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ABSTRACT: S-Adenosylmethionine decarboxylase (AdoMetDC) is a pyruvoyl-dependent enzyme that
catalyzes an essential step in polyamine biosynthesis. The polyamines are required for cell growth, and
the biosynthetic enzymes are targets for antiproliferative drugs. The function of AdoMetDC is regulated
by the polyamine-precursor putrescine in a species-specific manner. AdoMetDC from the protozoal parasite
Trypanosoma cruzirequires putrescine for maximal enzyme activity, but not for processing to generate
the pyruvoyl cofactor. The putrescine-binding site is distant from the active site, suggesting a mechanism
of allosteric regulation. To probe the structural basis by which putrescine stimulatesT. cruziAdoMetDC
we generated mutations in both the putrescine-binding site and the enzyme active site. The catalytic
efficiency of the mutant enzymes, and the binding of the diamidine inhibitors, CGP 48664A and CGP
40215, were analyzed. Putrescine stimulates thekcat/Km for wild-typeT. cruziAdoMetDC by 27-fold, and
it stimulates the binding of both inhibitors (IC50s decrease 10-20-fold with putrescine). Unexpectedly
CGP 48664A activated theT. cruzi enzyme at low concentrations (0.1-10 µM), while at higher
concentrations (>100 µM), or in the presence of putrescine, inhibition was observed. Analysis of the
mutant data suggests that this inhibitor binds both the putrescine-binding site and the active site, providing
evidence that the putrescine-binding site of theT. cruzienzyme has broad ligand specificity. Mutagenesis
of the active site identified residues that are important for putrescine stimulation of activity (F7 and T245),
while none of the active site mutations altered the apparent putrescine-binding constant. Mutations of
residues in the putrescine-binding site that resulted in reduced (S111R) and enhanced (F285H) catalytic
efficiency were both identified. These data provide evidence for coupling between residues in the putrescine-
binding site and the active site, consistent with a mechanism of allosteric regulation.

S-Adenosylmethionine decarboxylase (AdoMetDC1) cata-
lyzes a key step in the biosynthesis of the polyamines
spermidine and spermine (1, 2). Polyamines are essential for
cell growth, and inhibitors of polyamine biosynthesis have
demonstrated antiproliferative effects (3). The most effective
clinical application of these inhibitors is for the treatment
of African sleeping sickness caused by the parasitic protozoa,
Trypanosoma brucei. R-Difluoromethylornithine, a suicide
inhibitor of ornithine decarboxylase (ODC), is used clinically
to treat this disease (4). Additionally, inhibitors of AdoMet-
DC have efficacy in animal models of bothT. brucei(5-7)
and a related parasiteTrypanosoma cruzi(8), which is the
causative agent of Chagas disease. In contrast toT. brucei,
T. cruzi does not contain ODC and instead salvages pu-
trescine from the host (9). T. cruzi however maintains a
functional AdoMetDC, and the finding that inhibitors of
AdoMetDC reduce infectivity by the parasites suggests that

the function of this enzyme is not fully replaced by the ability
of the parasite to transport polyamines from the host cell. It
is also noteworthy that the trypanosomatidae synthesize a
unique polyamine that is a conjugate of spermidine and
gluthathione, termed trypanothione (10). A number of potent
inhibitors of human AdoMetDC have been described, includ-
ing reversible substrate analogues and mechanism based
inhibitors (1) (Chart 1). However, MGBG (methylglyoxal
bis(guanylhydrazone)) is a much less potent inhibitor of the
T. cruzienzyme (11), suggesting that inhibitors of the human
enzyme are unlikely to be optimized for binding to the
parasite AdoMetDC.

AdoMetDC belongs to the family of decarboxylases that
utilize a pyruvoyl cofactor to facilitate catalysis. The
pyruvoyl cofactor is generated in an autocatalytic reaction
that results in the cleavage of the peptide backbone and
formation of pyruvate from a serine residue (position 68 in
the human enzyme). A series of crystallographic (12-15)
and mutagenic (16-20) studies on human AdoMetDC have
elucidated both the mechanism of proenzyme processing and
the nature of the enzyme active site (Figure 1). Single-
turnover analysis of theT. cruzienzyme demonstrated that
the rate-limiting step in the reaction occurs after decarboxy-
lation, and is likely to be Schiff base hydrolysis/product
release (21).
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Putrescine, the product of the ODC reaction, and the
precursor to spermidine, has been demonstrated to stimulate
both the processing reaction and the catalytic efficiency of
the enzyme. However, the effect of putrescine on these
properties is highly species specific. Putrescine is reported
to stimulate both the processing and the activity of the human
enzyme (13, 16, 17, 19, 20), while the enzyme from plants
is not affected by putrescine (15, 22-24). The enzyme
activity of theT. cruzienzyme is stimulated by putrescine;
however, even under conditions of maximal activity, it is
still a much less catalytically efficient enzyme than either
the human or plant enzymes (11, 21, 25, 26). Putrescine has
been shown to stimulate the enzyme activity of a number of
other eukaryotic enzymes, including the enzymes fromT.
brucei, yeast, and worm (27-31). Less is known about the
effects of processing on these other enzymes; however, the
processing reaction of theT. cruzienzyme has been studied
in detail, and it is not affected by putrescine (26).

The X-ray structure of human AdoMetDC demonstrates
that putrescine is bound between theâ-sandwich protein core,
in a highly charged region that is 15 Å from the active site
pyruvate, suggesting that an allosteric mechanism controls
putrescine stimulation of activity and processing (13) (Figure
1). In comparison the X-ray structure of the potato enzyme
reveals that amino acid substitutions in the putrescine-binding
site, largely with positively charged residues, have occluded
this site, and allowed the formation of a hydrogen bonding
network at this site (15). These amino acid substitutions
apparently allow the plant enzyme to be fully active in the
absence of putrescine.

While an X-ray structure of theT. cruzi enzyme is not
available, the available human and plant AdoMetDC struc-
tures provide models to study the structural basis for the
effects of putrescine on theT. cruzienzyme. Like the plant
enzyme,T. cruziAdoMetDC contains an Arg at position 13
(Figure 1). Mutation of this residue to the corresponding
residue in the human structure (Leu13) abolishes processing
of theT. cruzienzyme; thus, a positively charged residue in
this position appears to substitute for putrescine in the
processing reaction (26). In contrast theT. cruzi enzyme
contains other residues in the putrescine-binding site that are
more similar to those found in the human enzyme (e.g.
D174). D174 in particular has been demonstrated to be
important for putrescine binding and stimulation of putrescine
activity in both the parasite (26) and human enzymes (17,
32).

In order to more fully elucidate the allosteric mechanism
by which putrescine stimulates the activity of theT. cruzi
AdoMetDC, we generated a series of mutations in both the
enzyme active site and the putrescine-binding site. The effects
of these mutations on the catalytic efficiency of the enzyme,
and on the binding of active site inhibitors, were analyzed.
CGP 48664A was identified as a novel activator of theT.
cruzienzyme that is able to bind both the putrescine-binding
site and the active site, suggesting that theT. cruzienzyme
can be activated by a diverse set of amines. The studies
identify several residues that are likely to be important for
communication between the putrescine-binding site and the
active site, and thus provide insight into the mechanism of
allosteric regulation. Finally the identification of a mutant
enzyme that has higher catalytic efficiency than the wild-
type enzyme shows thatT. cruziAdoMetDC is not optimally
evolved for high efficiency catalysis, but instead has evolved
a low activity enzyme that is sensitive to regulation by
putrescine. These properties of the enzyme provide a
mechanism by which the trypanosome parasites can control
polyamine levels.

EXPERIMENTAL PROCEDURES

Materials. S-Adenosyl[carboxyl-14C]methionine (14C-
AdoMet; 62 mCi/mmol) was purchased from Amersham
Pharmacia Biotech (Arlington Heights, IL). UnlabeledS-
adenosylmethionine was purchased from Sigma. Ni2+ agarose
was purchased from Qiagen Inc. (Chatsworth, CA). Quik-
Change site-directed mutagenesis kit was purchased from
Stratagene (La Jolla, CA). CPG 40215 and CGP 48664A
were generous gifts from Novartis. MGBG and all other
reagents were purchased from Sigma.

Methods. Expression and Purification of AdoMetDC.Both
human andT. cruziAdoMetDC were expressed and purified
as an N-terminal 6 His-tagged fusion from a T7 bacterial
expression construct as previously described (25). Escheri-
chia coli BL21/DE3 cells containing the construct were
grown in LB, and the recombinant enzymes were purified
using Ni2+-agarose column chromatography and anion
exchange chromatography. All purification buffers lacked
putrescine. The purified protein was quantified using the
extinction coefficient previously determined for the native
enzyme (46.5 mM-1 cm-1 for T. cruzi, 39.8 mM-1 cm-1 for
human). The mole fraction of putrecine bound to the purified
human enzyme was estimated as follows. Protein was
denatured by boiling (10 min) and precipitated with 9% TCA.

Chart 1: Structures of AdoMetDC Active Site Inhibitors

7798 Biochemistry, Vol. 45, No. 25, 2006 Beswick et al.



Samples were clarified by centrifugation and labeled with
AccQ‚TAG reagent (Waters) according to the manufacturer’s
instructions. Derivatized samples (equivalent to 100 pmol
protein mol/mol) were applied to an AccQ‚TAG, and labeled
amines in the sample were separated and detected as
previously described (33).

Site-Directed Mutagenesis of T. cruzi AdoMetDC.To
create mutant AdoMetDC enzymes, PCR-based site-directed
mutagenesis using the Stratagene QuikChange kit was
performed using theT. cruziAdoMetDC expression plasmid
as a template. The constructs were verified by sequencing.
The amino acid numbering referenced in the manuscript is
based on the human sequence as shown in the alignment in
Figure 1A. The coding strand primers for the mutagenesis
were as follows: D174V, CCATGTGAGACGGAGAACGT-
TACACAGTTGAGTATG; S111R, GGGGAGGTGGAAT-

GGGTCAAGTCAATGCATAAG; F285H, CGTTTTTC-
CGTGATTGTCCACATTGATCCTGACAGTGATG; F7A,
CCAAATCAGGGGGCCAGTGCTGAGGGGCGG; A5H,
CGACCCAAATCAGGGGCACAGTTTTGAGGGG; V52I,
GGCTCGTTAAATGCCCAAATTATATCCAAAGAGAGTAA-
TGAG; V64A, GAGTATATTCGCTCTTATGCGCTAACG-
GAAAGCTCATTG; L221T, GACTCATGGAGGTTGCAT-
GATACGCAATTTGAGCCGTGTGGG; F223A, GACT-
CATGGAAGTTGCATGATTTGCAAGCTGAGCCGTGTGGG;
T245A, CAGACGATGCACATAGCACCGGAAGATCAC-
TGC; E247A, CAGACGATGCACATAACACCAGCA-
GATCACTGC; C250F, CACATAACACCAGAAGAT-
CACTTCTCTTTTGCCTCG.

Steady-State Kinetic Analysis.Steady-state kinetic analysis
of AdoMetDC was performed as previously described (25).
Reactions were carried out in buffer [100 mM Hepes pH

FIGURE 1: (A) Ribbon diagram of the human AdoMetDC dimer bound to putrescine (pink) and the active site inhibitor CGP 48664A
(purple). Theâ-chain (N-terminus) is in pink, and theR-chain (C-terminus) is in turquoise (B) The structure of the putrescine and CGP
48664A binding sites in human AdoMetDC. Amino acid side chains are in turquoise. The pyruvoyl cofactor (Pvl) is the N-terminal residue
of the R-chain. Figure 1A was created in PyMOL (Delano Scientific), and Figure 1B was created in Insight II (Accelrys) using the X-ray
structure pdb file 1I7M (14, 15) (C) Sequence alignment of the protein coding region for human, potato, andT. cruzi AdoMetDC. The
residue numbers in the top line correspond to the numbering of the human sequence. Residues in the active site are colored in pink, and
residues in the putrescine-binding site (as defined by the human enzyme structure) are in yellow.
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8.0, 50 mM NaCl, and 5 mM DTT] at various14C-AdoMet
concentrations (10-160 µM). Reaction mixtures were in-
cubated at 37°C for 10, 20 and 40 min at various enzyme
concentrations (0.5-8 µM for T. cruzi and 5-20 nM for
human AdoMetDC) to ensure a linear rate with time. Data
points were collected in triplicate. Data were fitted to the
Michaelis-Menten equation to determineKm and kcat. For
enzymes in which theKm was higher than the maximum
substrate concentration used in our assay,kcat/Km was
determined from the slope by fitting the linear portion of
the velocity vs substrate curve. Dose response curves for
kcat/Km at various putrescine concentrations (0-10 mM) were
generated and the data were fitted to a one site hyperbolic
binding model to derive an apparent dissociation binding
constant (Kd) for putrescine activation, which we define as
Kact (effective concentration required for 50% activation).

Kinetic Analysis of Inhibitor Binding.CGP 40215 or CGP
48664A (0-10 mM) was added to reaction mixtures
containing a range of14C-AdoMet concentrations and enzyme
(1-4 µM for T. cruzi AdoMetDC or 5-20 nM for human
AdoMetDC). The data were fitted to dose-response curves
to determine IC50 values. The inhibition patterns were
consistent with noncompetitive inhibition, thus IC50 ) Ki.
For L221T in the presence of putrescine, the IC50 depends
on the enzyme concentration consistent with tight binding
inhibition. The data were fitted to the Morrison equation to
determine theKi

app (34).

HPLC Purification of CGP 48664A.To demonstrate that
CGP 48664A, and not a contaminating compound, was
responsible for the unusual activation kinetics ofT. cruzi
AdoMetDC, we purified the compound by reversed-phase
ion-pairing column chromatography as described (35), except
that the sample buffer and column eluent contained 10 mM
CH3SO3H instead of pentane-sulfonic acid. CGP4866A was
dissolved in buffer A (50 mM NaH2PO4/10 mM CH3SO3H
pH ) 3.0), incubated for 1 h, and applied (100 nmol of a 1
mM stock) to a 250× 4.6 mm Nucleosil 5µ C18 100 Å
HPLC column (Varian) equilibrated with buffer A. Sample
was eluted isocratically with 20% buffer B (50 mM NaH2-
PO4/10 mM CH3SO3H/40% acetonitrille, pH) 3.0), and the
absorbance of each fraction was monitored at 305 nm. A
single peak was eluted attR ) 13.9 min. The peak fraction
was collected and the mass verified by positive ion electro-
spray mass spectral analysis (m + 1 ) 231). The peak
fraction demonstrated the same kinetic behavior as the
original compound.

RESULTS

Steady-State Kinetic Analysis of Wild-Type T. cruzi and
Human AdoMetDC.We previously characterized the effects
of putrescine on the steady-state kinetics of wild-typeT. cruzi
AdoMetDC, and demonstrated a 9-fold maximal activation
on kcat (25). These data were collected with a mixture of
14C-radiolabeled AdoMet (Amersham) and unlabeled com-
pound (Sigma). Using the current batch of unlabeled AdoMet
(Sigma) we were unable to demonstrate putrescine activation
of the enzyme. To determine if impurities in the commercial
AdoMet stocks accounted for the lack of reproducibility in
the putrescine activation curve, cold AdoMetDC was left out
of the reaction. Under these conditions theT. cruziAdoMet-
DC activity was again strongly activated by putrescine. These
data suggest that the cold AdoMet purchased from Sigma is
contaminated with a small molecule that interferes with
putrescine stimulation, and this contamination varies from
batch to batch. It is likely to be at least a partial antagonist
that binds the putrescine-binding site, since full activation
of the enzyme cannot be obtained under conditions that
include cold AdoMet. Thus, in order to measure the
uncompromised effects of putrescine on the system, all
further experiments were done with synthetically pure14C-
radiolabeled AdoMet (Amersham). This limited the substrate
concentration range (<160µM) that could be practically used
for kinetic analysis. Thus for enzymes where theKm was
significantly above this value we determined only thekcat/
Km ratio, since the individual constants could not be
determined with accuracy.

Steady-state kinetic data were collected for bothT. cruzi
and human AdoMetDC in the presence and absence of
saturating concentrations (5 mM) of putrescine (Figure 2).
For wild-typeT. cruziAdoMetDC,kcat andKm were found
to be 0.0009( 0.0002 s-1 and 260( 20 µM, while the
fully activated enzyme in the presence of 5 mM putrescine
has akcat andKm of 0.024( 0.001 s-1 andKm of 250( 80
µM, respectively. This represents a 27-fold activation ofkcat

(Table 1), which is significantly higher than previously
reported (11, 25). The concentration of putrescine required
for maximal activation was confirmed by determining the
kcat/Km over a range of putrescine concentrations. The
dependence of activity on putrescine concentration displayed
saturation kinetics and when fitted to a one-site binding
model yielded an apparent dissociation constant (concentra-
tion of half-maximal activation) ofKact ) 0.42 mM, lower
than previously reported (Kact ) 2.5 mM (25)). This value,
however, is in good agreement with theKd (0.15-0.2 mM)

Table 1: Kinetic Parameters for Wild-TypeT. cruziand Human AdoMetDC and for Putrescine Binding Site Mutants ofT. cruziAdoMetDCa

kcat/Km (M-1 s-1)1 CGP40215 IC50 (µM)

[putrescine]: 0 5 mM 0 5 mM
putrescine
Kact (mM)b

A. Wild-Type AdoMetDC
T. cruzi 3.5( 1.3 100( 25 (29) 32( 6 3.2( 0.8 (10) 0.42( 0.50
human 2.5( 0.6× 104 4.4( 0.8× 104 (2) 0.010( 0.003 0.006( 0.003 (2) nd

B. MutantT. cruziAdoMetDC
S111R 2.0( 0.04 6.4( 0.26 (3) 96( 24 104( 48 (1) 7.9( 2.6
D174V 6.6( 0.29 5( 3.0 (1) 13( 4 14( 5 (1) >45
F285H 1.8( 0.1 650( 200 (360) 26( 11 1.2( 1.2 (22) 0.31( 0.060

a Values in parentheses are the fold activation by putrescine.b Errors are standard errors of the fit. IC50 values are the averages of IC50 values
(CGP 40215) determined at 3 different substrate concentrations (10, 32, and 80µM) based on the relationship thatKI ) IC50, for noncompetitive
inhibition (see Experimental Procedures), and the errors are standard deviations of the mean. nd) not determined.
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measured by fluorescence and radiolabeled-ligand binding
assays (26).

The steady-state kinetic parameters for human AdoMetDC
were also measured in the absence (kcat ) 1.9 s-1 andKm )
74 µM) and presence of putrescine (kcat ) 2.6 s-1 andKm )
59 µM), representing a 1.7-fold increase in catalytic ef-
ficiency (Table 1) somewhat lower than the 4-7-fold
activation which has been previously reported (20, 32). This
minimal level of activation suggests that the human enzyme
contains bound putrescine prior to the addition of the
activator during kinetic analysis. To estimate the amount of
putrescine bound to the purified enzymes, protein was
denatured and polyamine content was determined by de-
rivatization with a fluorescent label followed by HPLC
(Experimental Procedures). The purified human enzyme was
associated with 0.5 mol of putrescine/mol of protein,
consistent with the observation that only 2-fold activation
was achieved upon the addition of free putrescine. The

finding that putrescine remains bound to human AdoMetDC
during purification, despite extensive washing of the protein
during column chromatography, is consistent with previous
observations that the human enzyme differs from the parasite
enzyme and binds putrescine with high affinity (12, 21).

The Effects of Putrescine on Inhibition of Wild-Type T.
cruzi and Human AdoMetDC by CGP 40215 and CGP
48664A.While the effects of putrescine on the substrate
turnover have been previously characterized for these
enzymes, studies to determine if putrescine can also affect
the binding of inhibitors have not been reported. CGP 40215
and CGP 48664A are analogues of MGBG (Chart 1). CGP
48664A has been cocrystallized with human AdoMetDC and
demonstrated to bind in the active site (14). Inhibitor studies
were undertaken for wild-typeT. cruziand human AdoMet-
DC. For T. cruzi AdoMetDC the IC50 for CGP 40215 is
constant over a range of substrate concentrations indicative
of noncompetitive inhibition (Figure 3, Table 1). The IC50

was calculated to be 32µM in the absence of putrescine
and 3 µM in the presence of 5 mM putrescine. For
noncompetitive inhibition the IC50 ) Ki, thus these data
demonstrate that putrescine increases the binding affinity of
the inhibitor to theT. cruzienzyme. CGP 40215 binds human
AdoMetDC with much higher affinity (3200-fold) than to
the T. cruzi enzyme, and putrescine decreased the IC50 by
1.7-fold, similar to the effects on activity (Table 1). The
observation of noncompetitive inhibition is not readily
understood from the available data. Both substrate and
inhibitor bind the active site (Figure 1B), suggesting either
that the active site is large enough to accommodate both or
that a more complex kinetic model is required to fully explain
the data.

The situation is further complicated with respect to CGP
48664A. For the human enzyme, the IC50 values were again
constant over a range of substrate concentrations indicating
noncompetitive kinetics (IC50 ( 5 mM putrescine is 3-5
nM). T. cruzi AdoMetDC, however, showed a distinct
response to CGP 48664A inhibition. At lower drug concen-
trations (<10 µM), the compound activated the enzyme, but
at concentrations above this level the enzyme is inhibited,
and the apparent IC50 was in the range of 100µM (Figure

FIGURE 2: (A) Steady-state kinetic analysis of wild-typeT. cruzi
AdoMetDC (1 µM), in the presence (open circles) or absence
(closed circles) of 5 mM putrescine. Error bars are standard error
of the mean. The data were fitted to the Michaels-Menten equation
to determine the kinetic parameters: No putrescineKm ) 260 (
20 µM, kcat ) 0.0009( 0.0002 s-1, and 5 mM putrescineKm )
250( 80 µM, kcat ) 0.024( 0.001 s-1. Errors are standard error
of the fit. (B) Effects of putrescine onT. cruziAdoMetDC. Values
for kcat/Km were determined at different putrescine concentrations,
and the concentration of putrescine required for half-maximal
activation (Kact ) 420 ( 50 µM) was calculated from the fit of
these data to a one-site hyperbolic binding model.

FIGURE 3: Inhibition of T. cruziAdoMetDC by CGP 40215. Plot
of IC50 versus the concentration of the substrate AdoMet. Data were
collected in the absence (closed circles) or presence (open circles)
of 5 mM putrescine. Errors are standard deviations of the mean (n
) 3).
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4). The addition of 5 mM putrescine abrogated the activation
effect, and noncompetitive inhibition was again observed.
The IC50 in the presence of putrescine was calculated to be
6 ( 1 µM, which is considerably lower than the value
estimated in the absence of the activator. To demonstrate
that the unusual kinetic behavior of CGP 48664A did not
result from a contaminating molecule, the compound was
purified by reversed-phase ion-pairing column chromatog-
raphy (Experimental Procedures). A single peak of the correct
mass eluted from the column, and the purified compound
gave kinetic results identical to those of the original material.

The Effect of Mutations in the Putrescine-Binding Site of
T. cruzi AdoMetDC.The putrescine-binding site in human
AdoMetDC is located in theâ-sheet core in a highly
negatively charged region∼15 Å from the active site (Figure
1). In contrast, in the plant enzyme a series of amino acid
substitutions have eliminated the site, and changed the
electrostatic properties in a way that may mimic putrescine
binding. The location of this site in theT. cruzienzyme has
not been structurally demonstrated. Our previous mutagenic
data supports the idea that part, but not all, of this site is
overlapping with that observed in the human enzymes; D174
appears to be important for putrescine binding in both
enzymes, while the residues at positions 80, 178, and 256
are required for putrescine stimulation of the human enzyme
but not theT. cruzienzyme (26). The roles of other residues
in this site have not been explored in theT. cruzi enzyme.
The finding that putrescine can affect the catalytic properties
of the enzyme, as well as modulate the mode and type of
inhibition at the active site, suggests a mechanism of
allosteric regulation. Energetic coupling between residues in
the putrescine-binding site and the active site might be
observed in this type of mechanism. In order to obtain a
more detailed understanding of this mechanism we generated
a series of mutant enzymes that included mutations both in
the predicted putrescine-binding site (based on alignment
with the human structure) and in the active site (below).

Three mutations in the predicted putrescine-binding site
of theT. cruzienzyme were engineered to make the sequence
more like that found in the constitutively active plant
enzymes: these include S111R, D174V, and F285H. The
substrate kinetic profile of the D174V mutation had been
previously characterized (26); however, inhibitor analysis had
not been done. All three enzymes showed catalytic efficiency
similar to that of wild-type in the absence of putrescine

(Table 1). Thus, none of these mutations produced a
constitutively active enzyme. TheKact values for putrescine
were determined for each of the enzymes using a matrix of
kcat/Km data collected at various putrescine concentrations.
D174V was not activated by putrescine, in keeping with our
previous data that putrescine no longer binds this enzyme
(26). For S111R and F285H theKact values for putrescine
were 7.9 and 0.31 mM, respectively. The catalytic efficiency
of S111R increases only marginally in the presence of 5 or
30 mM putrescine, thus this mutant has also lost the ability
to be activated by putrescine. In contrast, although F285H
exhibited a wild-typeKact for putrescine, its activity is
stimulated to a much greater extent than that of the wild-
type enzyme (360-fold compared to 27-fold, respectively),
thus the fully activated enzyme has akcat/Km that is 7-fold
higher than the wild-type enzyme.

Mutations that disrupt the ability of the enzyme to bind
putrescine also affected the response of the enzyme to bind
inhibitors, demonstrating that these enzymes cannot be fully
activated for substrate catalysis or inhibitor binding. For
F285H, which still binds putrescine, the kinetics of inhibition
by CGP 40215 were similar to those of wild-type. In contrast,
for D174V, while the IC50 is similar to wild-type in the
absence of putrescine, the binding is no longer sensitive to
the addition of putrescine. For S111R the IC50 has increased
by 3-fold, and it is no longer sensitive to putrescine (Table
1).

The Effect of ActiVe Site Mutations on Putrescine ActiVa-
tion and Inhibitor Binding.The substrate-binding site is
composed primarily of hydrophobic amino acids (Figure 1).
The amidine groups of CGP 48664A form hydrogen bonds
with Glu247, and the aromatic ring is sandwiched between
Phe7 and Phe223. In order to determine which residues in
the substrate-binding pocket may be involved in the mech-
anism of putrescine activation, site-directed mutagenesis was
performed on residues in the pocket. Most of these residues
are conserved between the human andT. cruziAdoMetDC
(Figure 1), and these residues were mutated to Ala in theT.
cruzi enzyme (F7A, V64A, T245A, E247A; numbered
according to the human sequence). However, four residues
within 7 Å of ligand are variable between theT. cruziand
human enzyme. To address the possibility that these changes
account for the species selective binding properties of the
guanylhyrazones, these residues were mutated to their human
counterpart (A5H, V52I, L221T, and C250F). Altogether

Table 2: Kinetic Parameters for Active Site Mutants ofT. cruziAdoMetDCa

kcat/Km (M-1 s-1)1 CGP40215 IC50 (µM)

[putrescine]: 0 5 mM 0 5 mM putrescineKact (mM)b

wild-type 3.5( 1.3 100( 25 (29) 32( 6 3.2( 0.8 (10) 0.42( 0.50
A5H 2.2( 0.06 77( 9 (35) 13( 3 5 ( 5 (3) 0.21( 0.12
F7A 0.13( 0.01 0.55( 0.13 (4) 26( 6 7 ( 0 (4) 0.32( 0.06
V52I 3.7( 0.14 94( 41 (25) 18( 6 4 ( 4(5) 0.34( 0.27
V64A 0.40( 0.06 5( 1.5 (13) 150( 40 13( 10 (12) 0.79( 0.40
L221T 1.8( 0.19 32( 2.0 (18) 9.5( 4.5 0.4( 0.23c (24) 0.44( 0.04
T245A 0.77( 0.05 2.8( 0.3 (4) 440( 100 34( 13 (13) 0.53( 0.05
E247A 0.21( 0.021 3.6( 0.5 (17) 4100( 680 88( 78 (46) 0.33( 0.15
C250F 1.4( 0.05 14( 3 (10) 28( 8 4 ( 2 (7) 0.47( 0.1
D174V/E247A 0.48( 0.01 0.47( 0.02 (1) 124( 12 110( 22 (1) nd

a Values in parentheses are the fold activation by putrescine.b Errors are standard errors of the fit. IC50 values were determined from the averages
of the IC50 values (CGP 40215) at 3 different substrate concentrations (10, 32, and 80µM) based on the relationship thatKI ) IC50, for noncompetitive
inhibition (see Experimental Procedures). nd) not determined.c Data fitted to the Morrison equation for tight binding inhibitors gaveKi

app ) 0.24
( 0.13 µM.
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eight mutant enzymes in the binding pocket were generated.
In addition we attempted to produce F223A; however, we
were unable to express this mutant protein.

Steady-state kinetic analysis of the mutant enzymes
demonstrated that the A5H and V52I mutant enzymes had
wild-type catalytic properties and they were activated by
putrescine with a similar dose response curve (Table 2). In
addition, binding of CGP 40215 was not significantly
affected. The remaining mutations reduced the catalytic
efficiency (kcat/Km) by 10-200-fold. While theKact values

for putrescine binding were similar to that of wild-type, two
mutant enzymes (F7A and T245A) are impaired in their
ability to respond to putrescine, and the activity was only
stimulated 4-fold by the addition of activator. Thus these
mutations have affected the allosteric communication be-
tween the putrescine site and the active site.

Inhibitor studies were undertaken with CGP 40215 and
CGP 48664A. In addition to the large reduction in catalytic
efficiency, the E247A mutation also had the largest negative
impact on binding of CGP 40215; the IC50 was increased

FIGURE 4: Inhibition of T. cruziAdoMetDC by CGP 48664A: (A) wild-type, (B) E247A, (C) D174V, (D) L221T, and (E) D174V/E247A
in the presence (open circles) and absence (filled circles) of 5 mM putrescine. Data were collected at 80µM AdoMet.
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by 30- and by 130-fold in the presence or absence of
putrescine, respectively. The V64A and T245A mutations
also increased the IC50 for inhibitor binding by 5-10-fold.
Notably the F7A mutation did not have a large effect on
binding of this inhibitor. In contrast, mutation of this residue
in the human enzyme decreased binding of CGP 48664A
by 1000-fold (14). Finally the L221T mutation, which
replaces one of the species-variable residues in the pocket
with the human counterpart, increased the affinity of the
enzyme for CGP 40215. The IC50 is 3-fold lower in the
absence of putrescine, and 8-fold lower than that of wild-
type in the presence of putrescine. While the IC50 (0.4 µM)
for T. cruzi L221T is still ∼100-fold higher than observed
for the human enzyme, this amino acid substitution, in part,
explains the species differences in the potency of binding
of CGP 40215.

Kinetic analysis of CGP 48664A is complicated by the
fact that, at lower levels of inhibitor, activation of the wild-
type enzyme is observed (Figure 4A). To address the
structural basis for this activation we extended the analysis
of this inhibitor to the two mutant enzymes that had the most
profound effects either on the binding of CGP 40215 (E247A
and L221T) or on putrescine activation and binding (D174V).
We also generated the double mutant (E274A/D174V), which
has both impaired putrescine activation and enzyme activity
(Table 2). For the E274A mutant enzyme, the enzyme
activation at low concentrations of inhibitor (<100µM) was
more pronounced than for the wild-type enzyme (8-fold vs
2.5-fold at the peak of activation; Figure 4). Again activation
was only observed in the absence of putrescine. In the
presence of putrescine, the dose response curve shows
straightforward inhibition of enzyme activity (IC50 ) 140
µM). For the D174V mutation, which is unable to bind
putrescine, CGP 48664A displayed a simple inhibitory dose
response curve (IC50 ) 42 µM), and no activation was
observed at any concentration of the inhibitor (Figure 4).
L221T binds inhibitor with 8-fold higher affinity (IC50 )
0.4 µM) than wild-type in the presence of putrescine, and
while activation was observed in the absence of putrescine,
it was more modest than for the wild-type enzyme. Finally,
the double mutant (E274A/D174V) was neither activated nor
strongly inhibited (IC50 > 300 µM) with or without pu-
trescine.

DISCUSSION

In mammalian cells polyamines are tightly regulated, and
both ODC and AdoMetDC levels are controlled by regulation
of transcription, translation, and protein stability (3; 36; 2,
37-39). Like mammalian cells, yeast regulates the levels
of ODC using a polyamine-sensitive degradation system (40),
and plants control translation of AdoMetDC with a small
upstream open reading frame (41, 42). However, no evidence
for transcriptional or translational control of polyamine levels
in the trypanosomatids has been found. Some evidence for
protein degradation as a mechanism of regulation has been
found in Crithidia (43); however,T. bruceiODC is stable
and is not recognized by the proteosome (44-47). Thus a
key question remains: How do trypanosomes control meta-
bolic flux through the polyamine pathway?

The mechanisms by which putrescine regulates AdoMet-
DC function are species specific. The specific activity of

the T. cruzi enzyme is strongly stimulated by putrescine,
which at saturating levels increaseskcat by 27-fold. The
enzymes from the wormsOnchocercaVolVulus and Cae-
norhabditis eleganshave also been reported to be strongly
activated by putrescine by 60- and 350-fold, respectively (30,
31), suggesting that these species also regulate polyamines
in this manner. In addition, binding of active site inhibitors
to theT. cruzienzyme is stimulated by putrescine, resulting
in a decrease in the IC50 of up to 10-fold. TheKact for
putrescine binding is 0.4 mM, which is very similar to the
reported levels of putrescine in trypanosome parasites
(ranging from 0.1 to 0.6 mM (10), assuming a cell volume
of 54 µM3 (48)) Thus this regulation is very likely to be
physiologically relevant to the function of the enzyme in the
cell, and points to a mechanism by which polyamine levels
are controlled in these parasites. The requirement for
putrescine to stimulate the enzyme activity would protect
the cell from converting AdoMet to dcAdoMet unless
putrescine is present as a substrate for the formation of
spermidine. Studies ofR-difluoromethylornithine resistant
clinical isolates ofT. bruceihave suggested an association
between changes in AdoMet levels and drug toxicity (6).
Further, since even the fully stimulatedT. cruzienzyme has
low activity compared to the human and plant enzymes,
AdoMetDC may be a central regulatory point in controlling
polyamine flux in the parasite. The F285H mutant ofT. cruzi
AdoMetDC is more responsive to putrescine than the wild-
type enzyme, and it has a fully stimulated activity that is
7-fold higher than the wild-type enzyme. Thus theT. cruzi
AdoMetDC has not evolved for maximal enzyme efficiency,
suggesting further that a low activity enzyme is beneficial
to the parasite.

The different effects that putrescine exerts on the function
of AdoMetDC from various species suggest that each enzyme
has unique structural features. The putrescine-binding site
in the human enzyme is distant from the active site and is
located in the core of theâ-sheet (Figure 1). Our previous
data suggested that the putrescine site in theT. cruzienzyme
is partially, but not entirely, overlapping with this site (26).
In order to gain more insight into the nature of the putrescine-
binding site in theT. cruzi enzyme, we made a set of
mutations that were designed to substitute additional residues
in the T. cruzi sequence with those found in the plant
enzyme: S111R, D174V, and F285H. Both S111R and
D174V had impaired putrescine binding, and both have lost
the ability to be activated by the diamine. The putrescine-
stimulated activity of S111R was lower than the wild-type
enzyme, and while mutation of F285H did not affect the
apparent putrescine binding constant, nor the basal activity,
the fully stimulated enzyme has 7-fold higher activity than
the wild-type enzyme. These data suggest that the putrescine-
binding site is energetically coupled to the active site,
providing evidence for functional long-range interactions and
allosteric control of this enzyme. It is interesting to speculate
about the structural basis for the observed allostery. TheT.
cruzienzyme may exist in two conformations (active R-state
and inactive T-state) that are in equilibrium with each other,
or it may assume a partially active conformation that is
distinct from the fully active structures observed for the plant
enzyme, or for the human enzyme bound to putrescine. The
S111R and F285H mutations may shift the equilibrium
toward the T-state and the R-state, respectively, or they may

7804 Biochemistry, Vol. 45, No. 25, 2006 Beswick et al.



induce a partial conformational change that leads to changes
in activity.

The active site of AdoMetDC also has structural differ-
ences that result in species-specific enzyme function. CGP
40215 and CGP 48664A are potent inhibitors of the human
enzyme, yet they are considerably less active againstT. cruzi
AdoMetDC (Table 1). These inhibitors have been demon-
strated to bind the active site of the human enzyme (14). In
T. cruzi AdoMetDC mutation of residues V64, T245, and
E247 increases the inhibitor IC50, supporting the conclusion
that these residues also contact the inhibitor in the parasite
enzyme. The remaining mutations had little negative impact
on inhibitor binding, suggesting that the inhibitor may be
oriented differently in theT. cruzienzyme than in the human
structure. This idea is further supported by the results of the
F7A mutation. This mutation in the human enzyme decreased
the binding affinity of the inhibitor by 1000-fold (14), while
it had little impact on binding to theT. cruzienzyme. F7A
participates in a stacking interaction with the inhibitor in the
human structure. Our data suggest that it is not optimally
aligned for this interaction in theT. cruzi enzyme.

TheT. cruzienzyme contains four residues in or near the
inhibitor binding site that differ in sequence from the human
enzyme, suggesting that these residues may be involved in
the species differences in inhibitor potency. All four residues
were mutated to the human counterpart (A5H, V52I, L221T,
and C250F), but only the L221T mutation had a significant
impact on inhibitor binding. L221T binds CGP 40215 with
8-fold better affinity than the wild-type enzyme in the
presence of putrescine. While this residue is not in van der
Waals contact with CGP 48664A in the structure, CGP 40215
is a larger molecule and it may potentially make direct
contact with L221. This mutation may reduce a steric clash
that partially accounts for why theT. cruzi enzyme binds
the inhibitor with lower affinity than the human enzyme.
Taken together it is clear that sufficient difference exists in
the structure ofT. cruzi AdoMetDC that the development
of species selective inhibitors of the parasite enzyme will
be feasible.

The analysis of the active site mutations also supports the
finding of energetic coupling between the putrescine-binding
site and the active site. Both the F7A and T245A mutations
significantly reduce the basal enzyme activity, but addition-
ally they are no longer activated by putrescine to the same
extent as the wild-type enzyme. This is despite the fact that
theKact for putrescine is essentially unchanged from the wild-
type levels. Thus these residues appear to play a role in the
communication between the putrescine-binding site and the
active site of theT. cruzi enzyme.

Unexpectedly we also observed that the diamidine inhibitor
CGP 48664A both activates and inhibitsT. cruziAdoMetDC.
Cooperativity between subunits can explain enzyme activa-
tion by inhibitors at low inhibitor concentration (e.g. the
effects of PALA on aspartate transcarbamoylase (49)).
However, whileT. cruzi AdoMetDC is a dimer, the dis-
sociation constant for the dimer is higher than the concentra-
tion of enzyme used in the kinetic assays (26), thus it is
unlikely that the dimer contributes to the unusual kinetic
behavior of CGP 48664A. Instead the data suggest that CGP
48664A is able to bind to both the active site and the
putrescine-binding site. When bound to the putrescine site,
CGP48664A acts as an agonist and stimulates the activity

of the enzyme, and when bound to the active site, it behaves
as an inhibitor. The data suggest that it binds with higher
affinity to the putrescine-binding site than the active site,
thus it stimulates activity at lower concentrations when bound
to the putrescine-binding site, and it inhibits at higher
concentrations once it begins to saturate the active site.
Consistent with this model, the mutation that weakens
interactions with the active site (E247A) causes more
pronounced activation, and it takes higher concentrations of
CGP 48664A before inhibition is observed, while for the
mutation (L221T) that strengthens inhibitor binding to the
active site, the reverse is observed. In further support, the
mutation that abolishes putrescine binding (D174V) is no
longer activated by inhibitor, suggesting that this mutation
also perturbs CGP 48664A binding to the allosteric site. The
double mutant D174V/E247A is not activated, and it is
inhibited at only very high concentrations as expected for
mutations that affect interactions at both sites. These data
suggest that the putrescine-binding site inT. cruziAdoMet-
DC is promiscuous. In previous studies we tested a range of
amino acids, as well as 1,3-diaminopropane, cadaverine, and
spermidine for their ability to activate the enzyme (25).
Unlike for the human and yeast enzymes (28, 50), both
cadaverine and 1,3-diaminopropane, but not spermidine,
activated theT. cruzi enzyme, consistent with a broader
ligand specificity for the activator site of the parasite enzyme.

In the presence of putrescine, activation by CGP 48664A
is no longer observed for the wild-type or mutant enzymes.
Putrescine may compete with CGP 48664A and prevent its
binding to this site, or activation may simply not be observed
because the addition of putrescine strengthens interactions
at the active site, thus under these conditions CGP 48664A
may saturate the active site at concentrations below where
it binds to the putrescine site. Interestingly CGP 48664A
does not activate the human enzyme, and while it would be
interesting to speculate that this data points to structural
differences in the putrescine-binding site between the parasite
and human enzyme, this result may again be a reflection of
the differential binding affinity between the two sites.
Because the human enzyme binds the inhibitor with so much
higher affinity (in the nM range), it may be fully inhibited
at concentrations below those required for binding to the
putrescine site.

CONCLUSION

The studies described herein demonstrate thatT. cruzi
AdoMetDC has evolved to be poorly optimized for enzyme
activity, while being strongly regulated by physiological
levels of putrescine. This suggests a mechanism whereby
polyamine flux is controlled by the low activity of AdoMet-
DC. The mutant analysis identified several residues that are
likely to be involved in communicating between the two sites,
and in inducing changes in the enzyme that result in
activation of its catalytic function upon putrescine binding.
Finally significant structural differences in both the active
site and the putrescine site are present between theT. cruzi
and human enzyme. The identification of potent and selective
inhibitors that bind to the active site seems highly feasible.
Additionally, the data suggest a novel mechanism for
inhibiting the enzyme. Species-specific inhibitors might be
designed that inhibit activity from the allosteric putrescine
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site, thus providing an alternative to active site inhibitors as
an approach to inhibiting theT. cruzi enzyme.
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