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Abstract 
 
Dimethylarginine dimethylaminohydrolase (DDAH, EC 3.5.3.18) catalyzes the hydrolysis of 

asymmetric Nw,Nw-dimethyl-L-arginine (ADMA), an endogenous inhibitor of human nitric oxide 

synthases.  The active-site cysteine residue has been proposed to serve as the catalytic 

nucleophile, forming an S-alkylthiourea reaction intermediate, and serving as a target for covalent 

inhibitors.  Inhibition can lead to ADMA accumulation and downstream inhibition of nitric oxide 

production.  Prior studies have provided experimental evidence for formation of this covalent 

adduct but have not characterized it kinetically.  Here, rapid quench-flow is used with ADMA and 

the DDAH from Pseudomonas aeruginosa to determine the rate constants for formation (k2 = 17 

± 2 s-1) and decay (k3 = 1.5 ± 0.1 s-1) of the covalent S-alkylthiourea adduct.  A minimal kinetic 

mechanism for DDAH is proposed that supports the kinetic competence of this species as a 

covalent reaction intermediate and assigns the rate-limiting step in substrate turnover as 

hydrolysis of this intermediate.  This work helps elucidate the different reactivities of S-

alkylthiourea intermediates found among the mechanistically diverse pentein superfamily of 

guanidine-modifying enzymes and provides information useful for inhibitor development.   
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1.  Introduction 

 The production of nitric oxide (•NO) by •NO synthases is involved in numerous healthy 

cell signaling pathways and in pathophysiologies.1-3  Overproduction of •NO is detrimental in 

various disease states including sepsis, some cancers, and neurodegeneration, driving the need 

to develop inhibitors of •NO synthases as potential therapeutics.3-5  Among other labs, Silverman 

and coworkers have studied the mechanism of •NO synthases, developed novel types of 

inhibitors, determined methods to achieve isoform selective inhibition, and improved the drug-like 

qualities of •NO synthase inhibitors.6-10  As a complement to these efforts, an alternative strategy 

to modulate •NO biosynthesis is to use an indirect approach by altering the concentration of the 

two endogenous •NO synthase inhibitors Nw-monomethyl-L-arginine (L-NMMA) and asymmetric 

Nw,Nw-dimethyl-L-arginine (ADMA), which are released by proteolysis of posttranslationally-

methylated proteins.11, 12  ADMA is a reversible inhibitor of •NO synthases, and L-NMMA is a time-

dependent irreversible inhibitor that can be classified as a mechanism-based enzyme 

inactivator.13-16  Endogenous methylarginine concentrations are regulated by their catabolic 

enzyme dimethylarginine dimethylaminohydrolase (DDAH).17  This enzyme has been targeted by 

inhibitors to raise concentrations of the endogenous methylarginines, leading to downstream •NO 

synthase inhibition.  Because DDAH expression patterns differ from •NO synthases, inhibition 

can occur in a tissue-selective manner that can be advantageous in some disease states.11, 18-20   

 The catalytic mechanism of DDAH is of interest to facilitate inhibitor design and to better 

elucidate transformations catalyzed by other guanidine-modifying enzymes in the  pentein 

superfamily.21  DDAH has a proposed mechanism that uses covalent catalysis to hydrolyze the 

guanidine of L-NMMA and ADMA to produce the urea-containing amino acid L-citrulline and 

(di)methylamine products (Figure 1).22  A catalytic Cys nucleophile is proposed to form a transient 

S-alkylthiourea intermediate during the reaction, and this adduct has been trapped and 

characterized using alternative substrates, mutated DDAH, X-ray crystallography and mass 
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spectrometry.23, 24  However, the rate constants for formation and decay of this proposed 

intermediate have not been determined.  It is possible that the observed covalent adduct may 

accumulate due to an off-pathway artifact caused by the various perturbations used to trap the 

adduct and may not represent a true reaction intermediate.  Here, we address this issue by using 

transient kinetics to establish a minimal kinetic mechanism for turnover of the endogenous ADMA 

substrate by wild type DDAH, primarily to determine if the S-alkylthiourea covalent adduct is a 

catalytically competent reaction intermediate.   

 

 

Figure 1.  Proposed chemical mechanism of DDAH-catalyzed ADMA hydrolysis.  Residue 
numbering corresponds to Pseudomonas aeruginosa DDAH.  
 

2.  Results and discussion 

 To trap and quantify the proposed covalent intermediate in DDAH turnover of ADMA, we 

initially used a strategy applied to a related enzyme in which an acidic quenching solution was 

used to stabilize the same S-alkylthiourea group adducted to the active-site Cys of arginine 

deiminase.25, 26  For our studies, we used the DDAH from Pseudomonas aeruginosa.  There have 

been more mechanistic studies completed using this ortholog and it is considered to be a good 

model of human DDAH1, which typically has lower purification yields.22-24, 27, 28  Inspired by 

publications from Silverman and coworkers,29, 30 among others, that used acid or base treatments 

of inactivated enzymes to help determine the identity of covalent adducts, we reasoned that the 

trapped S-alkylthiourea adduct with DDAH would be susceptible to hydrolysis by treatment with 

excess base, and result in release of additional L-citrulline product that could be used to help 

quantify adduct formation and decay rates.  Therefore, we also used this approach.  Finally, we 
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used denaturing mass spectrometry of the enzyme, acid quenched at various timepoints to detect 

the covalent adduct formation and decay over time.  By using the chemical (in)stability of the 

covalent S-alkylthiourea adduct to trap and quantify different sets of reaction species using a rapid 

quench-flow instrument, we could then use global fitting to fit all data points simultaneously and 

construct a minimal kinetic mechanism for DDAH turnover of ADMA.     

 Our initial hypothesis was that the minimal kinetic mechanism of DDAH can be described 

by the scheme found in Figure 2, which uses the following designations: E, enzyme (DDAH); S, 

substrate (ADMA); ES, the noncovalent enzyme-substrate complex (DDAH:ADMA); E-I, the 

covalent S-alkylthiourea intermediate; P, the first product (dimethylamine); EQ, the noncovalent 

enzyme-product complex (DDAH:L-citrulline); and Q, the second product (L-citrulline).  The 

various reaction species trapped using differing chemical treatments are described below and 

summarized in Figure 2. 

 

Figure 2.  Hypothesized kinetic mechanism of DDAH and a summary of the species trapped using 
different conditions.  
 

2.1  Acid quench 

 We used an acid quench to stop the reaction of ADMA and DDAH at various timepoints 

after mixing.  The quenched solutions were assayed using an established method that derivatizes 

all available urea groups (e.g. the L-citrulline product) in the reaction mixture to produce a colored 

species that was then quantified by comparison to a standard curve prepared using L-citrulline 

standards.31, 32  Due to the acidic conditions used in the quenching reaction, this procedure 

enables detection and quantification of the sum of two species, the released L-citrulline product 
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(Q) and L-citrulline bound to the enzyme through non-covalent interactions (EQ) that is released 

upon denaturation of the protein by acid and heat during the assay.  Prequenched samples did 

not show any appreciable production of [Q + EQ] species (not shown).  Conditions were chosen 

where ADMA concentrations exceeded that of the DDAH concentration to allow multiple 

turnovers.  Using these procedures, we observed a brief lag period followed by increasing 

concentrations of [Q+EQ] (Figure 3a).  These observations are consistent with the expected 

product formation catalyzed by DDAH.  Global fitting is described below.   

 

 

Figure 3.  Rapid quench-flow analysis of ADMA turnover by DDAH.  a)  Acid-quenched samples 
at various timepoints are assayed for the presence of urea groups in reaction species EQ and Q 
when [ADMA] > [DDAH];   b)  Acid-quenched samples at various timepoints are treated with 
excess base and then assayed for urea groups, representing reaction species EI, EQ, and Q 
when [ADMA] > [DDAH] using three different DDAH concentrations (triangles 20 µM, squares 90 
µM, circles 150 µM);  c)  The same procedure is followed as described in b, except that [DDAH] 

a b

c d
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> [ADMA]; d)  ESI-MS is used to quantify the amount of unmodified enzyme (representing E, ES 
and EQ species, black symbols) and enzyme bearing the S-alkylthiourea adduct (EI, grey 
symbols), using peak intensity heights of each, summed to 100% of the enzyme total, using two 
different concentrations of ADMA (30 µM, circles; 50 µM, squares) with 60 µM DDAH).  See 
Materials and methods for a more complete description of reaction conditions. 
 

2.2 Alkaline treatment of quenched samples 

 A second set of reaction samples were acid-quenched at various timepoints and then 

subsequently treated with an excess of base in order to hydrolyze the covalent S-alkylthiourea 

intermediate (E-I).  Hydrolysis releases the intermediate to form additional L-citrulline product (Q) 

that was analyzed using the same derivatization procedure described above.  Therefore, alkaline 

treatment of the quenched samples enables detection and quantification of the sum of three 

species, EQ, Q, and now in addition the S-alkylthiourea covalent intermediate (E-I).  Conditions 

were chosen where ADMA concentrations exceeded that of the DDAH concentration to allow 

multiple turnovers.  Using these procedures, we observed burst kinetics: an initial fast phase of 

[E-I + EQ + Q] production followed by a period of slower formation (Figure 3b).  These experiments 

were completed using three different concentrations of enzyme, with increasing concentrations 

leading to larger burst amplitudes and faster linear rates in the slow phase of the reaction.  The 

striking difference between Figures 3a and 3b is due to addition of the covalent intermediate (E-

I) to the species that are quantified.  A similar set of timepoints were collected and analyzed using 

the same procedure but using an enzyme concentration in excess of substrate concentration to 

approach single turnover conditions.  In this experiment, a pronounced burst phase is also 

observed (Figure 3c).  These observations are consistent with that expected for a reaction 

involving a covalent intermediate in which a slow step follows intermediate formation.  Global 

fitting is described below.         
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2.3  ESI-MS of acid quenched samples 

 A third set of reaction samples were acid-quenched at various timepoints and 

subsequently submitted under denaturing conditions for electrospray ionization mass 

spectrometry (ESI-MS) to assay the protein component of the reaction mixture.  This procedure 

detected two major protein peaks in the samples (Figure S1).  The first peak (30,498 ± 10 Da) 

corresponds within error to the mass of the unlabeled protein (30,503 Da for His6-DDAH missing 

the initial Met residue) and reflects the sum of three species in the proposed reaction, the 

unliganded enzyme (E), the portion of enzyme that is noncovalently bound to the ADMA substrate 

(ES), and the portion of enzyme that is noncovalently-bound to the L-citrulline product (EQ).23  The 

second peak (30,655 ± 10 Da, +157 Da from the first peak) corresponds to the mass expected 

for the S-alkylthiourea covalent intermediate (E-I; +157 Da for addition of the C6H11N3O2 adduct).23  

Here, we make the assumption that each of these species has approximately equivalent ionization 

potentials so that the sum of the intensities for the two major peaks, unmodified DDAH (E + ES + 

EQ) and covalently modified DDAH (E-I), represent 100 % of the total enzyme used in each 

experiment.  Using these procedures, we observed an initial increase in E-I formation, with 

corresponding decrease in (E + ES + EQ) species, followed by decay of the E-I species with a 

corresponding increase in the other species (Figure 3d). These experiments were completed 

using two different concentrations of ADMA, with a slight excess of enzyme in both experiments.  

These observations are consistent with a transient formation and decay of the proposed E-I 

covalent intermediate during turnover.  Global fitting is described below. 

 

2.4  Global fitting of the kinetic data 

 Using the program KinTek Global Kinetic Explorer,33, 34 all of the data points shown in each 

panel in Figure 3, along with their associated experimental conditions (e.g. reactant 

concentrations), were used to perform a simultaneous global fit to the proposed minimal kinetic 
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mechanism for DDAH in Figure 2.  To decrease the number of variables to be fitted, several of 

the parameters were fixed including the on-rate (k1 estimated to be 100 uM-1s-1), an irreversible 

step for decay of the covalent intermediate (k-3 = 0 s-1), and the dissociation constant for the L-

citrulline product (8.4 mM, determined from product inhibition studies27).  The resulting global fit 

is shown as a solid line in each panel of Figure 3, with the derived parameters listed with their 

fitting errors in Table 1.  The largest fitting error is in k-1, and the other fitted values are well 

constrained.  Steady state parameters calculated from the fitted microscopic rate constants are 

compared with experimentally determined values (Table 1).  The calculated Km value was lower 

than the observed value, reflecting the less well constrained k-1 value which was not probed as 

thoroughly as the intermediate formation and decay rates.  However, the calculated and observed 

kcat values are identical within error, and kcat/Km values are also reasonably close (~8-fold 

difference).  The fitted values for the rate constants and their associated errors indicate that the 

global data set is reasonably well fit by the proposed minimal kinetic mechanism.  This is a minimal 

kinetic mechanism (Figure 2) and does not describe rates for every chemical step in the proposed 

reaction mechanism (Figure 1).   However, it is determined that the rate constant for formation of 

the E-I intermediate is ³10-fold greater than that for E-I decay, and the rate constant for the 

conversion of E-I to EQ matches the kcat value.  Therefore, these findings support the kinetic 

competence of the proposed covalent intermediate and disfavor an alternative mechanism in 

which covalent adduct formation could accumulate via an off-pathway event.  We assign the rate-

limiting step in substrate turnover to hydrolysis of the E-I intermediate.   
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Table 1.  Kinetic parameters for the proposed DDAH kinetic mechanism 

Parameter (units) Fixed / Variable 
values 

Global Fitting Results 

  k1 (µM-1s-1) 100 fixed a 
  k-1 (s-1) variable b 5,000 ± 1,000 
  k2 (s-1) variable 17 ± 2 
  k-2 (s-1) variable 0.21 ± 0.03 
  k3 (s-1) variable 1.5 ± 0.1 
  k-3 (s-1) 0 fixed 
  Kd, L-citrulline (µM) 8,400 ± 500 c fixed 
  Km (µM) 39 ± 9 d 4.6  (calc’d) e 
  kcat (s-1) 1.3 ± 0.4 d 1.4 (calc’d) 
  kcat / Km (M-1s-1) 3.3 ´ 104 3 ´ 105 (calc’d) 

 

a  fixed:   This parameter was fixed during fitting. 
b  variable: This parameter was left variable during fitting. 
c  This value taken from reference (27). 
d This value taken from reference (22), determined for ADMA at pH 8.0. 
e calc’d:  This parameter was calculated from microscopic rate constants. 
 
 
 
3.  Conclusions 

 Previous studies supporting the existence of a covalent intermediate in the DDAH catalytic 

mechanism used either an altered substrate or a mutated enzyme to trap and characterize the 

covalent S-alkylthiourea adduct.23, 24  Homology of DDAH to arginine deiminase, for which a 

covalent intermediate has been kinetically characterized,25 supported the studies that proposed 

a similar covalent reaction mechanism for DDAH.  However, the evidence for a covalent 

intermediate in DDAH did not include a kinetic analysis to show that formation and decay of this 

covalent adduct was on the reaction pathway and did not represent an off-pathway event.  Here, 

we used acid quenching and differential chemical stability of the covalent adduct to quantify 

different reaction species and to assign a minimal kinetic mechanism to DDAH (Figure 4). 

 

 

Figure 4.  Proposed minimal kinetic mechanism for DDAH.   

E S ES E-I EQ E QP+ ++
Kd = 8.4 mM

100 µM-1s-1 17 s-1 1.5  s-1

0.21 s-15000 s-1
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For the ADMA substrate, the rate constant for formation of the covalent intermediate is ~10-fold 

greater than that for formation of the product L-citrulline, leading us to conclude that the covalent 

adduct does represent an authentic on-pathway reaction intermediate.  Although we anticipate a 

similar mechanism for human DDAH1 due to the high degree of structural similarity at the active 

site (Figure S2), the ADMA kcat for human DDAH1 is ~46-fold lower than for P. aeruginosa DDAH, 

suggesting that more distant residues may impact reaction kinetics in a manner that is difficult to 

predict.22, 35 The rate constants are similar to those reported for the P. aeruginosa homolog 

arginine deiminase, but this homolog has a lower ratio of rate constants for formation and decay 

of the intermediate (~2-fold).25 Even more distantly related, the L-arginie:glycine 

amidinotransferase homologs react to make a similar S-alkylthiourea intermediate, yet these 

enzymes retain the intermediate until the second substrate glycine binds and reacts to form 

product and regenerate the free enzyme.36  The kinetic mechanism of P. aeruginosa DDAH will 

provide a baseline for further studies to understand what aspects of these various active sites 

determine the longevity and reactivity of the shared intermediate, helping us to better understand 

the differing activities found within this mechanistically diverse enzyme superfamily.   

 The kinetic analysis of DDAH and the methods reported here for trapping and analyzing 

the reaction species represent an alternative to prior methods that use radiolabeled substrate.25  

Both the results and the methods are relevant to other studies.  For example, kinetic mechanism 

and reaction conditions are important considerations when designing high-throughput inhibitor 

screening campaigns.37  If DDAH is screened using saturating amounts of substrate, our work 

predicts that the majority of the enzyme will be present as the covalent E-I complex, which may 

unduly limit the types of inhibitors discovered.  In contrast, screens that use more balanced 

conditions where E-I does not predominate would better enable inhibitor access to the active-site.  

Also, a similar acid-trapping method could possibly be applied to other members of the enzyme 

superfamily to trap reaction intermediates, or in the case of protein arginine deiminases, to trap 
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and identify protein substrates.  Apart from its previous use in characterizing covalent inhibitor 

adducts, the differential pH stability of covalent adducts was successfully used here for trapping 

and quantifying reaction intermediates and also has wider potential applications.        
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4.  Materials and methods 

 

4.1  Protein expression and purification 

 Heterologous overexpression and purification of wild-type N-terminal His6-tagged DDAH 

from P. aeruginosa was completed as previously described, except that the induced cultures were 

grown overnight before harvesting to minimize nonenzymatic N-terminal gluconylation.23 Protein 

concentration was determined using UV-vis spectroscopy and a calculated e280 (17,210 M-1cm-1) 

after denaturation in guanidine HCl (6M), as described previously.23 

 

4.2  Rapid quench-flow, general procedure 

 A RQF-3 rapid quench-flow apparatus (KinTek, Snow Shoe, PA) was used to collect 

reaction timepoints, all determined at 25 °C, and all were acid quenched using 0.6 M trifluoroacetic 

acid (TFA) and a constant quench volume option (88 µL).  The instrument was calibrated 

according to the manufacturer’s protocols, including volume quantification of the individual 

reaction loops and calibration of motor speed.    Each reaction, initiated by the computer-controlled 

step motor, resulted in quenched timepoints between 0.005 and 5 s depending on the experiment 

and were collected in 1.5 mL microcentrifuge tubes for later analysis.  Representative samples 

were measured to determine they consistently had a pH value £ 1.  Tests for enzyme activity after 

the quench revealed no measurable residual activity (not shown). 

 

4.3  Analysis for the reaction species EQ and Q  

 The substrate ADMA in Reaction Buffer (200 mM Tris, 100 mM KCl, 0.5 mM EDTA, pH 

7.5) was mixed with purified P. aeruginosa DDAH in the same buffer using the RQF-3 instrument 

with the final reaction concentrations estimated to be 20% of syringe concentrations according to 

control runs and instrument calibrations (ADMA 2 mM, DDAH 90 µM).  Timepoints between 0.005 
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– 0.8 s were collected.  The concentration of urea functional groups contained in each quenched 

sample (e.g. L-citrulline) was quantified using a derivatization procedure described previously as 

the COLDER assay to produce a colored product that can be quantified by UV-vis spectroscopy.31, 

32  A calibration curve was prepared using L-citrulline standards (0 – 313 µM).  Pre-quenched 

DDAH samples were also run to enable subtraction of background absorbance.  Freshly prepared 

COLDER reagent (1 mL) was added to all samples, the tubes were sealed, placed in a boiling 

water bath for 15 min, cooled for 10 min at 25 °C, and then the absorbance of each at 540.5 nm 

was measured using a Cary 50 UV-vis spectrophotometer (Varian Inc, Walnut Creek, CA), with 

experimental samples quantified by reference to the standard curve.  Please note that appropriate 

caution and safeguards should be used when heating these sealed microcentrifuge tubes due to 

the risk of the tube breeching and violent release of the concentrated acids within. 

 

4.4  Analysis for the reaction species EI, EQ, and Q  

 Rapid quench timepoints were collected as described above in section 4.3 using three 

different final reaction conditions (20 µM DDAH, 2 mM ADMA; 90 µM DDAH, 2 mM ADMA; 150 

µM DDAH, 2.2 mM ADMA).  To convert any trapped S-alkylthiourea adduct with DDAH into 

additional L-citrulline, each of the quenched samples were treated with 80 µL of the strong base 

KOH (10 M).  The pH of representative samples was determined to be ³ 14 and no residual 

enzyme activity was detected (not shown).  These samples were subsequently quantified for urea 

groups using the COLDER reagent as described above.  An additional experiment using these 

same procedures was also completed under conditions where final reaction concentrations of the 

enzyme DDAH (50 µM) exceeded that of the substrate ADMA (8 µM) to approximate single 

turnover conditions. 
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4.5  ESI-MS analysis of quenched samples 

 Rapid quenched timepoints between 0.01 – 5 s were collected as described above in 

section 4.3 using two different final reaction conditions (60 µM DDAH, 30 µM ADMA; 60 µM 

DDAH, 50 µM ADMA).  Samples were submitted to the Analytical Instrumentation Facility Core 

(College of Pharmacy, University of Texas, Austin) and were analyzed by electrospray ionization 

mass spectrometry (ESI-MS) using a ThermoFinnigan LCQ ion trap mass spectrometer 

(ThermoFinnigan, San Jose, CA) equipped with a Michrom Magic 2002 HPLC system as 

described previously.23, 38  Spectra were acquired continuously in the centroid mode over the mass 

range of m/z 350 – 2000.  The deconvoluted masses were calculated using ThermoFinnigan’s 

Xcalibur 1.3 Bio-Works 3.0 software with approximately 40 spectra averaged.  Peak intensity 

heights corresponding to unmodified enzyme and enzyme containing the S-alkylthiourea covalent 

adduct23 were added to approximate 100% of the enzyme used in each run, and each species 

plotted as a percentage of this total.     

 

4.6  Global fitting to a minimal kinetic mechanism 

 Experimental values and reaction conditions were entered into the global fitting program 

KinTek Global Kinetic Explorer version 8.0.190104 (KinTek, Snow Shoe, PA).33, 34  Using the 

constraints described in the above text and summarized in Table 1, a global fit was determined 

to all of the experiments simultaneously, with the fitting errors reported.  Fits were exported and 

replotted using KaleidaGraph version 4.5 (Synergy Software,  Reading, PA). 
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Figure S1.  Example ESI-MS spectrums for quenched samples.  Top: Control sample in which 
DDAH (90 µM) is prequenched with TFA and then mixed with ADMA (2 mM) before ESI-MS 
analysis.  The peak with the highest intensity is at 30,499 ± 10 Da, corresponding to the 
unmodified enzyme (see main text).  Bottom: Experimental sample where DDAH (90 µM) is mixed 
with ADMA (2 mM) and acid quenched after 0.01 s, followed by ESI-MS to reveal the two peaks 
with the highest intensities at 30,498 and 30,655 ± 10 Da, corresponding to the unmodified 
enzyme and the enzyme bearing the S-alkylthiourea adduct.  
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Figure S2.  Overlay of product-bound structures of two DDAH orthologs.  Left) The overall 
structure of P. aeruginosa DDAH (grey) and human DDAH-1 (light blue) are superimposed and 
show very similar overall folds using a ribbon view to depict the path of the backbones.  Right) 
The active-site residues and L-citrulline binding orientation are superimposed from the P. 
aeruginosa (grey) and human DDAH1 (light blue) structures.  The P. aeruginosa DDAH has an 
active-site C294S mutation.  All of the residues in close proximity to the L-citrulline product, 
excepting the C294S mutation are found in very similar orientations between the human and P. 
aeruginosa orthologs.  The structures are derived from protein data bank accession codes 1h70 
and 2jai and are superimposed using UCSF Chimera.  (J. Murray-Rust et al 2001 Nat Struct Biol 
8, 679-683; J. Leiper et al 2007 Nat Med 13, 198-203; E.F. Pettersen et al 2004 J Comput Chem 
25, 1605-1612.)    


