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ABSTRACT: Trypanosoma cruzi S-adenosylmethionine decarboxylase (AdoMetDC) catalyzes the pyruvoyl-
dependent decarboxylation ofS-adenosylmethionine (AdoMet), which is an important step in the
biosynthesis of polyamines. The time course of the AdoMetDC reaction under single-turnover conditions
was measured to determine the rate of the slowest catalytic step up to and including decarboxylation.
Analysis of this single-turnover data yields an apparent second-order rate constant for this reaction of
3300 M-1 s-1 in the presence of putrescine, which corresponds to a catalytic rate of>6 s-1. This rate is
minimally 100-fold faster than the steady-state rate suggesting that product release, which includes Schiff
base hydrolysis, limits the overall reaction. AdoMetDC exhibits an inverse solvent isotope effect on the
single-turnover kinetics, and the pH profile predicts a pKa of 8.9 for the basic limb. These results are
consistent with a Cys residue functioning as a general acid in the rate-determining step of the single-
turnover reaction. Mutation of Cys-82 to Ala reduces the rate of the single turnover reaction to 11 M-1

s-1 in the presence of putrescine. Further, a solvent isotope effect is not observed for the mutant enzyme.
Reduction of the wild-type enzyme with cyanoborohydride traps the Schiff base between the enzyme and
decarboxylated substrate, while little Schiff base species of either substrate or product was trapped with
the C82A mutant. These data suggest that Cys-82 functions as a general acid/base to catalyze Schiff base
formation and hydrolysis. The solvent isotope and pH effects are mirrored in single-turnover analysis of
reactions without the putrescine activator, yielding an apparent second-order rate constant of 150 M-1

s-1. The presence of putrescine increases the single-turnover rate by 20-fold, while it has relatively little
effect on the affinity of the enzyme for product. Therefore, putrescine likely activates theT. cruzi
AdoMetDC enzyme by accelerating the rate of Schiff base exchange.

S-Adenosylmethionine decarboxylase (AdoMetDC),1 a key
enzyme in the polyamine biosynthetic pathway, catalyzes
the pyruvoyl-dependent decarboxylation ofS-adenosyl-
methionine (AdoMet) (1). The product of this reaction do-
nates aminopropyl groups to form the polyamines spermidine
and spermine, which are essential for cell growth (2). In
Trypanosoma cruziAdoMetDC is the rate-limiting enzyme
of this pathway (3, 4), and a specific inhibitor of AdoMetDC
reduces the ability of the parasites to infect host cells (5).
Thus AdoMetDC is an attractive target for rational drug
development.

AdoMetDC belongs to a group of enzymes that utilize a
pyruvate cofactor for activity. Pyruvoyl-dependent enzymes

generate this cofactor through an autoproteolytic cleavage
into R andâ subunits, leaving the pyruvate at the N-terminus
of theR subunit (6). The mechanism of decarboxylation by
pyruvate-dependent enzymes has been best characterized for
histidine decarboxylase fromLactobacillus(7, 8) and Es-
cherichia coliAdoMetDC (9-11). The reaction (Scheme 1)
begins with the substrate forming a Schiff base with the
pyruvate cofactor (steps 1 and 2). The resulting imine
promotes decarboxylation by serving as an electron sink for
the carbanion produced upon removal of the carboxyl group
(step 3). Following decarboxylation, theR-carbon is pro-
tonated (step 4), and the product is released by subsequent
hydrolysis of the Schiff base (steps 5 and 6).

Previous biochemical analysis (12, 13) as well as the
recently reported crystal structure of the human AdoMetDC
enzyme (14) has suggested the involvement of various
residues in this catalytic mechanism. Mutation of several
conserved residues including Glu-8, Glu-11, Cys-82, His-
127, Glu-133, Ser-229, and His-243 significantly reduces
AdoMetDC activity (12, 13), with all but Glu-133 and His-
127 found in proximity to the active site (14). Cys-82 has
been implicated in protonation of theR-carbon prior to Schiff
base hydrolysis (13), but the specific roles of each of the
other residues in the reaction mechanism remain to be
determined.
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Although AdoMetDCs from different sources perform this
same pyruvoyl-dependent reaction, their requirements for
accomplishing the reaction differ considerably. TheE. coli
enzyme, which is thought to be structurally unrelated to the
eukaryotic AdoMetDCs, requires a divalent metal ion for
activity (15), while putrescine activates the yeast (16) and
mammalian enzymes (17, 18). Other AdoMetDCs (Tetrahy-
mena, some plants) do not exhibit activation with either
divalent metal ions or putrescine (19). TheT. cruzienzyme
is activated by cadaverine to the same extent as it is activated
by putrescine. However the concentrations of either diamine
required for maximal activity are considerably higher than
those required for either the mammalian or the yeast enzyme
(20). Additionally, the kinetics of activation appear to differ
in these various systems. Addition of increasing amounts of
a divalent cation to theE. coli enzyme increasesVmax while
it decreasesKm (15). Putrescine exerts its effects on the yeast
enzyme by loweringKm for substrate (16). In contrast,
putrescine activates theT. cruzienzyme by increasingVmax

(20).

In this paper we further characterize theT. cruziAdoMet-
DC kinetic mechanism and the effects of putrescine on this
mechanism. We used single-turnover analysis to determine
the rates of formation of intermediates through the decar-
boxylation step. The single-turnover rate is fast relative to
the overall steady-state rate, suggesting that product release
(in the form of Schiff base hydrolysis) is rate-limiting. Of
the initial steps of the reaction, Schiff base formation appears
to be slow relative to decarboxylation, and Cys-82 plays a
crucial role as an acid catalyst in this step. Finally, the
presence of putrescine increases the single-turnover rate
approximately 20-fold while having relatively little effect
on product affinity.

EXPERIMENTAL PROCEDURES

Materials. S-Adenosyl-L-[carboxyl-14C]methionine (14CO2-
AdoMet) andS-Adenosyl-L-[methyl-14C]methionine (14CH3-
AdoMet)were purchased from Amersham Pharmacia Bio-
tech. All other reagents were purchased from Sigma unless
otherwise stated.

Expression and Purification of T. cruzi AdoMetDC.
AdoMetDC was expressed as a His-tagged fusion by use of
the gene cloned fromT. cruzi in a T7 bacterial expression
construct (20). BL21/DE3 cells were grown in a New
Brunswick BioFlo 3000 fermenter as previously described
(21). Cell pellet (600 g) was frozen, and AdoMetDC was
purified from 60 g aliquots by Ni2+-agarose and Mono Q
column chromatography (20). Stock protein solutions (0.4-
0.8 mM) were stored in 50 mM HEPES, pH 8.0, 200 mM
NaCl, and 2.5 mM DTT at-80 °C. Protein concentration
was determined by absorbance at 280 nm with the previously
determined extinction coefficient (20).

Generation and Characterization of C82A Mutant Enzyme.
The structurally equivalent residue (based on amino acid
sequence alignment) to human AdoMetDC residue Cys-82
in the T. cruzienzyme is residue Cys-100. For consistency
with prior literature, the human AdoMetDC numbering will
be used to define the residue position number. A PCR-based
site-directed mutagenesis was performed with the above
expression plasmid as a template with the primers C82Af
(5′-CGTATCATCCTGATCACAGCTGGCACGACGA-
CTCAC-3′) and C82Ar (5′-GTGAGTCGTCGTG CCAGCT-
GTGATCAGGATGATACG-3′) as described (Stratagene
QuikChange). The construct was verified by sequencing and
the protein was expressed and purified as previously
described (20).

Measurement of Single-TurnoVer Rates.Single-turnover
rates were determined by mixing an excess of enzyme (0.04-
0.6 mM) with 14CO2-AdoMet (9µM, 56 mCi/mmol), in the
absence or in the presence of 10 mM putrescine, in 50 mM
HEPES, pH 8.0, 200 mM NaCl, and 2 mM DTT. Reactions
were initiated by adding enzyme to substrate in a final
volume of 0.03 mL. The mixtures were then quenched with
6 M HCl (0.075 mL) after incubation at 37°C for various
times (0.5-42 s with putrescine or 2.5-1280 s without
putrescine for wild-type AdoMetDC and 0-3 h for C82A).
A metronome was used to time the addition of reagents
allowing assay times as little as 0.5 s to be evaluated. Sodium
bicarbonate was added to a final concentration of 5 mM,
and reactions were incubated for an additional hour to release

Scheme 1: Proposed Mechanism for Pyruvoyl-Dependent Decarboxylation of AdoMet
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all 14CO2 from solution. As a control, zero time points were
measured by adding 6 M HCl to the substrate prior to adding
enzyme (at the shortest time point). The remaining14CO2-
AdoMet concentration was quantitated by scintillation count-
ing and data were analyzed as described below.

Measurement of Single-TurnoVer Rates in D2O and at
Various pHs. Reactions were performed essentially as
described above.14CO2-AdoMet (56 mCi/mmol) was diluted
10-fold into either D2O or H2O and mixed with enzyme
diluted into buffer (50 mM HEPES, pH 8.0, 100 mM NaCl,
5 mM DTT, and 0 or 10 mM putrescine) in D2O or H2O.
The final concentrations of wild-type enzyme, C82A mutant
enzyme, and substrate were 70, 150-250, and 9µM,
respectively, in approximately 80% D2O (v/v). Single-
turnover rates were determined at additional D2O concentra-
tions of 50% (v/v) and 66% (v/v) to extrapolate the isotope
effect to 100% D2O. Because identical enzyme concentra-
tions were used, the ratio of thekobs measured in H2O and
in D2O corresponds to the ratio ofk2/KS for each solvent.
To determine the pH profile of the single turnover, reactions
were carried out in 50 mM buffer (HEPES, pH 7.25-8.0,
bicine, pH 8.25-9.0, CAPSO, pH 9.0-9.5), 100 mM NaCl,
3 mM DTT, and 10 mM putrescine. Some points included
in the pH profile were carried out in 150 mM buffer. These
points were duplicates of the data collected in 50 mM buffer
and yielded the same rates, demonstrating that small changes
in ionic strength do not affect the reaction rate.

Single-TurnoVer Kinetic Analysis.The release of14CO2

under single-turnover conditions (e.g., [E]. [S]) follows
first-order kinetics, and the data were fitted to eq 1a to obtain
kobs (the observed first-order rate constant for the decarbox-
ylation of AdoMet):

S is substrate concentration at timet, S0 is initial substrate
concentration, andS∞ is substrate concentration at infinite
time. The constantS∞ was determined by averaging the
amount of substrate remaining at six different time points,
well after the initial burst phase was over. Under single-
turnover conditions, observation of ES (or CO2) from Scheme
2 (kobs) is described by (22)

The first-order rate constantk2 is the rate of the slowest step
of the reaction through decarboxylation and could be limited
by the chemistry of Schiff base formation or by the actual
decarboxylation step.KS is defined as (k-1 + k2)/k+1 (Scheme
2). The plot ofkobs against enzyme concentration [E0] was
linear and the apparent second-order rate constantk2/KS was
determined from the slope of the line. Thus, only a lower
limit for k2 could be estimated.

For the wild-type pL profile, the measured values ofk2/
KS at various pHs were fitted to eq 2a describing a system
where two protons associate/disassociate cooperatively in

both the acidic and basic limbs of the profile (23):

The parameter pKa1 represents the acidic limb, pKa2 repre-
sents the basic limb, andk2/KSmax represents the maximum
predicted rate of the reaction. For the C82A mutant pL
profile, the data were fitted to eq 2b describing a single
proton association/disassociation for each limb:

Schiff Base Determination.To determine the extent of
Schiff base formation on the enzyme, sodium cyanoboro-
hydride (NaCNBH3) was used as a reducing agent (24). The
reaction mixtures contained AdoMetDC (0.2-0.4 mM) and
either14CO2-AdoMet (56 mCi/mol, 44 or 90µM) or 14CH3-
AdoMet (56 mCi/mmol, 44 or 90µM) in 200 mM buffer
(MES, pH 6.0; HEPES, pH 7.5; or bicine, pH 9.0) plus 10
mM putrescine, in a final volume of 0.02 mL. NaCNBH3

was added to a final concentration of 200 mM, and the
reactions were incubated for 20 min (wild-type enzyme) to
5 h (C82A mutant enzyme) at 37°C. The protein was then
precipitated by adding 7.5% TCA. The radioactivity was
measured in both the precipitate and the supernatant to
determine the extent of Schiff base formation. The precipi-
tated protein was run on SDS-PAGE and stained with
Coomassie blue. The extent of radioactive incorporation was
visualized after addition EN3HANCE autoradiography en-
hancer as recommended by the manufacturer (NEN Research
Products) with a 6-day exposure.

Binding Analysis.Equilibrium product binding to AdoMet-
DC was measured by use of ultrafiltration to separate free
ligand (25). Various concentrations of14CH3-AdoMet (10-
120 µM, 56 mCi/mmol) were mixed with AdoMetDC (40
µM) in 50 mM HEPES, pH 8.0, 50 mM NaCl, and 2 mM
DTT, with or without 10 mM putrescine (final volume 0.1
mL). Mixtures were left at room temperature for 2 h and
then at 4°C overnight so that all AdoMet was converted to
product. A Microcon-10 microconcentrator (Amicon) was
used to separate a small portion of free ligand (5-6 µL)
from the total volume (100µL) by spinning at 14000g for 7
s. The concentrations of free ligand [Lf] and total ligand were
determined by measuring radioactivity in an aliquot of
sample (2 µL). Bound ligand concentration [LB] was
calculated by subtracting free from total, and the data were
fitted to eq 3 to determine theKd (23):

CurVe-Fitting Analysis.All data analysis to determine
model-derived kinetic parameters was performed by non-
linear curve-fitting with Sigma Plot 4.0 (SPSS Inc., Chicago).

RESULTS

Single-TurnoVer Kinetic Analysis for T. cruzi AdoMetDC
in the Presence and Absence of Putrescine.The measurement
of AdoMetDC decarboxylation rates under conditions where
enzyme is in excess of substrate allows the rate of the first

S) S0 exp(-kobst) + S∞ (1a)

kobs)
k2[E0]

KS + [E0]
(1b)

Scheme 2

E + S {\}
k+1

k-1
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k2
EP+ CO2 98

k3
E + P

k2/KS )
k2/KS max

1 + 10(2 pKa1-2 pH) + 10(2 pH-2 pKa2)
(2a)

k2/KS )
k2/KS max

1 + 10( pKa1- pH) + 10(pH-pKa2)
(2b)
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[E][L f]

Kd + [L f]
(3)
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half of the reaction (k2) to be kinetically isolated from that
of product release (k3) (Scheme 2). To determine the effect
of the putrescine activator on the individual steps of the
AdoMetDC reaction, we measured the time course of14CO2-
AdoMet decarboxylation under single-turnover conditions in
the absence and in the presence of saturating (10 mM)
putrescine concentrations (Figure 1A,B). Each of these panels
shows the decay of14CO2 from solution over time at four
different enzyme concentrations. The decay follows first-
order kinetics and plateaus at a nonzero value that is 25%
of the original substrate concentration. The rates (kobs) derived
from fitting the decays to eq 1a were plotted against enzyme
concentration (Figure 1C). The data have a linear dependence

on enzyme concentration throughout the measured range
(0.05-0.55 mM AdoMetDC), with slopes of 3300 M-1 s-1

and 150 M-1 s-1 in the presence and absence of putrescine,
respectively. These values represent apparent second-order
rate constants (k2/KS) for the reaction, with putrescine
elevating the rate constant by 20-fold. The finding that the
kobs did not reach saturation over the range of enzyme
concentrations tested prevents the determination of the
individual rate constants (k2 andKS) from eq 1b. However,
lower limits for these constants can be estimated. For a
typical Michaelis-Menten curve, data are approximately
linear up to 0.33Km (26), placing lower limits on the values
of KS andk2 of 1.7 mM and 6 s-1 in the presence of 10 mM
putrescine and 1.7 mM and 0.3 s-1 in the absence of
putrescine, respectively.

Effect of D2O and pH on Single-TurnoVer Kinetics.The
single-turnover kinetic analysis presented above measures
the slowest catalytic step of the AdoMetDC reaction up to
and including decarboxylation (k2). Upon consideration of
the AdoMetDC catalytic mechanism (Scheme 1),k2 can
represent either Schiff base formation (steps 1 and 2) or
decarboxylation (step 3). To gain further insight into the
chemical nature of the step representingk2 and to narrow
the possible amino acid residues involved in this step, we
measured the AdoMetDC single-turnover rates in D2O and
at various pL (Figure 2). Single-turnover decarboxylation
occurs at a faster rate in D2O (kobs ) 0.76( 0.09 s-1) than
in H2O (kobs ) 0.37( 0.08 s-1) under identical conditions
in the presence of saturating putrescine concentrations (Figure
2A). The ratio of these rates corresponds to an inverse solvent
isotope effect onk2/KS of 0.53 ( 0.16 (in 82% D2O, pL
8.0). The inset of Figure 2A shows the effect of D2O
concentration on thek2/KS ratio, allowing for an extrapolation
of the isotope effect to 100% D2O (H/Dk2/KS ) 0.4 ( 0.12).
Such an inverse solvent isotope effect onk2/KS arises from
the reactant state of the free enzyme being destabilized
relative to that of the transition state in a deuterium
background, and it can be predicted by the fractionation
factors (preference for hydrogen) of groups involved in
kinetically significant proton transfers. A Cys residue on the
free enzyme (fractionation factor) 0.55) functioning as a
general acid in the transition state of the rate-determining
step would explain the observed inverse isotope effect (27).
In the absence of the putrescine activator, the same inverse
rate trends (kobs ) 0.019( 0.003 s-1 in D2O, kobs ) 0.01(
0.001 s-1 in H2O) are observed (data not shown).

The AdoMetDC single-turnover decarboxylation rates
depend strongly on pH. The single-turnoverk2/KS rates
(Figure 2B) increase as a function of pH with a slope of+2
to a maximum, and then they decrease with a slope of-2,
suggesting a requirement for both a general base and a
general acid in the reaction. The profile is consistent with a
coupled two-proton transfer contributing to each ionization.
Fits of the pH data to eq 2a yield an apparent maximum
k2/KSmaxof 4300( 700 M-1 s-1, a pKa1 of 7.8 ( 0.1, and a
pKa2 of 8.9 ( 0.1. Notably, the pKa2 of the basic limb
predicted by eq 2 is consistent with the ionization of a Cys
residue working as a general acid in the reaction. Due to the
large dependence of AdoMetDC single-turnover decarbox-
ylation on pH, the rates in D2O were determined at various
pD. The rates in D2O were faster than the rates in H2O at all
pLs tested. Fitting of the pD profile to eq 2a yields ak2/

FIGURE 1: Single-turnover kinetic measurements in the absence
of putrescine (panel A) or in the presence of 10 mM putrescine
(panel B). Various concentrations of AdoMetDC 0.04 mM (3),
0.075 mM (1), 0.14 mM (O), and 0.28 mM (b) were mixed with
9 µM 14CO2-AdoMet (56 mCi/mmol) at pH 8.0. Substrate remaining
after quenching with 6 M HCl is plotted against time, and the data
points are fitted to eq 1a describing a single-exponential decay (solid
line). Panel C shows the dependence ofkobs on AdoMetDC
concentration in the presence of 10 mM putrescine (b) or in the
absence of putrescine (O). The data were fitted by linear regression,
yielding apparent second-order rate constants (k2/KS) of 3300 M-1

s-1 in the presence of putrescine and 150 M-1 s-1 in the absence
of putrescine. The error bars (panel C) represent the standard errors
of the fits to eq 1a.

AdoMetDC Single-Turnover Kinetic Analysis Biochemistry, Vol. 39, No. 12, 20003339



KSmax of 6600( 600 M-1 s-1, a pKa1 of 7.7 ( 0.05, and a
pKa2 of 8.8 ( 0.05. Comparison of the apparent maximum
rate in D2O (6600 M-1 s-1) with the rate in H2O (4300 M-1

s-1) produces an inverse isotope effect (H/Dk2/KS ) 0.6,
80%D2O) and verifies the data observed at a single pL ratio
(Figure 2A). The pH profile in the absence of putrescine
has similar inflection points (data not shown).

Analysis of Schiff Base Formation.The AdoMetDC
reaction mechanism proceeds via Schiff base formation
between substrate and enzyme prior to decarboxylation and
is followed by hydrolysis of the Schiff base to release product
(Scheme 1). To determine the extent of this Schiff base
formation, we carried out NaCNBH3 reduction in the
presence of14CO2-AdoMet or 14CH3-AdoMet. Upon reduc-
tion, theR subunit of AdoMetDC is covalently modified with
radioactive AdoMet that has formed a Schiff base with the
pyruvate cofactor (Figure 3). The two observed bands
correspond to theR subunit of the AdoMetDC enzyme. The
heterogeneity in mobility on SDS-PAGE of this subunit has
also been seen for the mammalian enzyme (28). The presence

of the second band probably does not arise from proteolysis,
and the samples have previously been shown to be 100%
active (although they often run as a doublet) based on
inhibitor titrations (20). Any radioactivity reductively fixed
to the enzyme by14CH3-AdoMet is indicative of either
product or substrate (lanes 1-3), while radioactivity reduc-
tively fixed to the enzyme by14CO2-AdoMet is indicative
of substrate only (lane 4). By use of14CH3-AdoMet as a
substrate in the reduction reaction, approximately 15% of
the enzyme formed a Schiff base with14CH3-AdoMet at pH
6.0 (lane 1), while 70% formed a Schiff base at both pH 7.5
(lane 2) and pH 9.0 (lane 3) during the 20 min incubation.
In contrast, no radioactivity was trapped after reduction of
14CO2-AdoMet onto the enzyme at pH 7.5, suggesting that
the substrate had been completely decarboxylated during the
time of the experiment. These data suggest that an intermedi-
ate Schiff base complex of enzyme with decarboxylated
substrate accumulates to a significant extent under the
conditions of the experiment and are consistent with product
release in the form of Schiff base hydrolysis being rate-
limiting for the overall reaction.

Equilibrium Binding of Decarboxylated AdoMet.Due to
the lack of saturation in the single-turnover analysis, the
effects of the putrescine activator can only be extrapolated
to the apparent second-order rate constant (k2/KS). To separate
further the effects of putrescine on substrate (product) binding
as opposed to its effects on catalysis, we incubated14CH3-
AdoMet with wild-type AdoMetDC (0.042 mM) for suf-
ficient time to convert 100% of substrate to product. The
concentrations of bound and free ligand were determined
by ultrafiltration, and the data were fitted to eq 3 to determine
the dissociation constants for decarboxylated AdoMet in the
presence (Kd ) 10 ( 2 µM) and absence (Kd ) 6 ( 1 µM)
of putrescine (Figure 4). These data demonstrate that
putrescine has little effect on the affinity of the enzyme for
the product.

Single-TurnoVer Kinetic Analysis of the C82A Mutation
in T. cruzi AdoMetDC.Results of the solvent isotope effect
and pH studies on the single-turnover reaction suggest a
critical role for a Cys residue in the first half of the
AdoMetDC reaction. The crystal structure of human AdoMet-
DC shows Cys-82 to be in close proximity (within 4.4 Å) to

FIGURE 2: Wild-type AdoMetDC solvent isotope effects on the
single-turnover kinetic reaction. Panel A shows the time courses
for substrate decay at pL 8.0 in H2O (b) and in 80% D2O (O).
Wild-type enzyme (0.07 mM) was mixed with14CO2-AdoMet (9
µM, 56 mCi/mmol) in the presence of saturating putrescine (10
mM). The data represent the average of two independent experi-
ments with the standard deviation indicated by error bars and the
line representing the fit to eq 1a. The rates in D2O (kobs ) 0.76(
0.09 s-1) and in H2O (kobs ) 0.37 s-1 ( 0.08) were determined by
averaging the fits for three independent time courses, with errors
reported as the standard deviation. The inset shows the dependence
of k2/KS on the percentage of D2O used to extrapolate the isotope
effect to 100% D2O (Dk2/KS ) 0.4). Panel B shows the pL profile
of k2/KS determined in H2O (b) or in 80% D2O (O). The solid and
dotted lines represent the pH and the pD fits to eq 2a, respectively.
The paramaters of the fits were determined to bek2/KSmax) 4300
( 700 M-1 s-1, pKa1 ) 7.8 ( 0.1, and pKa2 ) 8.9 ( 0.1 in H2O
andk2/KSmax) 6600( 600 M-1 s-1, pKa1 ) 7.7 ( 0.05, and pKa2
) 8.8 ( 0.05 in D2O.

FIGURE 3: Sodium cyanoborohydride reduction of14CH3-AdoMet
(lanes 1-3) and14CO2-AdoMet (lane 4) with AdoMetDC. Panel
A shows a Coomassie blue stain of an SDS-15% polyacrylamide
gel. The band represents the 32 kDaR subunit of AdoMetDC. Panel
B shows a 6-day exposure of the same gel and represents the
radioactive substrate covalently attached to theR subunit after
reduction. Reduction mixtures contained wild-type AdoMetDC
(0.17 mM) and substrate (56 mCi/mmol, 44µM) at pH 6.0 (lane
1), pH 7.5 (lanes 2 and 4), and pH 9.0 (lane 3).
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the catalytic pyruvate moiety (14). Therefore, we mutated
the structurally equivalent Cys residue to Ala in theT. cruzi
enzyme to examine its role in the AdoMetDC reaction. The
T. cruzi C82A mutant enzyme expresses to normal levels
and is processed intoR andâ subunits, suggesting that the
enzyme is correctly folded. The purified mutant enzyme
decarboxylates AdoMet under single-turnover conditions
with a 300-fold lowerk2/KS (11 M-1 s-1) at pH 8.0 than the
wild-type enzyme in the presence of saturating putrescine
(Figure 5A). In contrast to the wild-type enzyme, no solvent
isotope effect is observed for the mutant enzyme over a range
of pH and pD (Figure 5B). The inflection points of the acidic
and basic limbs occur at similar pHs to the wild-type enzyme
in both H2O and D2O. However, the slopes of both limbs
are closer to-1, suggesting an uncoupling of the two proton
transfers found in the wild-type profile. The data were fitted
to eq 2b to determinek2/KSmax(37 ( 12 m-1 s-1), pKa1 (8.2
( 2), and pKa2 (8.4 ( 2) in H2O (Figure 5B).

Under single-turnover conditions very little (<10%) Schiff
base formation with decarboxylated substrate is detected on
the mutant enzyme after either 20 min or 5 h of incubation
(0.4 mM enyzme and 9µM 14CH3-AdoMet, pH 7.5) in the
presence of NaCNBH3. Additionally, virtually no Schiff base
formation with substrate is detected (0.4 mM enyzme and 9
µM 14CO2-AdoMet, pH 7.5) in the presence of NaCNBH3.
The substrate was completely decarboxylated during the
incubation; thus, the enzyme is fully active in the reducing
conditions. A similar incubation of histidine decarboxylase
(with NaCNBH3) also had no detrimental effect on enzyme
activity (29). These data suggest that, unlike for the wild-
type enzyme, the mutant enzyme does not significantly
accumulate the Schiff base intermediate with decarboxylated
substrate, nor does it accumulate any Schiff base species with
substrate. This reduction data is consistent with slow Schiff
base formation, followed by a more rapid decay of the
intermediate, and suggests that the Cys mutation exerts its
effects at this step.

DISCUSSION

Single-turnover kinetic analysis was used to study the
reaction mechanism ofT. cruziAdoMetDC. The data suggest

that the reaction proceeds via two kinetically observable first-
order steps (Scheme 2), wherek2 represents the slowest step
of the reaction up to and including decarboxylation (Scheme
1, steps 1-3), and k3 represents the slowest step after
decarboxylation (Scheme 1, steps 4-6). For the mechanism
defined in Scheme 2, the steady-state parameters (kcat and
Km) are related to the individual rate constantsk2 andk3 (22):

Analysis of the single-turnover rates presented in this paper
predicts a lower limit of 6 s-1 for k2. This value is minimally
100-fold faster than the overall steady-state rate [kcat of 0.06
s-1 (20)] at saturating concentrations of putrescine, demon-
strating that neither Schiff base formation nor the decar-
boxylation step is rate-limiting for the overall reaction. The
steady-statekcat of 0.06 s-1 becomes a close approximation
of k3, suggesting that the rate-limiting step is either proton-
ation of CR or hydrolysis of the Schiff base to release product.
Becausek3 , k2, the majority of substrate present in the
reaction will be in the form of EP. Thus, accumulation of a
significant population of the ES species would require a high
concentration of substrate. The finding that theKS is
minimally 1.7 mM, compared to a steady-stateKM of 0.09
mM (20), is predicted by eq 4.

FIGURE 4: Schatchard plot of14CH3-AdoMet (10-120µM) binding
to AdoMetDC (42µM). Free ligand was separated from total ligand
using ultrafiltration, and concentrations were estimated by scintil-
lation counting. Bound ligand was determined by subtracting the
concentration of free ligand from the concentration of total ligand.
Data in the presence of 10 mM putrescine (O) yielded aKd of 10
( 2 µM, and data in the absence of putrescine (b) yielded aKd of
6 ( 1 µM, with error reported as the standard error of the linear
fits.

FIGURE 5: C82A mutant AdoMetDC solvent isotope effects on the
single-turnover kinetic reaction. Panel A shows the time course of
substrate decay at pL 8.0 in H2O (b) and in 80% D2O (O). C82A
mutant enzyme (0.15 mM) was mixed with14CO2-AdoMet (9µM,
56 mCi/mmol) in the presence of saturating putrescine (10 mM).
The C82A rates in D2O (kobs ) 0.12 ( 0.01 min-1) and in H2O
(kobs ) 0.10 ( 0.01 min-1) were determined from fits to eq 1a
(solid line). Panel B shows the pL profile ofk2/KS determined in
H2O (b) or in 80% D2O (O). The solid and dotted lines show the
pH and the pD fits to eq 2b, respectively. The parameters of the
fits in H2O arek2/KSmax ) 37 ( 12 M-1 s-1, pKa1 ) 8.2 ( 2, and
pKa2 ) 8.4 ( 2.

kcat )
k2k3

k2 + k3
Km ) KS( k3

k2 + k3
) (4)

AdoMetDC Single-Turnover Kinetic Analysis Biochemistry, Vol. 39, No. 12, 20003341



Single-turnover analysis of theT. cruzi AdoMetDC
reaction allows for the chemical steps through decarboxyl-
ation to be kinetically distinguished from those that follow
decarboxylation. However, the resulting rate constant (k2)
may reflect either Schiff base formation or decarboxylation.
The single-turnover pH profile data suggest that general acid
catalysis is required in this step and that the required
functional group has a pKa (8.9) consistent with the ionization
of a Cys residue. The observation of an inverse solvent
isotope effect on the single-turnover reaction (H/Dk2/KS ) 0.4
( 0.12) provides strong additional evidence that a Cys
residue serves as a general acid in the transition state of this
step. Cys is unique among the amino acids in displaying a
fractionation factor (Φ ) 0.55) that is less than 1 (27). The
involvement of thiol groups in acid/base catalysis has also
been suggested by the observation of inverse solvent isotope
effects for reactions catalyzed by homoserine transsuccin-
ylase (30), and diaminopimelate epimerase (31). Because the
chemistry involved in Schiff base formation requires general
acid catalysis while the decarboxylation step does not, these
data suggest that Schiff base formation is the rate-limiting
step in the single-turnover reaction (k2).

The interpretation of the solvent isotope effect data is
further strengthened by the analysis of the data collected for
the C82A mutant enzyme. A single Cys residue (Cys-82) is
found in the active site of human AdoMetDC, for which the
X-ray structure is available (14). Mutation of the structurally
equivalent residue in theT. cruzienzyme slows the single-
turnover decarboxylation rate (k2/Ks) 300-fold. Unlike for
the wild-type enzyme, no solvent isotope effect is observed
for the mutant enzyme. These data strongly implicate Cys-
82 as the origin of the inverse solvent isotope effect in the
wild-type enzyme. Furthermore, no detectable Schiff base
species is formed between the mutant enzyme and either
AdoMet or decarboxylated AdoMet. These data suggest that
in the C82A mutant enzyme the rate of Schiff base formation
is slower than the rate of its decay (decarboxylation). Taken
together the data support the conclusion that Cys-82 is a
general acid catalyst of Schiff base formation, which is the
rate-limiting step in the first half of the reaction (k2).

On the basis of a previous analysis of human C82A
AdoMetDC, this Cys residue was proposed to serve as a
general acid to protonate CR after decarboxylation (13).
However, the steady-state pH profiles (kcat/KM) reported for
the human wild-type and C82A mutant enzymes are also
consistent with a role of this residue in Schiff base formation.
Becausekcat/KM describes the reaction of free enzyme and
free substrate up to the first irreversible step (decarboxyl-
ation), the steady-statekcat/KM pH profile provides informa-
tion about the same part of the reaction as the single-turnover
k2/KS pH profile. The basic limb pKas for the human
AdoMetDC steady state (pKa ) 8.5 ( 0.2 (13)) and theT.
cruzi AdoMetDC single turnover (pKa ) 8.9) are indeed
similar, although the parasite enzyme shows a two-proton
coupling. Further, the basic limb of thekcat/Km plot is no
longer observed for the C82A mutant of human AdoMetDC,
while the basic limb of the parasite C82A mutant enzyme
reduces to a single proton transition. Thus, both the reported
data on human AdoMetDC and our data on theT. cruzi
enzyme support a role for Cys-82 as a general acid in Schiff
base formation.

The role of Cys-82 is probably not limited to Schiff base
formation. Mutation of human Cys-82 to Ala caused a
significant decrease inkcat (decreased by 2400-fold) and
abolished the basic limb of thekcat pH profile (13). Assuming
this C82A mutation does not change the rate-determining
step of human AdoMetDC, the disappearance of thekcat basic
limb would indicate that this residue is also important in the
second half of the reaction (CR protonation and Schiff base
hydrolysis to release product). The common chemistry of
the reaction steps involved in bothk2 andk3 is Schiff base
exchange, suggesting that the role of Cys-82 is to accelerate
Schiff base formation in the first half of the reaction (k2)
and hydrolysis in the second half (k3). Reduction of the wild-
type enzyme with sodium cyanoborohydride traps a complex
between enzyme and decarboxylated substrate, suggesting
that an intermediate Schiff base species with product
significantly accumulates. In contrast, very little Schiff base
species of either substrate or product can be trapped on the
C82A mutantT. cruzienzyme during reduction, despite the
fact that decarboxylation occurs. These data suggest that any
catalytic step involving the decay of a Schiff base species
(e.g., decarboxylation or CR protonation) is unlikely to limit
the rate of either the single-turnover or the steady-state
reactions for the mutant enzyme (Scheme 1). Therefore, in
addition to functioning as a general acid catalyst in Schiff
base formation, Cys-82 probably assists in the second proton-
transfer step of Schiff base hydrolysis (step 6).

The data on the activation ofT. cruzi AdoMetDC by
putrescine also support the hypothesis that common chem-
istry limits the rates in the two halves of the reaction
mechanism. Putrescine greatly increases the apparent second-
order rate constant (k2/KS) for T. cruzi AdoMetDC in the
single turnover (20-fold), while having relatively little effect
on the affinity of product for the enzyme. Analogously,
putrescine increaseskcat (10-fold) while having little effect
onKm (20). Therefore putrescine presumably exerts its effects
on catalytic steps and not on binding, increasing the single-
turnover (k2) and steady-state (k3) rates to a similar extent.
If putrescine accelerates Schiff base hydrolysis by 10-fold,
this step must be minimally 10-fold faster than protonation.
In the case of ornithine decarboxylase, protonation of the
R-carbon to form product is associated with a rate constant
that is at least 2 orders of magnitude faster than any other
step after decarboxylation (21). Histidine decarboxylase of
Lactobacillusprovides another example of a reaction where
the rate of protonation is thought to be fast relative to
formation of free product (32). Like theE. coli AdoMetDC,
this pyruvate-dependent decarboxylase retains stereochemical
configuration about theR-carbon upon protonation (9, 32),
suggesting a similar protonation mechanism for these two
enzymes. Analogously, this step may be fast forT. cruzi
AdoMetDC, such thatk3 describes the hydrolysis of the
Schiff base complex.

The single-turnover analysis presented in this paper
provides a detailed kinetic understanding of the reaction
mechanism ofT. cruziAdoMetDC. The overall steady-state
rate of the reaction is limited by product release in the form
of Schiff base hydrolysis, while the first half of the reaction
is limited by Schiff base formation. This basic knowledge
is essential to the interpretation of any isotope or pH studies
performed on the enzyme, as illustrated by the conclusion
that the residue Cys-82 plays a kinetically significant catalytic
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role in Schiff base exchange. Additionally, these results lead
to a hypothesis on the mechanism of putrescine activation.
Since we know that putrescine affects the catalytic steps of
Schiff base exchange, and not equilibrium binding of product,
putrescine may lower the pKa of the Cys residue involved
in Schiff base exchange by stabilizing the Cys anion. Further
elucidation of this hypothesis concerning putrescine activa-
tion of theT. cruzi AdoMetDC enzyme is currently under
investigation.
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