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L-Arginine deiminase (ADI) catalyzes the irreversible
hydrolysis of arginine to citrulline and ammonia. ADI is
involved in the first step of the most widespread anaer-
obic route of arginine degradation. ADI, missing in high
eukaryotes, is a potential antimicrobial and antipara-
sitic drug target. We have determined the crystal struc-
ture of ADI from Pseudomonas aeruginosa by the multi-
wavelength anomalous diffraction method at 2.45 A
resolution. The structure exhibits similarity to other
arginine-modifying or substituted arginine-modifying
enzymes such as dimethylarginine dimethylaminohy-
drolase (DDAH), arginine:glycine amidinotransferase,
and arginine:inosamine-phosphate amidinotransferase,
despite the lack of significant amino acid sequence ho-
mology to these enzymes. The similarity spans a core
domain comprising five BBap motifs arranged in a circle
around a 5-fold pseudosymmetry axis. ADI contains an
additional a-helical domain of novel topology inserted
between the first and the second BB« modules. A cata-
lytic triad, Cys-His-Glu/Asp (arranged in a different
manner from that of the thiol proteases), seen in the
other arginine-modifying enzymes is also conserved in
ADI, as well as many other residues involved in sub-
strate binding. Based on this conservation pattern and
the assumption that the substrate binding mode is sim-
ilar to that of DDAH, an ADI catalytic mechanism is
proposed. The main players are Cys-406, which mounts
the nucleophilic attack on the carbon atom of the gua-
nidinium group of arginine, and His-278, which serves
as a general base.

L-Arginine is used by a number of microorganisms to gener-
ate ATP fermentatively by the arginine dihydrolase (ADH)!
pathway (1, 2). First, arginine is deiminated by arginine deimi-
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nase (ADI; EC 3.5.3.6). The resulting citrulline is converted to
carbamoyl phosphate and ornithine by ornithine transcar-
bamylase (EC 2.1.3.3), and finally the carbamoyl phosphate is
used to phosphorylate ADP by carbamate kinase (EC 2.7.2.2),
producing one ATP molecule (Fig. 1).

To date, ADH genes have been identified and sequenced
mostly in bacteria and Archaea, and no ADH genes or ADH
enzyme activity has been reported for higher eukaryotes (1).
However, some amitochondriate parasitic protists such as
Trichomonas vaginalis, T. fetus, Hexamita inflate, and one of
the most commonly transmitted intestinal pathogens, Giardia
intestinalis, have been shown to use the ADH pathway (2, 3).
Recently, the first two proteins of the ADH pathway, ADI and
OCT, were shown to be among 16 immunodominant proteins in
Giardia, underscoring the importance of the ADH pathway in
this parasite (4). Preliminary results from ADI gene silencing
experiments in G. intestinalis using an RNAi construct did not
yield viable organisms, suggesting that ADI plays an essential
role in this pathogen.? Moreover, ADI competes with human
nitric oxide synthase by scavenging arginine from the intesti-
nal environment. Therefore, nitric-oxide synthesis in the intes-
tinal epithelium, used as a host defense mechanism against
microbial infection, can be blocked by ADI (4, 5).

The genetic organization of the ADH gene cluster is now
known for many organisms. The structure and regulation of the
operon encoding the ADH pathway have been most thoroughly
studied in Pseudomonas aeruginosa (6—8). Pathogenic strains
of this Gram-negative bacterium primarily infect immunocom-
promised patients, such as those suffering from burns, cystic
fibrosis, and AIDS, and those undergoing chemotherapy (9).
P. aeruginosa is a leading source of hospital-acquired infec-
tions, and it is the cause of lung damage that results in a high
mortality rate of cystic fibrosis patients. The ADH pathway
provides the major route of arginine catabolism in this orga-
nism and is, therefore, important for the survival and propa-
gation of P. aeruginosa. The pathway is activated under anaer-
obic conditions and in the presence of extracellular arginine (7,
10).

The absence of the ADI gene in the human genome, together
with its important function in both pathogenic protozoa and
bacteria make the enzyme an attractive therapeutic drug tar-
get for the treatment of bacterial and parasitic infections.
Moreover, interest has increased in ADI as a potential agent of
anti-angiogenesis (11) as well as anti-leukemic and non-leuke-
mic murine tumors (12).

We present here the crystal structure of ADI from P. aerugi-
nosa. Structural similarity to a number of arginine-modifying

2T. Nash, personal communication.
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or substituted arginine-modifying enzymes provides the frame-
work for proposing a reaction mechanism for ADI.

MATERIALS AND METHODS

Protein Production—The ADI gene from P. aeruginosa PAO1 was
amplified using PfuTurbo DNA polymerase (Stratagene), genomic DNA
(ATCC 47085D), and 5’ and 3’ end primers. The forward primer is
5'-CACCCTGGTGCCGCGCGGCAGCCATATGAGCACGGAAAAAAC-
CAAACTT-3’, and the reverse is 5'-TCAGTAGTCGATCGGGTCGC-3'.
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Fic. 1. Arginine dihydrolase pathway. OTC, ornithine transcar-
bamylase; CK, carbamate kinase.
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In the forward primer, the sequence encoding a thrombin cleavage site
is underlined, and an Ndel restriction site is shown in italic. The PCR
product was introduced into pET100/D-TOPO expression vector by the
TOPO directional cloning procedure (Invitrogen). Recombinant plas-
mids were isolated from Escherichia coli TOP10 strain (pET100/ADIh).
An expression construct (pET100/ADIn) for the production of native
protein without the His tag was prepared by digestion with Ndel and
self-ligation.

For production of the selenomethionine-containing protein, the E.
coli strain B834(DE3) was transformed with the pET100/ADIh recom-
binant plasmid. Minimum Eagle’s medium was supplemented with
ampicillin and selenomethionine. Cells were grown at 30 °C to 0.5 A4,
when 0.1 mM isopropyl-1-thio-B-D-galactopyranoside was added for pro-
tein expression. After 4 h the cells were collected by centrifugation and
suspended in 20 mM Tris-HCI buffer (pH 8.0), 0.5 M NaCl, and 5 mm
imidazole. Then, cells were broken by passage through a French press.
The soluble fraction was separated by centrifugation at 40,000 X g for
30 min and applied on a nickel-nitrilotriacetic acid metal affinity col-
umn (Qiagen). Protein was eluted with 20 mm Tris-HCI (pH 8.0), 0.5 m
NaCl, and 250 mM imidazole. To remove the N-terminal sequence
containing the Hisg tag, thrombin was added at a 1:2000 molar ratio
and left for 2 h at room temperature in a solution of 50 mm Tris-HC1
buffer (pH 8.0) and 150 mm NaCl. Thrombin was removed by passing
the solution through a benzamidine column (Amersham Biosciences).
Cleaved protein was separated from intact protein and from the N-
terminal peptide on a second nickel-nitrilotriacetic acid column. The
protein was further purified by ion-exchange chromatography on a
Source 15 Q column (Amersham Biosciences). Fractions containing
protein were collected and dialyzed against 50 mm Tris-HCI (pH 7.5)
and 50 mMm NaCl. Finally, the protein was concentrated to 6 mg/ml,
flash-cooled in liquid nitrogen, and stored in aliquots at —80 °C. Protein
integrity and purity were assessed by polyacrylamide gel electrophore-
sis in the presence of SDS.

Native protein was produced from E. coli strain BL21(DE3) trans-
formed with the pET100/ADIn plasmid. Cells were grown in LB me-
dium, and the protein was expressed under the same conditions as
those described above. Native ADI was purified on an AKTAexplorer10
chromatographic station (Amersham Biosciences) using two major
chromatographic steps: ion exchange and hydrophobic chromatography.
An additional gel-filtration step was used if necessary to remove a small
fraction of protein aggregates. Enzyme activity was determined accord-
ing to a previously described procedure (6).

Analytical Size Exclusion Chromatography—Analytical size exclu-

TABLE I
X-ray data collection and refinement statistics

MAD“ experiment

Refinement data Remote energy Peak Inflection
Data collection
Space group . P4,2,2
Cell dimension (A) a=0b=1149, ¢ = 300.7
Wavelength (A) . 0.98400 0.96788 0.97925 0.97939
Resolution range (A) 20-2.45 30-2.6 30-2.8 30-2.9
No. observations 829,494 291,943 302,165 246,607
No. unique reflections 74,771 102,813 92,639 80,262
Completeness (%)° 99.9 (100) 87.4 (62.7) 96.2 (84.6) 94.0 (87.2)
merge. 0.096 (0.416) 0.061 (0.494) 0.061 (0.336) 0.070 (0.446)
Refinement statistics
No. reflections 73,248
No. residues 1630
No. water molecules 492
R, . 0.198
ree: 0.264
RMS deviation
Bonds (A) 0.015
Angles (°) . 1.9
Average B factor (A?) 44.1
Ramachandran plot (%)
Most favored 91.2
Allowed 8.0
Generously allowed 0.8
Disallowed 0.0

“ MAD, multiwavelength anomalous diffraction; RMS, root mean square.
® The values in parentheses are for the highest resolution shell.
“Rperge = 2nm (G — (DD |L] for equivalent reflections (anomalous data separated).
d —

Rcryst. =3 HFolj

free

|F /2 |F,|, where F, and F, are the observed and calculated structure factors, respectively.
is computed for 3802 reflections that were randomly selected and omitted from the refinement.
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Fic. 2. Stereoscopic view of the
2F, — F, 2.45-A resolution electron
density around the active site. The
ADI catalytic triad is formed by the resi-
dues Cys-406, His-278, and Glu-224. The
map is countered at the 1o level.

Fic. 3. Ribbon diagram representation of the ADI tetramer.

sion chromatography was performed on an AKTAexplorerl0 chroma-
tography work station, using a Superdex-200 HR 10/30 column (Amer-
sham Biosciences). Runs were performed at 0.4 ml/min in a solution
containing 50 mm Tris-HCI buffer (pH 7.5) and 0.1 M NaCl.

Crystallization and Data Collection—Selenomethionine-containing
crystals were obtained in hanging drops using the vapor diffusion
method at room temperature. The protein solution was mixed with an
equal volume of mother liquor containing 33% 2-methyl-2,4-pen-
tanediol, 6% polyethylene glycol 3350, 0.1 M Tris-HCI (pH 7.6), and 4%
acetone, and equilibrated against the mother liquor reservoir. Crystals
appeared within 6—8 days and grew to ~0.15 X 0.15 X 0.2 mm. These
crystals were obtained under different conditions, have different cell
parameters, and exhibit better diffraction quality than those reported
previously (13).

Diffraction data for crystals produced from selenomethionine-con-
taining protein were acquired at the Industrial Macromolecular Crys-
tallography Association Collaborative Access Team’s (IMCA-CAT)
17-ID beamline at Advanced Photon Source (APS, Argonne National
Laboratory, Argonne, IL). For data acquisition, the IMCA-CAT beam-
line was equipped with a Quantex210 charge-coupled device detector.
Data processing was carried out using HKL2000 software (14). The
solvent occupies 55% of the crystal volume, and the asymmetrical unit
contains four protein molecules. The statistics of data collection are
provided in Table I.

Structure Determination and Refinement—The computer program
SHELXD (15) was used to determine selenium sites at a resolution of
3.0 A. Phase determination and phase improvement were carried out
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TaBLE IT
ADI structural homologs
Protein « Aligned Sequence
PDB ID code ot Z-score  RMSD®  [LEREC S d%ntity
A %
SSM program search
1H70 DDAH 10.6 1.9 232 15
1BWD IPAT 10.9 2.0 245 17
4JDW AGAT 9.1 2.3 254 16
DALI program search
1H70 DDAH 26.0 2.3 250 16
1JDW AGAT 26.4 2.9 281 16
1BWD® IPAT 26.5 2.8 278 16

“ RMSD, root-mean-square deviation.

® The automatic DALI search did not identify IPAT as a structural
homologue, and the result listed in the table was obtained by pairwise
search of the ADI and 1BWD coordinates.

with the Solve/Resolve programs (16). The quality of the initial phase
set was improved by density modification and extended to a resolution
of 2.6 A. The resulting electron density map revealed a 2-fold non-
crystallographic symmetry axis and two other symmetry axes with
translational components, relating four independent molecules in
asymmetrical units to one another. Four-fold averaging produced an
interpretable electron density map. The polypeptide chain of one mol-
ecule was built on a silicon graphics octane work station using the
interactive computer graphics program “O” (17). After adding the side
chains, the remaining molecules in the asymmetrical unit were gener-
ated by applying the non-crystallographic symmetry operators.

Structure refinement was carried out using the CNS program (18)
with all data between 20 and 2.45 A. The four molecules in the asym-
metrical unit were refined independently. The resulting model was
inspected and modified on a graphics work station using “O” software.
In the final stages of the refinement, water molecules were added to the
model based on an electron density map difference of F, — F, (where F,
and F, are the observed and calculated structure factors, respectively),
using peaks with density =30 as the acceptance criterion. Structure
analysis was carried out using a number of computer programs, includ-
ing PROCHECK for analysis of geometry (19), Quanta for solvent-
accessible surface area calculations (Molecular Simulations, Inc.), DALI
(20) and SSM (21) for identifying structural homologues, and PyMOL
for depiction of the structure (22).

Modeling—Molecular modeling was carried out with the QUAN-
TA2000/CHARMMZ26 software package (Molecular Simulations, Inc.).
The citrulline ligand was extracted from the dimethylarginine dimeth-
ylaminohydrolase (DDAH) structure (Protein Data Bank (PDB) code
1H70) and placed in the active site of ADI based on the superimposition
of the two structures. The arginine ligand was placed manually in a
position equivalent to that of citrulline. The salt bridge between Arg-
401 and Asp-166 was disrupted by changing the Arg-401 side chain
conformation using the QUANTA rotamer library. The model was op-
timized in QUANTA by energy minimization of the arginine substrate
and the surrounding residues.

RESULTS AND DISCUSSION

Structure Quality—The refinement results are summarized
in Table I. The electron density map in the vicinity of the active



14004

Structure of Arginine Deiminase

C pI1’ p12
ADI (6)  -TKLGVHSEAGKLRKVMVCSPGLAHQ----

ol

DDAH (0)  ~—=—=====~- FMFKHIIARTPARSLYVD-~-

BRLTP SNCDELLFD---DVIWVNQAKRDHFDEVTHMRERG

AGAT (B87)
IPAT (1)

a'l a2
ADI (67)

~GLTSSHLGKPDYAKALEQHNAYIRALQTCD

~CPVSSYNEWDPLEEVIVGRAENACVPPFTIEVEANTYEKYWPFYQRKQGGHYFP ===~ ========== KDHLKKAVAEIEEMCNILKTEG
RSLYSVHNEWDPLEEVIVGTAVGARVETADRSVEAVEYAGDYESQEQIPSGAYP ~————========= DRVLKETEEELHVLARELTKLG

a'3 o4 a's

IDVLEMHNLLTETIQNPEALKWILDRKITADSVGLGLTSELR SWLESLEPRKLAEYLIGGVAADDLEAS EGAN ILKMYREYLGHS SFLLE

DDAH (47)
AGAT (139)

VDITLLP G

PDER--~-

VTVRRPD -

IPAT (78) VTVRRPG -

PIDWS-- --IK
PRDHS -~ AL

BIi  pII2

ADI (157)
(58)
AGAT (153)
IPAT (91)
*  pOI1  BII2

ADI (220)
(110)
AGAT (238)
IPAT (169)
pIrIa’ pIIIS odv

ADI (299)
DDAH (183) SK

-------- PLPNTQFTRDTTCHIYGGY TLNEMYWP ARRQETLLTTAIYKFHPEFANAEFE IWYGDPDKDHG
————————— FPDSVFVEDPVLCTSRCAT ITRPGAESRRGETET IEETVQRF == ~¥--PGKVERIE-~A-
YKTEDFE $TGLYSAMPRDILIVVGNEI IEAPMAWRSRFFEYRAYRS I IKDYFH ~~-RGAKWITAR - -KP TMADELYNQDYP IHS VEDRHK
IKTPDWETDGFHDYCPRDGLLSVGQTI IETPMALRSRFLESLAYKDLLLEYF -~ ~ASGSRWLS AP - -KPRLTDDS YA-~PQA~~-~PAG -

PEFQ
AGAT (324) CH-----
IPAT (248)

oV pv3 * Bl
ADI (377)
DDAH (220)
AGAT (378)
IPAT (303)

ETREEK IARLGYRVIEVDTSEYRKIDGGVSCMSLEF

ol BII3

alll pIIL3 ¥ BIVL  BIV2 a6

------------ SSTLEGGDVME IGNGVVLIGMGERSSREQAIGQVAQSLFAKGARERVIVAGLP ~KAAMHELDTVF SFCDRDLVTVFEEVY
———————————— PGTVEAGDIMMVG-DHF Y IGESARTNAEGARQMIAILEK -~HGLSGSVVRL--EKVLHLKTGLAYLEHINLLAAGEEY
LARQGKFVTTEFEPCFDARDF IRAG-RDIFAQRSQVINYLGIEWMREHLA--P -DYRVHIISFKDEPNPMH IDATFNIIGPGIVLSNPDRP
—————— ERLTDEEPVFDAARNVLRFG-TDLLYLYSDSGNELGAKWLYS AVG~-D~-TYTVHFCRKL-YASTHVDSTIVELRPGLVLTNE SRV

prvs Vi  BV2

KEIVPF SLRFDPSSEYGMNIRREERTFLEVVAES LGLKKLRVVETGGNSFEREQWD ~ =~ ===========] DGNNVVCLEPGVVVGYDRNT
DFNIIEIPE EE
-QIDLFKKA--~--GWTIITPPT-~-~~ PIIPDDHPL-~--WMS SKWLSMNVIIMLDEKRVMVDANEY
SWENITCPE-~--~ LVYDI~--GFTGDKPHCS VWIGMNLLVVRPDLAVVDRRQT

SYAANCIWVN ~-ERVIMPAGYF

YTNTLLRKAGVEVITISASELGRGRGGGHCMTCE IVRDPID

PIQKMFEKLGITTIKVNIRNANSLGGGFHCWTCDVRRRGTLQS YLD
ALIRLLEKHGMNVLELQLTHSRTLGGGFHCATLDVERTGALETYQF

Fic. 4. Overall fold, topology, and structure-based sequence alignment of ADI. A, stereoscopic view of the fold in an orientation that
highlights the 5-fold pseudosymmetry with the five modules depicted in different colors. Blue, I (residues 6—71 and 409-417); cyan, II (residues
158-227); green, I1I (residues 228 —282); yellow, IV (residues 283-301 and 321-361); and magenta, V (residues 362—408). The unique ADI a-helical
domain (residues 72-157), the additional B strand of module I (residues 8—10), and the two additional 8 strands of the module III (residues 302-308
and 316-320) are shown in red. B, topological diagram of the secondary structure elements of ADI; triangles, B strands; circles, a-helices. The
coloring scheme is the same as in A. C, structure-based sequence alignment of ADI, DDAH (PDB code 1H70), AGAT (PDB code 4JDW), and IPAT
(PDB code 1BWD). Roman numerals are used for the BBa modules. B strands and a-helices are colored blue and red, respectively. B strands within
BBapB modules are numbered sequentially. Secondary structures units outside the modules are indicated by a prime character and are numbered

sequentially. The catalytic triad residues are marked with an asterisk.

side is shown in Fig. 2. There are four protein molecules in the
asymmetrical unit, A, B, C, and D, containing a total of 1630
amino acid residues and 492 water molecules. The monomers
exhibit root-mean-square deviations of a-carbon positions in
the range 0.2-0.7 A. The five N-terminal residues of each
molecule are not visible in the electron density map. In addi-
tion, no electron density is associated with the protein surface
residues 249, 250, 273, 274, and 418 in molecule A, 151, 152,
273, 274, and 347-351 in molecule B, 352 in molecule C, and
273, 274, 345-352, and 418 in molecule D. They were omitted
from the final model.

Overall Structure—ADI from P. aeruginosa forms tetramers
with an approximate symmetry of 222. The packing is medi-
ated by two perpendicular non-crystallographic symmetry axes
and a crystallographic axis (Fig. 3). In the crystal, molecules A
and B belong to one tetramer and molecules C and D to a
second tetramer. The analytical gel filtration experiments
show that the tetramer is the predominant form in solution as
well. The buried contact surface area per monomer is 2785 A2,
~16% of the monomer surface area. Hydrophobic monomer
contact surface area is 1029 A2, ~21% of the total hydrophobic
surface area of the monomers.
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Fic. 5. Reactions catalyzed by ADI structural homologs ADI (A), DDAH (B), AGAT (C), and IPAT (D).

Fic. 6. Structural relationship between ADI and DDAH. A,
superimposition of the ADI (gray) and DDAH (cyan) monomers. The
C249S mutant DDAH in complex with citrulline (PDB code 1H70) was
used. The citrulline product is shown in green. B, superimposition of the
active site residues of ADI and DDAH. Colors are the same as in A. The
residues of ADI are labeled.

The overall fold of ADI consists of five BBaB modules in
cyclical arrangement, generating a pseudo 5-fold symmetrical
barrel and an additional 85-residue a-helical domain inserted
between the first and the second BBaf modules (Fig. 4). The

three B strands in each BBaB module are arranged as a mixed
B sheet, approximately parallel to the barrel pseudo 5-fold axis.
As previously predicted (23, 24), the core barrel of ADI is
structurally similar to DDAH (25) and to two amidinotrans-
ferases, arginine:glycine amidinotransferase (AGAT) (26) and
arginine:inosamine-phosphate amidinotransferase (IPAT) (27)
(Table II). Yet, the amino acid sequence identity between ADI
and these proteins is low, ranging between 15 and 17%. The
root-mean-square deviation values of a-carbon positions be-
tween the aligned residues of ADI and the other three proteins
range between 1.9 and 2.9 A. So far, ADI is the largest enzyme
of the structural superfamily (418 versus ~360 residues for the
amidinotransferases and 254 residues for DDAH). The 85-res-
idue insertion is unique to ADI and includes five a-helices
(a’1-5 in Fig. 4), a short 3/10 helix, and a single short B8 strand
(not highlighted in Fig. 4, for clarity). The automated structure
comparison programs SSM (21) and DALI (20) did not reveal a
significant similarity between this a-helical domain and any
structure currently in the PDB. The a-helical domain mediates
tetramer formation (the contact between the yellow and blue
molecules and between the green and magenta molecules in
Fig. 3). All other structural relatives of ADI are dimers.
Another unique feature of ADI is the B strand insertions in
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Fic. 7. The active site architecture
of ADI and proposed model of bound
substrate. A, a stereoscopic view of key
active site residues is shown. Atomic col-
ors are red, oxygen; blue, nitrogen; yellow,
sulfur; and gray, carbon. Ion pair interac-
tions are shown as dashed lines. B, a ste-
reoscopic view is shown of a modeled ar-
ginine substrate (green) docked in the
active site of ADI. The sulfur atom of Cys-
406 is oriented appropriately for nucleo-
philic attack on the C{ atom of the guani-
dinium group of arginine. The atomic
colors are the same as in A. Charge inter-
actions between substrate and protein
groups are indicated by dashed lines.

the first and third BBaB modules, extending these B sheets
with the topologies BBBaB and BBRaPPB, respectively (Fig. 4, B
and C). The core BBaB modules are always the same; the first
B strand occupies the inner most position and makes a hairpin
loop connection to a second antiparallel g8 strand, which is in
turn linked to the third parallel 8 strand via a crossover con-
nection containing an a-helix, forming a mixed B sheet. How-
ever, in module I the 3-stranded B sheet is augmented with a 3
strand (BI1’) adjacent to the first one (BI1). In module III the B
sheet is extended by two antiparallel B strands BIII4’ and
BIII5’, which are inserted between the second B strand (BIV2)
and the a-helix (aIV) of module IV (Fig. 4, B and C). This
insertion contains a short a-helix (a'6, residues 295-298).

Active Site Architecture—The active site topology of ADI is
similar to that of the other enzymes of the structural super-
family DDAH, IPAT, and AGAT. The catalytic triad Cys-His-
Glu/Asp seen in the other arginine modifying enzymes is also
conserved in ADI, as well as many other residues involved in
substrate binding (Fig. 4C). Note that the special arrangement
of the catalytic triad here is different from that of the well
studied thiol and serine proteases (28, 29), because the cysteine
and histidine residues do not interact with each other (the
distance between the two is ~7 A).

Although the two amidinotransferases (IPAT and AGAT)
have the same orientation as the target scissile bond of the
substrate with respect to the cysteine and histidine catalytic
residues, the bond to be cleaved is different (C{~Ne versus
C{-Nn). Consequently, the substrate orientation in AGAT and
IPAT is different compared with that of DDAH (25, 26) and
ADI. AGAT and IPAT catalyze amidinotransferase reactions in
which the amidino group of arginine is transferred to a second
substrate, producing the amidino derivatives of the substrates
and ornithine (Fig. 5). In contrast, DDAH and ADI are hydro-
lytic enzymes, catalyzing the same bond cleavage (C{~Nn) (Fig.
5). Therefore, further comparisons were made with the struc-
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ture of the C249S mutant DDAH in complex with citrulline
((25) PDB code 1H70). Superimpositions of these two struc-
tures and of six conserved active site residues, including the
catalytic triad (Cys-406, His-278, and Glu-224 in ADI), are
shown in Fig. 6. The nearly identical locations of these residues
together with the structure-based sequence alignment support
the active site assignment of ADI.

The active site of ADI is strikingly enriched with charged
residues (Fig. 7A). It contains only one hydrophobic residue,
Phe-163. The charge state of the catalytic residue, Cys-406,
remains to be determined. An exquisite network of ion pair
interactions ensures structural integrity and may also play a
role in enzyme activity. Most of these residues are invariant in
the known ADI sequences. The Asp-280 carboxylate group in-
teracts with the imidazole group of His-405, which in turn
interacts with Glu-13 (not shown). Of these three residues,
Asp-280 and Glu-13 are invariant in all known ADIs, and
His-405 is sometimes replaced by an arginine. An unusual
feature of this network is the presence of another invariant
residue, Arg-165, of which the guanidinium group stacks
against the His-405 imidazole ring, and both residues are bur-
ied (Fig. 7A). The desposition of Arg-165 is fixed by electrostatic
interactions with the main chain oxygen atoms of Thr-408 and
His-405 and with the hydroxyl group of Thr-408 (not shown in
the figure).

The charge network is further extended by the interaction
between Glu-224 and His-278, which in turn interacts with the
carboxyl group of Asp-227. The last ionic cluster involves Asp-
166, Arg-185, and Arg-401 (Fig. 7A). This network is extended
beyond the active site to include Glu-188 (not shown), which
forms an ion pair with Arg-185.

Proposed Michaelis Complex and Catalytic Mechanism—The
ADI active site is blocked because the side chain of Arg-401
forms an ion pair with the carboxyl group of Asp-166 and
occupies approximately the same position as the guanidinium
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group of an arginine substrate (Fig. 7A). Thus, the enzyme
must undergo conformational transition on substrate binding.
Hindering substrate access to the active site may play a regu-
latory role in preventing degradation at low intracellular con-
centrations of arginine.

For docking, the dihedral angles of the Arg-401 side chain
were modified to allow access to the binding site, and the
Michaelis complex of ADI with arginine was modeled as de-
scribed under “Materials And Methods.” In the model, the
guanidinium group of the arginine substrate is fixed tightly by
interactions with the carboxyl groups of Asp-166 and Asp-280
(Fig. 7B). The hydrophobic part of the arginine side chain
interacts with the conserved Phe-163, and its carboxyl group
forms ionic interactions with Arg-185 and Arg-401. The inter-
action with Arg-401 is speculative, however, because the actual
conformation adopted by the Arg-401 side chain is unknown.
Orienting the arginine substrate in this manner places the
plane of the guanidinium group between two side chains, the
thiol group of Cys-406 and the imidazole group of His-278.

Based on mutagenesis studies and structural data, catalytic
mechanisms for DDAH and AGAT were proposed (25, 26, 30).
The overall structural similarity of DDAH, AGAT, and ADI, the
conservation of the catalytic triad, and the common orientation
of the scissile bond relative to the catalytic cysteine suggest a
similar reaction mechanism for the three enzymes. With this
consideration in mind, we propose a two-step reaction for argi-
nine hydrolysis by ADI involving a covalent intermediate (Fig.
8). The reaction begins with binding of arginine in the active
center, concomitant with swapping of the Arg-401 side chain

out of the pocket. The pK, of Cys-406 has not yet been deter-
mined, thus we do not know the ionization state of this residue
in the resting state. The mechanism illustrated in Fig. 8 is
written for a thiol group. If Cys-406 is ionized in the resting
state, we assume that the proton would reside on Asp-280, the
closest proton-accepting group to Cys-406 (3.7 A). The Michae-
lis complex and the tetrahedral transition state I would change
slightly, but the mechanism would be essentially the same.

The first chemical step is initiated by the nucleophilic attack
of the Cys-406 thiol group on the guanidinium group C¢ atom,
and concomitant proton transfers to the nitrogen atom, N7, and
from Nn to His-278 (Fig. 8). The electrophilicity of C{ is mod-
ulated by interaction of the guanidinium group with Asp-166
and Asp-280, and His-278 serves as a general base. In turn, the
ionization state of Asp-280 could be modulated by its network
partners His-405, Arg-165, and Glu-13, and the ionization state
of Asp-166 could be influenced by Arg-185. This first tetrahe-
dral transition state is followed by the formation of a transient
covalent intermediate and the release of ammonia after cleav-
age of the C{~Nn bond (Fig. 8). In the second step of the
reaction, ammonia is replaced by a water molecule. This water
molecule is activated by His-278 and attacks the C{ atom of the
covalent intermediate. Here again, His-278 serves as the gen-
eral base. Finally, the carbon-sulfur bond between the enzyme
and the resulting citrulline is cleaved, and free enzyme is
generated for the next catalytic cycle.

It is worthwhile noting that an alternative mechanism that
invokes Asp-280 as a general base instead of His-278 can also
be proposed. This would imply that the unusual charge net-
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work of Asp-280, His-405, Arg-165, and Glu-13 plays a major
catalytic role. This network is conserved in all known ADI
amino acid sequences as well as in IPAT and AGAT but is not
conserved in DDAH. In contrast, His-278 is a conserved residue
in all superfamily members.

In conclusion, the crystal structure of arginine deiminase
and the enzyme-substrate complex model suggest further ex-
periments to elucidate the proposed mechanism. Furthermore
the ADI structure provides a framework for a rational design of
new therapeutic agents against bacterial and parasitic
infections.
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