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NO is a molecule of remarkable importance and a danger for
biological systems at the same time.1 Thus, there is substantial
interest to control the activity of nitric oxide synthase (NOS)
isoenzymes. For several diseases, such as septic shock, migraine,
inflammation, and neurodegenerative disorders, NO production
should be reduced. Therefore, inhibitors of NOS have been sought.2

However, despite intense research no clinically useful NOS inhibitor
is currently available. Therefore, NO regulation through increased
concentrations of the endogenous NOS inhibitorsNω-methyl-L-
arginine (MMA) andNω,Nω-dimethyl-L-arginine (ADMA) is of
emerging interest.3 Moreover, by this approach detrimental complete
inhibition of NOS may be avoided.

The enzyme responsible for the catabolism of MMA and ADMA
is the Cys-hydrolaseNω,Nω-dimethyl-L-arginine dimethylamino-
hydrolase (DDAH), which yieldsL-citrulline and CH3NH3

+ or
(CH3)2NH2

+, respectively. At present, there is only one noncovalent
DDAH inhibitor of a very low affinity available.4 Both known
mammalian DDAH isoenzymes are targets forS-nitrosylation by
free NO at their active-site Cys.5 An important source of NO
equivalents in the cytosol is endogenousS-nitrosothiols, mainly
those of glutathione,L-cysteine, andL-homocysteine (HcyNO).
While investigating their ability to interact with DDAH-1, we found
a novel type of Cys modification by HcyNO that provides a basis
for the rational design of new DDAH inhibitors.

When bovine DDAH-1 was incubated with HcyNO,6 it appeared
that HcyNO irreversibly inhibited DDAH-1 in a competitive manner
and with a much higher specificity than free NO radicals (to be
published elsewhere). Further analysis by electrospray ionization
quadrupole time-of-flight (ESI Q-TOF) MS revealed a covalent
product with a mass increase for DDAH-1 of 164.0 Da (Table 1).

This mass difference corresponds to one HcyNO molecule.7 How-
ever, because a covalent product was formed, HcyNO had to under-
go conversion. Moreover, it was found that the modification was
completely lost when the modified protein was unfolded in 6 M guan-
idinium‚Cl or 8 M urea prior to MS analysis. Consequently, the pro-
duct formed is stabilized by the protein structure at physiological pH.

To characterize the species formed, a series of ESI Q-TOF MS
experiments using isotopically labeled HcyNO and H2O was
conducted (Table 1). Because the expected mass shifts were small

compared to the total mass of DDAH-1, all experiments were
performed in triplicate. In parallel to the isotopically labeled
samples, unlabeled controls were always measured. As shown in
Table 1, a mass shift could only be observed when Hcy15NO was
used, but not HcyN18O. Additional experiments in H218O showed
that water is the source of the O atom. To address the question
which species was formed, the structural similarity of the amino
acid HcyNO to the substrate molecules should be considered first
(Figure S1). In the X-ray structure ofPseudomonas aeruginosa
DDAH the amino acids MMA, ADMA, andL-citrulline are
anchored through theirR-CO2

- andR-NH3
+ groups inside of the

substrate channel of the enzyme, thus facilitating the correct side-
chain orientation toward the active-site residues.8 By analogy, a
molecular model of DDAH in complex with HcyNO was built
(Figure 1). In this model, Cys249:S was located 2.1 Å from HcyNO:

Nε, thus favoring a nucleophilic attack. Similarly to the DDAH‚
ADMA complex,8 Asp66:Oδ may also form a hydrogen bridge with
HcyNO:Nε, thus increasing its electrophilicity. In contrast to
ADMA, HcyNO may not be affected by His162.

A SN2 attack of Cys249:S on HcyNO:Nε may form the
N-hydroxysulfinimide1 (Scheme 1) that has been widely invoked

Table 1. Masses of the Reaction Product of DDAH-1 with
HcyNOa

reagents usedb mass (Da) mass difference (Da)c

- 31199.1( 0.5d -
500µM HcyNO in H2O 31363.1( 0.5e 164.0
500µM Hcy15NO in H2O 31364.1( 0.2f 165.0
500µM HcyN18O in H2O 31363.3( 0.3f 164.2
500µM HcyNO in H2

18O 31365.1( 0.3f 166.0

a Reactions were performed in 50 mM Hepes/NaOH (pH 7.4), 150 mM
KCl, 5 mM EDTA for 30 min at 37°C. b Atoms without mass numbers
indicated were used at natural abundance.c Difference between the mass
of native DDAH-1 and modified DDAH-1.d Mean value of seven experi-
ments of native DDAH-1.e Mean value of nine experiments.f Mean value
of three experiments.

Figure 1. Active-site of the molecular model of DDAH (blue) with HcyNO
(red) inserted. The model was obtained through computational energy
minimization of P. aeruginosaDDAH(C249S) (PDB code 1h70) upon
remutation of Ser249 into Cys (for details see Supporting Information).

Scheme 1. Proposed Reaction between the Active-Site Cys273:S
of DDAH-1 (blue) and HcyNO (red)
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to account for someS-nitrosothiol chemistry.9 Because of its
instability, 1 would decompose to form the sulfiliminosulfonium
ion 2. This mechanism is supported by the absence of a mass shift
when HcyN18O was used instead of HcyN16O (Table 1). Although
not isolated from the reaction of thiols withS-nitrosothiols,9

sulfiliminosulfonium ions have been characterized upon the reaction
of the isoelectronicN-chlorosulfimides with sulfides.10 The O atom
inserted from H2O may be best explained by the attack of a water
on the formally positively charged S atom of2. In the enzyme
pocket, activated water molecules are present.11 Thus, the reaction
likely proceeds through the intermediate3 to yield the N-thio-
sulfoximide 4.12 Similarly, the reaction of 1-thioglycerol with
nitrosobenzene in the presence of H2O resulted in the formation of
an N-phenylsulfoximide.13

At this point, the question was addressed which of the two S
atoms of 2 would react with H2O. Because of the electron-
withdrawing effect of the formalπ-bond in eq 1

both S atoms can, in principle, be a target for nucleophilic attack.14

It should be noted thatN-thiosulfoximides are stable in water-
containing solvents only at low pH.15 This property is in agreement
with the observed pH stability of4 in MS analysis (Figure 2). The

fact that the loss of modification completely recovered the native
mass of DDAH-1 indicates that the nucleophilic attack preferentially
takes place at Hcy:S according to Scheme 1. A preference of the
equilibrium of eq 1 to one site was also observed in the case of
asymmetric sulfiliminosulfonium salts.16 However, in the case of
DDAH-1 the strong selectivity for the formation of4 likely
originates from the active-site structure.

To conclude, our results indicate that HcyNO forms the covalent
dead-end complex4 with DDAH-1. The formation and stabilization
of 4 is accomplished by the protein structure. The results support
the recent proposal that the reaction between a thiol and a

S-nitrosothiol inside a protein cavity may lead to reactions other
than transnitrosation.17 Covalent inhibitors for both currently known
mammalian DDAH isoenzymes and their homologue arginine
deiminase3,11will be widely appreciated in both clinics and research.
Thus, HcyNO and the mechanism proposed herein pave the way
for the rational design of such inhibitors.
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Figure 2. Deconvoluted ESI Q-TOF mass spectra of DDAH-1 incubated
with 500 µM HcyNO in 20 mM NH4OAc/NH3 (pH 7.4) for 30 min at 37
°C. Samples were injected in (A) 0.1% HCOOH, 50% CH3CN (pH 2.9),
(B) 0.1% HOAc, 50% CH3OH (pH 3.5), and (C) 20 mM NH4OAc/NH3,
50% CH3CN (pH 9.0).
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