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ABSTRACT:. S‘Adenosylmethionine decarboxylase (AdoMetDC) is a pyruvoyl-dependent enzyme that is
processed from a single polypeptide into two subunits creating the cofactor. In the human enzyme, both
the proenzyme processing reaction and enzyme activity are stimulated by the polyamine putrescine. The
processing reaction dfrypanosoma cruzZidoMetDC was studied in aim zitro translation system. The
enzyme was fully processed in the absence of putrescine, and the rate of this reaction was not stimulated
by addition of the polyamine. Residues in the putrescine binding site of the human enzyme were evaluated
for their role in processing of th€. cruzienzyme. The E15A, I80K/S178E, D174A, and E256A mutant

T. cruzienzymes were fully processed. In contrast, mutation of R13 to Leu (the equivalent residue in the
human enzyme) abolished processing of Theruzienzyme, demonstrating that Arg at position 13 is a
major determinant for proenzyme processing in the parasite enzyme. This amino acid change is a key
structural difference that is likely to be a factor in the finding that putrescine has no role in processing of
theT. cruzienzyme. In contrast, the activity @f cruziAdoMetDC is stimulated by putrescine. Equilibrium
sedimentation experiments demonstrated that putrescine does not alter the oligomeric state of the enzyme.
The putrescine binding constant for binding to thecruzienzyme Kq = 150 «M) was measured by a
fluorescence assay and by ultrafiltration with a radiolabeled ligand. The mbtantizienzyme D174V

no longer binds putrescine, and is not activated by the diamine. In contrast, mutation of E15, S178, E256,
and 180 had no effect on putrescine binding. Tg/Km values for E1I5A and E256A mutants were
stimulated by putrescine to a smaller extent than the wild-type enzyme (2- and 4-fold vs 11-fold,
respectively). These data suggest that the putrescine binding site dn tihezi enzyme contains only

limited elements (D174) in common with the human enzyme and that the diamine plays different roles in
the function of the mammalian and parasite enzymes.

S-Adenosylmethionine decarboxylase (AdoMetD€ata- cause Chagas diseas®),(and knockout cell lines of the
lyzes the pyruvoyl-dependent decarboxylationSedideno- related parasité_eishmania doneani are putrescine aux-
sylmethionine, a key step of polyamine biosynthesis. The otrophs {). These data suggest that AdoMetDC may also
product of the reaction provides aminopropyl groups for the be a target for rational drug development in these related
formation of the polyamines spermidine and spermine, which parasites.

are required for cell growtti]. The polyamine biosynthetic AdoMetDC belongs to a small class of enzymes that use
pathway is a proven drug target against African sleeping 4 pyruvoyl cofactor for catalysig). The X-ray structure of
sickness caused by the paraditgpanosoma brucginhibi- the human enzyme has been determined in complex with

tors _of ornithine decarboxylase are used cIinicaII_y, a}nd several inhibitors §—11). The pyruvoyl group promotes
inhibitors of AdoMetDC have proven to be effective in catalysis by forming a Schiff base with the amino group of

animal modgls Z_,S),' A specific inhibitor O.f AdoMetDC the substrate, thus providing an electron sink to stabilize the
reduces the infectivity oTrypanosoma cruzparasites that 4 hanion that is generated upon decarboxylation. These

pa— . od b is (10 AP, from the National enzymes are synthesized as a propeptide. The polypeptide
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! Abbreviations: AdoMetDCS-adenosylmethionine decarboxylase. ; inh i ;
Residues are numbered on the basis of the human sequence, anl]evels ©). Putrescine, which is the precursor to the higher

mutations are denoted by their single-amino acid code, e.g., Arg-13 to Polyamines, enhances the rate of formation of the pyruvoyl
Leu substitution is L13R. cofactor and stimulates enzyme activity. However, this
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Table 1: T. cruziand Plant Amino Acid Substitutions Identified in
the Putrescine Binding Site of Human AdoMetDC
S109(W) LI3(R) residue number human T. cruzi plant
13 Leu Arg Arg
F111(S K80(I) 15 Glu Glu Glu
®) | E15 80 Lys lle Lys
/_~/- 111 Phe Ser Lys/Arg

Ell 113 Ser Met Thr
174 Asp Asp Met/Valllle
WI17(D 176 Thr GIn Thr

T176(Q) E178(5) 178 Glu Ser Glu

D174 256 Glu Glu Glu
E256
a Amino acid residues are numbered on the basis of the human

sequence. A multiple-sequence alignment of eukaryotic AdoMetDC
enzymes (accession number PF01536) obtained from the PFAM

FiGURE 1: Putrescine binding site in human AdoMetDC. The X-ray database3p) guided our assignment of structurally equivalent residues
structure of human AdoMetDC [PDB entry 1JL00]] is displayed for the plant and parasite enzymes. This alignment was compared to
with the program Insight Il (Accelyrs Inc., San Diego). Carbon the X-ray structure of human AdoMetDC complexed to putrescine to
atoms are displayed in purple (protein) or orange (putrescine), determine the identity of the residues at these positions (Figure 1).
oxygens in red, and nitrogens in blue. The putrescine binding site

is adjacent to the active site, which contains E11. S113is notshown . . . . .
for clarity, but it is positioned near L13. Residues are numbered activation of processing and enzyme activity will be ob-
and labeled according to the human sequence. For positions withserved.

variable amino acids in th€. cruzienzyme, thel. cruzisequence In this paper, we explore the role of putrescine in activation
is displayed in parentheses. of the polypeptide processing reaction and on enzyme activity
o ) . ) in AdoMetDC from T. cruzi Processing of thdl. cruzi
regulation is species specific. The effect of putrescine on g,yme s not facilitated by putrescine. A key amino acid
proenzyme processing has been studied in only a limited g, stitution of a residue that is in the putrescine binding site
number of cases; putrescine had no effect on the processingy ine human enzyme (L13 in the human enzyme is replaced
of the enzymes fronNeurospora crassgl9), or that from  ith R13 in theT. cruzienzyme) is essential for processing
plants (4). Studies on the role of putrescine in stimulating of the T. cruzi enzyme; the R13L mutant of. cruzi
enzyme activity are more numerous; putrescine enhances theygoMetDC is unable to process. These data suggest that the
activity of AdoMetDC from a number of eukaryotic enzymes  amino acid substitution at this position is an important
[T. brucei(15), T. cruzi(16, 17), Saccharomyces cerisiae  stryctural change that removes a role for putrescine in the
(18), N. crassa(19), Acanthamoeba culbertso(®0), and  processing reaction of the parasite enzyme. Putrescine
Onchocercavulvulus (21)]. However, the diamine has no  activation of enzyme activity in th@. cruzi enzyme was
effect on the activity of the plant or malarial enzyméd,(  also studied. Putrescine does not influence the oligomeric
22). While putrescine enhances the activity of thecruzi state of the enzyme, nor does it form a Schiff base with the
AdoMetDC, the concentration of diamine required to fully catalytic pyruvoyl moiety. An assessment of putrescine
activate the enzyme is significantly higher than that required binding to theT. cruzienzyme by fluorescence demonstrates
to activate the mammalian enzyme6( 17). The effect of that it is bound more weakly to tHE. cruzienzyme than to
putrescine on the processing reaction of theruzienzyme the human enzyme. Of the residues that are important for
has not been well characterized. putrescine activation of human AdoMetDC, only D174 plays

The structural basis for activation by putrescine has beena role in putrescine binding and stimulation of fhecruzi
studied in the human enzyme by X-ray crystallography and €nzyme. These studies demonstrate that putrescine plays
site-directed mutagenesis. The X-ray structure reveals adifferent roles in the function of AdoMetDC from different
single putrescine bound within tifesandwich protein core ~ Organisms, and that it is likely to have a different binding
(10). Direct H-bonds are formed with E15, D174, and T176, mMode in the parasite enzyme.
and several other acidic residues form interactions through
bound water molecules (E178 and E256; Figure 1). This EXPERIMENTAL PROCEDURES
binding site i; adjacent Fo the active sitg, but too di.stant t0 Materials
allow putrescine to be directly involved in the chemistry of
the reaction, suggesting an allosteric mechanism for its S-Adenosylarboxy“Clmethionine (56 mCi/mmol) and
effects. Mutation of residues E11, K80, E174, E256, and [**C]putrescine (114 mCi/mmol) were purchased from Am-
E178 reduces the level of putrescine stimulation of the €rsham Pharmacia Biotech (Arlington Heights, IL)*Ni
processing reactior2@), while mutation of E178, E256, and  agarose was purchased from Qiagen Inc. (Chatsworth, CA).
D174 also decreases the extent of putrescine stimulation ofRestriction enzymes were purchased from New England
enzyme activity {4, 24). Though several of the residues that Biolabs (Beverly, MA) or Boehringer Mannheim (India-
have been identified to have a role in modulation of the Napolis, IN). All other reagents were purchased from Sigma
human enzyme by putrescine are conserved across a diverseSt: Louis, MO).
group of species, a number of others differ in the sequences
from the protozoan parasites and from plants (Table 1). These
divergences in the sequence of the putrescine binding site  AdoMetDC was expressed and purified as a His-tagged
suggest that differences in the mechanism of putrescinefusion using the gene cloned from cruziin a T7 bacterial

xpression and Purification of T. cruzi AdoMetDC
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expression construct as previously describEd.(Escheri- Analytical Ultracentrifugation

chia coli BL21/DES3 cells containing this construct were o ) ) )

grown in a New Brunswick BioFlo 3000 fermentor, and the ~ Equilibrium sedimentation data for tfie cruziAdoMetDC
recombinant enzyme was purified using?Niagarose ~ enzyme were collected in a Beckman XLI analytical ultra-
column chromatography and anion exchange column chro-centrifuge. Samples were analyzed at°ZDin buffer [50
matography. All purification buffers lacked putrescine. The MM Hepes (pH 8.0), 100 mM NaCl, and 0.5 mpAmer-
purified protein was quantitated using the extinction coef- captoethanol] with or without 10 mM putrescine. Three
ficient previously determined for the native enzyme (46.5 €nZyme concentrations (initial absorbancies of 0.2, 0.4, and

mM—1 cmY). 0.5, respectively) were loaded into a six-sector equilibrium
centerpiece and equilibrated at three rotor speeds (11 000,
Human AdoMetDC Cloning and Expression 13 000, and 15 000 rpm). Absorption data were collected

through quartz window assemblies at 280 nm, using a radial

step size of 0.001 cm, and recorded as the average of 15
measurements at each radial position once samples were
judged to have reached equilibrium. The nine data sets for

each enzyme were analyzed with Beckman XL-A.XL-I Data

) . Analysis Software version 4.0 and globally fit to the
PCR product was cloned into tidcd and Sal sites of the appropriate model using a monomer molecular weight of

express!on plasm@d ODC22y) to generate.the human 43 974 and a molar extinction coefficient of 46 500 ém
expression plasmid pSam18. The human insert was S€-y\;-1 The paseline values were allowed to float, ardar

quenced, and the protein was expressed and purified as(0.731 mL/g) and (L.00 g/mL) were fixed during the fit to

previously described for thd. cruzi enzyme 17). The 5 65 determined using the program SEDNTERS).(The
resulting clone contains a single mutation (R33C) that we goodness of fit was determined by examination of the

found fortuitously increases the expression levels without gy a5 and minimization of the variance. The data were
affecting function. This residue is not fully conserved across best fit to a monomerdimer equilibrium in all cases

different species and is located on the surface of the enzyme
distant from the active site and the putative putrescine cyanohorohydride Reduction of the Substrate and
binding site. The human enzyme expresses to high levels, acti,ator

producing 200 mg of purified enzyme froa 6 L preparation.

The purified recombinant protein is correctly processed into  To determine the extent of Schiff base formation on the
a 31 kDaa subunit and a 7.5 kDA subunit. Gel filtration enzyme, sodium cyanoborohydride (NaCNfpas used as
of the recombinant human enzyme predicts a molecular massa reducing agen®({7). The reaction mixtures contained wild-
of 73 kDa in the presence of putrescine, which is consistenttype AdoMetDC (430uM) and either“CO,-AdoMet (56

The human AdoMetDC gene was amplified from human
prostate QUICK-CloneTM cDNA (Clontech Labs, Inc.)
using the PCR primers 8 GGGCCCATGGAAGCTGCA-
CATTTTTTCGAAGGGACCG-3 and 3-ACGCTGTC-
GACTCAACTCTGCTGTTGTTGCTGCTTCTTAGC-3The

with a dimer ofo subunits. mCi/mol, 44 uM) or [1,4-14C]putrescine (114 mCi/mmol,
) . ) . 44 uM) in buffer 200 mM HEPES (pH 7.5)] in a final
Site-Directed Mutagenesis of T. cruzi AdoMetDC volume of 0.02 mL. NaCNBE was added to a final

To create the various mutant AdoMetDC enzymes concentration of 5 mM, and the reaction mixtures were

PCR-based site-directed mutagenesis using the Stratagen#icubated for 20 min at 37C and then stored at 4C
QuikChange kit was performed using fecruziAdoMetDC overnight. The protein was precipitated by adding 7.5% TCA.
expression plasmid as a template. The constructs were! "€ amount of radioactivity was measured in both the

verified by sequencing. precipitate and the supernatant to determine the extent of
Schiff base formation. The precipitated protein was run on
In Vitro Translation and Proenzyme Processing SDS-PAGE and stained with Coomassie blue. The extent

of radioactive incorporation was visualized after using the
ENHANCE autoradiography enhancer as recommended by
the manufacturer (NEN Research Products)wvét6 day
exposure.

Wild-type and mutant AdoMetDC proteins were synthe-
sizedin vitro using the T7-coupled transcription/translation
kit (Promega) with $*S]methionine to label the protein as
described previously2@). Each reaction included 02y of
plasmid, 9.4 pmol of PS]methionine (total volume of 0.05  pytrescine Binding Assays
mL), and 2 mM putrescine when indicated. The transcription/
translation reaction mixture was incubated at°80for 30 Putrescine Binding As Assessed by Tryptophan Fluores-
min, at which time cycloheximide was added to a final ence Mixtures of AdoMetDC (15 uM) in buffer [50 mM
concentration of 0.2 mM to stop translation. The reaction HEPES (pH 8.0), 50 mM NacCl, and 2.5 mM DTT] were
mixtures were incubated at 30C to allow proenzyme titrated with increasing amounts of either putrescine or NaCl
processing to continue, and aliquots were removed at 0, 15,in a total of 1 mL. A difference emission spectrum in the
30, and 60 min for analysis by a 15% SBBAGE. The gel presence and absence of putrescine was generated using a
was prepared for audioradiography by fixing in destain (5% fluorometer (Photon Technology International) to find the
MeOH and 7% acetic acid) for 30 min, washing with® wavelength with the largest change upon excitation at 280
soaking in sodium salicylate for 5 min, and washing with nm. The emission spectrum was collected in 1 or 2 nm
H.O. The gel was then dried and exposed to Reflection NEF- intervals from 300 to 400 nm in the absence or presence of
496 film (Du Pont) overnight. Relative amounts of processed 10 mM putrescine. The fluorescence intensity in the presence
versus unprocessed protein were quantified using NIH image of saturating putrescineF} was then subtracted from the
(National Institutes of Health, Bethesda, MD). fluorescence intensity in the absence of putrescifg. (
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FIGURE 2: Proenzyme processing of cruziand human AdoMetDC. (AJ. cruziAdoMetDC was expressed in @muitro rabbit reticulocyte
system in the presence ¢P$]Met. Reactions were stopped by the addition of cycloheximide, and the mixtures were incubated for 0, 15,
30, and 60 min before analysis. The protein was subjected to-FB&E and visualized by autoradiography: (a) wild-type enzyme in the
absence of putrescine, (b) wild-type enzyme in the presence of 2 mM putrescine, and (cJ Rt8ki AdoMetDC in the presence of 2

mM putrescine. (B) Percent of the processed enzyme plotted vs incubation time: human AdoMetDC (circlesprrziiAdoMetDC
(triangles), and without putrescine (filled symbols) and with putrescine (empty symbols).

Titrations of putrescine were then performed by adding tion was calculated by subtracting free from total, and the
increasing amounts of putrescine (-0 mM) and mea-  data were fitted to eq 2.

suring the emission at 340 nnh & s intervals for 20 s. The

measurements were repeated, and the 40 fluorescent intensity n[E][L ]
points were averaged to obtain a single intensity for the [Lel = m
putrescine concentration. Under these conditions, very little b f
photobleaching of the enzyme was detected. As a control, o )
increasing amounts of NaCl were added to an equivalent Steady-State Kinetic Analysis

mixture in parallel. The average of the putrescine intensi_ty Steady-state kinetic analysis of AdoMetDC was performed
(F) was subtracted from the average of the NaCl intensity 55 hreviously described 7). Reactions were carried out in

(Fo) and then plotted against putrescine concentration. The ¢, [200 mM HEPES (pH 8.0), 100 mM NaCl, and 5
Kq for putrescine was then determined by fitting the data to .\ DTT] at various AdoMet (0.0+10 mM) and putrescine
eql concentrations (645 mM). Reaction mixtures were incu-
bated at 37°C for 5, 10, and 20 min at various enzyme
_ [L] Frnax @ concentrations (0-56.5 uM) to ensure a linear rate with
0 Kp+[L] time. Data were fitted to the Michaetsdvienten equation to
determine the rate constarks, and Keat

&)

F-F

where L represents the putrescine ligand.

Binding of [**C]Putrescine Equilibrium product binding
to T. cruzi or human AdoMetDC was assessed using Effects of Putrescine on Autocatalytic Processing of T.
ultrafiltration to separate free ligané®). Various concentra-  cruzi AdoMetDCTo test if proenzyme processing Bf cruzi
tions of [1,44C]putrescine (16320uM for T. cruzior 1.5~ AdoMetDC is stimulated by putrescine, the enzyme was
80uM for human AdoMetDC) were mixed with AdoMetDC  expressed in aimn witro rabbit reticulocyte system in the
(80—100uM for T. cruzior 9.4uM for human AdoMetDC) presence and absence of putrescine. The processing reaction
in buffer [50 mM HEPES (pH 8.0), 50 mM NaCl, and 2 was monitored by SDSPAGE analysis after addition of
mM DTT]. Mixtures were incubated at 4C overnight. A cycloheximide and incubation of the translation product for
microcon-10 microconcentrator (Amicon) was used to sepa- increasing amounts of time. The rate of processing. afuzi
rate a small portion of free ligand {% uL) from the total AdoMetDC was not affected by the addition of putrescine
volume (0.1 mL) by spinning at 14090for 7 s. The (2 mM) to the reaction mixture (Figure 2). In contrast, as
concentrations of free ligand (fl) and total ligand were  reported previously 23), both the rate and extent of the
determined by measuring the amount of radioactivity in an processing reaction for the human enzyme were increased
aliquot of sample (L). The bound ligand ([k]) concentra- by the addition of putrescine.

RESULTS
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(Figure 3). The absence of any radioactivity suggests that
the putrescine does not form a Schiff base with pyruvate.
e Analysis of the Oligomeric State of T. cruzi AdoMetDC
A il st by Equilibrium SedimentatiolAdoMetDC is a homodimer
of a8 subunits. The X-ray structure of the human enzyme
demonstrates that the active sites are contained within each
enzyme monomer and that they are distant from the dimer
interface, suggesting that the enzyme is not an obligate dimer
(9). Therefore, an allosteric mechanism would be required
for dimerization to influence the decarboxylation rate of the
B “ enzyme. To test the hypothesis that putrescine increases
— AdoMetDC activity by altering the dimeric state of the
enzyme, purified recombinant. cruzi AdoMetDC was

analyzed by equilibrium sedimentation in a Beckman ana-
Ficure 3: Analysis of Schiff base intermediates formed with y y eq

cruziAdoMetDC. [“CH;]AdoMet (lane 1) and}'C]putrescine (lane Iytlca'l ultracentrifuge in the presence and absence Of. pu-
2) were incubated witf. cruziAdoMetDC (0.43 mM) and reduced ~ tréscine (1_0 mM). For each analysis, nine data sets consisting
with sodium cyanoborohydride. Panel A shows a Coomassie blue- of three different speeds and three different enzyme con-

stained SDS gel (15%) of the AdoMetDiCsubunit. Panel B shows  centrations were utilized in a global fit of the data to various
a 6 day exposure of the same gel and represents the rad'oaCt'V%ligomeric models. In all cases. the data f&r cruzi
ligand covalently attached to thesubunit after reduction. The L e T S
subunit typically runs as two bands on SDBAGE (17). AdoMetDC were best fit by a dimemmonomer equilibrium
with a Ky of 15—30 uM in the absence or presence of

The X-ray structure of human AdoMetDC bound to putrescine (Figure 4). These data demonstrate that the dimer

putrescine identifies the amino acid residues in the binding IS NOt €ssential to the catalytic activity of the protein, as the
site (L0). Several of these residues differ in tfie cruzi ~ €nzyme s fully active at enzyme concentrations-6t5.M.
enzyme, suggesting that the roles and function of putrescineFurther] putrescine has no effect on the dimeric state of the
and its interacting residues may also differ. Notably, The |- Cruzienzyme.

cruzienzyme contains a positive charge at position 13 (Figure . ASsessment of Putrescine Binding to T. cruzi AdoMetDC
1 and Table 1), which is present in the protozoal (including 2Y Fluorescence and by Ultrafiltrationtrinsic tryptophan
the kinetoplastids andPlasmodium species) and plant fluorescence measurements provide a method of evaluating
enzymes. The equivalent residue in the human enzyme isligand interactions in cases where the environment of a Trp
L13, which is 3.4 A from the bound putrescine residue. To residue changes upon "9"’¥”d.b'r.‘d'@x Therefore, the
test if the Arg in this position of th&. cruzienzyme is able effect of putrescine on the intrinsic P quorespence of the
to substitute for the role of putrescine in the processing AdoMetDC enzyme was measured. Figure 5A illustrates the

reaction, R13 in thé&l. cruzienzyme was mutated to Leu. fluorescence emission spectrum of fhecruziAdoMetDC .
The R13L mutant enzyme is expressed as a proenzyme inenzyme compared to that of free_ Trp in buffer. The emission
the rabbit reticulocyte system, but it fails to process to the lrgﬁxlwlglgg”;]ﬁ )Olg\t/\r/]:r fQ;KTfa:SO?TAZegeth_Y_?rd (35\’5\'&:1\/%
mature form after extended incubation in the presence or egause the emission spectrum of Tr shiftF; o shortér
absence of putrescine (Figure 2). These data demonstrate tha'% P P

. X . o wavelengths as the polarity of the solvent decrea88s (
R13 is an essential residue for proenzyme processing in the

T. cruzienzyme, and they identify a fundamental difference the measured fluorescence emission of the AdoMetDC
o yme, €y .~ "~ enzyme is due to a buried Trp residue on the protein. The
in the structural requirements for proenzyme activation

between ther. cruziand human enzvmes addition of putrescine (10 mM) to the enzyme yields a
' y ' measurable decrease in emission intensity (Figure 5B,C),

Analysis of Schiff Base Intermediates Formed with T. cruzi which is accompanied by a slight shift in the peak maximum
AdoMetDC by Trapping with Cyanoborohydridéhe pu-  toward a lower wavelengtfi.{ax= 332 nm). The wavelength
trescine activator contains two free amino groups that could showing the maximum difference in the presence of saturat-
form a Schiff base with the pyruvate cofactor on the ing putrescine (340 nm) was then used to further characterize
AdoMetDC enzyme. Therefore, putrescine could enhance thethe effects of putrescine concentration on fluorescence
rate of Schiff base formation with AdoMetDC by allowing  (Figure 5D). The data were fitted to eq 1 to determine the
the chemistry to proceed through a gemdiamine intermediatedissociation constankg) for the putrescine ligand (15&
instead of a carbinolamine intermediate. Pyridoxal phosphate20 uM).

(PLP)-dependent enzymes utilize this approach to accelerate To provide additional support for the idea that tke
Schiff base formation with the substrate through the forma- determined from the fluorescence analysis represents ligand
tion of an internal aldimine between PLP and an active site binding, equilibrium binding analysis of radioactive pu-
Lys residue 29—31). To test this hypothesis, either radio- trescine (“C]putrescine) to th&. cruziAdoMetDC enzyme
labeled putrescine or AdoMet was incubated withTheruzi was performed by ultrafiltration (Figure 6). The dissociation
AdoMetDC enzyme (0.43 mM) and the mixture was treated constant measured by this methd¢ & 1804 100uM, n

with sodium cyanoborohydride to reduce any Schiff base = 1.6 & 1.1) is similar to that determined from the
species that was formed. The protein samples were evaluatedluorescence binding assay. These results validate the use
by SDS-PAGE and autoradiography. Radiolabeled AdoMet of the fluorescence assay in assessing putrescine binding.
was readily incorporated onto the protein; however, no Finally, the K4 measured for putrescine binding is signifi-
radioactive putrescine was detected in the protein bandcantly lower than the concentration of putrescif& fu: =
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Ficure 4: Sedimentation equilibrium analysis @f cruzi AdoMetDC. Wild-typeT. cruzi AdoMetDC was analyzed by sedimentation
equilibrium in a Beckman XLI analytical ultracentrifuge in the presence and absence of 10 mM putrescine. A representative data set in the
presence of putrescine is displayed. Dimerization constéjswere determined by global analysis of nine data sets acquired at three
speeds (11 000, 13 000, and 15 000 rpm) and three protein concentrations (4.3, 8.6, arM)1B@ this data set, the fitteldy = 14 uM,

with a 95% confidence limit of 1216 uM.

4.7 mM) required to fully activate the enzyme (Table 2), varies with putrescine concentration. Titration of the fluo-
reflecting a complexity in the kinetic model of activation. rescence emission intensity at 332 nm was used to measure
Putrescine Binding to Human AdoMetDGteady-state  a binding isotherm for putrescin&{ =5 4+ 3 uM). The Ky
kinetic analysis of the human AdoMetDC enzyme at pH 8.0 determined by fluorescence is again similar to that measured
in the presence of the saturating putrescine activator (2 mM) by Scatchard analysis of equilibrium binding of the human
produces &, for AdoMet (70+ 17 uM) and akea (0.7 + AdoMetDC enzyme to'fC]putrescineli{q = 6 + 1 uM, n
0.07 s?1) similar to those previously describe@4j. As = 1.5+ 0.1), validating the fluorescence method for the
previously reported, the overall rate of the human reaction human enzyme. The data demonstrate that the human enzyme
is much faster than that of the parasite enzymé@).( binds putrescine with a higher affinity than the parasite
Comparison of the apparent putrescine activation constantsenzyme; thus, the differences in putrescine concentration
for human andT. cruzi AdoMetDC determined by kinetic  required to activate the two enzymes are also reflected in a
analysis [for humanKm pue = 0.13 mM @4); for T. cruzj difference in affinity. However, as with thE cruzienzyme,
Kmput = 4.7 mM (Table 1)] suggests that putrescine may the Ky for putrescine is significantly lower than théy pu
bind tighter to the human AdoMetDC than to the parasite (0.13 mM) reported for the human enzyme based on kinetic
enzyme. However, kinetic analysis does not allow for the analysis 84). Thus, kinetic analysis of enzyme activation
measurement of a true dissociation constant. Therefore,by putrescine does not provide direct information about
binding of putrescine to the human enzyme was also studiedbinding affinity for putrescine in either the. cruzior human
by fluorescence and by equilibrium binding t&C]pu- enzyme.
trescine. The human enzyme exhibits a smaller change in Site-Directed Mutagenesis of PutatiPutrescine Binding
the fluorescence emission intensity in the presence of theSite Residue#\ number of residues have been identified in
putrescine activator than the cruzi AdoMetDC enzyme, the putrescine binding site of human AdoMetDC [E15, K80,
and instead of a decrease in fluorescence being seen, a174, E178, and E256L0); Figure 1], and several of these
increase is observed (Figure 5E). The maximum fluorescenceresidues have been reported to be required for putrescine
emission intensity difference occurred at 332 nm, and it stimulation of activity [D174, E178, and E2564, 23)]. Of
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Ficure 5: Analysis of putrescine binding 0. cruzi AdoMetDC by intrinsic fluorescence emission. Panel A shows the fluoresc&fce (
emission spectrum of. cruziAdoMetDC (—) and tryptophan-¢-) after excitation at 280 nm. Thiyax for the enzyme is 335 nm, while
the Amax for the tryptophan is 355 nm. Panel B shows the fluorescence emission chahgeufiAdoMetDC (—) upon addition of 10 mM
putrescine {-). Panel C shows the difference spectrum of the intensity in the presence of putrégcaubtfacted from the intensity in
the presence of the same concentration of NaCl as a cofgplThe wavelength with the maximum change is 340 nm. Panel D shows
the dependence &, — F at 340 nm on the putrescine concentration. The data were fitted to eq 1 to Weldfal50 + 20 uM. Errors

are the standard error of the fit. In panel E, the fluoresceRgeefission change of human AdoMetDE-Y upon addition of 1 mM
putrescine {-) is shown. In panel F is shown the analysis of putrescine bindifg touziAdoMetDC D174V. The fluorescence emission
difference Fo — F) is displayed at 340 nm for the titration from 0 to 10 mM putrescine.

these residues, E15, E256, and D174 are conserved in thes the human enzyme in these positions. All four mutant
T. cruzienzyme while E178 and K80 are not (Table 1). To enzymes (E15A, E256A, D174V, and I80K/S178E) were
determine the roles of these residues in the putrescineexpressed normally and were processed to the mature form
activation of the T.cruzi enzyme, these residues were of the enzyme.

mutated. The conserved residues E15 and E256 were The effects of the mutations on putrescine binding and
replaced with Ala, and D174 was mutated to Val, the residue activation were characterized for each. E256A and 180K/
found in this position in plants (Table 1). E178 and K80 S178E bind putrescine with an affinity similar to that of the
form a salt bridge in the human enzyme. These residues arewild-type enzyme, as measured by the fluorescence binding
neutral residues in th€. cruzienzyme (180 and S178). The assay, while E15A binds with a 10-fold higher affinity (Table
double mutant I80K/S178E was constructed in Theruzi 2). I80K/S178E is activated by putrescine to the same extent
enzyme to create an enzyme that contained the same residuess wild-typeT. cruziAdoMetDC (Table 2). However, E15A
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Table 2: Summary of Putrescine Binding and Kinetic Analysis of Wild-Type and Mdtantuzi AdoMetDC*

0mM 45 mM
pUtreSCine deur(Fl) Km.AdoMet kcat Km.AdoMetPUt atput Km.pul kca{Km (PUt)lkca{Km
enzyme (uM) (mM) (s (mM) (s (mM) (no Put)
wild type 150+ 10 0.6640.170 0.018£ 0.002 0.28+ 0.06 0.089+ 0.007 4.7£2.2 11
E15A 8+4 0.96+0.12 0.033£ 0.002 0.81+0.16 0.047+ 0.005 7.9 45 2
E256A 120+ 10 2.7£0.9 0.026+ 0.007 2.0+ 0.08 0.079£ 0.002 2.0+ 0.6 4
I80K/S178E 220+ 80 4.0+ 05 0.069+ 0.008 1.0+ 0.08 0.21+ 0.009 9.0+2.4 12
D174V nd 0.73£ 0.05 0.029+ 0.001 2.0:0.4 0.0644 0.009 nd 0.8

aKPU(FI) is the binding constant measured for putrescine by fluorescence as described in the legend of Riguievsi"t andke "t are the
steady-state parameters for AdoMet in the presence of 45 mM putrescinKgnds the apparent Michaelis constant for putrescine collected at
0.3 mM AdoMet. nd, not detected. Errors are the standard error of the fit.

0.40 While putrescine stimulates the activity of the cruzi
c 03l enzyme, the data presented in this paper demonstrate that it
© has no role in proenzyme processing. Analysis of the amino
g 0.30 acid sequences of the AdoMetDC enzymes from these
& . various species provides clues about the involvement of
8 ¥ . different residues in the binding and activation process,
2 02 therefore shedding light upon the physical basis of these
§ ¢ responses. The residues making up the central core of the
£ 07 putrescine binding site of the human AdoMetDC enzyme
_g- 010 4 contain several significant differences among enzymes from
g different species (Figure 1 and Table 1). Our data suggest
8 0051 that the substitution of an Arg residue for Leu at position

0.00 ‘ ‘ . ‘ ‘ ‘ ‘ 13 eliminates a role for putrescine in the proenzyme

0 50 100 150 200 250 300 350 processing reaction of the cruzienzyme, while the residue
free putrescine, uM at pqsition 174 determines if putrescine stimulates enzyme

FiGure 6: Scatchard analysis of radiolabeled putrescine binding. activity. . . . .
Equilibrium binding analysis of fC]putrescine withT. cruzi The residue at position 13 is Leu in the human enzyme
AdoMetDC was performed. The free ligand was separated by and Arg in theT. cruziand plant enzymes. This residue is
ultrafiltration. Data were fitted to eq 2 to determin&gof 94 + within 3.4 A of the putrescine binding site in the human

19uM (n = 0.5) for this data set, where the errors are the standard odoMetDC structure10). Mutation of R13 to Leu in thé.
ﬁ;ﬂ%@f’;ﬁgeﬂflﬁ' ar/gfag)épsggrenrgtg";gswfrgegé?grr;hlg‘;;'a%%piendentcruzi enzyme renders the enzyme unable to process to the
100uM, n= 1.6 % 1.1), where the error is the standard deviation Mature form, in either the presence or absence of putrescine.
of the mean. These data suggest that the presence of the positive charge
at this position may mimic the positive charge of the
and E256A were activated to a lesser extent than the wild- putrescine molecule. ThUS, this amino acid Change is a key
type enzyme; th&.{Kn increased by 2- and 4-fold for ELI5A  structural difference in the parasitic and plant enzymes that
and E256A, respectively, in comparison to 11-fold for the may underlie the finding that putrescine no longer plays a
wild-type enzyme (Table 2). Thus, while these mutations role in the proenzyme activation process. The requirement
do not disrupt putrescine binding, these residues do playfor putrescine in the processing reaction for the human
some role in the mechanism of activation. enzyme is not however as strict as the requirement for R13
In contrast to these reSUltS, the fluorescence emiSSionin theT. Cruzienzyme_ The human enzyme is processed in
spectrum of the D174V mutant enzyme does not Change aSthe absence of putrescine, just at a slower r&'@ (|n
putrescine is titrated into the enzyme mixture over a broad addition, the processing of tiié crassaenzyme, which also
concentration range of 0.620 mM putrescine (Figure 5F).  has a Leu at position 13, is not stimulated by putresci® (
Further, the D174V mutant is not activated by putrescine; Thys, R13 in thd. cruzienzyme is likely to have additional
thekeafKm is unchanged in the presence of 45 mM putrescine fynctional roles in the processing reaction beyond the role
(Table 2). These results demonstrate that the D174V mutantof putrescine in the human enzyme, and additional structural
T. cruzienzyme no longer binds putrescine, consistent with differences between the enzymes may also be required to
a role for D174 in forming a direct interaction with the  fy|ly manifest these functions.
positive charge of the putrescine. Thus, D174 is the one |psight into the mechanism by which putrescine stimulates
residue that plays a common role in putrescine binding enzyme activity in the. cruzienzyme can also be obtained
between the mammalian and parasitic enzymes. by comparative analysis. D174 is conserved in the human
and T. cruzienzymes but is substituted with a Val in the
DISCUSSION plant enzymes (Table 1). THe cruzimutant enzyme D174V
The role of putrescine in AdoMetDC processing and no loner binds putrescine, nor is it activated by putrescine.
enzyme activity differs among the enzymes from different A similar result was reported for the activation of the mutant
species. For the human enzyme, putrescine stimulates botthuman enzyme D174V, though direct analysis of putrescine
processing and enzyme activity, while for the plant enzymes, binding was not undertakeri4). Thus, the plant enzymes
putrescine plays no role in either process 14, 18, 34). that contain Val at position 174 and Arg at position 13 would
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not be expected to bind putrescine, consistent with the are also consistent with a more exterior binding site for
observation that neither processing nor enzyme activity is putrescine in thd. cruzienzyme. Finally, the substitution
affected by putrescine. The enzyme froRlasmodium of W17 with lle, and F111 with Ser in thE. cruzienzyme,
falciparumalso lacks D174, and consistent with this struc- could provide space for the putrescine binding site to be
tural change, the activity of this enzyme is not activated by accommodated in this location.
putrescine Z2). We have used the differences in the activation of the
The fact that putrescine cannot substitute for the absencehuman and parasite AdoMetDC enzymes to elucidate features
of the positive charge in the R13L mutant processing reaction of the putrescine binding site on tfe cruzienzyme. Our
suggests that the diamine does not have the same bindinglata suggest that positions 13 and 174 are key determinants
mode on the parasite enzyme as observed for the humarin the activation of processing and enzyme activity by
enzyme. Inspection of the putrescine binding site in the putrescine. The parasite enzyme does not require putrescine
human structure provides additional support for this inter- to activate the processing reaction but instead Arg-13 is a
pretation (Figure 1). The positive charge on R13 would be major structural determinant required in the processing
expected to have an unfavorable electrostatic interaction withreaciton. D174 plays a role in binding putrescine in both
putrescine if it were bound in the same site as observed forthe human and'. cruzienzymes; however, the putrescine
the human enzyme. In addition, the presence of the largerbinding site is likely to only be partially overlapping between
side chains of R13, Q176, and M113 in the binding site the two structures.
would also provide a likely steric block to ligand binding at
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