tris-HCl, 500 mM NaCl, and 0.05% Tween 20) and incu-
bated with GADL1 antibody (Thermo Scientific) at 1:100 dilu-
tion in TBST with 5% BSA overnight at 4 °C. This antibody was
detected using a horseradish peroxidase-conjugated goat IgG
antibody (Santa Cruz Biotechnology, Santa Cruz, CA) and
SuperSignal West Pico chemiluminescence substrate (Thermo
Scientific). Following detection of GADL1 protein, the mem-
brane was stripped with Restore Western blot Stripping Buffer
(Thermo Scientific) and re-probed with the �-actin antibody
(Santa Cruz Biotechnology, Santa Cruz, CA).

RESULTS

Presence of GADL1 Gene in Species—Although not specified
in the databases, human GADL1 is likely the first one named as
GADL1, and the other GADL1 sequences likely have been
based on the human sequence. To date, there have been several
GADL1 genes in the databases. The deduced sequences from
these genes are highly conserved. For example, GADL1
sequences from human, cattle, and mice share more than 90%
sequence identity (supplemental Fig. S1). In human, GADL1
also shares considerable similarity with human GAD65 and
GAD67, which likely explains why it has been namedGAD-like
protein. However, GADL1 shares noticeable better similarity
(59% identity) with CSADC than with mammalian GAD
sequences (50 and 51% identity) (supplemental Fig. S2).
UV-visible Spectrum of Recombinant HuGADL1—The con-

centrated protein solution showed a visible light yellow color.
Spectral analysis of purifiedHuGADL1 revealed the presence of
typical visible absorbance peaks with their �max at 340 and 430
nm, respectively (Fig. 2). These visible absorption peaks were
due to the presence of PLP cofactor. The ratio of the 340-nm
peak versus the 430-nm peak reflected the relative contents of
PLP tautomers. Overall, the visible spectrum ofHuGADL1 was
quite similar to that of HuCSADC (9), except that HuGADL1
had a higher 340-nm/430-nm peak ratio (Fig. 2).
Substrate Specificity of HuGADL1—HuGADL1was screened

against all 20 proteogenic amino acids and also cysteine sulfinic
acid and cysteic acid for decarboxylation activity. Among them,
HuGADL1 showed decarboxylation activities with aspartate,
cysteine sulfinic acid, and cysteic acid (Fig. 3, A–C) but dis-
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played no activity with glutamate (Fig. 3D) and other amino
acids. Fig. 3 (A–C) demonstrates thatHuGADL1 has bothADC
activity and CSADC activity. Under the applied assay condi-
tions, the specific activity of HuGADL1 was 1.3 � 0.2 �mol
min�1 mg�1 to aspartate, 2.08 � 0.3 �mol min�1 mg�1 to
cysteine sulfinic acid, and 0.46 �mol min�1 mg�1 to cysteic
acid, respectively. Based on its substrate specificity,HuGADL1
could be called aHuCSADC isozyme or namedHuADC.When
the enzyme was incubated with aspartate and cysteine sulfinic
acid at the same time, its CSADC activity was not affected to
any significant degree, but its ADC activity was considerably
reduced (Fig. 3E), indicating that cysteine sulfinic acid com-
petes muchmore effectively than aspartate inHuGADL1 bind-
ing. For example, in the presence of 10 mM of cysteine sulfinic
acid and 5 mM of aspartate, the calculated CSADC activity and
ADC activity were �1.67 and 0.06 �mol min�1 mg�1 (Fig. 3E,
left panel), respectively.WhenGADL1was incubated with cys-
teine sulfinic acid and aspartate with each at 10 mM final con-
centration, its CSADC activity and ADC activity were �1.41
and 0.12 �mol min�1 mg�1 (Fig. 3E, middle panel), respec-
tively. When the enzyme was incubated with 5 mM of cysteine
sulfinic acid and 10 mM of aspartate, the CSADC activity and
ADC activity were �1.29 and 0.22 �mol min�1 mg�1 (Fig. 3E,
right panel), respectively. Fig. 3F shows the elution profile of
hypotaurine, taurine, �-alanine, and GABA in our assay
conditions.
Kinetic Parameters of HuGADL1 to Aspartate and Cysteine

Sulfinic Acid—HuGADL1 showed moderate substrate affinity
to aspartate and cysteine sulfinic acid. Although the enzyme
showedoverall better affinity and catalytic efficiency to cysteine
sulfinic acid than to aspartate (Table 1), the concentration of
aspartate is generally much higher than that of cysteine sulfinic
acid inmany tissues. Therefore, the enzyme could be functional
primarily as ADC or CSADC, depending on its locations.
Tissue Distribution of GADL1 mRNA—Tissue distributions

of GADL1 mRNA of mice and cattle were determined by RT-
PCR using ribosomal 18 S RNA as an internal standard for

cDNA normalization. In mice, GADL1 mRNA expression was
detected at high levels only in skeletal muscles and kidneys (Fig.
4A). In cattle, GADL1 mRNA was detected in skeletal muscles
and hearts, but transcript abundance wasmuch greater inmus-
cles than in hearts (Fig. 4B). GADL1 mRNA was not found in
mouse brains (supplemental Fig. S3). The GADL1 mRNA was
detected from C2C12 myoblasts but not from C2C12
myotubes.
Western Blot Analysis—The presence of GADL1 was inves-

tigated in mouse muscles, kidneys, C2C12 myoblasts, and
C2C12 myotubes. Antibody against �-actin was used as an
internal control. Purified recombinantmouseCSADCwas used
to test the specificity of the GADL1 antibody. The result
showed that GADL1 is present in muscles, kidneys, C2C12
myoblasts, andC2C12myotubes (Fig. 5,A andB). These results
are comparable with the RT-PCR data, except that GADL1
transcript was not detected from C2C12 myotubes (supple-
mental Fig. S3). It is possible that GADL1 in C2C12 myotubes
might be carried over from the myoblast stage of the muscle
cells. It was also noted that the GADL1 antibody cross-reacted
with mouse CSADC (Fig. 5C). Trace amounts of CSADC were
detected from kidney samples but not from muscle samples
(Fig. 5A).
Activity Assay Using Protein Extracts—The ADC and

CSADC activities were investigated with fresh protein extracts
from kidneys and muscles, respectively. When the supernatant
of freshly preparedmuscle protein extracts wasmixedwith cys-
teine sulfinic acid and incubated for 10 min, no apparent accu-
mulation of hypotaurine was observed, but the relative amount
of taurine (Fig. 6A) was much greater than that of the endoge-
nous taurine present in the supernatant of muscle protein
extracts (see Fig. 6B as a reference). When the freshly prepared
muscle sample was mixed with aspartate for 10 min, no appar-
ent accumulation of �-alanine was observed in the reaction
mixture (Fig. 6B). Because only aspartate was incubated with
the supernatant, the taurine peak corresponded to the relative
base level of taurine in the supernatant of muscle protein
extracts (Fig. 6B). Based on the apparent increase of taurine
concentration in the reaction mixture with cysteine sulfinic
acid as a substrate, it seemed that no hypotaurinewas produced
in the reaction mixture, but hypotaurine, once formed, was
converted to taurine. When hypotaurine was directly mixed
with muscle extract sample, hypotaurine was also converted to
taurine (supplemental Fig. S4), suggesting that crude muscle
extract contains factor(s) capable of oxidation of hypotaurine to
taurine. Compared with the high concentration of endogenous
taurine, no endogenous �-alanine peak was observed in the
supernatant of muscle protein extracts. Also, no apparent
decrease of �-alanine was observed when the compound was
incubated with muscle extract sample (supplemental Fig. S5).
When the supernatant of freshly prepared kidney protein

extracts was incubatedwith cysteine sulfinic acid as a substrate,
accumulation of hypotaurine was observed in the reactionmix-
ture (Fig. 6C). When the kidney sample was incubated with
aspartate, no apparent accumulation of�-alanine was observed
in the reaction mixture (Fig. 6D). It is worth noting that, when
substrate was incubatedwith the supernatant ofmuscle protein
extracts, the majority of product was found in the form of tau-

FIGURE 2. Spectral characteristics of recombinant HuGADL1. Extensively
purified HuGADL1 was prepared in 20 mM phosphate buffer (pH 7.0), and its
absorbance from 300 to 480 nm was determined using a Hitachi U-2800A
spectrophotometer. The inset illustrates purified protein and reference
molecular mass marker.
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FIGURE 3. Substrate specificities of recombinant HuGADL1. Chromatograms A, B, and C show the accumulation of hypotaurine in a HuGADL1 and cysteine
sulfinic acid reaction mixture, the accumulation of taurine in a HuGADL1 and cysteic acid reaction mixture, and the accumulation of �-alanine in a HuGADL1
and aspartate reaction mixture, respectively. Chromatogram D shows the absence of GABA in the HuGADL1 and glutamate reaction mixture. Chromatogram E
shows a comparative study of the substrate preference of HuGADL1 under different concentrations of substrates. Chromatogram F illustrates the retention
time of hypotaurine, taurine, �-alanine, and GABA standards under the same assay conditions. The reaction was initiated by the addition of purified HuGADL1
into each substrate preparation. An equal volume of 100% ethanol was added to each reaction mixture at 10 min after incubation at 25 °C, followed by the
addition of two volumes of OPT agent. The mixture was incubated for 3 min. Determination of the products was based on the detection of OPT derivatives by
reverse phase liquid chromatography with electrochemical detection. A C18 reverse phase column (4.6 mm � 100 mm, 5-�m spherical particle) was used for
substrate and product separation. The mobile phase consisted of 50 mM phosphate buffer (pH 3.5) containing 25% acetonitrile with a flow rate of 0.5 ml/min.
The working electrode was maintained at �0.75 V versus an Ag/AgCl reference electrode.
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rine, not hypotaurine (Fig. 6A). The CSADC activity in muscle
and kidney protein extracts was calculated �11 and 13 nmol
min�1 mg�1, respectively. GADL1 was not stable in protein
extracts because attempts to get rid of the endogenous taurine
in protein extracts, such as dialysis and ammonia sulfate pre-
cipitation/resuspension, led to the disappearance of CSADC
activity in both muscle and kidney tissue samples (data not
shown).

DISCUSSION

In this manuscript, we reported for the first time the bio-
chemical activities of recombinantHuGADL1 and the distribu-
tion of GADL1 mRNA in mice and cattle. The recombinant
HuGADL1, expressed in E. coli, has aUV-visible spectrum sim-
ilar to that of other identified glutamate/cysteine sulfinic acid/
aspartate 1-decarboxylases. HuGADL1 has different substrate
usage than the namewould imply. The enzyme catalyzes decar-
boxylation of �-carboxyl group of cysteine sulfinic acid and
aspartate but not glutamate. GADL1 mRNA showed tissue-
specific expression in cattle andmice, with relatively high levels

in the muscle of both species. High levels of GADL1 transcript
were also detected in mouse kidneys. The presence of GADL1
in muscles and kidneys has been confirmed by Western blot
analysis and activity assays with tissue samples. It is likely that
GADL1may contribute to in vivo taurine or/and�-alanine bio-
synthesis (supplemental Fig. S6). Consistent with our results in
terms of GADL1 expression, online human microarray data
indicated that GADL1 expression went up significantly under
conditions of neuromuscular pain (ArrayExpress: E-GEOD-
7307, Gene Expression Atlas). These online data have been
derived from a number of independent DNA array studies. The
linking of GADL1 with muscular pain conditions provides
some basis to suggest that GADL1 plays a physiological role in
muscles.
There are only a limited number ofGADL1 genes in theGene

database with most of them from mammals. It was interesting
to observe that although GADL1 from cattle and mice is highly
similar in primary sequence and both are transcribed primarily
in skeletal muscles, the mouse gene is also transcribed a lot in
kidney, and the cattle gene is transcribed a little in heart. In
addition, GADL1 mRNA was detected in C2C12 myoblasts, a
cell line corresponding to earlier stages ofmuscle ontogeny, but
it disappeared in the next C2C12myotube stage, indicating that
GADL1 might be tightly regulated during myogenesis. The
Western blot data indicated the presence of GADL1 in mouse
muscles, kidneys, C2C12 myoblasts, and C2C12 myotubes,
which is comparable with our RT-PCR data except for the
C2C12myotube result. Hypotaurine is the indispensable inter-
mediate along the cysteine sulfinic acid to taurine pathway.
Accumulation of taurine in the supernatant of muscle extracts
and cysteine sulfinic acid reaction mixture determined the
CSADC activity inmuscles. Based on theWestern blot analysis,
however, typical CSADC was absent in muscles. Accordingly,
the CSADC activity in muscles likely is primarily due to the
presence of GADL1, whereas in kidney tissues, activity might
well be a contribution by both typical CSADC and GADL1 as
seen in Fig. 5A. It has been suggested that the hypotaurine-to-
taurine reaction was enzyme-mediated, but there have been no
reports or evidence showing the presence of such an enzyme.
Conversion of hypotaurine to taurine in muscle samples sug-
gested that a molecule/enzyme, capable of catalyzing the pro-
duction of hypotaurine to taurine, is present in muscles (sup-
plemental Fig. S4). No such activity was detected from brains
and kidneys (data not shown). It is therefore worthwhile to
work on the exact enzyme that was able to catalyze the conver-
sion of hypotaurine to taurine.
HuGADL1 is active to cysteine sulfinic acid. Accordingly, it is

reasonable to name it CSADC or CSADC isozyme. Although
CSADC has generally been considered the primary enzyme for
taurine synthesis, only a fewmammalianCSADCenzymes have
been experimentally characterized (16–18). Typical CSADC
catalyzes cysteine sulfinic acid to hypotaurine that is the pre-
cursor of taurine and can be oxidized in vivo to taurine, but the
enzyme has no activity to aspartate (9). Although past studies
are not very consistent regarding the tissue distribution of
mammalian CSADC, it is generally agreed it is expressed in
both liver and brain (16, 19, 20). Although hearts and skeletal
muscles have high concentrations of taurine, CSADC was not

TABLE 1
Kinetic parameters of HuGADL1

Enzyme Substrate Km Vmax kcat kcat/Km

mM �mol/min/
mg

s�1 mM � 1
S � 1

HuGADL1 Aspartate 2.72 � 0.22 1.56 � 0.12 1.3 0.48
Cysteine
sulfinic
acid

1.14 � 0.14 2.31 � 0.27 1.9 1.67

FIGURE 4. RT-PCR analysis of GADL1 in mice and cattle tissues. The tissue
distribution of GADL1 mRNA was studied in mice (A) and cattle (B). Ribosomal
18 S RNA was used as an internal standard for both species.

FIGURE 5. Western blot analysis of GADL1 in tissues and cell culture. A, the
presence of GADL1 in mouse kidneys and muscles. Noticed that a lower band
was detected in kidneys; this band corresponded to CSADC. B, the presence of
GADL1 in mouse C2C12 myoblasts and myotubes. C, 10 �g of purified mouse
CSADC was used to detect whether the GADL1 antibody had cross-reactivity.
Antibody against �-actin was used as a control.
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considered to be present in skeletal muscles and kidneys (16),
and it was suggested that taurine was produced elsewhere and
transported to these tissues (21, 22). In this study, the expres-
sion and biochemical activity of GADL1 in muscles suggested
that muscle taurine might be produced in situ.
The other product of recombinant GADL1-catalyzed reac-

tions is �-alanine, a naturally occurring �-amino acid that is
commonly found in many living species. �-Alanine is a central
component of pantothenate (vitamin B5), the essential precur-
sor of coenzyme A (23). �-Alanine is also an important compo-
nent of several dipeptides in animals, such as carnosine, carci-
nine, and N-�-alanyldopamine. In humans (perhaps all other
mammalian species as well), �-alanine is necessary for carnos-
ine synthesis. Carnosine, the dipeptide between L-histidine and
�-alanine, has long been considered the dominant buffering
component inmuscles (24). Increasing the intracellular carnos-
ine levels has been exploited for improving the buffering capac-
ity of skeletal muscles, thus enhancing exercise performance
(14, 25). Carnosine is present at high concentrations in verte-
brate skeletal muscles (24). In addition to muscles, carnosine is
also found in brains and hearts and is therefore suspected to be
more than a buffering reagent in physiology (26–30). Studies of
carnosine have suggested that it has neuroprotective (31, 32),
antiglycative (33), antioxidative (34), and anti-aging activities
(35, 36).
Living species seem to have evolved different biochemical

processes to generate �-alanine, and some have more than one
�-alanine producing pathway. It has been a general consensus
that �-alanine is mainly derived from the degradation of uracil
in plants, fungi, and vertebrates (37). In contrast, �-alanine is
produced primarily through one-step decarboxylation of
�-carboxyl group of aspartate by ADC in bacteria and insects,
although the insect ADC and bacterial ADC share no sequence
homology and are recruited independently by convergent evo-
lution (38, 39). The bacterial ADC is a homotetramer with a
covalently bound pyruvoyl cofactor (40), whereas the insect
ADC is a dimer with PLP as a cofactor (9).
The discovery of ADC activity of recombinant HuGADL1 is

interesting and potentially quite important. Currently, except

for insect ADC, no animal enzyme is known that is capable of
catalyzing the decarboxylation of the �-carboxyl group of
aspartate to �-alanine. Endogenous carnosine is synthesized by
carnosine synthetase using histidine and �-alanine as sub-
strates in muscles (41, 42). �-Alanine is the limiting compound
in carnosine synthesis because its plasma concentration is
much lower than that of histidine (24), and the enzyme has a
lower affinity to �-alanine than to histidine (43, 44). All the
currently known �-alanine-synthesizing enzymes have low
expression levels inmuscles, where the demand for�-alanine is
great; accordingly, it is generally considered that the intramus-
cular �-alanine is transported from elsewhere to make carnos-
ine (13). A study with chicken embryonic muscle cell culture
indicated that a �-amino acid transporter is present in the cells
(45); hence the sarcoplasmic �-alanine delivery is the rate-lim-
iting factor for muscle carnosine synthesis. �-Alanine supple-
mentation has been exploited to boost the blood�-alanine con-
centration, drive the carnosine synthesis in muscles, and
improve muscle performance (46). Long term �-alanine intake
has been shown to augment muscle carnosine concentrations
(25, 47, 48), but such delivery is inefficient and somewhat prob-
lematic. Even with multiple high doses of 800 mg of �-alanine/
day over 4 weeks, the mean increase of carnosine was only
�60% (24). Moreover, acute oral �-alanine intake (�800 mg)
can cause paraesthia, generally known as the feelings of “pins
andneedles” (49). Comparedwith the enzymatic�-alanine pro-
duction and transportation pathways mentioned above,
GADL1-mediated �-alanine production could be the simple
and energy-efficient pathway.
ADC activity in muscle extracts remains to be established.

Our recent data showed that cysteine could inactivate the
insect ADC, and the two activities of the enzyme responded
differently to cysteine inactivation, with its ADC activity being
more potently inactivated (50). Cysteine sulfinic acid or/and
hypotaurine can inhibit the ADC activity of GADL1 (Fig. 3E).
Further analysis indicated that cysteine and taurine could
severely inhibit theADCactivity ofGADL1 aswell (supplemen-
tal Fig. S7). It is possible that homogenization disrupted most
organelles, which might expose GADL1 to endogenous inhibi-

FIGURE 6. ADC and CSADC activity assays of the supernatant of mouse muscle or kidney protein extracts. Five microliters of protein extract supernatant
(containing �90 mg/ml total protein) were added into 45 �l of reaction mixture containing 10 mM of cysteine sulfinic acid or 10 mM of aspartate. The reaction
mixtures were incubated at 25 °C for 10 min. Chromatograms illustrate substrate, product, and endogenous taurine in the supernatant of muscle protein
extracts in the presence of 10 mM of cysteine sulfinic acid (A), in the supernatant of muscle protein extracts in the presence of 10 mM of aspartate (B), in the
supernatant of kidney protein extracts in the presence of 10 mM of cysteine sulfinic acid (C), and in the supernatant of kidney protein extracts in the presence
of 10 mM of aspartate (D).
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tors, which may explain in part our inability to detect ADC
activity in the extracted protein samples.
From an evolutionary perspective, GAD and CSADC

appeared early in evolution, but so far GADL1 has only been
found only in birds, reptiles, and mammals (Fig. 1). Although
insect ADC possesses a similar substrate usage to GADL1 (9,
50), insect ADC-type enzymes have not been found in non-
insect species (Fig. 1). GADL1 appeared late in species evolu-
tion. One might argue that GADL1 is still an evolving protein,
and its appearance may help those animals better adapt the
much more complex terrestrial environment and whose better
survival may somewhat depend on their muscle performance.
In summary, although the in vivo ADC activity of GADL1 is

still in question, the distribution and biochemical activities of
the recombinant HuGADL1 provide a basis to more intelli-
gently explore its physiological function(s). The hypotaurine-
generating activity of GADL1 was shown in muscles and kid-
neys; the up-regulation of GADL1 in muscles under disease
conditions (reported by independent mRNA array analyses)
indicates that the protein plays a physiological function(s) in
muscles. Consequently, results of this study provide 1) useful
information toward a more appropriate classification/annota-
tion of GADL1 proteins, 2) a tangible basis in terms of direc-
tions for revealing its true physiological function(s), and 3) a
stimulating momentum for studying these intriguing proteins.
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