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Abstract Arginine succinyltransferase and succinylarginine di-
hydrolase catalyze the first two steps of arginine catabolism by
the arginine succinyltransferase pathway. This route is the only
major arginine catabolic pathway in Escherichia coli including
its pathogenic strains O157 and CFT073. We have used fold
recognition tools and identified novel homologies between each
of these two enzymes and proteins of known three-dimensional
structure: arginine succinyltransferase belongs to the acyl-CoA
N-acyltransferase superfamily and succinylarginine dihydrolase
belongs to the amidinotransferase superfamily. These findings
shed light on the structures, catalytic mechanisms and evolution
of diverse enzymes involved in arginine catabolism.

© 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

Arginine is used by various bacteria as nitrogen, carbon
and energy sources. In Escherichia coli, the well characterized
arginine decarboxylase (ADC) pathway accounts for only 3%
of arginine catabolism, while the major contribution comes
from the arginine succinyltransferase (AST) pathway [1]. On
the AST pathway, arginine is first succinylated by arginine
succinyltransferase AST (AstA; EC 2.3.1.109) to produce
N?-succinylarginine, which is then dihydrolized by succinylar-
ginine dihydrolase (AstB; EC 3.-.-.-), yielding N?-succinylor-
nithine. Three other enzymes subsequently convert it into glu-
tamate. Unlike Pseudomonas aeruginosa, which has at least
four pathways of arginine catabolism, E. coli, including its
pathogenic strains O157 and CFTO073, appears to have only
one major pathway. Thus, further insights into the structures
and catalytic mechanisms of enzymes of the AST pathway will
have important clinical implications and could eventually lead
to novel therapeutic agents to block this unexploited metabol-
ic pathway. In this paper, we combined several fold and ho-
mology recognition tools and identified novel homologies in-
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volving AstA and AstB; we showed evidence that AstA
belongs to the acyl-CoA N-acyltransferase (Nat) superfamily
and AstB belongs to the amidinotransferase (AT) superfamily.

2. Materials and methods

The sequence-structure homology recognition software FUGUE [2]
was run with default parameters for the sequences of E. coli AstA
(SwissProt ASTA_ECOLI) and AstB (SwissProt ASTB_ECOLI).
These sequences were also submitted to the consensus structure pre-
diction server, the 3D-Jury system [3].

Once the relationship between AstA and the GCNS5-related N-ace-
tyltransferase (GNAT) family was identified, a new alignment (Fig.
la) was generated as follows. Homologs of AstA were collected by
running PSI-BLAST [4] with default parameters (converged at itera-
tion two and collected 39 hits). The PSI-BLAST alignment was
aligned, using FUGUE, against the structural profile of the HOM-
STRAD [5] entry hslil2a. An alignment of the members of the
GNAT family was taken from [11] and combined with the FUGUE
alignment manually. Multiple models for the three-dimensional (3D)
structure of AstA (excluding residues on two long insertions) were
built with Modeller [6] based on this alignment, and the best model
selected using Verify3D [7] and JOY [8].

For the AstB-AT alignment (Fig. 2a), homologs of AstB were col-
lected by running PSI-BLAST with default parameters (converged at
iteration one and collected 23 hits). The PSI-BLAST alignment was
aligned, using FUGUE, against the structural profile of the HOM-
STRAD entries, AT and hslh70a. An alignment of the members of
the AT family was taken from [18] and combined with the FUGUE
alignment manually. Multiple models for the 3D structure of AstB
were built with Modeller [6] based on this alignment, and the best
model selected using Verify3D [7] and JOY [8].

All the alignments were annotated with JOY [8] and minor adjust-
ments were made manually using Seaview [9]. 3D structures were
displayed and examined with Rasmol [10] and PyMOL (http://
www.pymol.org).

3. Results and discussion

3.1. AstA is a novel member of the acyl-CoA N-acyltransferase
superfamily

A search for homologs of AstA using the software,
FUGUE [2], detected proteins belonging to the GNAT family
(the top hit being Bacillus subtilis yqjY with a Z-score of
11.6; >99% confidence). The 3D-Jury system [3], which com-
pares models from various independent structure prediction
servers and selects the most abundant predictions, identified a
member of the GNAT family, yeast glucosamine 6-phosphate
N-acetyltransferase 1 (GNAL1; PDB code:111D) with a score
of 77.7 (>90% accuracy). A reverse PSI-BLAST [4] search
starting from yeast GNAI1 identified AstA with a moderate
E-value of 0.12 after iteration five. A reasonable model for the
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Fig. 1. (a) Multiple alignment of AstA and GNAT sequences. The first column gives the HOMSTRAD [5], SwissProt/TTEMBL [21] or NCBI
gi identifiers for the sequences. Residue numbers of 1112 and ASTA_ECOLI are indicated. The conserved blocks (motifs C, D, A and B), de-
fined in [11] for the GNAT family, are mapped onto the alignment and only the regions that precisely correspond to these motifs are displayed.
Numbers in parentheses between conserved blocks are insert lengths. The sequences given represent eight members of GNAT and 10 of AstA.
The first member of GNAT, yeast glucosamine 6-phosphate N-acetyltransferase 1 (GNAL; PDB 1112; HOMSTRAD hslil2a), is of known
structure and its structural features are annotated with JOY [8]. The formatting convention of JOY is as follows: red, a-helices; blue,
B-strands; upper case letters, solvent inaccessible; lower case letters, solvent accessible; bold type, hydrogen bonds to mainchain amides; under-
lining, hydrogen bonds to mainchain carbonyls; italic, positive mainchain torsion angles ¢. In column 1, o~ and B-chains of hetero-oligomeric
members of AstA are shown in blue and in red, respectively. The highly conserved residues of GNAT defined in [11] are shown in the second
line. Seven of them are also conserved in AstA (large circles), with only one exception (small circle). An asterisk in the second line indicates
the position of a general base, proposed for many members of GNAT. The residue whose mainchain amide polarizes the substrate carbonyl
oxygen is marked with &. A conserved His residue of AstA is marked with #. Other residues that are highly conserved in AstA are marked
with +. (b) Schematic representation of a model for the 3D structure of E. coli AstA. Putative catalytic residues are shown in stick representa-
tion. Backbone structure is shown as cartoons; o- or 3jo-helices are colored red, B-strands yellow and loops green. Dotted lines indicate the re-
gions of long insertions between motifs D and A and between motifs A and B. Figure was drawn with the PyYMOL molecular graphics system
(http://www.pymol.org). (c) Superposition of the model for E. coli AstA and the structure of GNAI (PDB code 1112) near the catalytic site.
Putative catalytic residues of AstA, as well as Tyrl143 (marked with an asterisk) of GNAI, are shown in ball-and-stick representation. Hydro-
gen, nitrogen and oxygen atoms are colored white, blue and red, respectively. Mainchain carbon atoms of the AstA model are colored orange,
those of GNAI green and sidechain carbon atoms cyan. Figure is drawn with PyMOL. (d) Proposed catalytic reaction of AstA. Residue num-
bering is based on E. coli AstA.
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3D structure of AstA was built (Fig. 1b,c); Verify3D [7] pro-
duced entirely positive 3D—1D compatibility scores except for
the residues of long insertions, and examination with JOY [8]
showed that the hydrophobic core of the protein was formed
successfully.

GNAT is a large family of enzymes that catalyze the trans-
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fer of an acetyl group to a substrate, implicated in a variety of
functions, from bacterial antibiotic resistance to circadian
rhythms in mammals [11-13]. GNAT belongs to the Nat
superfamily, which includes other acyl group transfer enzymes
such as acyl-homoserinelactone synthase. These enzymes ap-
pear to share similar catalytic mechanisms [14] although the
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types of acyl group transferred are different. Given that AstA
and GNAT share conserved features (see below) but that they
transfer different acyl groups, AstA can be regarded as a
novel member of the Nat superfamily.

The 3D structure of the catalytic domain of Nat consists of
a B-sheet surrounded by o-helices. The central B-sheet is
curved and adopts a shape similar to that of the letter ‘V’,
with the acyl-CoA-binding site located between the two arms
[13] (Fig. 1b). Four sequence motifs (C, D, A and B) [11] have
been defined for GNAT: motifs C, D, and A are located on
the N-terminal arm and motif B on the C-terminal arm. Re-
gions between these motifs generally adopt variable structures
and sequences and allow long insertions and deletions. In the
alignment of AstA and GNAT (Fig. 1a), the GNAT motifs
are well conserved in AstA (see below). Although AstA has
longer insertions between motifs D and A and between motifs
A and B than those observed among the members of the
GNAT family, these insertions are within the variable regions
and would be placed on the opposite side of the putative
substrate-binding site (Fig. 1b). Some members of the Nat
superfamily also have inserted subdomains, not involved in
the catalytic reaction.

Seven of the highly conserved residues in the GNAT motifs,
as defined in [11], are also conserved in AstA (large circles in
Fig. la) with only one exception (Tyrl43 of yeast GNAI,
marked with a small circle in Fig. la). Arg5 and Aspll
(E. coli AstA numbering) are perfectly conserved in AstA
and the equivalent positions in GNAT are often occupied
by Arg and Asp, respectively. These amino acid residues can
form a salt bridge, which appears to orient the first o helix
with respect to the central B sheet, as observed in the known
structure of yeast GNAL. Other conserved residues in AstA,
Glu242 and Arg/Lys142, could form an additional salt bridge,
not found in GNAT, and stabilize the o helices in the N-ter-
minal arm. The perfectly conserved Gly68 of AstA is mapped
onto the fourth position of a class C B-hairpin [15] in the
GNALI1 structure. This position of a class C B-hairpin tends
to adopt a left-handed o-helical conformation and prefers
Gly, thus the local structure around this residue is likely to
be conserved in AstA.

The GNAT enzymes are all thought to share similar cata-
lytic mechanisms including a direct nucleophilic attack by a
deprotonated amino group [12,13,16]. A general base is nec-
essary to deprotonate the substrate amino group prior to ace-
tylation and although candidates for the general base vary
among members of GNAT, many are located in the position
equivalent to Glul2l of AstA (E. coli AstA numbering,
marked with an asterisk in Fig. la). Some homologs of
AstA are known to act as hetero-oligomers, comprising o
(shown in blue in column 1 of Fig. 1a) and B (shown in red
in column 1 of Fig. 1a) chains. Other AstA homologs act as
monomers and are shown in black. Glul21 is absolutely con-
served in the monomeric enzymes and B-chains of AstA and
therefore, is a strong candidate for the general base. o-chains,
lacking Glu at this position, may be enzymatically inactive.

Catalytic enhancement of the chemical step may result from
stabilization of a tetrahedral species and/or activation of leav-
ing group (CoASH) departure [16]. Polarization of the thio-
ester carbonyl group is important to enhance nucleophilic
attack and to stabilize the reaction intermediate. In many
members of GNAT, the backbone amide group of the posi-
tion marked with ‘&’ in Fig. la, fulfills this requirement by
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forming a hydrogen bond with the carbonyl oxygen of the
acetyl group. In GNAI1, the backbone amide group of the
adjacent residue, Asp99, is also hydrogen-bonded to the car-
bonyl oxygen of the thioester. The alignment and model
building suggest that a region near the putative catalytic site
is well conserved between GNAT and AstA. Therefore, AstA
can also enhance catalysis by forming hydrogen bonds be-
tween the succinyl-CoA carbonyl and one or more backbone
amides around Leul25.

In GNAT, a Tyr residue, found in the position marked with
a small circle in Fig. la, is sometimes proposed to serve as a
catalytic acid facilitating CoASH departure [16]. In AstA, the
equivalent residue (often Leu) cannot play the same role.
However, there is a conserved His residue (His229, marked
with # in Fig. la), which spatially lies close to this position
(Fig. 1c). A model for the 3D structure of AstA suggests that
His229 can act as the catalytic acid. There are no other con-
served polar residues near the catalytic site.

Based on these observations, we propose that a catalytic
reaction of N-succinylation by AstA proceeds in a manner
similar to that for GNAT (Fig. 1d). Glul21 would act as a
general base and transfer the proton of an amino group via a
water molecule. His229 would function as a general acid. The
reaction begins with a direct nucleophilic attack of deproto-
nated amine at the succinyl-CoA carbonyl (analogous to the
acetyl-CoA carbonyl for GNAT). The succinyl-CoA carbonyl
would be polarized via hydrogen bonds to the backbone
amides around Leul25.

3.2. AstB is a novel member of the AT superfamily

A FUGUE search for homologs of AstB produced the top
hit to human AT (PDB code 1JDW) with a Z-score of 3.2
(>50% confidence). The alignment included a long C-termi-
nal overhang of the query sequence. When the C-terminal 70
residues were removed from the AstB sequence and a new
search was carried out, FUGUE identified two significant
hits; human AT with a Z-score of 6.2 (>99% confidence)
and dimethylarginine dimethylaminohydrolase (DDAH)
(PDB code 1H70) with a Z-score of 5.02 (> 95% confidence).
DDAH is a member of the AT superfamily [17,18]. 3D-Jury
produced the top hit, inosamine-phosphate AT from Strepto-
myces sp. (PDB code 1BWD) with a score of 66.7 (>90%
accuracy) and all the other highest scoring predictions (orig-
inally reported by independent prediction servers) were mem-
bers of the AT superfamily.

AT catalyzes the transamidination reaction of L-Arg to Gly
and represents a diverse superfamily of enzymes, including
peptidyl-arginine deaminase from Porphyromonas gingivalis,
arginine deaminase (ADI) and DDAH, all of which modify
the guanidino group of arginine or related molecules [17,18].
The 3D structure of AT is called an o/f propeller and is
composed of (319 or a-helix)—(B-strand)—(B-strand)—(o-helix)—
(B-strand) units, arranged circularly around a pseudo 5-fold
axis [19,20]. Almost all catalytically important residues
(Asp170, Asp254, His303, Asp305, and Cys407; human AT
numbering) are located in the 3;0/0;;—;—f3> portion of each
unit and interact with the substrate, which is accommodated
in the cavity around the pseudo-5-fold axis. These residues are
among the few that are conserved in all the members of this
superfamily. The loop regions between the 3;o/0—p;—B, and
0p-B3 portions vary in sequence and structure and allow sub-
stantial insertions and deletions. By considering these unique
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Fig. 2. (a) Multiple alignment of AstB and AT sequences. Alignment roughly covers the 3;0/0,—B1-B2 portions of the AT structure. The first
column gives the PDB, SwissProt/TrEMBL or NCBI gi identifiers for the sequences. Residue numbers of 1JDW and ASTB_ECOLI are indi-
cated. Numbers in parentheses between conserved blocks are insert lengths. The sequences given represent two members of AT, DDAH (a dis-
tant homolog of AT) and six members of AstB. AT and DDAH are of known structure and their structural features are annotated with JOY.
Shown at the top are: substrate binding and catalytic residues, common to both AT and DDAH (small circles), an additional substrate binding
residue of DDAH (large circle) and an additional substrate binding residue of AT (underlined circle). The conserved Asp residue, marked with
#, of AstB would be spatially close to these functional residues and is also likely to be involved in the substrate binding. The structural hall-
mark of AT, the three consecutive Gly residues near the catalytic Cys residue, is marked with asterisks. (b) Schematic representation of a mod-
el for the 3D structure of E. coli AstB. Backbone structure is shown as cartoons; o- or 3jp-helices are colored red, B-strand yellow and loops
green. Black dotted lines indicate long insertion loops. Putative catalytic residues are shown in stick representation; sulfur, nitrogen, oxygen
and carbon atoms are colored orange, blue, red and cyan, respectively. Figure is drawn with PyMOL. (c¢) Schematic drawing of substrate recog-
nition and a nucleophilic attack of AstB. Residue numbering is based on E. coli AstB.

hydrophilic residues hydrogen bonded with mainchain
groups; and (4) a structural hallmark of three consecutive

features of this fold and producing structure-aided alignments,
the membership of DDAH to the AT superfamily had been

predicted prior to its structure determination [17]. The align-
ment of AT and AstB (Fig. 2a) indicates precisely the same
situation; AstB also catalyzes the modification of a guanidino
group and all the functional residues, identified for the AT
superfamily, are highly conserved in AstB and its homologs.

To summarize, the following evidence strongly suggests that
AstB and AT are indeed related: (1) statistically significant
hits from various independent structure prediction servers;
(2) the conserved cluster of functional residues, highly unique
in the AT superfamily; (3) conservation of structurally impor-
tant residues, such as buried hydrophobic residues and buried

buried Gly residues that precede the catalytic Cys residue
(Fig. 2a).

Proposed catalytic mechanisms for the AT superfamily re-
semble that of cysteine proteases and involve a nucleophilic
attack by the sulfur atom (Sy) of a Cys residue on the (di-
methyl) guanidino carbon atom (C{) of the substrate [18]. The
catalytic triad, consisting of Cys407, His303 and Asp254 (hu-
man AT numbering), is conserved in AT, DDAH and AstB.
Therefore, it is likely that AstB uses essentially the same
mechanism for bond cleavage in the substrate N-succinyl ar-
ginine.
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Differences in the substrate-binding residues, however, may
define which bonds are cleaved; DDAH cleaves the bond
between Nn and CC, while AstB and AT cleave the bond
between Ne and CC. Since AstB produces two ammonia and
one carbon dioxide molecules without generating urea, the
enzyme is likely to cleave at least one additional bond prior
to this reaction. Asp170 and Asp305 of AT are involved in the
binding of the substrate guanidino group. Both are conserved
in AstB but Asp305 is not conserved in DDAH, which instead
uses another Asp residue for substrate recognition (marked
with a large circle in Fig. 2a). AstB has an additional con-
served acidic residue, Aspl19 (marked with a hash), which
may determine AstB specific interactions (Fig. 2b,c). To elu-
cidate exact catalytic mechanisms, experimental verification
will be required.

3.3. Evolution of arginine catabolism pathways

To catabolize the small but energy-rich amino acid, argi-
nine, nature has produced a diverse set of pathways, including
the arginase and the ADI pathways. Every arginine catabo-
lism pathway requires the modification of the guanidino
group of arginine. Despite the diverse sequences of enzymes
that catalyze the modification of guanidino groups, these pro-
teins may have evolved from a relatively small number of
common ancestors and thus exhibit a limited repertoire of
structures and catalytic mechanisms. For example, agmatine
ureohydrolase of the ADC pathway belongs to the arginase
superfamily and we have shown here that AstB of the AST
pathway and ADI both belong to the AT superfamily.

In enzyme evolution, two different scenarios can be imag-
ined; a protein with a specific catalytic activity can gain a new
substrate affinity, or an enzyme with a given substrate affinity
can change its catalytic mechanism. GNAT is a superfamily of
enzymes retaining the catalytic activity of acyl transfer, while
members of the AT superfamily retain the affinity to arginine.
To create a new pathway of arginine catabolism, the first
enzyme, AstA, has evolved from an ancestor by keeping its
catalytic mechanism while the second enzyme, AstB, has
evolved by keeping its ancestor’s substrate specificity.

3.5. Conclusions

In this paper, we used fold recognition methods and pre-
dicted the 3D structures and catalytic mechanisms of AstA
and AstB, the first two enzymes of the AST pathway of argi-

H. Shirai, K. Mizuguchil FEBS Letters 555 (2003) 505-510

nine catabolism. These predictions should help design new
molecules to block this important pathway in E. coli O157
and other pathogenic bacteria.
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