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ABSTRACT:Molecules that block nitric oxide’s (NO) biosynthesis are of significant interest. For example, nitric
oxide synthase (NOS) inhibitors have been suggested as antitumor therapeutics, as have inhibitors of
dimethylarginine dimethylaminohydrolase (DDAH), an enzyme that catabolizes endogenous NOS inhibi-
tors. Dual-targeted inhibitors hold promise as more effective reagents to block NO biosynthesis than single-
targeted compounds. In this study, a small set of known NOS inhibitors are surveyed as inhibitors of
recombinant human DDAH-1. From these, an alkylamidine scaffold is selected for homologation. Stepwise
lengthening of one substituent converts an NOS-selective inhibitor into a dual-targeted NOS/DDAH-1
inhibitor and then into aDDAH-1 selective inhibitor, as seen in the inhibition constants ofN5-(1-iminoethyl)-,
N5-(1-iminopropyl)-, N5-(1-iminopentyl)- and N5-(1-iminohexyl)-L-ornithine for neuronal NOS (1.7, 3,
20, >1,900 μM, respectively) and DDAH-1 (990, 52, 7.5, 110 μM, respectively). A 1.9 Å X-ray crystal
structure of the N5-(1-iminopropyl)-L-ornithine:DDAH-1 complex indicates covalent bond formation
between the inhibitor’s amidino carbon and the active-site Cys274, and solution studies show reversible
competitive inhibition, consistent with a reversible covalent mode of DDAH inhibition by alkylamidine
inhibitors. These represent a versatile scaffold for the development of a targeted polypharmacological
approach to control NO biosynthesis.

Nitric oxide (NO)1 is often described metaphorically as a
double-edged sword (1). When produced at cytotoxic concentra-
tions by immune cells, NO attacks tumor cells, where it induces
apopotosis and inhibits their growth and metastasis (2-4). How-
ever, when produced by tumor cells at lower concentrations
(estimated to be at least 1-2 orders of magnitude lower than
cytotoxic concentrations (5)),NO cuts the otherwayby facilitating

tumor growth (4, 6). For example, introduction of nitric oxide
synthase into a human colonic adenocarcinoma cell line leads to
increased growth and vascularity of implanted tumors (5). Signi-
ficant low-level NO production has been found in malignant
human breast, neuronal, gastric, cervical and ovarian cancers, but
not in the surrounding benign tissues (6). In neuronal, breast,
gynecological, head and neck tumors, NO levels have been shown
topositively correlatewith increasing tumor grade (5, 6).Although
the detailed mechanism of NO participation in tumor biology is
still being elucidated, there is increasing evidence that its biosynth-
esis plays an important role in angiogenesis and tumor progres-
sion; thus inhibitors of NO production have been suggested as
possible antitumor therapeutics (6, 7).

In humans, NO is biosynthesized by nitric oxide synthase
(NOS) from L-arginine (1), oxygen and NADPH in a highly
regulated manner (Figure 1) (8). Natural regulation mechanisms
can suggest useful targets for new therapeutics. One such regula-
tion mechanism involves pools of endogenously produced NOS
inhibitors, Nω-methyl-L-arginine (NMMA, 2) and asymmetric
Nω,Nω-dimethyl-L-arginine (ADMA, 3) (9-12). The concentra-
tions of these methylated arginines are controlled in turn by
another enzyme, dimethylarginine dimethylaminohydrolase
(DDAH), which hydrolyzes both substrates to yield L-citrulline
(4) and the corresponding alkylamine, thus relieving the inhibi-
tion of NOS and promoting NO biosynthesis (Figure 1) (13, 14).
Notably, DDAH activity has been detected in a series of human
tumors and is particularly high in brain tumors (15). Artificial
overexpression of DDAH in a glioma cell line leads to increased
NO synthesis, increased production of vascular endothelial cell
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growth factor and increased angiogenesis (16). Tumors derived
from these cells grow almost twice as fast as controls, highlighting
the importance of DDAH to tumor progression (16). Therefore,
inhibitors of both NOS and DDAH may serve as antitumor
therapeutics.

Designing such inhibitors presents a challenge. NOS and
DDAH have similar yet distinct specificities; they share the same
product, yet substrates of each enzyme can inhibit the other.
There are also multiple isoforms of both enzymes, each with
distinct tissue distributions. Selective inhibitors could be very
useful as therapeutic agents: considerable progress has recently
been made designing isoform-selective NOS inhibitors (17-19).
However, single compounds capable of inhibiting bothNOS and
DDAHare also desirable because both of these enzymes promote
NO production. Such dual-targeted inhibitors could potentially
achieve more effective inhibition of biological NO production
than single-target agents. Therefore, understanding the simila-
rities and differences between these enzymes’ pharmacophores is
of considerable interest for developing specific pharmacological
tools and dual-targeted drugs.

Toward these ends, a small set of known NOS inhibitors are
tested for their ability to inhibit recombinant human DDAH-1.
The most potent are alkylamidines, and this scaffold is selected
for homologation. Simple alterations in chain length result in
dual-targeted inhibitors or compounds selective for inhibition of
either DDAH-1 or NOS. The mechanism of DDAH-1 inhibition
by one of the dual-targeted inhibitors is characterized in detail,
and the implications for design of a targeted polypharmacology
for NO control are discussed.

MATERIALS AND METHODS

Materials. Synthetic DNA primers were from Invitrogen
(Carlsbad, CA). Chelex-100 was purchased from Bio-Rad
(Hercules, CA). Aminoguandine hemisulfate, 1-amino-2-hydro-
xyguanidine, 2-ethyl-2-thiopseudourea and N5-(1-imnioethyl)-L-
ornithine (L-NIO) were purchased fromCalbiochem (San Diego,
CA), N-(3-(aminomethyl)benzyl) acetamidine (1400W) and phe-
nylene-1, 3-bis(ethane-2-isothiourea) from Alexis Biochemicals
(San Diego, CA), S-ethyl-N-phenylisothiourea from Toronto
Research Chemicals (North York, Canada) and NR-t-butyloxy-
carbonyl (BOC)-L-ornithine from Bachem (Torrance, CA). Un-
less specified otherwise, all other chemicals were from the Sigma
Aldrich Chemical Co. (St. Louis, MO). Figures depicting bond-
line notations of chemical structures were prepared using Chem-
Draw (CambridgeSoft, Cambridge, MA). Figures depicting

protein structures were prepared using UCSF Chimera (20) or
Pymol (DeLano Scientific, Palo Alto, CA).
General Procedure for Synthesis of N5-(1-Iminoalkyl)-L-

ornithines. Proprionitrile, isobutyronitrile, pentanenitrile and
hexanenitrile were each converted into their corresponding ethyl
imidic esters and then to N5-(1-iminoalkyl)-L-ornithines by a
general procedure similar to syntheses reported
elsewhere (21-24). The starting nitrile (10-100 mmol) was
mixed with anhydrous ethanol (2.6 equiv), cooled to 0 �C and
bubbled through with dry HCl(g) for 1 h. The resulting solution
was then stirred for an additional 4 h at 0 �C and then overnight
at room temperature. The reactionmixturewas purgedwithN2(g)

to remove most of the dissolved HCl, and volatile solvents were
removed by reduced pressure rotary evaporation. The resulting
residue was washed with cold diethylether and dried to afford the
imidate as a white solid or foam. The imidate (2-3 equiv) was
slowly added in portions to a solution of NR-BOC-L-ornithine
(1 mmol) in water (5 mL) at 5 �C while keeping the reaction pH
near 10 by dropwise addition ofNaOH (2.5M). After stirring for
1.5 h, the reaction pH was adjusted to 7 using HCl (1 M). The
resulting mixture was stirred overnight and loaded onto Dowex
50WX8-400 ion-exchange resin, washed with water, and eluted
with 10%aqueous pyridine. After removal of volatile solvents by
reduced pressure rotary evaporation, the resulting solid was
treated with HCl (6 M) in ethyl acetate (10 mL) at 0 �C for
1.5 h and allowed to warm to room temperature for 2 h. After
removal of volatile solvents by reduced pressure rotary evapora-
tion, the N5-(1-iminoalkyl)-L-ornithine is afforded as a white or
off-white foam with typical yields from 84 to 94% from the NR-
BOC-L-ornithine starting material.

N5-(1-Iminopropyl)-L-ornithine: 1H NMR (300 MHz, D2O)
δ 3.99 (1H, t, J=6.0Hz), 3.20 (2H, t, J=6.9 Hz), 2.35 (2H, t, J=
7.8 Hz), 1.92-1.57 (4H, m), 1.09 (3H, t, J=7.5 Hz); 13C NMR
(D2O) 171.86, 169.61, 52.67, 41.40, 27.20, 26.63, 22.89, 10.88;
HRMS-ESI (m/z) M + H+ calcd for C8H18N3O2, 188.1394,
found 188.1394.

N5-(1-Iminoisobutyl)-L-ornithine: 1H NMR(300 MHz, D2O)
δ 3.93 (1H, t, J=6.3Hz), 3.20 (2H, t, J=6.6Hz), 2.63 (1H,m, J=
6.9 Hz), 1.85 (2H, m), 1.65 (2H, m), 1.11 (6H, d, J=6.9 Hz); 13C
NMR (D2O) 172.84, 171.88, 52.64, 41.23, 33.23, 27.15, 22.80,
19.01; HRMS (ESI) (m/z) M + H+ calcd for C9H20N3O2,
202.1550, found 202.1551.

N5-(1-Iminopentyl)-L-ornithine: 1H NMR (300 MHz, D2O) δ
3.94 (1H, t, J=5.4Hz), 3.19 (2H, t, J=6.9Hz), 2.33 (2H, t, J=7.8
Hz), 1.92-1.56 (4H, m), 1.56-1.44 (2H, m), 1.28-1.14 (2H, m),
0.76 (3H, t, J=7.2 Hz); 13C NMR (D2O) 171.91, 168.61, 52.69,
41.31, 32.64, 28.77, 27.20, 22.84, 21.36, 12.97; HRMS-ESI (m/z)
M + H+ calcd for C10H22N3O2, 216.1712, found 216.1709.

N5-(1-Iminohexyl)-L-ornithine: 1H NMR (300 MHz, D2O) δ
3.89 (1H, t, J=6.0Hz), 3.20 (2H, t, J=6.9Hz), 2.33 (2H, t, J=7.5
Hz), 1.90-1.80 (2H, m), 1.70-1.40 (4H, m), 1.24-1.10 (4H, m),
0.73 (3H, t, J=6.9 Hz); 13C NMR (D2O) 172.32, 168.68, 52.99,
41.40, 32.91, 30.23, 27.35, 26.37, 22.92, 21.71, 13.29; HRMS-ESI
(m/z)M+H+calcd for C11H24N3O2, 230.1863, found 230.1864.
Cloning of Recombinant Human DDAH-1.Heterologous

overexpression of human DDAH-1 using the pET28a-hDDAH-
1 plasmid (25) produces a fraction of total protein that is
N-terminal gluconoylated (26), as is also seen with other proteins
overexpressed using similar vectors (27). This modification could
introduce unwanted complexity to electrospray ionization mass
spectrometry (ESI-MS) analysis. To avoid gluconoylation, the
N-terminus was re-engineered by introducing the mutations

FIGURE 1: Nitric oxide biosynthesis is promoted by the enzymic
activities of both NO synthase (NOS) and DDAH. DDAH cata-
bolizes endogenous methylarginines and relieves their inhibition
of NOS.
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suggested by Geoghegan et al. (27), changing the encoded
sequence from MGSSH6- to MPH6- in two experimental steps.
First, the encoded MGSSH6- sequence was mutated to encode
MAH6- by using specific end primers: 50-AATCCATGGCG-
CATCATCATCATCATCACAG-30 and 50-TCTTGGATCCT-
CAGGAGTCTACTTTCTTG-30. The forward primer contains
an NcoI restriction site (underlined) followed by 22 bases, which
encode the mutated N-terminal sequence. The reverse primer
contains a BamHI restriction site (underlined) followed by 19
bases complementary to a stop codon and the codons for the
C-terminal DDAH-1 sequence. PCR amplification was carried
out using an MJ Research (Waltham, MA) PTC 200 thermal
cycler. Reactions included the primers described above, the
pET28a-hDDAH-1 template, dNTPs, and pfu polymerase in
the pfu polymerase buffer (Stratagene, La Jolla, CA) as described
in the manufacturer’s instructions, with a temperature program
of 95 �C for 2min, followed by 2 cycles of 95 �C for 30 s, 44 �C for
30 s and 72 �C for 1 min, followed by 26 cycles of 95 �C for 30 s,
54 �C for 30 s and 72 �C for 1min, followed by 10min at 72 �C for
polishing. The PCR-amplified product and the expression vector
pET-28a (EMD Biosciences, San Diego, CA) were digested with
NcoI and BamHI restriction enzymes (New England Biolabs,
MA) and the small fragments removed by Qiaquick purification
(Qiagen, Valencia, CA) before ligation. The resulting intermedi-
ate plasmid was subjected to a second step in which the sequence
encoding MAH6- was changed to MPH6- by Quickchange site-
directed mutagenesis (Stratagene), using the mutagenic oligonu-
cleotides 50- CTTTAAGAAGGAGATATACCATGCCGCAT-
CATCATCATCATCAC-30 and 50-GTGATGATGATGATG-
ATGCGGCATGGTATATCTCCTTCTTAAAG-30 (muta-
tions underlined). A PCR mixture containing the intermediary
plasmid generated above as a template, the mutagenic primers, a
dNTP mixture and pfuTurbo DNA polymerase in the manufac-
turer’s buffer (Stratagene) was run using a temperature program
of 95 �C for 30 s, followed by 12 cycles of 95 �C for 30s, 55 �C for
1 min, and 68 �C for 13 min. DpnI was then added to the cooled
reaction mixture to digest the methylated parent plasmid. After
incubation at 37 �C for 1 h, the mixture was transformed into
DH5R Escherichia coli cells and selected on LB agar plates
supplemented with kanamycin (30 μg/mL). The final plasmid,
pET28a-hDDAH-1re, was purified from an overnight culture
and the gene insert was fully sequenced (DNA Facility, Uni-
versity of Texas at Austin) to verify the desired sequence.
Site-Directed Mutagenesis To Generate L30A, E78A

and L271G Mutations. Three site-directed mutations of
DDAH-1 were constructed using a QuikChange site-directed
mutagenesis kit (Stratagene). Briefly, three pairs of oligonucleo-
tides (50-CCAGCACGCGGCGAGAAGCGCC-30 and 50 GG-
CGCTTCTCGCCGCGTGCTGG-30; 50-CGTCTTCGTG-
GCGGACGTGGCCGTGGTGTGC-30 and 50- GCACACCA-
CGGCCACGTCCGCCACGAAGACG-30; 50-GGTGGATG-
GGGGGCTCACCTGCTGC-30 and 50-GCAGCAGGTGAG-
CCCCCCATCCACC-30) were used to introduce the L30A,
E78A and L271G mutations (underlined), respectively. Each
PCR mixture contained template plasmid (pET28a-hDDAH-
1re), one pair of mutagenic primers, a dNTP mixture and
pfuTurbo DNA polymerase in the manufacturer’s buffer
(Stratagene). Reactions were subjected to a temperature program
of 95 �C for 30 s, followed by 16 cycles of 95 �C for 30 s, 55 �C for
1 min, and 68 �C for 13 min. After cooling, DpnI was added to
digest the methylated parent plasmid and the remaining mixture
was transformed into DH5R E. coli cells and selected for

resistance on LB agar plates supplemented with kanamycin
(30 μg/mL). The resulting plasmids (pET28a-hDDAH-1re-
L30A, -E78A and -L271G) were purified from overnight cultures
and the inserts fully sequenced to verify the correct sequences.
Expression and Purification of DDAH-1. Recombinant

DDAH-1 was overexpressed in BL21 (DE3) E. coli using
pET28a-hDDAH-1, pET28a-hDDAH-1re or one of the three
expression vectors encoding a mutant DDAH-1 (described
above), using the same procedure described earlier (1), except
that 30 μg/mL kanamycin was used. The resulting frozen cell
pellets were resuspended in a total of 60mLofHis-tag lysis buffer
(50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, 15%
glycerol, pH 8.0) and sonicated on ice for 5minwith 15 s pulses at
30 s intervals using a sonic dismembrator (Fisher Scientific
Model 500, large tip). Cell debris was pelleted twice by centri-
fugation at 34957g for 15 min. The resulting supernatant was
incubated batchwise with lysis buffer-equilibrated Ni-NTA affi-
nity resin (8 mL, Qiagen) for 1 h. The resin was subsequently
packed into a column (2 cm diameter), washed with lysis buffer
(40 mL) and wash buffer (50 mL, 50 mM NaH2PO4, 300 mM
NaCl, 20 mM imidazole, 15% glycerol, pH 8.0) and the desired
protein removed with elute buffer (15 mL, 50 mM NaH2PO4,
300 mM NaCl, 250 mM imidazole, 15% glycerol, pH 8.0).
Fractions containing DDAH-1 as gauged by SDS-PAGE
(migrating at approximately 33 kDa) were pooled and concen-
trated using Amicon Ultra Centrifugal Filter devices (Millipore,
Billerica, MA) with a 10 kDa molecular weight cutoff (MWCO).
The concentrated protein fractions (approx 300 μL) were diluted
in 20 mL buffer A (50 mM KH2PO4, 3.0 M NaCl, 2 mM 1,10-
phenanathroline, 3mMdithiothreitol, 15%glycerol, pH 7.0) and
loaded onto a 1.5 � 18 cm phenyl-Sepharose column (GE
Healthcare, Piscataway, NJ). Proteins were eluted using a linear
gradient from 100% buffer A to 100% buffer B (50 mM
KH2PO4, 2 mM 1,10-phenanathroline, 3 mM dithiothreitol,
15% glycerol, pH 7.0). As gauged by SDS-PAGE, fractions
containing DDAH-1 were pooled and concentrated to approxi-
mately 1 mL using an Amicon Ultra Centrifugal Filter (10 kDa
MWCO). The final protein was dialyzed for 4 � 5 h against
500 mL aliquots of Chelex 100-treated (BioRad) dialysis buffer
(50 mMKH2PO4, 10% glycerol, pH 7.0), flash frozen and stored
in aliquots at-80 �C. All of the DDAH-1 variants purified using
this method were homogeneous by coomassie-stained SDS-
PAGE. Wild-type, the N-terminal variant, and the L30A, E78A
and L271G variants of DDAH-1 were all purified using the same
procedure, with typical yields of 1-2 mg/L culture.

Each purified protein was analyzed by ESI-MS (Analytical
Core Facility, College of Pharmacy, The University of Texas)
and gave their expected masses (all in Da): wild-type from pET-
28a-hDDAH-1, MWcalc = 33,441, MWexptl = 33,434 (major),
33,612 (minor); N-terminal variant from pET-28a-hDDAH-1re,
MWcalc = 33,311, MWexptl = 33,304 (reconstruction of the
N-terminus successfully removed the minor +177 Da gluconyl-
ation peak); L30A, MWcalc=33,269, MWexptl=33,263; E78A,
MWcalc=33,253, MWexptl=33,247; L271G, MWcalc=33,245,
MWexptl=33,247.

To determine metal content, purified protein samples
(approximately 120 μM) and buffer-only controls were analyzed
by inductively coupled plasma mass spectrometry (Department
of Geological Sciences of The University of Texas at Austin).
Metal ion binding was calculated by subtracting the concentra-
tion of metal ions found in the buffer from those found in the
protein sample and dividing by the protein concentration.
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Protein concentrations were determined by measuring the ab-
sorption at 280 nm in buffer containing 6 M guanidinium
hydrochloride and 20 mM phosphate (pH 6.5). The extinction
coefficient of the protein (7,680M-1 cm-1) was calculated on the
basis of the amino acid sequence (http://workbench.sdsc.
edu/) (28). Although protein preparations that omit 1,10-phe-
nanthroline harbor approximately 0.4 equiv of inhibitory Zn(II),
the procedure above yields DDAH-1 and variants that contain
only trace amounts of Zn(II).
Steady-State Kinetic Studies. To determine the steady-

state kinetic constants for hydrolysis of Nω,Nω-dimethyl-L-
arginine (ADMA, 3), a discontinuous colorimetric assay based
on diacetylmonoxime derivatization of L-citrulline (4) was used,
as described previously (29). To measure the steady-state kinetic
constants for hydrolysis of S-methyl-L-thiocitrulline (SMTC, 5),
a continuous spectrophotometric assay based on 5,50-dithiobis(2-
nitrobenzoic acid) (DTNB) derivatization of the methanethiol
product was used, as described previously for DDAH from
Pseudomonas aeruginosa (30). Recombinant human DDAH-1
showed linear kinetics for >10 min, despite the presence of six
cysteine residues in its sequence, indicating that DDAH-1 is not
inhibited by DTNB over this time scale. To obtain steady-state
constants, KaleidaGraph software (Synergy Software, Reading,
PA) was used to directly fit observed rates at various substrate
concentrations to the Michaelis-Menten equation. The con-
stants obtained for hydrolysis of SMTC are somewhat different
from those reported earlier (1), likely due to the ability of the
continuous assay to more precisely define the linear phase of the
hydrolysis kinetics.
Survey of Selected NOS Inhibitors as DDAH Inhibitors.

A small set of commercially available NOS inhibitors, 2-ethyl-2-
thiopseudourea (6), S-ethyl-N-phenylisothiourea (7), phenylene-
1,3-bis(ethane-2-isothiourea) (8), aminoguanidine (9), 1-amino-
2-hydroxyguanidine (10), N-(3-(aminomethyl)benzyl)acet-
amidine (11) and N5-(1-imnioethyl)-L-ornithine (12), were
each dissolved in assay buffer (100 mM KH2PO4, 1 mM
EDTA, pH 7.27) to final concentrations between 0-1 mM,
with each mixture also containing the substrate S-methyl-L-
thiocitrulline (SMTC, 5). Although theKM of SMTC is 3 μM,
inhibitor screens were carried out at 25 μM of SMTC to
ensure linearity throughout the experimental time scale
(approximately 5 min). Upon addition of DDAH-1 (1 μM),
hydrolysis kinetics were measured using the continuous assay
described above. IC50 constants were determined by fitting
observed reaction rates at a series of inhibitor concentra-
tions to eq 1, and corresponding Ki values were calculated
from the IC50 values using eq 2, assuming competitive
inhibition (31, 32):

%activity ¼ 100

1 þ ½inhibitor�
IC50

ð1Þ

Ki ¼ IC50

1 þ ½SMTC�
KM

ð2Þ

Turnover and Time-Dependent Inhibition Experiments.
The three S-alkylisothiourea compounds tested as inhibitors
were also assayed as potential DDAH-1 substrates by using the
continuous assay described above, but omitting SMTC from the
assaymixture. L-IPO (13) was assayed as aDDAH-1 substrate by
preparing 18 h incubationmixtures (at 25 �C) of L-IPO (6mM) in

assay buffer with and without DDAH-1 (10 μM). The reaction
mixtures were diluted 3-fold and subjected to Amicon Ultra
Centrifugal Filter devices (10 kDa MWCO) to remove protein.
These reaction mixtures were then derivatized using the fluoro-
genic reagent o-phthalaldehyde (OPA, Agilent Technologies,
Santa Clara, CA), which reacts selectively with primary amines.
The OPA regent (10 μL) was mixed with an equal volume of
reaction mixtures and incubated for 1 min in the dark. The
resulting mixture was then separated by a Shimadzu Prominence
high performance liquid chromatograph (HPLC) (Columbia,
MD) using a Agilent Eclipse XDB-C18 column (4.6 mm �
250 mm, 5 μm particle size) and a linear gradient from 8.7% to
70%buffer B (buffer A, 30mMNa3PO4 pH7.56; buffer B, 100%
acetonitrile) and fluorescent detection of the derivatized products
(ex, 340 nm; em, 455 nm).

Preincubation mixtures were used to test whether L-IPO (13)
displays time-dependent inhibition of DDAH-1. Briefly, L-IPO
(10mM) was mixed with hDDAH-1 (80 μM) and incubated 18 h
at 25 �C. L-Citrulline (4) (66.7 mM) and no inhibitor were used in
control experiments done in parallel. Before and after incubation,
aliquots (6 μL) of the reaction mixtures were rapidly diluted
approx 40-fold into the continuous assay buffer containing the
substrate SMTC (25 μM) to monitor initial hydrolysis rates.
Reversible Inhibition by IPO. Varying concentrations of

L-IPO (13) (0-500 μM) and SMTC (5) (2-256 μM) were mixed
in assay buffer andmonitored using the continuous kinetic assay.
To obtain a numerical value for Ki, the initial rate data were fit
directly using a competitive inhibition model (eq 3) to determine
R values, and a linear fit of these R to eq 4. For easy visual
interpretation, the same data are also presented graphically as a
double reciprocal Lineweaver-Burke plot. Ki values for L-IPO
(13) inhibition of mutant DDAH-1 preparations were calculated
from IC50 values, determined as described above.

vo ¼ Vmax½S�
RKM þ ½S� ð3Þ

R ¼ 1 þ ½I �
Ki

ð4Þ

Analytical Sedimentation Equilibrium Ultracentrifuga-
tion. Triplicate experiments using 2-channel centerpieces were
carried out using a Beckman Optima XL-I analytical ultra-
centrifuge with the rotor speed set to 20,000 rpm at 25.0 �C.
Ultracentrifuge cells contained DDAH-1 (1 mg/mL) in Chelex
100-treated buffer (20 mM NaH2PO4 and 100 mM NaCl, pH
7.0), the same conditions as reported for characterization of the
DDAH from Pseudomonas aeruginosa (33). Thirteen absorbance
scans at 240 nm were performed for each cell, the first after
10min, and the remaining scans after an additional 2, 4, 8, 16, 26,
29, 31, 33, 35, 37, 39, 41, 43, and 45 h. Absorbance data were
extracted and fitted using Ultrascan II version 8.0 software (34).
A partial specific volume (νh) of 0.7390 mL/g (predicted by
Sednterp 1.07 software, www.bbri.org/RASMB/rasmb.html)
and a buffer density (F) of 1.0 g/mL were used in the analysis.
The data were fitted globally to a one component ideal species
model using eq 5, where X=radius, Xr=reference radius, A=
amplitude of monomer*, M=molecular weight of monomer*,
E=extinction coefficient,R=gas constant, T=temperature, B=
baseline*, ω=angular velocity (* indicates this parameter was
floated) (34).
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CðXÞ ¼ e½
lnðAÞþMω2 ð1-νFÞðX2 -X r2 Þ

2RT � þ B ð5Þ
Crystallization andDataCollection.The humanDDAH-1

was concentrated to approximately 13 mg/mL in 50 mM
potassium phosphate, pH 7.0, 10% glycerol using an Amicon
Ultra Centrifugal Filter (10 kDa MWCO). The protein was
crystallized at 4 �C using the hanging drop method from 25%
(w/v) PEG6000, 0.1 M Tris-HCl, pH 8.0. For the purpose of
determining the structure of DDAH-1 in complex with N5-
(1-iminopropyl)-L-ornithine (L-IPO), a crystal was transferred
to a reservoir containing 20μLof 5mML-IPO in artificialmother
liquor (25% PEG 6000, 0.1 M Tris-HCl, pH 8.0) and soaked
overnight. Prior to data collection, crystals were treated with
cryoprotectant by transferring to 30% PEG6000, 0.1 M Tris-
HCl, pH 8.0 for 1-5 s. Crystals mounted in a cryoloop
(Hampton Research, Laguna Niguel, CA), were frozen by
dipping in liquid nitrogen and placed in the cold stream on the
goniostat.

X-ray diffraction data were collected from the apo-DDAH-
1 crystal at 100 K on an RAXIS IV++ image plate detector
(Rigaku, The Woodlands, TX) with X-rays generated by a
Rigaku RU-H3R rotating anode generator operated at 50 mV,
100 mA. Diffraction data from the inhibitor soaked crystals
were collected at the X-ray Crystallography Core Laboratory
at the University of Texas Health Science Center at San
Antonio. Data were collected at 100 K on a R-AXIS HTC
image plate detector with X-rays generated by a Rigaku
MicroMax-007HF rotating anode generator operated at 40
mV, 30 mA. Diffraction images were processed and data
reduced using HKL2000 (35).
Structure Determination and Analysis. The structure of

the apo-human DDAH-1 was solved by molecular replacement
with MOLREP (36) and the Evolutionary Protein Molecular
Replacement (EPMR) program (37) using the structure of
humanDDAH-1 complexed with citrulline (PDB accession code
2JAI) (38), with citrulline omitted, as the search model. The
structure of human DDAH-1 complexed with L-IPO was solved
by molecular replacement with Phaser (39) using the structure of
human DDAH-1 as the search model.

Model building was carried out using O (40). Refinement of
models was performed with the Crystallography and NMR
System (CNS) (Version 1.1) (41) using the slow-cooling pro-
tocol. Analysis of the diffraction data from the L-IPO complex
crystal using Phenix indicated the presence of pseudomero-
hedral twinning. Refinement of the complex data, accounting
for the crystal twinning, was done with Phenix (42). There were
several rounds of refinement followed by manual rebuilding of
the model. To facilitate manual rebuilding, a difference map
and a 2Fo - Fc map, σA-weighted to eliminate bias from the
model (43), were prepared. 5% of the diffraction data were set
aside throughout refinement for cross-validation (44). PRO-
CHECK (45) and MolProbity (46) were used to determine
areas of poor geometry and to make Ramachandran plots.
Computations and model building were carried out on an
HP Pavilion a1610n (Hewlett-Packard Co., Palo Alto, CA)
computer.
Atomic Coordinates. Coordinates of the refined model of

the apo-human DDAH-1 and the human DDAH-1 complexed
with L-IPO have been deposited in the Protein Data Bank with
entry codes 3I2E and 3I4A, respectively.

RESULTS AND DISCUSSION

Survey of Selected NOS Inhibitors as DDAH-1 Inhibi-
tors. As a limited exploration of the chemical space shared by
ligands of both NOS and DDAH, a small set of known NOS
inhibitors was assayed for inhibition of recombinant human
DDAH-1. The results are included, along with related com-
pounds, in a graphical summary (Figure 2). To simplify the
discussion, only the Ki values for nNOS are listed (Table 1)
because these compounds do not show significant selectivity
between the three isoforms of NOS, and nNOS colocalizes to
many of the same tissues as DDAH-1 (47).

Three S-alkyl isothiourea compounds, S-ethyl-2-thiopseu-
dourea (6), S-ethyl-N-phenylisothiourea (7) and phenylene-1,3-
bis(ethane-2-isothiourea) (8) (nNOS Ki=29, 120, and 250 nM,
respectively) (48, 49) do not inhibit DDAH-1 at concentrations
e1 mM. These compounds were also tested as substrates of
DDAH-1 because the structurally related S-methyl-L-thiocitrul-
line (SMTC, 5) is a good DDAH substrate (DDAH-1: kcat=
2.5 min-1; KM=3 μM) as well as a known nNOS inhibitor (Ki=
50 nM) (50). None of these three compounds were processed as
DDAH-1 substrates during 15 min incubations. Therefore,
structural elaboration of the thiourea scaffold was not pursued
further. Aminoguanidines were the second type of inhibitory
fragment surveyed. Both aminoguanidine (9) and 1-amino-2-
hydroxyguanidine (10) (nNOS Ki = 55 and 680 μM, re-
spectively) (51, 52) do not serve as effective inhibitors of
DDAH-1, and so were not studied further. The third structural
class tested as DDAH-1 inhibitors are amidines: N-(3-amino-
methyl)benzylacetamidine (1400W, 11) andN5-(1-iminoethyl)-L-
ornithine (L-NIO, 12) (nNOSKi=2 and 1.7μM, respectively) (24,
53). Compound 1400W (11) does not inhibit DDAH-1 at
concentrations e1 mM, but L-NIO (12) does inhibit weakly
(Ki = 990 μM), suggesting that the amidino group may be a
promising scaffold on which to construct a dual-targeted inhi-
bitor. It is likely that the alpha amino group and carboxylate of
12 play a significant role in binding to both enzymes, but their
contribution was not quantified here. Rather, an expanded set of
alkyl substituted amidines was prepared and tested.
Survey of Selected Amidino-Based NOS Inhibitors as

DDAH-1 Inhibitors. A series of alkyl-substituted amidines
have previously been reported as NOS inhibitors (23, 24, 54).
Notably, compounds with shorter alkyl substituents;(N5-(1-
iminoethyl)- through N5-(1-iminopentyl)-L-ornithine (12-14);
are potent NOS inhibitors, but the slightly longer homologue
N5-(1-iminohexyl)-L-ornithine (15) cannot effectively inhibit
NOS.

We synthesized and tested a similar set of several alkyl-
substituted amidines as potential inhibitors of DDAH-1: N5-(1-
iminoethyl)-L-ornithine (L-NIO, 12), N5-(1-iminopropyl)-L-or-
nithine (L-IPO, 13), N5-(1-iminopentyl)-L-ornithine (14), and
N5-(1-iminohexyl)-L-ornithine (15). All of these compounds
inhibit DDAH-1 with micromolar Ki values (8 to 990 μM,
Table 2). Extending the alkyl substituent of 12 by one methylene
group to form L-IPO (13) translates into a 20-fold increase in
potency. Further extension of the alkyl chain by an additional
two methylene units to form 14 translates to a further 7-fold
increase in potency. Branching the alkyl chain does not greatly
increase potency;N5-(1-iminoisobutyl)-L-ornithine (L-IBO, struc-
ture not shown) has aKi value that matches (within error) that of
L-IPO (13). Linear chain extension to 15 decreases the affinity for
DDAH-1 somewhat, but inhibition is still evident (Ki=110 μM).
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These results contrast sharplywith the same compounds’ potency
for inhibiting nNOS. In particular, extending the chain length
from that of L-IPO (13) to the longest amidine tested here, 15,
results in a 2-fold decrease in potency for DDAH-1 inhibition,
but a >1000-fold decrease in potency for nNOS inhibition (54).
It is interesting to note that two previously reported DDAH-
selective inhibitors, Nω-(2-methoxyethyl)-L-arginine (L-257,
16) (38, 55) andNω-(but-3-enyl)-L-arginine (17) (56), are approxi-
mately the same length as 15, suggesting that these compounds
may achieve their specificity for DDAH through similar means.

However, there are probably alternative methods to achieve
selectivity, because the shorter analogue S-2-amino-4-(3-methyl-
guanidino)butanoic acid (4124W, 18) is also selective forDDAH,
albeit with weak potency (IC50=1.5 mM for a crude rat kidney
DDAH preparation) (11, 55). Further modifications of the alkyl
chain may also increase potency or selectivity; Kotthaus et al.
recently reported a series of alkenyl-amidines capable of dual
inhibition, of which N5-(1-imino-3-butenyl)-L-ornithine (19) is
the most potent (Ki,DDAH-1 = 2 μM; Ki,nNOS = 90 nM)
(24, 56). One of the dual-targeted inhibitors, L-IPO (13), was
selected for more detailed studies (below).
Analytical Equilibrium Sedimentation Ultracentrifuga-

tion. Both monomeric and dimeric DDAH isoforms have been
reported (33, 57), and the closely related enzyme arginine
deiminase has shown half-sites reactivity (58). Therefore, to
establish the minimal catalytic unit of human DDAH-1, the
oligomeric state of its apo form in solution was determined by
analytical equilibrium sedimentation ultracentrifugation at 1mg/
mL, pH 7.0, 20 �C. Each set of experimental data that had
reached equilibrium was collected and subjected to a global
simultaneous fit to a single ideal species model (Figure 3). The
fitted molecular weight (34,530 Da) matched well with the
theoretical monomer molecular weight (33,558 Da); variance=
8.7e-5. Therefore, human DDAH-1 is assigned as a monomeric
enzyme.
X-ray Crystallography. Human DDAH-1 crystallized in

space group P21, with cell constants a=73.0, b=47.9, c=90.3 Å,
β=94.1�, and with two molecules per asymmetric unit, giving

FIGURE 2: Diagram of selected substrates and inhibitors of NOS and DDAH-1.

Table 1: Substrates and Inhibitors of DDAH-1 and nNOS

DDAH-1 nNOS

compound Ki (μM)a KM (μM) Ki (μM) KM (μM)

NMMA (2) NDb 90 ( 10 c 2.0d ND

ADMA (3) ND 110 ( 14 c 0.7e ND

SMTC (5) ND 3.1 ( 0.3 0.05 ( 0.01f ND

L-arginine (2) 131 ( 7 ND ND 1.6 ( 0.3i

L-citrulline (4) 3,700 ( 200 ND >1 mMg ND

L-NIO (12) 990 ( 80 ND 1.7h ND

L-IPO (13) 52 ( 4 ND 3.0h ND

L-IBO 59 ( 3 ND ND ND

14 7.5 ( 0.4 ND 20 ( 4i ND

15 110 ( 10 ND >1,900j ND

aCalculated from IC50 values as described in Materials and Methods.
bNot determined. cHuman DDAH-1 (1). dKi value for human
nNOS (80). eRat nNOS (12). fRat nNOS (50). gRat nNOS (81). hRat
nNOS (24). iHuman nNOS (23). jIC50 value for rat nNOS (54).
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a Vm of 2.5 Å/Da. The structure was solved by molecular
replacement using the structure of human DDAH-1, previously
reported in complex with citrulline (PDB accession code
2JAI) (38), as the search model. The final 2.0 Å structure consists
of residues 8-282; residues 1-7 and 283-285 are not visible in
electron density maps and are presumed to be disordered.2

Crystallographic data are shown in Table 3. The two DDAH-1
molecules in the asymmetric unit are virtually identical with an
rms distance between equivalent CR positions of 0.16 Å. Simi-
larly, the rmsd between CRs of the apo-DDAH-1 and the
previously reported complexed DDAH-1 (38) is 0.45 Å. The
largest difference between the two apo-DDAH-1molecules in the
asymmetric unit is found in a loop (residues 168-171) adjacent to
the active site. This loop was found disordered in the DDAH-1/
citrulline complex structure.

The crystal of DDAH-1 in complex with L-IPOwas also found
to be of space groupP21, but with cell constants a=47.6, b=80.1,
c=73.9 Å, β=90.1�, andwith twomolecules per asymmetric unit,
giving a Vm of 2.4 Å3/Da. The structure was solved by molecular
replacement using the structure of apo-DDAH-1 as the search

model. The final 1.9 Å structure consists of residues 5-282;
residues 1-4 and 283-285 are not visible in electron density
maps and are presumed to be disordered. The boundDDAH-1 is
very similar to the apoenzyme with an rms distance between
equivalent CR positions of 0.30 Å. Several crystal forms of
DDAH-1 have been obtained from the crystallization conditions
used.

The overall structure determined for human DDAH-1 in
complex with L-IPO (13) is very similar to those described earlier
for human DDAH-1 in complex with L-citrulline and with the
inhibitorNω-(2-methoxyethyl)-L-arginine (L-257, 16) (38). How-
ever, inspection of the electron density maps near the active site
reveals some unexpected features (Figure 4). Continuous density
is observed between the active-site Cys274 side chain and the
bound inhibitor. The remaining interactions with the bound
inhibitor and the enzyme are quite similar to those reported for
other inhibitors and those proposed for DDAH substrates (38,
59, 60). The continuous density between enzyme and inhibitor
suggests that the active site Cys274 side chain can attack the
amidino carbon (Cζ), resulting in a tetrahedral complex (21)
(Figure 5). This structure is reminiscent of the related structure of
an sp2 hybridized thiouronium reaction intermediate trapped in a
mutant DDAH fromP. aeruginosa (60), but the density observed
here at the active site of human DDAH-1 can better accommo-
date a tetrahedral sp3 species.
Characterization of DDAH-1 Inhibition by L-IPO (13).

As a complement to structural studies, the inhibition ofDDAH-1
by L-IPO (13) was studied in more detail. Lineweaver-Burk
plots of 1/vo and 1/[S] at varying concentrations of L-IPO (13)
show intersecting lines at the y-axis, consistent with substrate and
inhibitor competing for binding to the same site on DDAH-1
(Figure 6). From this analysis, aKi of 50( 4 μMwas determined,
which matches the Ki calculated from IC50 determinations
described above (52 ( 4 μM).

L-IPO (13) binds in a manner similar to that of related DDAH
substrates (38, 59, 60), and places its terminalmethyl group in the
same position as the substrate’s leaving group (Nω-CH3), in-
dicating potential hydrophobic interactions with Leu271
(Figure 5). The amidine’s Nω also appear to make a hydrogen
bond or ionic interaction with the carboxylate side chain of
Glu78.We introduced several site-directed mutations to examine
these interactions and their contributions to inhibitor potency
(Table 2). Typical buried salt bridges have stabilization energies
of approximately 3-4 kcal/mol (61), but Glu78 is also bridged to
Lys175, diminishing the expected contribution of this interac-
tion to L-IPO binding. Accordingly, an E78A mutation of
DDAH-1 weakens the binding of L-IPO (13) by 1.9 kcal/mol.
Typical hydrophobic interactions contribute approximately

Table 2: Effects of Mutations on Steady-State Kinetics and IPO Binding

enzyme substrate kcat (min-1) KM (μM) kcat/KM (min-1 mM-1) L-IPO (13) Ki
a (μM) ΔΔGbinding

b (kcal/mol)

wild-type ADMA 0.86( 0.02 110( 14 8( 1

SMTC 2.51( 0.02 3.1( 0.3 810( 80 52( 4 NAc

L30A ADMA 1.01 ( 0.06 1,400( 250 0.7( 0.2

SMTC 2.51( 0.02 3.6( 0.2 700( 40 1,400( 80 2.0

E78A ADMA 0.09( 0.01 13,700( 2,700d 0.007( 0.002

SMTC 1.8( 0.5 19( 3 95( 40 1,200( 100 1.9

L271G ADMA 0.52( 0.01 750( 70 0.69( 0.08

SMTC 0.58( 0.01 1.4( 0.2 410( 70 290( 20 1.0

aKi values calculated from IC50 values determined using SMTC as a substrate (Materials and Methods). bΔΔGbinding = RT ln(Ki,mutant/Ki,wild-type).
cNot

applicable. dEstimate. Highest [ADMA] tested was 10 mM.

FIGURE 3: Analytical sedimentation equilibrium ultracentrifugation
of DDAH-1. Symbols represent an overlay of data collected during
the last nine scans, indicative that equilibrium had been reached. The
solid line represents the global simultaneous fit for a single ideal
species model using Ultrascan. The fitted Mw is 34,530 Da
(theoretical monomerMw= 33,558 Da), variance= 8.7e-5. Condi-
tions: DDAH-1 (1 mg/ mL), NaH2PO4 (20 mM), NaCl (100 mM),
pH 7.0 at 25 �C with a rotor speed of 20,000 rpm.

2The amino acid numbering is based on that described in ref 25. For
example, the active site Cys nucleophile is assigned as residue 274.
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1 kcal/mol/CH2 (61). In DDAH-1, an L271G mutation weakens
the binding of L-IPO (13) by 1.0 kcal/mol. Therefore, both
charged and hydrophobic aspects of the amidine group con-
tribute to the affinity of L-IPO. Additionally, mutation at the
apex of the substrate-binding flap (not depicted), L30A, weakens
L-IPO (13) binding, suggesting that, like substrate, the inhibitor’s
affinity is partially dependent on flap closure (Table 2). Changes
in the circular dichroism spectrum of DDAH-1 upon L-IPO
binding are minimal (Y. Wang, W. Fast, unpublished obser-
vations), indicating that no large-scale changes in secondary
structure occur upon ligand binding. It is notable that changes to
the kcat andKMvalues of thesemutant proteins appear to be quite

Table 3: Crystallographic Data

apo-DDAH-1 L-IPO complex

PDB code 3I2E 3I4A

space group P21 P21
cell constants a = 73.0, b = 47.9, c = 90.3 Å, β = 94.1� a = 47.6, b = 80.1, c = 73.9 Å, β = 90.1�
resolution (Å) 20.-2.0 (2.1-2.0)a 20.-1.9 (1.93-1.90)

Rmerge (%) 0.074 (0.225) 0.065 (0.39)

ÆI/σIæ 9.5 (6.0) 10.5 (2.5)

completeness (%) 99.9 (99.8) 96.1 (94.7)

unique reflections 40,755 42,222

redundancy 4.4 3.7

no. of molecules per asymmetric unit 2 2

no. of residues 550 550

no. of protein atoms 4195 4108

no. of ligand atoms NAb 26

no. of solvent atoms 528 99

Rworking 0.189 0.174

Rfree 0.225 0.244

av B factor for protein atoms (Å2) 16.9 30.5

av B factor for ligand atoms (Å2) NA 24.8

av B factor for solvent atoms (Å2) 24.2 28.1

rms deviation from ideality

bonds (Å) 0.004 0.007

angles (deg) 1.309 1.110

Ramachandran plot

% of residues in most favored region 96.7 94.0

% of residues in additional allowed region 3.3 6.0

aValues in parentheses correspond to highest resolution shell. bNot applicable.

FIGURE 4: The active site of DDAH-1 in complex with L-IPO (13)
and omit map density. Atoms colored in cyan, blue, red and yellow
for carbon, nitrogen, oxygen and sulfur, respectively. Active-site
residues and L-IPO are labeled. The Fo - Fc electron density map,
with L-IPO and the C274 Sγ atom not included in the calculated
structure factors, is shown at 3σ in blue.

FIGURE 5: Reversible covalent inhibition ofDDAH-1 by L-IPO (13).
The noncovalent complex (20) is expected to be in rapid equilibrium
with the (R)-tetrahedral complex (21).

FIGURE 6: Lineweaver-Burk plot of DDAH-1 inhibition by L-IPO
(13). L-IPO is included in assay mixtures at 0 (b), 62.5 (1), 125 (2),
250 ([) and 500 (9) μMat pH 7.27, 25 �C. Intersecting fits at 1/Vmax

indicate competitive inhibition against the SMTC substrate. A Ki

value of 50 ( 4 μM is determined as described in Materials and
Methods.
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substrate dependent (Table 2), likely consistent with the influence
of several kinetic steps on KM values.

Because the structural model suggests a covalent mode of
inhibition, time-dependence and reversibility of inhibition were
examined. The onset of inhibition by L-IPO (13) is rapid, with no
apparent time-dependence and no covalent adducts that are
detected via ESI-MS after 18 h incubations (MWcalc=33,311
Da; MWexptl=33,303 Da). Dilution of inhibited enzyme into
inhibitor-free mixtures rapidly restores activity. These observa-
tions suggest that L-IPO (13) is not an irreversible or metaboli-
cally activated inhibitor. The possibility of slow L-IPO (13)
hydrolysis catalyzed by DDAH-1 was also considered because
hydrolysis proceeds through a tetrahedral adduct, and because
slow substrates can act as de facto inhibitors. This is the case with
L-arginine (1), a slow substrate of DDAH-1 and structural
homologue of L-IPO (13) (Table 1). Two likely metabolites of
L-IPO (13) are L-ornithine (L-Orn) and N5-(1-oxopropyl)-L-
ornithine, neither of which would be detectable by the diacetyl-
monoxime derivatization assay (29) typically used to detect
substituted urea products of the DDAH-catalyzed reaction.
Therefore, after incubation of L-IPO (13) with DDAH-1, the
NR group of remaining L-IPO (13) and the primary amines of any
resulting reaction products were derivatized by o-phthalaldehyde
and separated by HPLC to detect turnover. No new peaks
appeared in the chromatogram after an 18 h incubation, and
the peak area corresponding to L-IPO (13) did not significantly
change (not shown), indicating that hydrolysis of L-IPO (13) is
not catalyzed by DDAH-1 over this time scale.

Experimental attempts were made to detect covalent bond
formation between L-IPO and Cys274 in solution by monitoring
13C NMR shifts of the amidino Cζ carbon of the inhibitor
(Unpublished experiments: S. Hu, Y. Wang, D. Hoffman,
W. Fast). Similar experiments with a peptide aldehyde inhibitor
of papain revealed a 125 ppm upfield shift upon tetrahedral
adduct formation between the active-site cysteine and the alde-
hyde inhibitor (62). With DDAH-1, formation of a tetrahedral
adduct (21) between Cys274 and the Cζ carbon of L-IPO is
expected to similarly shift the resonance of Cζ considerably
upfield (>100 ppm) from its resonance in the sp2 hybridized
free ligand (Figure 5). In contrast, a purely noncovalent complex
(20) would be expected to display a much more modest shift
(<10 ppm) for the Cζ carbon upon binding (For related
examples see refs (63-65)). Starting from 13C-labeled potassium
cyanide (99 atom % 13C), L-IPO was synthesized with the Cζ

position isotopically enriched in 13C. However, at a variety of
stoichiometries and pH values, the bound inhibitor could not be
detected by 1-dimensional 13C NMR (125.7 MHz), most likely
due to line broadening of the signal. Therefore, this technique
could not be used to detect covalent bond formation in solution.

In sum, the inhibitor L-IPO (13) and the substrateNω-methyl-
L-arginine (2) have similar chemical structures, their only differ-
ence stemming from substitution of a guanidino-nitrogen with a
methylene. Accordingly, L-IPO (13) acts as a competitive, non-
hydrolyzable substrate analogue that binds at the active site of
DDAH-1 in a manner similar to substrate, but places a stable
C-Cbond in place of the scissileCζ-Nω bond. Structural studies
strongly suggest that Cys274 attacks the Cζ carbon resulting in a
tetrahedral adduct. This covalent adduct is expected to be in
rapid equilibrium with the parent compound and the unmodi-
fied enzyme, consistent with the observation that inhibition is
rapidly reversible. A similar tetrahedral complex was found to
develop during crystal soaking of a related enzyme, arginine

deiminase (66, 67). Analogous reversible covalent inhibition has
been reported of other thiol-dependent enzymes by nitriles,
cyanamides and aldehydes, which form reversible thioimidate,
thioamidine and hemithioacetal bonds, respectively (68-70).
Also, structural studies of other reversible tetrahedral adducts
have been reported, such as carbinolamine formation between
pyruvate and Lys133 of aldolase (71).

The L-IPO-complexed DDAH-1 structure also reveals a
perturbation of the active site His173 side chain in one molecule
of the asymmetric unit (Figure 7). This histidine plays an essential
role as a general acid and general base in the catalytic mechanism
of DDAH (60, 72), so changes at this position are noteworthy.
When the structure of apo DDAH-1 is compared with the
L-citrulline, L-IPO (13) or L-257 (16) complexes (Figure 7) (38),
considerable variation is observed both in the conformation of
the ligand and the orientation of some protein residues, most
notably in the loop that precedes the active site His173
(169ADGLH173). His173 is positioned closest to the active-site
ligand in the L-citrulline-bound structure, but is rotated farther
away in the apo-, L-257 (16), and L-IPO (13) complexes. The loop
preceding His173 is most ordered in the apo structure and is
similar to that seen in the L-IPO complex. However, some
rearrangement and disorder of the loop is present in the
L-citrulline complex and it is further rearranged in the L-257
complex, allowing for a bent conformation of the bound
inhibitor. Relative to L-citrulline and L-IPO, a slight shift of the
carboxylate of L-257 is also seenwith a correspondingmovement
of Arg145, although this appears to be the result of side-chain
repositioning rather than loop motion. If the L-IPO complex
resembles a tetrahedral intermediate and the L-citrulline complex
resembles the product complex, it is tempting to suggest that the
observed conformational states resemble species found along the
reaction coordinate, unlike the nonproductive L-257 complex.
However, additional evidence is needed to support such claims.
Nonetheless, flexibility in both the ligand and the protein
structures is observed, and these are important considerations
for future inhibitor design and virtual screening efforts.
Toward a Targeted Polypharmacology To Control NO.

Despite the prevailing “one drug, one target” approach, there
is growing evidence that supports the efficacy of selectively

FIGURE 7: Alternative loop conformations observed in DDAH-1.
Structural variance in residues 167-173 is observed depending on the
bound inhibitor. Protein backbone is shown as a ribbon representa-
tion, bound inhibitors are shown as ball and stick representations,
and selected residues (Arg 145, Leu172, His 173, Cys 274) are shown
in stick form. Apo protein is in white, and the L-citrulline (4), L-IPO
(13) and L-257 (16) complexed structures are in green, light blue and
orange, respectively. The figure is constructed using coordinates from
this work and from Protein Data Bank accession codes 2JAI and
2JAJ (38).
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targeting multiple receptors by a single chemotherapeutic
agent (73). Some of the many terms that encompass this
approach include network pharmacology (74), targeted poly-
pharmacology (75), designed multiple ligands (76), dirty drugs
and magic shotguns (77). Targeted pharmacology is quite
different from the promiscuous inhibition that occurs through
aggregation processes (78) and different from nonselective
inhibition that affects irrelevant targets. Rather, multiple
targets are specifically selected for the design of a single ligand
that exploits overlapping pharmacophores. The need to bind
different targets could alternatively be addressed by using
combinations of single-target drugs, but the differential me-
tabolism of each agent may vary between patients and can lead
to very complex pharmacokinetic and pharmacodynamic
behaviors that are difficult to predict. Therefore, a single-
agent targeted polypharmacology approach is an attractive
strategy.

DDAH and NOS represent a compelling combination for
developing dual-targeted inhibitors to control biological NO
production. Based on a limited exploration of the chemical space
shared by NOS and DDAH ligands, we investigated a series of
alkyl-substituted amidines to illuminate the similarities and
differences between nNOS and DDAH-1 pharmacophores. In
short, nNOS is effectively inhibited by amidines with alkyl
substituents 2-5 carbons in length (including the sp2 hybridized
amidino-carbon) (12, 13, 14) (54), but potentDDAH-1 inhibition
requires alkyl-substituents 3-6 carbons in length (13, 14, 15)
(Figure 2). Therefore, by choosing the appropriate alkyl chain
length, it is possible to selectively target eitherNOSorDDAHfor
inhibition, or to achieve dual inhibition of both enzymes.
Comparison of inhibitor-bound structures of both DDAH and
NOS reveals some of the active-site constraints that underlie this
behavior (Figure 8). The active site of DDAH-1 is slightly larger
and demonstrates structural plasticity of both protein residues
and bound inhibitor, thereby allowing longer substituents.

In contrast, the smaller active site of NOS limits the size of
ligand by steric demands. Some plasticity in the NOS active site
has been observed, but appears to bemediated by residues distant
from the binding site of L-NIO (12) and its homologues (17).
Therefore, the medium-length members of the alkyl-amidine
series investigated here are able to occupy the common part of
these overlapping pharmacophores, and a simple lengthening or
shortening of the alkyl substituent can tip the specificity for one
enzyme or the other. Although the bioavailabilities of most of
these compounds have not been reported, we note that in
activated macrophages, Nω-methyl-L-arginine (2) and L-NIO
(12) are effectively transported by the same y+ cationic amino
acid transporter as L-arginine (1) (79). These results should enable
a more informed choice among pharmacological inhibitors of
NO production, and will facilitate the future design of therapeu-
tics and polypharmacological reagents to specifically impact NO
production.
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