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ABSTRACT: D-Arginine dehydrogenase from Pseudomonas aeruginosa catalyzes the oxidation of p-arginine to
iminoarginine, which is hydrolyzed in solution to ketoarginine and ammonia. In the present study, we have
genetically engineered an untagged form of the enzyme that was purified to high levels and characterized in its
kinetic properties. The enzyme is a true dehydrogenase that does not react with molecular oxygen. Steady-
state kinetic studies with p-arginine or p-histidine as substrate and PMS as the electron acceptor established a
ping-pong bi-bi kinetic mechanism. With the fast substrate p-arginine a dead-end complex of the reduced
enzyme and the substrate occurs at high concentrations of p-arginine yielding substrate inhibition, while the
overall turnover is partially limited by the release of the iminoarginine product. With the slow substrate
D-histidine the initial Michaelis complex undergoes an isomerization involving multiple conformations that
are not all equally catalytically competent for the subsequent oxidation reaction, while the overall turnover is
at least partially limited by flavin reduction. The kinetic data are interpreted in view of the high-resolution
crystal structures of the iminoarginine— and iminohistidine—enzyme complexes.

D-Arginine dehydrogenase is a novel flavin-dependent enzyme
with FAD as a cofactor (/). It was recently isolated from
Pseudomonas aeruginosa, a Gram-negative soil bacterium that is
well-known to be an important opportunistic human pathogen.
The enzyme from P. aeruginosa has been cloned and expressed in
Escherichia coli (2). It catalyzes the oxidation of p-arginine to
iminoarginine, which is nonenzymatically hydrolyzed to a-keto-
arginine and ammonia, as illustrated in Scheme 1 (2—4). Coupled
with an anabolic NAD(P)H-dependent r-arginine dehydroge-
nase, the products of the p-arginine dehydrogenase oxidation of
p-arginine, a-ketoarginine and ammonia, are converted into
L-arginine (/). The proposed physiological function of p-arginine
dehydrogenase in Pseudomonas is to contribute the first stage in a
two-enzyme-coupled system to racemize p-arginine in the D- to
L-arginine conversion (/).

The biochemistry of p-amino acid catabolism has been poorly
studied in comparison to that of L-amino acids. In general,
p-amino acids can be metabolized after conversion into the
L-enantiomers by racemase (5). Alternatively, p-amino acids can
be utilized by p-amino acid oxidase, which is an FAD-dependent
enzyme and plays an important role in microbial metabolism (6).
D-Amino acid oxidase was first studied by Krebsin 1935 (7) and is
now well characterized. The enzyme has FAD noncovalently
bound to the polypeptide and exhibits optimal activity toward
neutral p-isomers of amino acids and lower efficiency toward
basic ones (8). The reduced FAD is then reoxidized by molecular
oxygen to yield hydrogen peroxide (8).

D-Arginine dehydrogenase is characterized by broad substrate
specificity, being able to oxidize p-amino acids of various size and
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Scheme 1: Oxidation of p-Arginine by D-Arginine Dehydro-
genase
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polarity (9). All naturally occurring p-amino acids except for
D-glutamate, p-aspartate, and glycine are oxidized by the enzyme,
with the best substrate, p-arginine, displaying the highest k,/ K,
with a value of 3 x 10° M ™' s™! (9). p-Arginine dehydrogenase
was first described in 1988 by Hass et al. (2). Recently, the daud
gene encoding for p-arginine dehydrogenase was cloned and used
to express a His-tagged version of the enzyme that was char-
acterized crystallographically at high resolutions (i.e., <1.3 A) in
complex with either iminoarginine or iminohistidine (/, 9). The
physiological electron acceptor of the enzyme has not been iden-
tified yet (7).

In the present study, we have genetically engineered an untagged
form of p-arginine dehydrogenase, purified it to high levels, and
investigated its steady-state kinetic mechanism and reductive
half-reaction with the physiological substrate p-arginine and with
p-histidine. The kinetic data presented are interpreted in view of
the high-resolution structures of p-arginine dehydrogenase re-
ported recently (1, 9).

EXPERIMENTAL PROCEDURES

Materials. The plasmid pCR3 harboring the dauAd gene
encoding for p-arginine dehydrogenase was a gift from Prof.
Chung-Dar Lu at Georgia State University. E. coli strain

©2010 American Chemical Society
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Rosetta(DE3)pLysS was from Novagen (Madison, WI). Ndel,
BamHI, alkaline phosphatase, T4 DNA ligase, dNTPs,' BSA,
lambda DNA/EcoRI + HindIIl markers, and MgCl, were
purchased from Promega (Madison, WI); cloned Pfu DNA
polymerase was from Stratagene (La Jolla, CA); QIAprep and
QIAquick purification kits were from Qiagen (Valencia, CA);
Luria—Bertani agar, Luria—Bertani broth, chloramphenicol,
IPTG, lysozyme, sodium hydrosulfite (dithionite), p-arginine,
phenazine methosulfate (PMS), and PMSF were obtained from
Sigma-Aldrich (St. Louis, MO). Ampicillin, agarose, and elec-
trophoresis-grade agar were purchased from ICN Biomedicals
(Aurora, OH). Oligonucleotides were from Sigma Genosys (The
Woodlands, TX). p-Histidine was from Alfa Aesar (Ward Hill,
MA). All of the other reagents were of the highest purity com-
mercially available.

Plasmid Construction. Plasmid pCR3 harboring the dauA
gene encoding for p-arginine dehydrogenase (/) was employed as
template to construct a recombinant plasmid for the expression
of untagged enzyme using standard PCR amplification methods.
Forward and reverse oligonucleotide primers were designed
incorporating Ndel and BamHI as the 5’ and 3’ cloning sites,
respectively. The PCR product was then ligated into the expres-
sion vector pET20b(+) cleaved with the same restriction enzymes
to ensure directional cloning to remove the N-terminal His tag.
The resulting plasmid pET/P 43863 was confirmed by sequencing
and transformed into E. coli strain DH5a..

Gene Expression and Enzyme Purification. Permanent
frozen stocks of E. coli cells Rosetta(DE3)pLysS harboring the
plasmid pET/PA3863 were used to inoculate 50 mL of Luria—
Bertani broth medium containing 50 ug/mL ampicillin and
34 ug/mL chloramphenicol, and cultures were grown at 37 °C for
16 h to be used as a preculture. The starting precultures (48 mL)
were used to inoculate 7.5 L of Luria—Bertani broth medium
containing 50 ug/mL ampicillin and 34 ug/mL chloramphenicol.
When the cultures reached optical densities of ~0.6 at 600 nm, the
temperature was lowered to 18 °C, and IPTG was added to a final
concentration of 0.1 mM. After 18 h the cells were harvested by
centrifugation at 20000g for 20 min at 4 °C.

All purification steps were carried out at 4 °C. The wet cell
paste was suspended in 0.1 mM PMSF, 0.2 mg/mL lysozyme,
I mM EDTA, 10% glycerol, and 20 mM Tris-HCI, pH 8.0, in a
ratio of 1 g of wet cell paste to 4 mL of lysis buffer. The suspended
cells were then allowed to incubate with stirring for 30 min on ice
with 20 ug/mL RNase and 50 ug/mL DNase in the presence of
10 mM MgCl,. The resulting slurry was sonicated five times for
5 min, with 2 min intervals, before removing the cell debris by
centrifugation at 20000g for 20 min. Solid ammonium sulfate was
slowly added to the cell free extract to achieve 30% saturation.
After incubating for 30 min on ice, the insoluble fraction was
removed by centrifugation and discarded. The supernatant was
brought up to 65% ammonium sulfate saturation, and the pellet
fraction was collected by centrifugation after 30 min of stirring.
The resulting pellet was suspended in 20 mM Tris-HCI, pH 8.0,
and 10% glycerol and dialyzed over a period of 18 h with four
buffer changes. After dialysis, the precipitated proteins were
removed by centrifugation at 20000g for 20 min, and the super-
natant was loaded directly onto a DEAE-Sepharose Fast Flow
column (3 x 28 cm), equilibrated with 20 mM Tris-HCI, pH 8.0,

! Abbreviations: dNTPs, deoxynucleoside triphosphates; IPTG, iso-
propyl S-p-thiogalactopyranoside; PMS, phenazine methosulfate;
PMSF, phenylmethanesulfonyl fluoride; DEAE, diethylaminoethyl.
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and 10% glycerol. The column was eluted with 2 volumes of the
same buffer, followed by a linear gradient from 0 to 0.5 M NaCl
over 1 L. The fractions with the highest purity as judged by
enzymatic activity and UV—visible absorbance spectroscopy
were pooled together and concentrated with the addition of
65% ammonium sulfate saturation followed by centrifugation.
After centrifugation, the resulting pellet was suspended in 20 mM
Tris-HCI, pH 8.7, and 10% glycerol and dialyzed against four
changes of the same buffer. After removal of the precipitated
protein by centrifugation, the enzyme was stored at —20 °C.

Enzyme Assay. The concentration of p-arginine dehydrog-
enase was determined with the method of Bradford (10) by using
the Bio-Rad protein assay kit with BSA as standard. The
enzymatic activity of p-arginine dehydrogenase was measured
by monitoring the initial rate of oxygen consumption with a
computer-interfaced Oxy-32 oxygen-monitoring system (Hansatech
Instrument) at 25 °C in which PMS (1 mM) was used as the
primary electron acceptor, and the enzymatically reduced
PMS was spontaneously reoxidized by molecular oxygen.
The reaction was started with the addition of p-arginine
dehydrogenase to 1 mL reaction mixture, with the final
concentration of 9.9 nM enzyme and 20 mM p-arginine. One
unit of enzymatic activity corresponds to the consumption of
1 umol of oxygen/min.

First-order rate constants for flavin reduction were determined
at varying concentrations of p-arginine (0.1-0.5 mM) or
p-histidine (2.5—100 mM) in 20 mM Tris-HCI, pH 8.7, using a
stopped-flow spectrophotometer thermostated at 25 °C. Equal
volumes of the enzyme and p-arginine or p-histidine were mixed
anaerobically in the stopped-flow spectrophotometer following
established procedures (//) yielding a final enzyme concentration
of ~10 uM. The stopped-flow traces were not changed when the
experiment was carried out aerobically.

The determination of the steady-state kinetic parameters was
carried at varying concentrations of p-arginine (0.02—2 mM) or
p-histidine (1-70 mM) and PMS (0.005—0.5 mM), in 20 mM
Tris-HCI, pH 8.7, 25 °C. The reaction mixture (1 mL) was first
equilibrated with the substrates at the desired concentrations
before the reaction was started with the addition of the enzyme to
a final concentration of ~0.01 uM. Enzyme assays were con-
ducted in 20 mM Tris-HCI, pH 8.7. Initial rates of reaction were
expressed per molar content of enzyme-bound flavin. Solvent
viscosity effects on steady-state kinetic parameters were mea-
sured in 20 mM Tris-HCI, pH 8.7, 25 °C, using glycerol as
viscosigen. The values for the relative viscosities of glycerol-
containing solutions were taken from Weast (12) and adjusted
for 25 °C.

Data Analysis. Data analysis was carried out by using
KaleidaGraph software (Synergy Software, Reading, PA),
Enzfitter software (Biosoft, Cambridge, U.K.), or the Kinetic
Studio Software Suite (Hi-Tech Scientific, Bradford on Avon,
U.K.). Stopped-flow traces were fit to eq 1, which describes a
single exponential process, where ks represents the observed
first-order rate constant for flavin reduction at any given con-
centration of substrate, is time, A4 is the absorbance at 446 nm at
any given time, B is the amplitude of the absorbance change, and
C is the absorbance at infinite time. Kinetic parameters for the
reductive half-reactions were determined by using eq 2, where
kobs 18 the observed first-order rate constant for the reduction of
the enzyme-bound flavin at any given concentration of substrate
(S), kreq 1s the limiting first-order rate constant for flavin
reduction at saturating concentrations of substrate, and *PPKy
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Table 1: Purification of Untagged P. aeruginosa p-Arginine Dehydrogenase Expressed in E. coli Rosetta(DE3)pLysS“

step total protein (mg) total activity (umol of O, min~") specific activity (umol of O, min~' mg™") yield (%)
cell-free extract 5600 91200 16 100
30—65% saturation of (NH4),SO4 4700 100000 21 110
DEAE-Sepharose 900 43000 48 47
“Enzymatic activity was measured with 20 mM p-arginine and 1 mM PMS as substrates in air-saturated 20 mM Tris-HCI, pH 8.7 and 25 °C.
is the apparent dissociation constant for binding of the substrate ™0
to the enzyme.
~0.5mM D-Arg +0.3 UM D-arginine dehydrogenase
A = Bexp(—kovst) + C (1) 300/
= ¥ ¥
kredaS = A
Kops = ——— 2 £ 200 [ 4 ]
obs WK+ S ( ) g&z +1 mM PMS
L]
(=]
The steady-state kinetic parameters at varying concentrations 100 L i
of both p-arginine and PMS were determined by fitting the initial
rate data to eq 3, which describes a ping-pong mechanism with oL ‘ ‘ ‘
substrate inhibition (/3). Data with p-histidine were fit with eq 4, 0 1 2 3 4|
which describes a ping-pong steady-state kinetic mechanism. In time, min

these equations, e represents the concentration of enzyme, ke, 1S
the turnover number of the enzyme at saturating concentrations
of both the amino acid and PMS, K, and K, represent the
Michaelis constants for the amino acid (4) and PMS (B),
respectively, and K., is the substrate inhibition constants for
D-arginine.

v keatABK;.A (3)
e K.BKi.a+KyAKip + ABK; 5 + Ky A2
v keatAB (4)

¢ K.B+KoA+AB

The effects of solvent viscosity on the ke, and ke,/Kare values
were fit to eq 5; those on the k¢,/Ky;s values were fit to eq 6. In
these equations (k)y and (k), are the kinetic parameters of interest
in the absence and presence of the viscosigen, S is the degree of
viscosity dependence, 7, is the relative viscosity of the aqueous
buffered solution, and Yy is the limiting value of the steady-state
kinetic parameter of interest at high concentration viscosigen.

W _ gipg=1)+1 5
(k),,
@ _ 1
( )77 - 14+ Yﬂ(nrel_l) (6)
(”rel_l)—l_s

RESULTS

Expression and Purification of Untagged Enzyme. Re-
combinant D-arginine dehydrogenase was expressed in E. coli
strain Rosetta(DE3)pLysS and purified via 30—65% ammonium
sulfate precipitation and anionic-exchange chromatography at
pH 8.0 in the presence of 10% glycerol. The purity of the enzyme
was confirmed by SDS—PAGE analysis. The UV—visible ab-
sorbance spectrum of the purified enzyme showed bands at 365
and 446 nm (data not shown), consistent with the presence of
oxidized flavin bound to the enzyme. Table 1 summarizes the
purification procedure.

Oxygen Reactivity. The reactivity of p-arginine dehydrog-
enase with molecular oxygen was investigated by monitoring

FiGure 1: Lack of reactivity of p-arginine dehydrogenase with
molecular oxygen. The assay mixture contained 20 mM Tris-HCI,
pH 8.7, and 0.5 mM p-arginine, at 25 °C. After monitoring the
background for 1 min, 0.3 uM p-arginine dehydrogenase was added
to enzyme reaction mixture, and the oxygen trace was monitored.
Later (1.5min), | mM PMS was added, and the rate of the enzymatic
reaction was monitored.

oxygen consumption over time upon mixing 0.3 uM enzyme with
0.5 mM p-arginine in a Clark-type oxygen electrode at pH 8.7
and 25 °C. As shown in Figure 1, in the absence of any organic
electron acceptor there was no detectable consumption of oxy-
gen. In contrast, upon addition of 1 mM PMS there was a rapid
depletion of oxygen in the enzyme reaction mixture (i.e., with an
estimated v,/e value of ~800 s~! with 0.5 mM bp-arginine).
Similar results were obtained with p-lysine, D-histidine, D-serine,
p-threonine, D-tyrosine, D-asparagine, D-glutamine, p-alanine,
p-valine, D-leucine, p-isoleucine, D-phenylalanine, b-methionine,
D-proline, and D-tryptophan as a substrate (data not shown).
These data unequivocally establish the enzyme as a true dehy-
drogenase with very poor, if any, reactivity of the reduced flavin
with molecular oxygen.

Time-Resolved Flavin Reduction with p-Arginine or
p-Histidine. The reductive half-reactions in which the enzyme-
bound flavin is reduced with p-arginine or p-histidine were
investigated in a stopped-flow spectrophotometer at pH 8.7
and 25 °C. With p-arginine under conditions of pseudo first
order (i.e., 10 uM enzyme and >50 uM p-arginine after mixing),
~70% of the decrease in absorbance at 446 nm occurred within
the dead time of the instrument (i.e., 2.2 ms). From the final part
of the reduction process that could be monitored, similar kg
values ~700 s~! were determined with 50, 100, or 500 uM
p-arginine. These data did not allow for an accurate determination
of the kinetic parameters k,.q and K4 but are at least consistent
with a fast process of flavin reduction (kg = 700s~ ") and suggest
a Ky value for p-arginine significantly lower than 50 uM. With
D-histidine as a substrate, the decrease in absorbance at 446 nm
associated with the reduction of the enzyme-bound flavin was
monophasic at all the concentrations of substrate and fit best to a
single exponential process (Figure 2A). The observed rate con-
stants were hyperbolically dependent on the concentration of
p-histidine (Figure 2B), allowing for the determination of the rate
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FIGURE 2: Anaerobic reduction of the p-arginine dehydrogenase
with p-histidine as a substrate in 20 mM Tris-HCI, pH 8.7 and
25°C. Panel A shows the reduction traces with 2.5 mM (cyan), SmM
(blue), 10 mM (red), 20 mM (light green), S0 mM (black), and
100 mM (dark green) p-histidine. All traces were fit with eq 1. Time
indicated is after the end of the flow, i.e., 2 ms. For clarity one
experimental point every 10 is shown (vertical lines). Panel B shows
the observed rate of flavin reduction as a function of p-histidine
concentration. Data were fit to eq 2.

constant for flavin reduction (k,oq = 60+ 1's~') and the apparent
equilibrium constant for substrate dissociation at the active site
of the enzyme (*"PKy = 10 & 1 mM). The best fit of the data was
obtained with the curve extrapolating to a y-intercept value of
zero, consistent with an irreversible reduction of the flavin.
Steady-State Kinetic Mechanism. The steady-state kinetic
mechanism and the associated kinetic parameters of the enzyme
were determined using the method of the initial rates (/4). The
rate of oxygen consumption was measured at varying concentra-
tions of either p-arginine or p-histidine and the artificial electron
acceptor PMS, in 20 mM Tris-HCI at pH 8.7 and 25 °C. As
illustrated in Figure 3, parallel lines were obtained in double
reciprocal plots of the enzymatic rate versus the concentration of
the amino acid substrate, with significant substrate inhibition at
concentrations of p-arginine >0.5 mM. Substrate inhibition was
also seen with PMS at concentrations of p-arginine equal to, or
lower than, 50 uM (data not shown). Nonetheless, the best fit of
the data with p-arginine was obtained by using eq 3, which
describes a ping-pong bi-bi steady-state kinetic mechanism with
inhibition by p-arginine (/3). The best fit of the data with
p-histidine was obtained by using eq 4, consistent with a ping-pong
bi-bi steady-state kinetic mechanism and no substrate inhibition.
As summarized in Table 2, the overall rate of enzymatic turnover
determined with p-arginine at saturating concentrations of both
substrates (kq() was ~200s~ ', a value that was 6-fold larger than
the k., value of 35 s~ determined when p-histidine was used as
substrate. The second-order rate constant for the capture of
p-arginine to yield enzyme—substrate complexes committed to
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FIGURE 3: Steady-state kinetics for the oxidation p-arginine (panel
A) or p-histidine (panel B) catalyzed by p-arginine dehydrogenase.
Initial rates of reaction were measured at varying concentrations of
both the amino acid substrate and PMS in 20 mM Tris-HCI, pH 8.7,
at 25 °C. Panel A: Concentrations of PMS were (O) 500 uM, (W)
100 uM, (O) 20 uM, (A) 10 uM, and (A) 5 uM. Data were fit to eq 3.
Panel B: Concentrations of PMS were (l) 100 uM, (O) 50 uM, (a)
10 uM, and (A) 5 uM. Data were fit to eq 4.

Table 2: Kinetic Parameters of b-Arginine Dehydrogenase with p-Arginine
and p-Histidine”

kinetic parameter” D-arginine D-histidine
ke s ! 204 +3 3543

K,, mM 0.06 £ 0.01 8.8+0.5

Ky, uM 11£2 8.0 £0.6
kea/ Koy M7 57! (3.440.3) x 10° 4,000 £ 300
kea/Ko, M1 s7! (1.9 +0.3) x 107 (4.4 +0.3) x 10°
Ki.x, mM 09+£0.3 no¢

Kieas 8! =700 60 £ 1

K4, mM <0.05¢ 1041

“Enzyme activity was measured at varying concentrations of both
p-arginine or p-histidine and PMS in 20 mM Tris-HCl, pH 8.7, at
25°C. "Kinetic data are readi})/ accounted for with the kinetic mechanism
of Scheme 2. “Not observed. “Estimated lower limiting value. “Estimated
upper limiting value. The reaction occurs within the dead time of the
spectrometer and thus cannot be accurately measured by stopped-flow
techniques.

catalysis (i.e., kcar/ Kare) Was in the 10°M ™" s~ ! range, which was

850-fold larger than the corresponding value of 4000 M ™' s~
determined with p-histidine. These data establish that p-histidine
is significantly slower than p-arginine as a substrate.

Solvent Viscosity Effect. The effects of solvent viscosity on
the keo and keo/ Ky values with p-arginine and p-histidine were
investigated to determine whether diffusion-controlled events
influenced the binding of the substrate and the release of the
product to and from the enzyme. With p-arginine as substrate,
when the reciprocals of the normalized ke, /K, values determined
at increasing concentrations of glycerol were plotted as a function
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FIGURE 4: Effects of solvent viscosity on the steady-state kinetic
parameters for the p-arginine dehydrogenase with p-arginine or
p-histidine as a substrate. Panel A shows the normalized k&, (®) and
keat/ K (M) values with p-arginine as a function of the relative solvent
viscosity. Panel B shows the normalized k., (®) and k.,,/K,,, (H) values
with p-histidine as a function of the relative solvent viscosity. The
dashed lines with a slope of 1 indicate the expected results for a fully
diffusion-limited reaction. The values for the relative viscosities of the
solvent were taken from Weast (/2) and adjusted for 25 °C. Reaction
rates were measured at varying concentrations of D-arginine or
p-histidine and fixed | mM PMS in 20 mM Tris-HCI, pH 8.7, at 25 °C.

of the relative viscosity, the data yielded a line with negligible
slope (i.e., 0.004 £+ 0.022) (Figure 4A). In contrast, a line with
slope of 0.14 £ 0.02 was obtained in a plot of the normalized ke,
value (Figure 4A). With p-histidine, the normalized k., values
were independent of solvent viscosity; in contrast, the ke, /K,
values increased with increasing viscosity yielding an inverse
hyperbolic pattern in a plot of the (Kcat/Kin)o/(Kcat/Kim)y values
versus relative viscosity (Figure 4B). These data establish that
kinetic steps involving substrate binding and product release are
affected in different fashions by solvent viscosity when the
enzyme turns over with p-arginine or p-histidine.

DISCUSSION

Steady-State Kinetic Mechanism. The steady-state kinetic
mechanism of p-arginine dehydrogenase has been determined
with p-arginine and p-histidine as substrates at pH 8.7 and is
consistent with the minimal ping-pong bi-bi mechanism illus-
trated in Scheme 2. After the formation of the Michaelis
complex DADH,,-S, the amino acid substrate is oxidized to
the corresponding imino acid with concomitant reduction of the
enzyme-bound flavin (DADH, .4+ P). Release of the imino prod-
uct from the active site of the enzyme completes the reductive
half-reaction. The oxidative half-reaction with the artificial
electron acceptor PMS occurs through the initial formation of
a Michaelis complex DADH,.4-PMS, within which catalysis
yields the DADH, - PMSH, complex. Turnover is then completed

Yuan et al.

Scheme 2: Proposed Steady-State Kinetic Mechanism for the
Oxidation of p-Arginine Catalyzed by p-Arginine Dehydrog-

DADH, -

enase’
S
S, ky k3
& ky

DADH,, DADH,-P
PMSHZ%;(” ks $ P
Arg k3
DADH,,-PMSH, DADH 4 R DADH,-Arg
14

kg
ks PMS k;

DADH,L._—PMS

“‘DADH,,, oxidized p-arginine dehydrogenase; S, substrate;
DADH,.q4, reduced p-arginine dehydrogenase; P, imino prod-
uct; PMSH,, reduced phenazine methosulfate; Arg, p-arginine;
ks and k;; are shown as irreversible because initial rates are
measured in the absence of products; k4, although shown, is close
to zero as suggested by stopped-flow kinetic data (see text); ko is
shown as irreversible based on the oxidation—reduction poten-
tial of PMS/PMSH, > FAD/FADH,, with values of 480 and
—200 mV (60), respectively.

with the release of reduced PMS from the oxidized enzyme.
Evidence in support of a ping-pong kinetic mechanism comes
from the steady-state kinetic data determined at varying con-
centrations of D-arginine or D-histidine and PMS and from the
substrate inhibition of enzymatic turnover at high concentrations
of p-arginine. First, the parallel lines observed in the plots of the
reciprocal of the initial rates of reaction as a function of the
reciprocal of the substrate concentrations are consistent with the
irreversible step of product release (ks) occurring before binding
of PMS to the reduced enzyme (k7). p-Arginine inhibition of
turnover is readily explained with the formation of a dead-end
complex DADH, 4+ Arg when p-arginine at high concentrations
binds to the free reduced enzyme (in blue in Scheme 2). In
agreement with a ping-pong kinetic mechanism where PMS
reacts with the reduced enzyme after the iminoarginine product
of the reaction is released from the enzyme active site, the Kpys
had similar values irrespective of whether p-histidine or p-arginine
was the substrate, namely, ~10 uM (Table 2).

In principle, a kinetic pattern with parallel lines could also be
obtained with PMS binding to a DADH,4+ P complex formed by
an irreversible conversion of the DADH,+ S complex (75). If this
were the case, D-arginine inhibition of turnover would require the
formation of either a ternary complex of the enzyme with two
D-arginines or a quaternary complex of the enzyme, PMS and two
p-arginines. Both these possibilities appear very unlikely since the
available crystallographic structure of the enzyme cocrystallized
with p-arginine shows that the active site cavity of the enzyme is
almost entirely occupied with a single iminoarginine, thereby
preventing the binding of a second arginine (9). Inhibition of
catalytic turnover due to formation of a dead-end complex between
the substrate and the reduced form of the enzyme was previously
observed in other flavoproteins, such as nitroalkane oxidase (16),
aldehyde oxidase (17), flavocytochrome b, (18), cellobiose dehy-
drogenase (19), and thymidylate synthase (20).

Substrate Binding. Binding of the p-amino acid substrate to
the oxidized enzyme occurs in rapid equilibrium. This establishes
that the rate constant for the dissociation of the p-amino acid
from the DADH, - S complex destined for catalysis (k,) must be
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FIGURE 5: Structural comparison of active sites of p-arginine dehy-
drogenase/iminoarginine (yellow) and p-arginine dehydrogenase/
iminohistidine (gray). Active site residues and FAD molecule are
represented as sticks. The protein main chain is shown as a green coil.

significantly larger than the rate constant for its oxidation to yield
the products of the reaction (k3). Evidence to support this con-
clusion comes from the solvent viscosity effects on the second-
order rate constants for the capture of p-arginine or p-histidine
onto the enzyme to yield complexes committed to catalysis (kea/
Karg and key/Kpis) (Figure 4). These data are readily explained if
one considers that a line with a slope between zero and 41 would
be expected in a plot of the normalized k., /K, values as a
function of increasing relative viscosity of the solvent for a
reductive half-reaction whose overall rate was at least partially
controlled by the diffusion of the substrate in the active site of the
enzyme (21). Such a linear dependence of the normalized k,/ Ky,
values on solvent viscosity was not observed with p-arginine
dehydrogenase, for which the solvent viscosity effect was either
negligible with a slope not significantly different from zero in the
case of p-arginine or inverse and hyperbolic in the case of
p-histidine (Figure 4). The lack of a solvent viscosity effect on
the key/Kar value is somewhat surprising because large key/Km
values in the range of 10° M~' s ! like the one determined here
with p-arginine are commonly associated with some degree of
diffusion control for the binding of substrates to enzymes (22—25).

Substrate binding to the oxidized enzyme in rapid equilibrium
immediately establishes the *PP K values determined in the stopped-
flow spectrophotometer as the true dissociation constants reporting
on the thermodynamic equilibrium of the free oxidized enzyme
and the Michaelis enzyme—substrate complex (i.e., Ky = ky/k;)
(Scheme 2). Although an accurate determination of the Ky value
with p-arginine could not be obtained due to the reaction being too
fast to be followed with a stopped-flow spectrophotometer, the
rapid kinetic data on the reductive half-reaction suggest a K value
for p-arginine lower than 50 uM. Thus, binding of p-arginine in the
active site of the enzyme is at least 200-fold tighter than that of
Dp-histidine, with a K4 value of 10 mM. Tighter binding of p-arginine
to p-arginine dehydrogenase as compared to p-histidine is primar-
ily due to the favorable electrostatic interaction of the guanidinium
side chain of p-arginine with the active site residue Glu87; such an
interaction is not present with p-histidine, as suggested by the
structures of the enzyme in complex with iminoarginine and
iminohistidine recently reported (Figure 5) (9). The importance
of an electrostatic interaction involving a glutamate residue for
selective binding of the substrate in the active site of a flavoenzyme
was recently established in choline oxidase through mechanistic
and structural studies (/7). In that case, site-directed mutagenesis
studies or the use of substrate analogues devoid of charge was
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Scheme 3: Isomerization of the Michaelis Complex with
p-Histidine*

His, k k k
DADHOX%* DADH,-His <= DADHOX-His*T%DADH,ed-P —2 DADH,
150 P

“DADH,y, oxidized p-arginine dehydrogenase; His, p-histi-
dine; DADH, 4, reduced p-arginine dehydrogenase; P, imino-
histidine.

consistent with a ~15 kJ mol ! energetic contribution of the side
chain of Glu312 to the ionic interaction with the positively charged
choline (/7). A comparable energetic contribution to substrate
binding is likely provided by Glu87 in p-arginine dehydrogenase, as
suggested by the at least 200-fold ratio of the Ky values estimated
for p-arginine and p-histidine.

Isomerization of the Michaelis Complex with p-Histi-
dine. After the initial formation of the Michaelis complex
involving the oxidized enzyme and p-histidine, the DADH, - His
species isomerizes to produce an enzyme—substrate complex
DADH,,-His* that is competent for the subsequent reaction
of flavin reduction (Scheme 3). Evidence for this conclusion
comes from the effect of increasing solvent viscosity on the
normalized k,/Ky;s values determined in the presence of glycerol.
The k¢, /Ky values increased hyperbolically to a limiting value
with increasing viscosity of the solvent (Figure 4), consistent
with the presence of an internal equilibrium of the enzyme—
substrate complex in the reductive half-reaction. Moreover, in the
crystal structure of p-arginine dehydrogenase in complex with
iminohistidine, the ligand is present in two conformations with
respect to the flavin (Figure 5) (9). One of the two conformations
presents the imino group of iminohistidine in the same orienta-
tion relative to the flavin 7,8-dimethylisoalloxazine that is seen in
the crystal structure of the enzyme in complex with iminoarginine
(Figure 5) (9). This conformation is likely to be competent for
catalysis in the enzyme—substrate complex. The alternative
conformation most likely is not competent for the subsequent
reaction of flavin reduction, as suggested by the relative orienta-
tion of groups participating in the hydride transfer reaction.
Thus, the isomerization of the DADH,,-His complex can be
readily explained as reflecting the reversible conversion of multi-
ple binding conformations, not all of which are catalytically
competent for the subsequent oxidation reaction involving the
flavin. The isomerization of the DADH,,:S complex is not
observed with p-arginine as substrate. This stems from a more
optimal binding mode of p-arginine as compared to pD-histidine,
which also exploits the extra interaction of the positively charged
side chain with the active site Glu87 (vide ante) (Figure 5) (9).
Isomerizations of Michaelis complexes prior to the reaction of
flavin reduction have been previously observed in the wild type
and selected mutant forms of flavocytochrome b, (26) and in a
mutant form of choline oxidase where the active site Glu312 is
replaced with aspartate (11).

Flavin Reduction. The oxidation of the amino acid substrate
catalyzed by p-arginine dehydrogenase entails the two-electron,
irreversible reduction of the enzyme-bound flavin without for-
mation of any observable reaction intermediates. Evidence for
this conclusion comes from the rapid kinetic data on the reductive
half-reaction determined in a stopped-flow spectrophotometer,
yielding a monophasic decrease in the absorbance of FAD when
the enzyme is mixed with p-histidine as substrate. Irreversibility
of the flavin reduction (i.e., k4 being close to zero in Scheme 2) is
established from the extrapolation to the origin of the hyperbolic
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dependence of the ks values as a function of the concentration
of the p-histidine substrate (27). Lack of observable reaction
intermediates implies that if they were formed, they would have
to decay at rates that are at least 20 times faster than their rates of
formation. Although alternate mechanisms for flavin reduction
cannot be ruled out at this stage, these observations are consistent
with the mechanism for substrate oxidation by hydride transfer
that has been previously proposed for other flavoproteins acting
on amino acids, such as p-amino acid oxidase (28, 29) and
sarcosine oxidase (29), a-hydroxy acids, such as flavocytochrome
b, (26, 30, 31), or alcohol substrates, such as choline oxidase
(32, 33), aryl alcohol oxidase (34), and pyranose 2-oxidase (35).

The oxidation of p-arginine by p-arginine dehydrogenase is at
least 20 times faster than the oxidation of p-histidine, as indicated
by the rate constants for flavin reduction estimated upon mixing
the enzyme and the substrate in the stopped-flow spectropho-
tometer. The larger k.q value seen with p-arginine likely origi-
nates from a better orientation and positioning in the active site
of p-arginine with respect to p-histidine, due to the favorable
interaction of its side chain with Glu87 (Figure 5) (9). The
importance of substrate orientation and positioning for efficient
oxidation of an organic molecule has been recently established in
another flavoprotein, choline oxidase, where it was shown that
the conservative replacement of an active site Glu with Asp
results in a 230-fold decrease in the k,.q value for the oxidation of
the alcohol substrate (7).

Product Release. With p-arginine as substrate, the release of
iminoarginine from the active site of the enzyme is partially rate
limiting for the overall turnover of the enzyme. This conclusion is
supported by the effect of increasing solvent viscosity on the
normalized rate constant for the overall turnover number of the
enzyme at saturating concentrations of p-arginine and PMS (i.e.,
kea). The reaction would be slower in solvents with higher
viscosities if a diffusion-controlled process is the rate-limiting
step (36). Since product release is the only diffusive step during
turnover when the enzyme is saturated with substrates, a line with
aslope of 0.14 as observed in Figure 4 indicates that the release of
the product is partially rate limiting in turnover. In contrast,
enzymatic turnover with p-histidine is not limited by the rate of
product release from the enzyme active site, as suggested by the
lack of solvent viscosity effects on the k., value with p-histidine.
Instead, the overall turnover of the enzyme with p-histidine is at
least partially limited by the kinetic step of flavin reduction, as
suggested by the comparison of the ke value of 60 s ' deter-
mined by using rapid reaction kinetics and the ke, value of 355"
determined by using the steady-state kinetic approach.

Lack of Oxygen Reactivity. p-Arginine dehydrogenase is a
true dehydrogenase that reacts very poorly, if at all, with
molecular oxygen. This conclusion is supported by the lack of
oxygen consumption observed upon mixing the enzyme with
p-arginine or with 15 other p-amino acids at pH 8.7 as determined
by using a Clark-type oxygen electrode. In contrast, an initial rate
of ~800 s~ was observed upon addition of 1 mM PMS as an
electron acceptor to the same reaction mixture, identifying the
enzyme as a true dehydrogenase.

The analysis of the crystal structure of the enzyme and its
comparison with that of p-amino acid oxidase, which readily
reacts with oxygen (i.e., kcat/ Koxygen = 10°M's7h (37), helps to
rationalize the lack of oxygen reactivity in p-arginine dehydrog-
enase. First, the methyl side chain of Ala46 appears to physically
block access of oxygen to the reactive C(4a) atom of the flavin
in the active site of p-arginine dehydrogenase (Figure 6). The
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Ala46

FIGURE 6: Active site of p-arginine dehydrogenase (PDB number
3NYE) (9). For clarity, only selected amino acid residues are shown.
The FAD cofactor is shown as a stick representation. The side chain
of Ala46 is shown in green.

corresponding residue in p-amino acid oxidase is Gly52 (with the
numbering of the enzyme from Rhodotorula gracilis) (38). When
Gly52 is replaced with a bulkier Val, the resulting mutant enzyme
loses the ability to react with oxygen due to steric hindrance pre-
venting oxygen access to the reduced flavin (38). The importance
of permitting physical access of oxygen to the C(4a) atom of the
flavin has also been shown with site-directed mutagenesis in
L-galactono-y-lactone dehydrogenase (39, 40). In the wild-type
enzyme, which reacts poorly with oxygen, access to the C(4a) atom
of the flavin is blocked by the side chain of Alall3. However,
replacement of this residue with a smaller Gly yields a 400-fold
increase of the Kkqui/Koxygen 10 3.4 % 10° M~ 's7!, a value that is
typically found in oxidases (39).

Lack of oxygen reactivity in p-arginine dehydrogenase is also
most likely associated with the absence of positive charges in
close proximity of the C(4a) and N(1)—C(2) atoms of the flavin.
In this regard, the positive charge of the substrate/product of
p-arginine dehydrogenase can be immediately ruled out since the
ping-pong steady-state kinetic mechanism establishes that the
reaction of the reduced flavin with the electron acceptor occurs
on the enzyme after the release of the reaction product from the
enzyme. The positive charge of Arg305 is the closest to both the
C(4a) and N(1)—C(2) atoms of the flavin, at distances =7 A
(Figure 6). In some oxidases the N-terminal end of an o-helix
providing a partial positive charge either reinforces or substitutes
for the effect of the full positive charge proximal to the flavin
N(1)—C(2) atoms, as exemplified by p-amino acid oxidase (4/—43),
cholesterol oxidase (44), and polyamine oxidase (49). However,
in p-arginine dehydrogenase the closest a-helix is 6 A away from
the N(1)—C(2) atoms of the flavin and points in the opposite
direction (Figure 6). These positive charges, which are typical in
several flavoprotein oxidases (46—52), exert two independent
roles. The positive charge close to the flavin C(4a) atom has been
proposed to facilitate the stabilization of the negatively charged
superoxide species that transiently forms in the reaction of the
reduced flavin with oxygen. This has been established in a number
of flavoprotein oxidases by using mechanistic and structural
approaches, among which are glucose oxidase (33), monoamine
oxidase (54, 55), monomeric sarcosine oxidase (56), and choline
oxidase (57, 58). The positive charge close to the N(1)—C(2) atoms
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of the flavin has been proposed to provide electrostatic stabiliza-
tion of the anionic hydroquinone form of the reduced flavin,
which is a common feature in flavoprotein oxidases but not in
dehydrogenases (59).

Conclusions. In summary, we have engineered an untagged
form of p-arginine dehydrogenase, purified it to high levels, and
investigated its steady-state kinetic mechanism and reductive
half-reaction with the substrates p-arginine and p-histidine. The
results of the kinetic investigation show that the enzyme is a true
dehydrogenase that does not react in its reduced state with
molecular oxygen. With both amino acid substrates the enzyme
displays a ping-pong bi-bi kinetic mechanism when PMS is used
as electron acceptor. Flavin reduction is partially rate limiting for
the overall turnover of the enzyme with the slow substrate
p-histidine but not with the fast substrate p-arginine. With the
latter, release of the iminoarginine product of the oxidation of
p-arginine from the active site of the enzyme is partially rate
limiting for the overall turnover of the enzyme. An isomerization
of the Michaelis complex is also established with p-histidine prior
to the flavin kinetic step, likely reflecting the conversion of
multiple binding conformations that are not all catalytically
competent for the subsequent flavin reduction. The kinetic
investigation of the authentic untagged form of p-arginine
dehydrogenase reported herein, along with the recent structural
investigation of the iminoarginine— and iminohistidine—enzyme
complexes at high resolutions, will provide a solid framework for
future mutagenesis and mechanistic studies aimed at the char-
acterization of the enzyme.
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