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Carnosine (f3-alanyl-L-histidine) and homocarnosine (y-ami-
nobutyryl-1-histidine) are abundant dipeptides in skeletal
muscle and brain of most vertebrates and some invertebrates.
The formation of both compounds is catalyzed by carnosine
synthase, which is thought to convert ATP to AMP and inor-
ganic pyrophosphate, and whose molecular identity is un-
known. In the present work, we have purified carnosine syn-
thase from chicken pectoral muscle about 1500-fold until
only two major polypeptides of 100 and 90 kDa were present
in the preparation. Mass spectrometry analysis of these
polypeptides did not yield any meaningful candidate. Carnosine
formation catalyzed by the purified enzyme was accompanied
by a stoichiometric formation, not of AMP, but of ADP, suggest-
ing that carnosine synthase belongs to the “ATP-grasp family”
of ligases. A data base mining approach identified ATPGD1 as a
likely candidate. As this protein was absent from chicken pro-
tein data bases, we reconstituted its sequence from a PCR-am-
plified cDNA and found it to fit with the 100-kDa polypeptide
of the chicken carnosine synthase preparation. Mouse and
human ATPGD1 were expressed in HEK293T cells, purified to
homogeneity, and shown to catalyze the formation of carnosine,
as confirmed by mass spectrometry, and of homocarnosine.
Specificity studies carried out on all three enzymes were in
agreement with published data. In particular, they acted with
15-25-fold higher catalytic efficiencies on (-alanine than on
y-aminobutyrate. The identification of the gene encoding car-
nosine synthase will help for a better understanding of the bio-
logical functions of carnosine and related dipeptides, which still
remain largely unknown.

Carnosine, a dipeptide consisting of -alanine and L-histi-
dine, was extracted for the first time from Liebigs meat extract
in 1900 to become the first ever peptide isolated from animal
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tissue (1). Carnosine is the best known representative of a series
of imidazole dipeptides such as homocarnosine (y-aminobu-
tyryl-L-histidine), anserine (B-alanyl-N-7-methyl-L-histidine),
and balenine (B-alanyl-N-7-methyl-L-histidine), which have
long been reported to be present at high concentrations in skel-
etal muscle and the central nervous system of vertebrates.

The B-alanyl containing peptides are mainly found in skeletal
muscle, whereas the y-aminobutyryl containing peptides are
typical of the central nervous system, probably due to the avail-
ability of its precursor y-aminobutyric acid in this tissue. The
concentration of carnosine in skeletal muscle of vertebrates varies
according to the species from 0.6 mM (mouse) up to 10 and 30 mm
(human and horse, respectively) (2). However, the dipeptide is also
present at high (1-2 mm) concentrations in the olfactory bulb of
the mammalian brain and has been detected in muscles of some
invertebrates such as crabs, shrimp, and oysters (Ref. 3, for review
see Ref. 4). Homocarnosine is detected at concentration of 0.3—1.5
mM in different regions of the human brain (5). Anserine is abun-
dant in rabbit leg muscle (17 mm) and chicken pectoral muscle (43
mM), whereas balenine is mainly found in muscles of marine mam-
mals such as whales and dolphins (up to 45 mm) (2).

The biological function(s) of carnosine and related dipep-
tides is still mysterious, although several theories have been
proposed. Because of its abundance and its pK,, close to the
physiological pH, carnosine is thought to act as a buffer, neu-
tralizing lactic acid produced in a working muscle (4). It has also
been proposed to be an anti-glycation agent (for review, see Ref.
6) and a blood glucose regulator (7), whereas the dipeptide pres-
ent in the olfactory system might be either a neurotransmitter
or a neuromodulator (for review, see Ref. 8). Carnosine and
anserine have been shown to be efficient chelators of copper
ions in vitro (9) and all carnosine-related dipeptides have been
postulated to be potent endogenous antioxidants (10). How-
ever, none of these putative physiological functions has been
definitively verified yet.

Similarly, information on the enzyme that catalyzes the for-
mation of carnosine and related dipeptides remains highly defi-
cient. Carnosine is known to be synthesized from 3-alanine and
L-histidine by an ATP-dependent synthase (EC 6.3.2.11), which
has been partially purified from different sources (11-14) and
shown to also catalyze the synthesis of homocarnosine. The fate
of ATP in the reaction has never been directly demonstrated,
but based on indirect arguments, the nucleotide triphosphate is
thought to be converted to AMP and inorganic pyrophosphate.

Two proteins encoded by different genes were shown to
degrade carnosine in humans and other mammals (15). The
first one (CN2, formerly named human tissue carnosinase,
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EC 3.4.13.18) is a Mn™>-dependent cytosolic enzyme ubiq-
uitously expressed in human tissues. This enzyme is now
named “cytosol nonspecific dipeptidase,” because it does not
degrade homocarnosine and exhibits a rather broad specificity
toward various dipeptides. The second one (CN1, EC 3.4.13.20)
is a genuine carnosinase (former human serum carnosinase),
which breaks down both carnosine and homocarnosine and is
found in serum and brain tissue. Interestingly, deficiency of this
enzyme leads to hypercarnosinemia and hypercarnosinuria and
was associated with neurological symptoms (16, 17).

Further progress on the role of carnosine and homocar-
nosine would benefit highly from the identification of the
enzyme that synthesizes it and this was the purpose of the
present work. We chose to purify this enzyme from chicken
muscle, a rich source of carnosine synthase, and succeeded to
identify it by combining protein purification and mass spec-
trometry analysis with a data base mining approach.

EXPERIMENTAL PROCEDURES

Materials—Reagents, of analytical grade whenever possible,
were from Sigma, Acros (Geel, Belgium), Roche Applied Sci-
ence, or Merck (Darmstadt, Germany). [*H]B-Alanine and
[**C]-y-aminobutyric acid were purchased from Moravek Bio-
chemicals (Brea, CA). DEAE-Sepharose, Q-Sepharose, Super-
dex-200 resins, 1-ml HisTrap HP (Ni*" form) and PD-10 col-
umns were obtained from GE Healthcare. ATP-Sepharose
was a kind gift (to D. V.) from Serenex. AG50W-X4 (100-200
mesh) resin came from Bio-Rad, and Vivaspin-15 centrifugal
concentrators were from Sartorius (Stockport, United King-
dom). Enzymes and DNA modifying enzymes as well as the
TurboFect transfection reagent were obtained from Fermentas
(St-Leon-Rot, Germany). FirstChoice® human brain RNA was
from Applied Biosystems (Halle, Belgium).

Assay of Carnosine Synthase Activity—Carnosine synthase
activity was determined by measuring the incorporation of
either [°H]B-alanine or ['*C]y-aminobutyric acid into the cor-
responding dipeptide. The standard incubation mixture (0.11
ml) contained 50 mm Hepes, pH 7.5, 10 mM KCI, 1 mM EGTA, 1
mm MgCl,, 1 mm DTT,” 3 mm MgATP, 3 mum L-histidine (or
other acceptors), either 1 um ['H + ®H]B-alanine (about 600 X
10% cpm) or 23.4 um [">C + "*C]y-aminobutyric acid (about
300 X 10 cpm). The reaction was started by the addition of the
enzyme preparation and carried out at 37 °C for 20 min unless
otherwise described. Dipeptide production was linear for at
least 30 min under all conditions studied. The incubation was
stopped by the addition of 0.1 ml of the reaction medium to 0.2
ml of ice-cold 10% (w/v) HCIO,,. The samples were diluted with
0.12 ml of H,O and centrifuged at 13,000 X g for 10 min. After
neutralization of the supernatant with 3 m K,CO,, the salts
were removed by centrifugation (13,000 X g for 15 min) and the
clear supernatant was diluted 5 times with 20 mm Hepes, pH
7.5, and 2 ml were applied to AG50W-X4 columns (1 ml, Na™
form), equilibrated with 20 mm Hepes, pH 7.5. The unreacted

®The abbreviations used are: DTT, dithiothreitol; ATPGD1, ATP-grasp
domain-containing protein 1; ApsA, P',P>-di(adenosine 5')-pentaphos-
phate; EST, expressed sequence tag; Hsp90, heat shock protein 90; MS,
mass spectrometry; HPLC, high pressure liquid chromatography.
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radiolabeled substrate was removed by washing the columns
with 10 ml of the same buffer and carnosine or homocarnosine
were eluted with 5 X 2 ml of 20 mm Hepes, pH 7.5, containing
0.5 M NaCl. To elute dipeptides that were more positively
charged, the columns were washed with 5 X 2 ml of 1 M
NH,OH. In all cases, the samples to be counted were mixed
with 5 volumes of scintillation fluid (Ultima Gold, PerkinElmer
Life Sciences) and the incorporated radioactivity was analyzed
with a Packard Tri-Carb 2300 TR liquid scintillation counter.
Purification of Chicken Carnosine Synthase—Chicken pecto-
ral muscle (250 g) was homogenized with 4 volumes (w/v) of
buffer A (50 mm Hepes, pH 7.5, 10 mm KCI, 1 mm DTT, 1 mMm
EGTA, 1 mm MgCl,, 5 ug/ml of leupeptin, and 5 pg/ml of
antipain) with a Ultra Turrax homogenizer. The homogenate
was centrifuged for 30 min at 15,000 X g and the supernatant
(550 ml) split into two equal halves. One-half was immediately
utilized and the other was frozen at —70 °C and subjected to the
same procedure a few days later. The supernatant (250 ml) was
diluted with buffer A to 375 ml and applied to a DEAE-Sepha-
rose column (200 ml) equilibrated with the same buffer. The
column was washed with 400 ml of buffer A, developed with a
NaCl gradient (0—0.5 M in 1000 ml) in buffer A, and fractions (7
ml) were collected. The most active fractions of the two col-
umns were pooled (55 ml), diluted to 334 ml with buffer B (50
mM Tris-HCl, pH 8.0, 10 mm KCl, 1 mm DTT, 1 mm EGTA, 1
mm MgCl,, 5 ug/ml of leupeptin, and 5 pg/ml of antipain), and
applied to a Q-Sepharose column (12 ml) equilibrated with
buffer B. The column was washed with 36 ml of buffer B con-
taining 35 mm NaCl, and the retained protein was eluted with a
NaCl gradient (35-500 mM in 300 ml in buffer B). The most
active fractions (23 ml) were pooled, concentrated to 2.3 mlin 2
Vivaspin-15 ultrafiltration devices, and loaded on a Superdex-
200 16/60 column (120 ml) equilibrated with buffer A contain-
ing 100 mMm NaCl. The most active fraction (1.5 ml) was diluted
3-fold with buffer C (50 mm Hepes, pH 7.5, 50 mm NaCl, 10 mm
KCl, 1 mMm DTT, 1 mm EGTA, 10 mm MgCl,, 2 ug/ml of leu-
peptin, and 2 ug/ml of antipain) and loaded onto an ATP-
Sepharose column (0.2 ml) equilibrated with the same buffer.
The column was first washed with 2 ml of buffer C and 2 ml of
the same buffer containing 100 mm NaCl. The retained proteins
were eluted (6 fractions of 0.4 ml) with buffer C containing 5
mM MgATP. Fifty ul were kept for the MS/MS analysis, and the
remaining 0.35 ml were supplemented with 0.7 mg of bovine
serum albumin. All purification steps were performed at 4 °C
and the enzymatic preparation was stored at —70 °C between
steps. The complete purification procedure was performed
twice with similar results. Protein concentration was deter-
mined spectrophotometrically according to Bradford (18)
using bovine y-globulin as a standard. Protein content in the
SDS-polyacrylamide gel bands, which co-eluted with carnosine
synthase activity in the last purification step (ATP-Sepharose),
was quantitated by densitometric analysis using Image] soft-
ware (NIH). The total amount of protein in the ATP-Sepharose
fractions, as determined densitometrically, was in perfect
agreement with the data obtained with the Bradford assay.
Determination of Adenine Nucleotides—To determine the
changes in adenine nucleotide concentration taking place dur-
ing carnosine synthesis, a sample (25 g of protein) of Superdex
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200-purified chicken carnosine synthase was incubated at 37 °C
in the absence or presence of 1 mm B-alanine and 3 mwm L-his-
tidine in a reaction mixture (0.33 ml) containing 50 mm Hepes,
pH 7.5, 0.2 mg/ml of bovine serum albumin, 10 mm KCI, 1 mm
EGTA, 1 mm MgCl,, 1 mv DTT, 1 mm MgATP, 1 mm Na,VO,
(a nonspecific inhibitor of ATPases), and 100 uMm diadenosine
pentaphosphate (ApA, a potent inhibitor of adenylate kinase
(19)). Neither Naz;VO, nor ApA affected the formation of car-
nosine at the concentrations used. To confirm the complete
inhibition of adenylate kinase activity by Ap;A, the enzyme was
incubated in the same reaction mixture in which B-alanine and
L-histidine had been replaced by 100 um AMP.

After 0, 60, and 120 min at 37 °C, 0.1 ml of the reaction mix-
ture was removed and mixed with 30 ul of ice-cold 20% (w/v)
HCIO, to stop the reaction. Samples were centrifuged at
13,000 X g for 5 min at 4 °C and the supernatants (0.12 ml)
immediately withdrawn and neutralized with 20 ul of 3 m
K,CO,. The salt precipitate was removed by centrifugation
(13,000 X gfor 15 min) and the clear supernatants (0.1 ml) were
analyzed in an Agilent 1100 HPLC. Separation of adenine
nucleotides was achieved by chromatography on a Whatman
Partisphere SAX column (4.6 X 125 mm, 5-um particle size) in
a gradient of 0.01-0.5 M NH,H,PO,, pH 3.7, at a flow rate of 2
ml/min (20). The detection of nucleotides was performed with
a diode-array detector at A = 254 nm. Quantification was
achieved using external standards of ATP, ADP, and AMP.

Identification of Chicken Carnosine Synthase by Tandem
Mass Spectrometry—The bands co-eluting with carnosine syn-
thase activity in the ATP-Sepharose purification step were cut
from a 10% polyacrylamide SDS gel and digested with trypsin.
In-gel digestions and desalting of the peptides were performed
as described in Ref. 21. Peptides were analyzed by LC-tandem
mass spectrometry in a LTQ XL ion-trap mass spectrometer
(Thermo Scientific) fitted with a microelectrospray probe. The
results were analyzed using X-calibur software (Thermo Scien-
tific) and the proteins were identified using Proteome Discov-
erer (Thermo Scientific) with a False Discovery rate =5%, as
delivered by a target-decoy data base search. To identify
chicken ATPGDI, the downloaded chicken data base of the
MS/MS software (IPI Chicken, version 3.47) was updated with
an amino acid sequence of chicken ATPGD1 as determined in
the present work.

Determination of the Sequence of Chicken ATPGDI—
Chicken total muscle RNA was prepared from 200 mg of pec-
toral muscle with the use of TriPure reagent according to the
manufacturer’s instructions. Muscle cDNA was synthesized
using Moloney murine leukemia virus-reverse transcriptase
(Fermentas, St-Leon-Rot, Germany), with random hexamers
and 2 ug of total RNA according to the manufacturer’s instruc-
tions. A 5’ primer containing the putative ATG codon (GCAG-
CATGATATCGGTGGAC) and a 3’ primer containing the
putative stop codon (CCGCCGTGGTTATTTGAAGTG) were
used to PCR amplify the open reading frame encoding chicken
ATPGD1. The sequences of 5" and 3’ primers were chosen,
based on chicken expressed sequence tags (ESTs) BM487018.1
and BM490056.1 and chicken trace sequence TI:26256606
from the Whole-Genome Shotgun reads (trace-WGS) collec-
tion in the NCBI trace archive. These sequences were identified
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by BLAST searches as being homologous to human ATPGDI.
The reaction was performed in the presence of 1 M betaine
with the use of Pfu DNA polymerase and chicken total mus-
cle cDNA as template. A PCR product of the expected size
(about 2.7 kb) was obtained, purified, and sequenced. A full-
length protein-coding chicken atpgdl sequence (cDNA) was
deposited in GenBank™ with accession number GU453679.
The sequence of oyster (Crassostrea virginica) atpgdl was
reconstituted from ESTs CD648102.1, CD648025.1, CD647140.1,
CD649213.1, and CV089447.1 (GenBank accession number
BK007044). Other ESTs provided at least 2-fold additional cov-
erage of the entire sequence and confirmed the deduced pep-
tide sequence.

Overexpression and Purification of Human and Mouse
Recombinant ATPGDI—Human brain and mouse muscle and
brain cDNA were used to PCR amplify the open reading frames
encoding human and mouse Atpgdl (GenBank accession num-
bers NM_001166222 and NM_1341438, respectively) using Pfu
DNA polymerase in the presence of 1 M betaine. Human brain
ATPGDI was amplified using a 5" primer containing the initi-
ator codon (GTGGAATTCTATGCTCTCCCTGGATCCA-
TCG) preceded by an EcoRI site and a 3’ primer containing
the stop codon (CAGGCGGCCGCCTATTTGAAGTGAGA-
CAGGAAGQG) flanked by a NotI site. Similarly, a 5 primer con-
taining the initiator codon (GTGGAATTCTATGCTCTGCC-
TGGATCCACTG) and a 3’ primer containing the stop codon
(CAGGCGGCCGCCTATTTGAAATGAGACAGGAAATG)
were used for amplification of mouse muscle and brain Atpgd 1.
The amplified DNA products of the expected size were digested
with the appropriate restriction enzymes and cloned into the
pEF6/HisB expression vector (Invitrogen), which allows the
production of proteins with an N-terminal His, tag, and was
verified by sequencing. The sequences of mouse brain and mus-
cle Atpgdl were the same, and only the construct derived from
muscle was used in further experiments. For transfections,
HEK-293T cells were plated in 85-mm Petri dishes at a cell
density of 2.1 X 10° cells/plate in Dulbecco’s minimal essential
medium supplemented with 100 units/ml of penicillin, 100
pg/ml of streptomycin, and 10% (v/v) fetal bovine serum, and
grown in a humidified incubator under 95% air and 5% CO,
atmosphere at 37 °C. After 24 h, each plate was transfected with
6 ug of the appropriate vector using the TurboFect transfection
reagent (Fermentas) according to the protocol provided by the
manufacturer. After 48 h the culture medium was removed, the
cells were washed with 5 ml of phosphate-buffered saline and
harvested in 0.5 ml of 50 mm Hepes, pH 7.5, containing 10 mm
KCl, 1 mm MgCl,, 5 ug/ml of leupeptin, and 5 pug/ml of anti-
pain. The cells were lysed by freezing in liquid nitrogen and
after thawing and vortexing, the extracts were incubated on ice
with 125 units/ml of DNase I (Sigma) for 30 min and then cen-
trifuged at 4 °C (15,000 X g for 30 min) to remove insoluble
material.

For the purification of mouse and human recombinant
ATPGD]I, the supernatant (17 ml) was diluted 2-fold with
buffer A (50 mm Hepes, pH 7.5, 300 mm NaCl, 10 mm KCl, 1
mm MgCl,, 5 ug/ml of leupeptin, and 5 ng/ml of antipain) and
applied on a HisTrap HP column (1 ml) equilibrated with the
same buffer. The column was washed with 30 ml of buffer A and
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the retained protein was eluted with a stepwise gradient of im-
idazole (60—300 mm, 60 ml) in buffer A. Both human and
mouse ATPGD1 were eluted with 150-300 mm imidazole in
homogeneous form as confirmed by SDS-PAGE (not shown).
The enzyme preparations were desalted on PD-10 columns
equilibrated with 50 mm Hepes, pH 7.5, 10 mm KCI, 1 mm DTT,
1 mm EGTA, 1 mm MgCl,. The protein concentration was
determined spectrophotometrically according to Bradford (18)
using bovine <y-globulin as a standard. 0.5 (mouse) or 1 mg
(human) of pure recombinant enzyme was obtained from 40 or
70 mg of soluble HEK293T cell protein, respectively. The puri-
fied enzymes were supplemented with 2 mg/ml of bovine serum
albumin and stored at —70 °C.

Product Analysis—To obtain a sufficient amount of the
dipeptide formed in the reaction catalyzed by recombinant
mouse ATPGD1 for mass spectrometry analysis, the reaction
mixture was scaled up 10-fold. Briefly, 14 ug of mouse
ATPGD1 were incubated for 16 h at 37 °C in 1 ml of a reaction
mixture containing 50 mm Hepes, pH 7.5, 200 ug of bovine
serum albumin derived from the enzyme preparation, 10 mm
KCIL, 1 mm EGTA, 1 mm MgCl,, 1 mm DTT, 3 mMm B-alanine, 3
mM L-histidine, in the absence or presence of 3 mm MgATP.
The reaction was stopped by the addition of 0.2 ml of 30% (w/v)
HCIO,. After neutralization with 3 M K,CO,, the salts were
removed by centrifugation (13,000 X g for 15 min) and the clear
supernatant was diluted 5 times with 20 mm Hepes, pH 7.5. The
sample (6 ml) was applied to AG50W-X4 column (1 ml, Na™
form), the unreacted substrates were removed by washing with
12 ml of the same buffer, and the dipeptide was eluted with 2 ml
of 1 M NH,OH. The purified dipeptide was evaporated to dry-
ness, dissolved in 1 ml of 200 mm ammonium bicarbonate, and
N-acetylated with 10% acetic anhydride (Ac,O, v/v) for 1 h at
room temperature. Carnosine and N-acetylcarnosine were fur-
ther purified by HPLC on a Hypercarb 2.1 X 150-mm column
(ThermoHypersil) in a 5-50% gradient of acetonitrile contain-
ing 0.05% trifluoroacetic acid at a flow rate of 0.2 ml/min. The
column eluent was monitored with a UV detector at A = 210
nm. All mass spectral analyses were performed on a LCQ Deca
XP ion-trap spectrometer equipped with an electrospray
source (Thermo Scientific). The sample dissolved in methanol
was introduced directly into the source at a flow rate of 4
ul/min. The LCQ was operated in positive mode under manual
control in the Tune Plus view with default parameters and
active automatic gain control. To confirm the structure of the
precursor ions, low-energy collision-induced dissociation (rel-
ative collision energy of 25%) was utilized.

Calculations—V ,, and K, for the peptide synthase activity
of studied enzymes were calculated with Prism 4.0 (GraphPad
software) using a nonlinear regression.

RESULTS

Purification of Chicken Carnosine Synthase—During its puri-
fication, carnosine synthase activity was assayed by measuring
the conversion of [°H]B-alanine to [*H]carnosine in the pres-
ence of L-histidine and ATP. Carnosine synthase was purified
from chicken breast muscle about 1500-fold by a procedure
involving chromatography on DEAE-Sepharose, Q-Sepharose,
Superdex-200, and ATP-Sepharose. The ligase was eluted as a
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FIGURE 1. Purification of chicken carnosine synthase to near homogene-
ity. Chicken carnosine synthase was purified by chromatography on DEAE-
Sepharose (A), Q-Sepharose (not shown), Superdex 200 (B), and ATP-Sepha-
rose (C) as described under “Experimental Procedures.” Fractions were tested
for carnosine synthase activity and protein concentration was determined
with the Bradford assay. The indicated fractions of the ATP-Sepharose column
were analyzed by SDS-PAGE and the gel was stained with Coomassie Blue. AS,
applied sample; FT, flow through; W, wash. Fractions 1 and 2 were eluted with
100 mm NaCl, whereas the others were eluted with 5 mm MgATP. The indi-
cated bands were cut out of the gel, submitted to trypsin digestion, and
analyzed by mass spectrometry.
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TABLE 1
Purification of carnosine synthase from chicken pectoral muscle
Fraction Volume Total protein Total activity Specific activity Purification Yield
ml mg pmol min~! pmol min~" mg~! -fold %
15,000 X g supernatant 750 17,240 12,710 0.74 1 100
DEAE-Sepharose 55.6 64.7 4,459 68.9 93 35.1
Q-Sepharose 23 16.7 3,775 226 305 29.7
Superdex 200 3 2.27 1,660 731 987 13.0
ATP-Sepharose” 0.4 0.139 156 1,119 1,512 12
“ The data represent values only for the most purified fraction.
single peak in each of the purification steps (Fig. 1), indicating
the presence of a single enzyme species. The gel filtration step
on Superdex-200 disclosed that the size of native carnosine syn- 200 1 ﬁDﬁF-,AIa + L-His)
thase was =415 kDa (not shown). The overall yield of the puri- 150 -
fication was only about 1.2% (Table 1), but this low yield was
due to the fact that only the most active fractions from one step ~__ 100 1
were used for the next one. For instance, only fraction 27 of the € 50 | ADP
Superdex-200 column (i.e. only about 28% of the recovered E' /D_/’D (- B-Ala - L-His)
activity) was used for the final affinity chromatography. 3 oo A —/\ AMP
SDS-PAGE analysis indicated that carnosine synthase coe- g 200
luted with two major polypeptides of about 100 and 90 kDa in s A ADP
- . ) _u
the last pl‘mﬁcatloI.l step (c]? Fig. 1). Both bar}ds were.cut from ‘g 150 - Carnosine
the gel, digested with trypsin, and the resulting peptides were g
. o 100 -
analyzed by tandem mass spectrometry and compared with the
chicken, mouse, and human proteomes. Surprisingly, the anal- 50 -
ysis indicated that both bands contained heat-shock protein
90-a (Hsp90) as well as other proteins, but that none of these 0 0 1é0

appeared to correspond to a putative ATP-dependent ligase.
Similar negative results were obtained when the whole ATP-
Sepharose-purified fraction was analyzed by tandem MS after
trypsin digestion (not shown).

Fate of ATP during Carnosine Synthesis—The availability of a
substantially purified carnosine synthase preparation enabled
us to identify the nucleotide produced from ATP by this
enzyme. Fig. 2 shows an experiment in which we followed car-
nosine synthesis catalyzed by the 1000-fold purified carnosine
synthase preparation in the presence of 1 mm B-alanine, 3 mm
L-histidine, and 1 mm ATP. Carnosine formation was deter-
mined with the radiochemical assay, and ADP and AMP forma-
tion by HPLC. The incubation mixture was supplemented with
1 mm NazVO,, a nonspecific inhibitor of many ATPases and
phosphatases, and 100 um Ap;A, to prevent any conversion of
AMP to ADP by traces of adenylate kinase that still contami-
nated the preparation (19). The figure shows that the formation
of carnosine was matched by a stoichiometric formation of
ADP, if one took into account the slight ATPase activity
observed in the absence of L-histidine and B-alanine (possibly
contributed by Hsp90). Remarkably, barely any formation of
AMP was detected (4 um in 60 min as compared with ~150 um
carnosine during the same time). To verify whether adenylate
kinase was inactive under our assay condition, we replaced
B-alanine and r-histidine with 100 um AMP in the reaction
mixture and checked the concentration of this nucleotide after
increasing incubation times. Less than 3% AMP was consumed
after 1 h (not shown). Taken together, these data indicated that
carnosine synthase catalyzes the reaction: B-alanine + vr-histi-
dine + ATP — carnosine + ADP + inorganic phosphate.

Data Base Searches for a Carnosine Synthase Candidate—
The finding that carnosine synthase converts ATP to ADP dur-
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FIGURE 2. Time course of the changes in carnosine, ADP, and AMP concen-
tration during carnosine synthesis. A chicken enzyme preparation (11 ug of
protein) purified by chromatography on DEAE-Sepharose, Q-Sepharose, and
Superdex 200 was incubated for 0, 60, and 120 min with 1 mm MgATP in the
absence (empty symbols) or presence (filled symbols) of 3 mm L-histidine, T mm
B-alanine, as well as 750 X 10® cpm of [*H]B-alanine. AADP values were calcu-
lated by subtracting ADP concentration values in the absence of -alanine and
L-histidine from the corresponding values in the presence of these substrates.
The formation of radiolabeled carnosine was determined after chromatographic
separation from B-alanine. ADP and AMP were determined by HPLC. The figure
shows the mean of two experiments performed under similar conditions and
yielding similar results (less than 5% variation).

ing carnosine synthesis suggested that this enzyme most prob-
ably belonged to the ATP-grasp superfamily. The latter
includes mostly enzymes catalyzing ATP-dependent ligation of
a carboxylate-containing molecule to an amine- or thiol-con-
taining molecule with concomitant formation of ADP and P,
(22). We searched the pfam data base for human or mouse
proteins of the ATP-grasp family with unknown function and
checked their size and tissue distribution (BioGPS data base
and Huge Protein data base (23)). Only one of these proteins,
ATPGD1 (also known as KIAA1394), was found to have a size
(=900 amino acids) and tissue distribution (mostly expressed
in skeletal muscle and brain) similar to that expected for car-
nosine synthase.

Intriguingly, no chicken ATPGD1 orthologue was present in
the chicken protein data base. Furthermore, no atpgdl gene
was detected by performing a BLAST search (24) in the chicken
reference genome (as of July 2009). However, four chicken EST's
and several genomic trace sequences were found to encode a
chicken protein homologous to mammalian ATPGD1. The
complete sequence of atpgdl was established by sequencing a
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TABLE 2

Identification of Carnosine Synthase

Proteins identified in gel bands submitted to trypsin digestion and tandem MS analysis

For each band, identified proteins were listed according to the number of spectral counts observed in MS/MS analysis. For each protein, the sequence coverage is also
indicated. Occasional peptide hits corresponding to keratins have not been included in the table.

Gel band Protein name International protein index Spectral counts Coverage
1 Chicken ATPGD1“ Not available 120 53.48
Heat shock protein HSP 90-« IP100596586 46 42.58
Similar to G protein-coupled receptor 112 IP100596221 16 6.00
Putative uncharacterized protein similar to transcription elongation IP100593819 13 33.04
factor B (SIII), polypeptide 1
2 Heat shock protein HSP 90« IP100596586 54 38.46
GM3 synthase IP100577387 1 4.35
Hypothetical protein; kelch domain containing 7A IP100580729 1 2.74
163-kDa protein similar to otogelin IP100819350 1 0.81
26 S proteasome non-ATPase regulatory subunit 1 1P100598268 1 2.20
Similar to novel Tctex-1 family domain-containing protein 1P100590920 1 17.86
Similar to N-acetylglucosaminyltransferase V IP100583347 1 1.62

“ ATPGD1 was not found with the available chicken proteome data base, but only after the latter had been updated with the chicken ATPGD1 sequence (see main text).

full-length protein-coding ¢cDNA obtained by reverse tran-
scription-PCR amplification of chicken breast muscle RNA.

We reanalyzed the mass spectrometry data obtained with
purified chicken carnosine synthase by comparing them with a
chicken proteome in which we had introduced the chicken
ATPGD1 sequence. This analysis revealed that ATPGD1 was
the best hit for the 100-kDa polypeptide (Table 2). Thirty
matching peptides (underlined in Fig. 3) were found that cov-
ered 497 amino acids, i.e. more than 50% of the predicted
sequence. These findings supported the idea that ATPGD1 cor-
responded to carnosine synthase, as is confirmed below.

Analysis of the ATPGD1 Sequence—The sequence of human
(GenBank accession number NP_001159694.1) and mouse
(GenBank accession number NP_598909.2) ATPGD1 com-
prise 950 and 957 residues, respectively, and are encoded by
genes present on human chromosome 11q13 and mouse chro-
mosome 19. These genes comprise 9 coding exons, with the
peculiarity that the first coding exon only encodes the initiator
ATG. This splicing is supported by all EST sequences (5 human
and 24 murine) corresponding to the 5’ end of the human and
mouse cDNAs. Chicken ATPGD1 comprises 930 residues
and shares 55% sequence identity with human and mouse
ATPGDI1. The chicken atpgdl gene is not available, but a
“trace” sequence of genomic DNA also supports the idea that
the first coding exon only encodes the initiator methionine.
Analysis of the three sequences with TargetP (25) predicts the
proteins to be cytosolic in agreement with results obtained for
chicken muscle.

BLAST searches indicated the presence of sequences closely
related to atpgdl in other mammals (Rattus norvegicus, Equuus
caballus, Bos taurus, Canis lupus, Monodelphis domestica, and
Ornithoryncus anatinus), and, as indicated above, in Gallus gal-
lus. No atpgd1 orthologue was detected in the genome of Danio
rerio and Tetraodon nigroviridis, of the insects Drosophila
melanogaster and Anopheles gambiae, of Caenorhabditis
elegans, of fungi, and of plants. By contrast, we could reconsti-
tute from overlapping ESTs of the Eastern oyster C. virginica, a
944-residue protein sharing 39% identity with human
ATPGD], as shown in the alignment presented in Fig. 3.

Psi-BLAST searches (26) indicated also that the region cor-
responding to residues of ~580-850 of human and other
ATPGD1s was homologous to many bacterial enzymes of
unknown specificity that all contained a p-alanine-D-alanine
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ligase domain. This suggested that the catalytic site was in the
C-terminal part of the carnosine synthase sequence (see align-
ments in supplemental Fig. S1), in agreement with the observa-
tion that the C-terminal region is the most conserved region (cf.
Fig. 3). Psi-BLAST searches initiated with the oyster sequence
revealed that the region corresponding to residues 214 —480
was homologous to bacterial “a-glutamate ligase-like proteins,”
which also belong to the ATP-grasp family. A multiple align-
ment of this region is provided in supplemental Fig. S2. These
findings suggested that carnosine synthase originated from an
ancestral protein containing two ATP-grasp domains.

Characterization of the Enzymatic Activity of Human and
Mouse ATPGDI—To confirm the molecular identity of car-
nosine synthase, both human and mouse ATPGD1 were
expressed in HEK293T cells as fusion proteins with N-terminal
polyhistidine tags and purified to homogeneity. Both enzymes
catalyzed the synthesis of carnosine and homocarnosine, as
determined with the radiochemical assay. Gel filtration of the
purified mouse recombinant enzyme on Superdex-200 dis-
closed a molecular mass of ~430 kDa for the native enzyme
(not shown), indicating that similarly to the chicken enzyme it
is a homotetramer.

The identity of the product formed from $-alanine and L-his-
tidine by mouse ATPGD1 was verified by purifying this product
and submitting it to mass spectrometry. Analysis by electro-
spray mass spectrometry indicated the presence of a proto-
nated molecular ion with m/z 227, as expected for carnosine
(not shown). As shown in Fig. 44, tandem mass spectrometry
analysis of this ion revealed a fragmentation pattern in agree-
ment with the carnosine structure and which was indeed iden-
tical with that of commercial carnosine (not shown). The pres-
ence of the peak at m/z 156, which corresponded to protonated
L-histidine, suggested that the product was 3-alanyl-L-histidine
rather than its isomer L-histidyl-B-alanine. To verify this con-
clusion, the ATPGDI1 reaction product was N-acetylated by
incubation with acetic anhydride. As shown in Fig. 4B, N-acety-
lation resulted in a characteristic 42-Da mass shift, from m/z
227 to 269. No change in m/z value of the L-histidine fragment
ion was detected, confirming that 3-alanyl-L-histidine was the
product of the activity of recombinant mouse ATPGD1. No
carnosine signal was detected in a control reaction that did not
contain ATP (not shown).
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FIGURE 3. Amino acid sequence alignment of human ATPGD1 with its oyster, mouse, and chicken orthologues. Fully conserved residues are highlighted
with a black background. The human (GenBank accession number NP_001159694) and mouse sequences (GenBank accession number NP_598909) have been
confirmed by PCR amplification of the cDNA and sequencing. The chicken sequence has been determined in the present work (GenBank accession number
GU453679). The oyster (C. virginica) sequence was reconstituted from ESTs (GenBank accession number BK007044). The peptides identified by mass spec-
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trometry in the protein purified from chicken pectoral muscle are underlined in the chicken sequence.
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FIGURE 4. Mass spectra of a dipeptide produced by mouse ATPGD1. Homogenous recombinant mouse
ATPGD1 was incubated for 18 h with 3 mm B-alanine and 3 mm L-histidine in the absence or presence of 3 mm
MgATP. The produced dipeptide was purified and submitted to mass spectrometry either as such or after
acetylation with acetic anhydride. Tandem mass spectra of the putative carnosine (A) and N-acetylated car-
nosine (B) were acquired. The identity of the carnosine fragment ion at m/z 180 was [M + H — H,O — HCO] .

TABLE 3

[®H]B-Alanine incorporation into various dipeptides catalyzed by
carnosine synthase

B-Alanine incorporation was determined with the use of homogenous recombinant
mouse or human enzyme and chicken muscle enzyme purified by chromatography
on DEAE-Sepharose, Q-Sepharose, and Superdex 200. Enzyme preparations were
incubated for 20 min in the presence of 3 mm ATP, 1 um ['H + *H]B-alanine and 3
mM of the indicated B-alanine acceptor. Values are the mean * S.E. of three to four
separate experiments.

Carnosine synthase

B-Alanine acceptor

Mouse Human Chicken

pmol min~ ' mg~ ! pmol min~ ' mg~!  pmol min~* mg~!

L-Histidine 695 + 37 770 = 11 728 =13
N-mr-Methylhistidine® 62*3 261 =6 479+ 6
N-7-Methylhistidine® 57*1 48+ 6 129 =3
Histamine 26*13 09 = 0.5 4.6 *1.2
L-Lysine 513 =40 246 =9 371 =11
L-Ornithine 1715 =79 817 261 £ 11
L-2,4-Diaminobutyric 581 =27 1327 28*1
acid
L-Arginine 142 = 16 36 3 350 = 18
Agmatine 4.4 *+09 1.3+0.3 1.6 £0.7
Cadaverine 6.1 *+2.0 22*+09 40+ 1.0
Putrescine 31*x15 0.7+0.3 33*+13

“ N-mr-Methylhistidine and N-7-methylhistidine are also known as 1-methyl-L-his-
tidine and 3-methyl-L-histidine, respectively.

The kinetic properties and specificity of recombinant human
and mouse carnosine synthase are compared with those of the
chicken enzyme in Tables 3 and 4. Based on the catalytic effi-
ciency (k.,./K,,), B-alanine was about 14, 17, and 25 times better
as a substrate than yy-aminobutyrate for the chicken, mouse,
and human ligase, respectively, indicating that all three
enzymes are much better at synthesizing carnosine than homo-
carnosine. As for the specificity of the a-amino acid involved in
this reaction, L-histidine was for all three enzymes the best sub-
strate. The second best substrate was N-m-methyl-L-histidine
in the case of the chicken enzyme and r-ornithine for mouse
carnosine synthase. L-Lysine was a significant substrate for all
three enzymes, the catalytic efficiency being 5-9% of that
observed with L-histidine. Some activity was also observed with
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enzyme could only be performed
once we realized that carnosine syn-
thase converted ATP to ADP and
not to AMP, leading to the hypoth-
esis that carnosine synthase be-
longed to the ATP-grasp family.

Our identification of carnosine synthase as ATPGD1 rests on
two main arguments: the first one is that one of the two major
polypeptides that are present in the most highly purified prep-
aration of chicken carnosine synthase corresponds to
ATPGD1. The second one is that recombinant mouse and
human ATPGD1 catalyze the ATP-dependent synthesis of car-
nosine and, with a lower affinity, homocarnosine and other
related dipeptides. This rather broad specificity with preference
for the formation of carnosine is typical of all preparations of
carnosine synthase that have been described until now (11-14).
Furthermore, we confirmed by mass spectrometry the identity
of the product made by the recombinant mouse enzyme as car-
nosine and not the reverse peptide (L-histidyl-B-alanine), which
would have a similar elution profile from ion exchange
columns.

The purified chicken preparation still contained contaminat-
ing proteins, most particularly Hsp90, which was present in
similar amounts as ATPGD1. We believe that this contamina-
tion is coincidental, being due to the fact that chicken ATPGD1
has similar physicochemical properties as Hsp90, rather than to
the two proteins forming a complex. Homogeneously purified
human and mouse recombinant ATPGD1 were found to be
active as carnosine synthases, indicating that the presence of
Hsp90 in the reaction mixture is not required for activity.

The finding that orthologues of atpgdl are present in other
mammals, Xenopus, and chicken, not in certain fishes, but pres-
entin an oyster agrees with the known distribution of carnosine
and its methylated derivatives, anserine and balenine (4), and
therefore supports the identification of ATPGDI1 as carnosine
synthase. This is also true for the tissue distribution of ATPGD1
(27).

Carnosine Synthase Is an ADP-producing Ligase—Our find-
ing that purified chicken carnosine synthase produces stoichi-
ometric amounts of carnosine and ADP indicates that the reac-
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TABLE 4
Kinetic properties of mouse, human, and chicken carnosine synthase

Kinetic properties were determined with the use of homogenous recombinant mouse or human ATPGD1 and chicken muscle carnosine synthase purified by chromatog-

raphy on DEAE-Sepharose, Q-Sepharose, Superdex 200, and ATP-Sepharose.

Mouse ATPGD1 Human ATPGD1 Chicken carnosine synthase
Substrate
Vinax K. keat K., Vinax K. kK., Vinax K. k! K.,
nmol min~ ! mg™! mm s tmm™t nmol min~! mg ! mm st mm™? nmol min™! mg~! mm s mm!
B-Alanine” 300 = 10 0.46 £0.04 1.16 653 +2.1 0.09 = 0.01 1.28 119 = 4 0.033 £0.005  6.03
y-Aminobutyrate® 238+ 5 6.44 +0.33  0.07 54.7 + 1.2 1.84 011 0.05 84.1*+ 1.6 0.35 = 0.02 0.44
ATP-Mg® 0.67 + 0.02 0.57 £0.05  0.002 0.76 £ 0.01 0.42 +0.03  0.003 3.63 = 0.08 0.19 £ 0.01 0.032
L-Histidine” 0.60 * 0.02 0.11 £0.01  0.0100 0.76 £ 0.03 0.37 £0.05  0.004 3.30 = 0.09 0.10 £ 0.01 0.055
L-Lysine® 0.78 1.59 0.0009 0.61 4.67 0.0002 343 1.42 0.0040
L-Ornithine” 1.92 0.52 0.0066 0.28 7.66 0.0001 2.54 1.62 0.0026
N-m-Methylhistidine” 0.66 4.51 0.0003 0.62 24.7 0.0001 3.51 0.39 0.0150

“ Determinations for the indicated substrates were performed with enzyme preparations that were incubated for 20 min in the presence of 3 mm ATP, variable concentrations

of either ['H + *H]B-alanine or [**C + '*C]y-aminobutyrate and 3 mm L-histidine.

? Measurements were done in the presence of non-saturating concentrations (1 um) of ['H + *H]B-alanine. Values are the means of two or three separate experiments. The S.E.

value is given.

tion mechanism that had been previously proposed (11, 12) has
to be revised. This stoichiometric formation of ADP and car-
nosine excluded the possibility that AMP would be formed and
converted to ADP by contaminating adenylate kinase, because
2 molecules of ADP would then be expected to be produced per
molecule of carnosine. Furthermore, the low adenylate kinase
activity that was still present in the chicken enzyme was com-
pletely blocked by Ap.A, which did not affect carnosine
formation.

The formation of ADP rather than AMP is also supported by
the finding that carnosine synthase belongs to the ATP-grasp
family. This family of enzymes mostly comprises ADP-forming
ligases such as bacterial glutathione synthase, carbamoyl-phos-
phate synthase, D-alanine-p-alanine ligase, tyrosine-tubulin
ligase, and pyruvate carboxylase (22). To the best of our knowl-
edge this superfamily does not comprise enzymes that hydro-
lyze ATP to AMP and PP;. As was proposed for other enzymes
of the ATP-grasp family, it is likely that the reaction mechanism
proceeds through the formation of an acylphosphate, in this
case (-alanyl phosphate, but this point has not been investi-
gated in the present study.

As emphasized by Bauer (28), previous studies made on the
reaction mechanism of carnosine synthase have used very
impure enzyme preparations and the conclusions that were
derived therefore have to be taken with caution. Furthermore,
our own study indicates that carnosine synthase is a very slug-
gish enzyme with a k_,, lower than 1 s™', meaning that the
reaction mechanism can only be investigated with substantially
purified preparations. None of the previous studies attempted
to measure the stoichiometry of the reaction in terms of ADP or
AMP produced per molecule of carnosine formed, presumably
because the enzymatic preparations used in these studies were
contaminated with other activities able to produce ADP or
AMP from ATP.

The main argument that supported the conclusion that
carnosine synthase is an AMP-producing ligase was the find-
ing that the enzyme preparation produced carnosine from
B-alanyl adenylate and histidine (11). However, the conver-
sion of B-alanyl adenylate to carnosine was extremely ineffi-
cient, corresponding to less than 1% of the total B-alanyl
adenylate consumption. We hypothesize that B-alanyl
adenylate was converted by a contaminating phosphodies-
terase to B-alanyl phosphate, a likely intermediate in the
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revised carnosine synthase reaction mechanism, and that
carnosine was produced from the latter intermediate. Another
argument that the same authors put forward to support an
AMP-forming ligase activity was the finding that the enzyme
preparation produced ATP from (-alanyl adenylate and inor-
ganic pyrophosphate (11). Again, this argument is mitigated by
the finding that the formation of ATP was also observed with
other aminoacyl-adenylates.

The possibility that there would be two types of carnosine
synthase, one producing ADP and the other AMP, is unlikely
because we observed only one peak of carnosine synthase in all
chromatographic steps. Furthermore, the specificity studies
performed here indicate that our chicken enzyme preparation
has similar properties to those described previously by other
investigators. Taken together, all these considerations indicate
that there is only one carnosine synthase and that this enzyme is
an ADP-forming ligase.

The Lack of Specificity of Carnosine Synthase—Previous stud-
ies disclosed that carnosine synthase is relatively nonspecific.
This conclusion was based on studies with rather impure prep-
arations purified from tissues. Therefore the lack of specificity
observed previously could have been due to heterogeneity in
the enzymatic preparations. However, both carnosine synthase
purified from chicken muscle and the recombinant human and
mouse proteins catalyze the synthesis of homocarnosine with
catalytic efficiencies that are about 14-26-fold lower than
those observed for carnosine synthesis, indicating that one sin-
gle enzyme is responsible for both activities. Furthermore, our
finding that the same sequence was amplified from mouse brain
and skeletal muscle cDNA indicates that there is no specific
brain isoform that would for instance be specialized in the syn-
thesis of homocarnosine. This conclusion is consistent with
previous reports showing the apparent identity of the enzy-
matic properties of the synthase partially purified from mouse
neural tissue or muscle (14) and the high antigenic similarity of
carnosine synthase from either rat or rabbit brain, skeletal mus-
cle, and heart (29). From a physiological standpoint, it should be
mentioned that the lower catalytic efficiency of carnosine syn-
thase with y-aminobutyric acid as a substrate compared with
B-alanine is more than compensated by the higher concentra-
tion of y-aminobutyric acid compared with B3-alanine in brain
(about 1.6 — 4.6 and 0.06 — 0.1 m, respectively, for mouse brain
(30)).
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As previously reported, carnosine synthase is also not very
specific with respect to the amino compound serving as the
B-alanine or y-aminobutyryl acceptor (11, 14). Thus, the
chicken enzyme is able to use N-m-methyl-L-histidine, L-argi-
nine, and L-lysine in addition to L-histidine, whereas the mouse
and human enzymes use L-ornithine and L-lysine fairly well (cf.
Table 3). The B-alanyl-L-lysine or L-ornithine synthesizing
activity can now be concluded to be due to an authentic lack of
specificity of carnosine synthase rather than to the presence of
different isoforms with different specificities. Considering that
the concentration of L-lysine in human skeletal muscle is about
1.5-fold higher than that of r-histidine (0.53 and 0.37 mwm,
respectively (31)) B-alanyl-L-lysine synthesis is expected to pro-
ceed in vivo at ~10% of the rate of carnosine synthesis. The
concentration of B-alanyl-L-lysine is not known for human
muscle, but it is 1000-fold lower than that of carnosine in rabbit
muscle (32). This low concentration of the “wrong” peptide is
presumably due to the fact that it is degraded by a dipeptidase
that is particularly active in muscle and specifically cleaves the
B-alanyl or y-aminobutyryl derivatives of L-lysine, L-arginine,
or L-ornithine, but does not act on carnosine or homocarnosine
and thus is different from carnosinase CN2 (33). The specific
accumulation of carnosine in muscle tissue appears therefore to
be due to the existence of two enzymes: one, carnosine syn-
thase, that preferentially makes carnosine, but also synthesizes
other dipeptides, and a second enzyme, not yet molecularly
identified, that should destroy all the unneeded dipeptides.

Other situations where one enzyme serves to compensate for
the lack of specificity of another enzyme have been described.
For example, 1-2-hydroxyglutarate dehydrogenase serves to
degrade L-2-hydroxyglutarate, which is “mistakenly” made by
the Krebs cycle enzyme L-malate dehydrogenase (34). Defi-
ciency in the former enzyme causes L-2-hydroxyglutaric acid-
uria, a neurometabolic disorder. Another example is the ATP-
dependent dehydratase that “repairs” the hydrated form of
NADH made by glyceraldehyde-3-phosphate dehydrogenase
(35). It is likely that other enzymes catalyzing such “metabolite
repair reactions” have still to be found.

Evolution of Carnosine Synthase—An intriguing aspect in the
structure of carnosine synthase is that its sequence has about
twice the length expected for a member of the ATP-grasp fam-
ily. Sequence comparisons indicate that it comprises two ATP-
grasp domains, suggesting that the gene encoding carnosine
synthase resulted from the fusion of two genes encoding two
different ligases. The high conservation of the C-terminal
domain indicates that this part of the protein comprises the
catalytic site responsible for the ligation of -alanine to L-histi-
dine and related amino acids. The N-terminal domain is much
less conserved and presumably has no catalytic activity in ver-
tebrates. Interestingly, the tripeptide -alanyl-L-ornithyl-L-or-
nithine has been described in a bivalve (36). Because carnosine
synthases are rather good at synthesizing -alanyl-L-ornithine,
we speculate that this tripeptide is made by a bifunctional
enzyme similar to carnosine synthase. Whether the N-terminal
domain has now taken another function or is simply a remnant
of evolution in present day vertebrate carnosine synthase is
unknown.

asEve
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Perspectives—The identification of carnosine synthase will
allow progress in the understanding of the physiological func-
tion of carnosine and homocarnosine. The creation of knock-
out models or animals in which carnosine synthase is overex-
pressed could help define the role of carnosine as a buffer, a
radical scavenger in muscle and brain, or as a neurotransmitter
in the olfactory system, and the function of homocarnosine as a
y-aminobutyrate reservoir. Knock-out models would tell us
whether carnosine and/or homocarnosine deficiency lead to
disease. No case of carnosine deficiency has yet been described
in humans, but we surmise that this is because carnosine con-
tent of muscle and brain is only infrequently measured. We
speculate that carnosine synthase deficiency could lead to
symptoms like muscle cramp, myopathy, anosmia or hypoos-
mia, seizures, and most probably other neurological problems.
As the carnosine synthase gene is in the region of IDDM4 on
chromosome 11q13, which is linked with insulin-dependent
diabetes (37), it is also possible that carnosine deficiency leads
to glucose intolerance. It has indeed been shown that carnosine
administration affects the function of pancreatic islets (7). The
identification of the gene encoding carnosine/homocarnosine
synthase will facilitate the diagnosis of carnosine or homocar-
nosine deficiency.
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