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ABSTRACT. S‘Adenosylmethionine decarboxylase belongs to a small class of amino acid decarboxylases
that use a covalently bound pyruvate as a prosthetic group. It is an essential enzyme for polyamine
biosynthesis and provides an important target for the design of anti-parasitic and cancer chemotherapeutic
agents. We have determined the structureS-aflenosylmethionine decarboxylase complexed with the
competitive inhibitors methylglyoxal bis(guanylhydrazone) and 4-amidinoindan-1‘esr@i@inohydrazone

as well as the irreversible inhibitors-8eoxy-5-[N-methylN-[(2-aminooxy)ethyllamino]adenosine;-5
deoxy-3-[N-methyl-N-(3-hydrazinopropyl)aminoladenosine, and the methyl ester analog8adéno-
sylmethionine. These structures elucidate residues important for substrate binding and show how those
residues interact with both covalently and noncovalently bound inhibitB/&denosylmethionine
decarboxylase has a four-layefifa sandwich fold with residues from boitsheets contributing to
substrate and inhibitor binding. The side chains of conserved residues Phe7, Phe223, and Glu247 and the
backbone carbonyl of Leu65 play important roles in binding and positioning the ligands. The catalytically
important residues Cys82, Ser229, and His243 are positioned near the methionyl group of the substrate.
One molecule of putrescine per monomer is observed between thg-sheets but far away from the

active site. The activating effects of putrescine may be due to conformational changes in the enzyme, to
electrostatic effects, or both. The adenosyl moiety of the bound ligand is observed in the unusual syn
conformation. The five structures reported here provide a framework for interpretatiSaagnosyl-
methionine decarboxylase inhibition data and suggest strategies for the development of more potent and
more specific inhibitors o&adenosylmethionine decarboxylase.

S-Adenosylmethionine decarboxylase (AdoMetDG$ AdoMetDC is very tightly regulated in mammalian cells, and
essential for the biosynthesis of polyamines and provides athe supply of dcAdoMet is linked to the need for polyamine
key branch point in the metabolism fadenosylmethionine  synthesis with only £2% of the AdoMet pool being in the
(AdoMet) (1, 2). After decarboxylation to form decarboxy- form of the decarboxylated derivativé,(3).
lated S-adenosylmethionine (dcAdoMet), the aminopropyl ~ AdoMetDC is one of a small class of decarboxylating
group of dcAdoMet is transferred either onto putrescine in enzymes that use a covalently bound pyruvate as a prosthetic
the synthesis of spermidine or onto spermidine in the syn- group rather than the more generally employed pyridoxal
thesis of spermine. Apart from acetylation, which is revers- phosphate4, 5. The generally accepted mechanism for the
ible by an unknown deacetylase, the only metabolic reactionsdecarboxylation reaction is depicted in Scheme 1. Both
requiring dcAdoMet are those catalyzed by the aminopro- pyruvate and pyridoxal phosphate function by forming a
pyltransferases responsible for the formation of polyamines. Schiff base with the amino acid substrate, thus facilitating
cleavage of thex-carboxylate group and release of carbon
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dioxide. Reprotonation of the-carbon of the productisthen to MGBG might avoid this problem9( 10. Several
necessary to allow Schiff base hydrolysis and release of thecompounds with improved properties were obtain2dl, (
product. Although the molecular basis of the mechanism of 22), including 4-amidinoindan-1-one€-amidinohydrazone
AdoMetDC is not understood in any detail, studies with site- (CGP48664A) which has been the subject of clinical trials
directed mutagenesis of the totally conserved Cys82 usingas a cancer therapeutic age28,24.
either the human@) or the T. cruzi enzyme {) have

implicated this residue as a critical acid/base in the reaction NH H NH H
; N N. _NH > N NH,
mechanism. HZNJ\N Sy e HZNJ\CS%\N \fr\]l/H

There is good evidence that the enzymes of polyamine H  CH, NH
biosynthesis in general, and AdoMetDC in particular, may
be useful targets for the design of therapeutic agents. MGBG CGP48664A
Inhibitors of polyamine metabolism have been shown to have
potential in chemotherapy and chemoprevention of cancerMechanism-based approaches to the design of AdoMetDC
(8—10). Furthermore, certain protozoan parasites have beeninhibitors have also led to potential inhibitors. Several
shown to be highly sensitive to compounds interfering with compounds have been proposed as enzyme-activated ir-
polyamine biosynthesis including AdoMetDC inhibitors reversible inhibitors of AdoMetDC, including-(5'-deoxy-
(11-14). This sensitivity may relate to the need for 5'-adenosyl)-1-ammonio-4-(methylsulfonio)-2-cyclopen-
polyamines, a requirement for trypanothione, which is formed tene (AdoMac) 25) and 3-{[(Z)-4-amino-2-butenyl]methyl-
from spermidine, and/or to the perturbation of AdoMet and aming-5-deoxyadenosine (AbeAdo)2§). AbeAdo was
methionine metabolism. AdoMetDC cDNAs have now been conceived with the idea that the enzyme would act to
cloned and expressed from a variety of parasites that causelecarboxylate it and generate a reactive species that would
serious and widespread human diseases inclutiipgano- then attack a nucleophilic residue at the active s&@).(
soma brucei Trypanosoma cruz{15), and Plasmodium AbeAdo is an excellent inhibitor; however, its inactivation
falciparum(16). An understanding of these enzyme structures of the human AdoMetDC is through the transamination of
and the nature of substrate and inhibitor binding to human the bound pyruvate, which converts to alanine resulting in
and parasite AdoMetDCs would aid in the design of irreversible inactivation4s8).
improved inhibitors. Other compounds that can react irreversibly at the active

Several approaches to the design of potent and specificsite by virtue of their ability to form a Schiff base with the
inhibitors of AdoMetDC have been taked7). The first pyruvate prosthetic group have been produ@&] 80. These
approach resulted from the discovery nearly 30 years agocompounds are close analogues of the dcAdoMet reaction
that methylglyoxal bis(guanylhydrazone) (MGBG), which product, allowing binding in the correct orientation at the
had been shown to have potential as an antineoplastic agentactive site but containing a carbonyl-reactive end group in
was a powerful inhibitor of mammalian AdoMetDQ@8). the 3-side chain. Their mechanism of action has been
Many closely related compounds such as the diethyl analogueconfirmed by the identification of a peptide from tryptic
were also found to be inhibitors of similar or slightly greater digests of human AdoMetDC in which the pyruvate is linked
potency (9), and the strong binding of MGBG to AdoMet- in a hydrazone bond to-sleoxy-3-[N-methyl-N-(3-hydrazi-
DC was exploited for the affinity purification of the enzyme nopropyl)aminoladenosine (MHZPARS).
(20). Although the underlying reason for the inhibition was At present, only one AdoMetDC crystal structure is
unknown, a program of systematic modifications of the available, that of the human enzynfl). This structure at
MGBG structure was undertaken to attempt to produce more 2.25 A did not contain bound substrate or inhibitor. Although
potent inhibitors. In addition, MGBG caused acute toxicity, the active site is accurately located by the position of the
apparently due to antimitochondrial effects unrelated to its pyruvate in the structure and those residues that are
effect on AdoMetDC, and it was hoped that modifications positioned in the active site cleft can be identified, only a
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limited amount of information on the reaction mechanism with 60 mM imidazole, 20 mM Ng& Oy, pH 7.4, 500 mM

is provided by this structure. In the present work, we have NaCl, 2.5 mM putrescine, and 0.02% Brij-35 and then
obtained multiple structures of human AdoMetDC bound to dialyzed into 10 mM Tris, pH 7.5, 2.5 mM putrescine, 5
substrate analogues and inhibitors. These include a non-mM DTT, 0.1 mM ethylenediaminetetraacetic acid (EDTA),
cleavable substrate analogue, MeAdoMet, two covalently 0.02% Brij-35, and 300 mM NaCl. The enzyme was
linked inhibitors, 5-deoxy-3-[N-methyl-N-[(2-aminooxy)- concentrated, frozen, and stored-a80 °C until used in
ethyllamino]ladenosine (MAOEA) and MHZPA, and two crystallization experiments.

reversible inhibitors, MGBG and CGP48664A. These struc-  Purification of the selenomethionine-labeled enzyme was
tures show clearly the importance of two phenylalanine similar to the native enzyme. The cells were first grown in
residues (Phe7 and Phe223) in the interaction with substratesan overnight culture in M9 minimal media supplemented
and inhibitors. Site-directed mutagenesis experiments, whichwith all the amino acids. Prior to dilution, cells were
are consistent with this interaction, are also presented. Theséharvested and washed with M9 minimal media and then
experiments provide a structural understanding of the resuspended in M9 minimal media supplemented with all
AdoMetDC reaction and insight for the development of the amino acids except methionine, which was replaced with

improved inhibitors.

EXPERIMENTAL PROCEDURES

Materials. The T7-coupled transcription and translation
(TNT) kit was purchased from Promega (Madison, WI). The

50 ug/mL selenomethionine. Then 1 mM IPTG was added,
and the cells were grown for an additional 24 h. Purification
was identical to the native AdoMetDC purification.
Crystallization.All complexes were prepared with wild-
type AdoMetDC except for the complex with CGP48664A,
in which case selenomethionyl-AdoMetDC was used. Puri-
fied enzyme was thawed on ice and then transferred into
200 mM NaCl, 10 mMN-(2-hydroxyethyl)piperazinéy¥-2-
ethanesulfonic acid (HEPES), and 1.0 mM dithiothreitol
(DTT) with Amicon microcon centrifugal concentrators.
Concentrated enzyme (10 mg/mL) was incubated with a
2—5-fold molar excess of MHZPA, MAOEA, or MeAdoMet
for 24 h or longer prior to crystallization. The enzyme was

Chameleon double-stranded site-directed mutagenesis kit wasised immediately for crystallization in the case of MGBG
obtained from Stratagene (La Jolla, CA). The Talon metal at 0.2 uM concentration and CGP48664A a 2 mM

affinity resin and Ligation Express kit were products of
Clontech (Palo Alto, CA). The pQE30 vector was from

concentration. Crystals were grown by the hanging drop
method in 16-20% poly(ethylene glycol) (PEG) average

Qiagen (Valencia, CA). The restriction enzymes used were molecular weight 8000 (w/w), 100 mM tris(hydroxymethyl)-

from Gibco BRL (Gaithersburg, MD), Promega, and New
England BioLabs (Beverly, MA). Sequenase V 2.0 DNA
polymerase was from Amersham (Arlington Heights, IL).
Human AdoMetDC cDNA was subcloned into the pGEM3Zf
vector to form pCM9 82) and into the pQE30 vector to form
pHIS-SAM (33). [“COOH]AdoMet was from Amersham.
MGBG was purchased from Aldrich. CGP28864 was a
generous gift from Dr. H. Mett, Novartis. MAOEA, MHZPA,
and MeAdoMet were synthesized.

Enzyme Expression and PurificatioddoMetDC was
purified by the protocol described by Ekstrom et &1)(
The human AdoMetDC is in a pQE30 vector adding an
N-terminal six-histidine tag and replacing the N-terminal
methionine with (MRGS(Hig}5S). A small overnight culture
of the AdoMetDC expressing JM1@ colicells was grown
in Luria—Bertain (LB) media with 10Q«g/mL ampicillin.
Larger cultures of LB media and 10@/mL ampicillin were
then inoculated with a 1:100 dilution (v/v) of the overnight
culture. Cells were grown at 3T until Abseo reached 0.4,
after which 1 mM isopropylthigg-p-galactoside (IPTG) was

aminomethane (Tris-HCI), pH 8.0, and 10 mM DTT.
Crystallization was carried out at 18C except for the
CGP48664A complex, which was grown atf@. Crystals
grew over a period of a few days, but deteriorated if kept
longer than 2-3 weeks.

Data Collection and Processindlata for the MGBG
complex were collected on a Bruker CCD detector with Cu
Ka radiation at 18C using a capillary-mounted crystal. Data
for the CGP48864A, MAOEA, MHZPA, and MeAdoMet
complexes were measured using synchrotron radiation and
crystals that had been frozen in liquid nitrogen prior to data
collection. Crystal quality was strongly dependent on the
transfer procedure into the cryoprotectant. Crystals were
sequentially transferred into 2, 5, 8, 10, 15, and finally 18%
glycerol, 17% PEG 8000 (w/w), 25 mM Tris-HCI, pH 8.0,
and 200 mM NaCl with approximately 2 min equilibration
time at each step. The MHZPA, CGP48864A, and MeAdoM-
et complex data sets were measured at CHESS on beam lines
A-1 and F-2 using an ADSC Quantum 4 CCD detector. Data
for the MAOEA complex were measured at the Advanced

added and cells were grown for an additional 4 h. Cells were Photon Source at Argonne National labs on the COM-CAT
harvested by centrifugation, resuspended in wash buffer (10beam line using a MAR CCD detector.

mM imidazole, 20 mM NgPO,, pH 7.4, 500 mM NacCl, 2.5
mM putrescine, and 0.02% Brij-35) with 1 mg/mL lysozyme,

The data from CHESS were indexed with the DPS
indexing routine 84, 395 and integrated and scaled with

and then lysed by sonication or french press. Cellular debrisMOSFLM and SCALA from the CCP4 suite of processing

was removed by centrifugation at 20@Pfor 30 min.

programs 86). Data from the Bruker CCD detector were

The crude cell extract was loaded on a Talon metal affinity processed with the accompanying program SAINT. Data
resin that had been preequilibrated with wash buffer. The from COM-CAT were processed using the DENZO/

column was washed until the Afs reached the baseline,
typically 5—10 column volumes. The enzyme was eluted

SCALEPACK data processing progran3s), Data collection
statistics are summarized in Table 1.
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Table 1: Data Collection Statistics for the Five AdoMetDC Complexes

MAOEA MHZPA MeAdoMet MGBG CGP48664A
space group Cc2 Cc2 Cc2 C2 P2
resolution (A} 2.0(2.07) 2.0(2.15) 1.9(2.01) 2.4(2.49) 2.24(2.39)
cell dimensions a=100.5A a=100.3 A a=100.0 A a=97.1A a=739A

b=750.8A b=50.8 A b=51.2A b=455A b=557A

c=68.9A c=68.6 A c=68.5A c=721A c=96.1A

f=105.3 f=105.3 f=105.2 f=105.2 f=110.%
reflections 310436 78987 94520 30563 86417
unique 23342 21309 26560 7718 34984
redundancy 13.2 3.7 35 3.9 25
completeness(%) 99.2(93.0) 95.7(95.3) 99.6(99.8) 63.7(37.8) 98.4(98.1)
Rsym(%} 9.2(22.7) 9.8(25.0) 8.1(36.4) 6.5(8.4) 6.7(19.6)
I/o® 16.3(10.3) 5.3(1.4) 7.6(2.2) 8.17(2.0) 4.3(3.2)

aThe numbers in parentheses represent the low-resolution limits for the high-resolutiohNimsbers in parentheses represent statistics for
the highest resolution bins.

Table 2: Refinement Statistics for the Five AdoMetDC Complexes

MAOEA MHZPA MeAdoMet MGBG CGP48664A
resolution (A) 28-2.0 25-2.0 2719 41-2.4 29-2.24
R-factor 0.201 0.212 0.204 0.176 0.242
R-freet 0.232 0.256 0.240 0.250 0.294
no. of non-H atoms
protein 2533 2533 2522 2576 4936
ligand 30 31 34 19 46
water 251 160 185 66 243
B-factors (&) 23.9 23.0 24.7 23.3 19.3
protein (A2) 22.9 22.5 24.2 23.1 19.0
ligand (4?) 34.2 35.8 27.9 26.8 22.0
putrescine (&) 134 154 18.1 7.3 3.0
waters (&) 33.7 30.1 31.0 30.1 25.0
rms deviations
bonds (A) 0.007 0.006 0.007 0.009 0.019
angles (deg) 1.36 1.32 1.34 1.35 2.28
dihedrals (deg) 255 255 25.4 25.0 25.

2 The R-factor andR-free were calculated relative & for the synchrotron data and relative Eofor the rotating anode data (MGBG).

Structure Determination and Refinemehie structure of  cut with these enzymes and ligated into pQE30. The Phe223
the C2 crystal form of AdoMetDC was determined by mutant was subcloned into the pQE vector by digesting the
molecular replacement using CNS version 136)( Model mutant pCM9 plasmid witlBglll and Sal and ligating the
refinement and automated water addition were also ac-resulting 1 kb fragment into the 3.5 kb fragment from pHIS-
complished within CNS39, 40. Model building was done ~ SAM cut with the same enzymes. All of the plasmids were
with the program O41). The ligand molecules were located checked by sequencing the entire coding region to ensure
using composite annealing omit maps based on the approprithat no other mutations were present.
ate refined AdoMetDC structure. Parameter and topology Assay of AdoMetDC Proenzyme Processing and AdoMet-
files were generated from models built into the density and DC Activity. To measure the rate of processing of the
then edited to enforce appropriate structural constraints usingAdoMetDC proenzyme, the wild-type and mutant AdoMet-
modified Engh and Huber4@) parameters. A putrescine DC proteins were synthesized in TNT reactions from the
molecule was clearly visible in the electron densities for all pCM9 plasmid, and the rate of formation of the 31 kDa
complexes and was added to the models based on the positiosubunit was measured as described eardidy. (To measure
of putrescine in the 1.5 A H243A AdoMetDC structuds). AdoMetDC activity and response to inhibitors, the his-tagged
Refinement statistics for the five complexes are summarizedhuman wild-type and mutant AdoMetDC proteins were
in Table 2. expressed inE. coli from the pHIS-SAM plasmid and

Mutagenesis and Plasmid Constructid®oint mutations purified using Talon metal affinity columns as describ&d (
to form mutants F7A and F223A were made in the pCM9 The activity assay measured the ability to convEE@DOH]-
vector using the Chameleon mutagenesis kit following AdoMet to 1*CO, and dcAdoMet 44) in a 15 min assay
manufacturer's recommendations and usingNdd site for period. Concentrations of AdoMet ranging from 0.05 to 80
mutant selection. The primers used wer&G CCCTTCG- mM were used in a medium containing 50 mM sodium
GCAAAATGTGCAG-3 for F7TA and 5CCCACAAG- phosphate buffer, pH 6.8, 1.25 mM DTT, and 1 mM
GATTGGCCATTGTGGCATC-3 for F223A. The Phe7  putrescine.
mutant cDNA sequence was subcloned into the pQE30 vector Assays were conducted under conditions where less than
using theBanHI| and Sal sites. A PCR reaction with the  10% of the substrate was utilized and there was a linear rate
mutant pCM9 as template and primers G CTAGTCT- of CO, production with time. The substrate concentrations
CACGGGATCCGAAGCTGC-3and 3-ATTTAGGTGA- used were varied over the range 010 times theK,, and
CACTATAG-3 was used to generate a product which was the exact concentrations and specific radioactivity used and
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Ficure 1: S-Adenosylmethionine decarboxylase monomer rib- o ] )
bon diagram Showing the bound MeAdoMet and putrescine FIGURE 2: Schematic view of the active site of AdoMetDC. The

molecules. Thg-chain is colored yellow, and thechain is colored ~ ligand shown is AdoMet based on the structure of MeAdoMet
red. Figures were generated with BOBSCRIP34,(55 and bound to AdoMetDC. Residues that are known to be important for
RASTER3D £6). binding or catalysis and that are also near ligands in the three-

dimensional structures are shown. Hydrogen bonds are shown as
dashed lines. Cys82, Ser229, and His243 are near the substrate,

the amount of protein employed varied according to the "0 specific interactions are observed.

respective mutants. Sufficient protein was added to ensure
that the radioactivity reporded Was'alv_vqy_s more than 4 times o niacts (Figure 2). As predicted earligd), the active site

the background. Studies of the inhibition of AdoMetDC g |ocated in a cleft that contains a cluster of highly conserved
decarboxylase activity by MGBG and by CGP48664A were 4ming acid residues. The ligands used for the five complexes
carried _out by using various concentrations of the inhibitors reported here can be divided into two groups. One group
as previously describe@2, 23 at the AdoMetK,, substrate consists of MAOEA, MHZPA, and MeAdoMet, which are

concentration. substrate analogues. Each contains an adenine base, a ribosyl
group, and a Bsubstitutent that is analogous to thé 5
RESULTS AND DISCUSSION methionyl group of the natural substrate. The other group
Overall Structure of AdoMetDCAdoMetDC is a (). consists of MGBG and CGP48664A, which are diamidines
dimer in which each monomer is a four-layg8fa sandwich ~ and competitive inhibitors of AdoMetDC.
(Figure 1). Each of the twg-sheets is composed of eight The substrate analogues, MAOEA, MHZPA, and
antiparallel -strands. The initial structure determination MeAdoMet, each form the expected Schiff base with the
revealed that these two sheets have the same topology angyruvoyl group (Figure 3). The pyruvoyl group is in the most
that the ¢5) monomer probably arose from a gene duplica- buried region of the active site and is highly shielded from
tion event 81). The a- and -subunits § denoting the the solvent interface. Each of these three ligands contains a
smaller subunit by convention) within each monomer are four or five-atom linker that joins the ribosyl4position to
formed by an internal cleavage reaction that also forms the the pyruvoyl group through a=€N Schiff base linkage. Each
pyruvoyl cofactor. The pyruvoyl group is located in the linker is in a mostly extended conformation but shows some
N-terminal-sheet (position 68), but boffsheets participate  variation as a result of the chemical differences among the
in substrate binding and catalysis. The active site falls at three linker groups. Only MeAdoMet contains a carboxylate
the edges of the twg-sheets far away from the dimer group, which is located in a pocket consisting of Phe7,
interface. Putrescine, which activates both the internal Cys49, Leu65, Glu67, Thr81, Cys82, Thr85, and the adenine
cleavage reaction and decarboxylation, is found buried base of the substrate, AdoMet. Three residues, Cys82,
between the twg-sheets, approximately 320 A from the Ser229, and His243, that are known to be important for either
active site. the processing or the decarboxylation reacti®i) (are
The tertiary fold of AdoMetDC is different from the other located near the'8inker. His243 is near the pyruvoyl group,
pyruvoyl-dependent amino acid decarboxylases of known and Ser229 is adjacent to His243 and also near the scissile
structure Lactobacillus 30aistidine decarboxylasd$) and carboxylate group and the pyruvoyl group. Interestingly, no
E. coli aspartate decarboxylas#6]. AdoMetDC also has a  negatively charged residue is located near the sulfonium
unique fold compared to the entire collection of three- group even though biochemical studies demonstrate that
dimensional structures. It differs from other lafggsandwich ligands that lack this positive charge do not act as substrates
structures in that there is only one covalent link between or inhibitors @8, 49.
the two sheets. Thus, the tybsheets behave as indepen-  The ribosyl group is located near the active site entrance.
dently folded domains that can move with respect to each The side chain of Glu247, which is absolutely conserved in
other. In contrast, the lectin family gFsandwich structures  eukaryotic AdoMetDCs, forms two hydrogen bonds with the
have multiple crossovers between the two sheets creating aibosyl group. One carboxylate oxygen atom forms a
more rigid structural unit overall4(). hydrogen bond with the'zhydoxyl group, and the other
Description of the Actie Site of AdoMetDCThe structures  carboxylate oxygen atom forms a hydrogen bond with the
of five AdoMetDC complexes define the key active site 3'-hydoxyl group. The 2hydroxyl group is slightly more
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A

Ficure 3: Stereoviews of the AdoMetDC complexes. (A) AdoMetDC/MeAdoMet with electron density contoured ate).&doMetDC/
MAOEA with electron density contoured at £.0(C) AdoMetDC/MHPZA with electron density contoured at®.For each complex, the
side chain atoms in the active site are explicitly drawn. The pyruvoyl group is colored cyan, and backbone atomsdbathéN-terminus
and thefS-chain C-terminus are also explicitly drawn. Hydrogen bonds are shown in yellow, and electron density is in red.

exposed than the'Biydroxyl group and in the case of conformation with glycosidic torsion angles ranging from
MAOEA hydrogen-bonds to a well-ordered water molecule. 128 to 139. Binding in the syn conformation places the
The hydrophobic face of the ribosyl group is covered in part adenine ring back over the ribosyl group with the adenine
by Phe7, which also contacts the adenine base. Thr245 isN3 atom close to the ribosylfposition. The six-membered
located nearest the ribose but does not appear to form specifiaing is positioned toward the deepest part of the active site
interactions with any ligand atom. Each ribosyl group is and further shields the scissile carboxylate group from the
bound in the C2endo conformation. The positions of the active site entrance. The purine five-membered ring points
ribose in each of the AdoMet analogue complexes are very outward toward the solvent with the N7 and C8 positions
similar with coordinates essentially superimposable. most exposed. The purine ring is sandwiched between Phe7
The adenine base joins the ribose in an unusual synand Phe223, which provide stabilizing packing interactions.
conformation. All three AdoMetDC analogues bind in this The adenine has a slightly different tilt in the MAOEA and
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Ficure 4: Stereoviews of the AdoMetDC complexes. (A) AdoMetDC/MGBG with electron density contouredcat(B)0AdoMetDC/
CGP48664A with electron density contoured at 1.1Side chain atoms in the active site are explicitly drawn. The pyruvoyl group is in
cyan, and backbone atoms for thechain N-terminus and thg-chain C-terminus are also explicitly drawn. Hydrogen bonds are shown in
yellow, and electron density is in red.

MHZPA complexes relative to the MeAdoMet complex, conserved Glu247. These hydrogen bonds are analogous to
which is evident in the interactions between the adenine N6 the hydrogen bonds formed between the AdoMet ribosyl
amino groups of the three ligands and the surrounding proteinhydroxyl groups and Glu247. The second amidine group of
atoms. In the MAOEA and MHZPA complexes, the amino each diamidine inhibitor forms hydrogen bonds with the side
group donates a hydrogen bond to the side chain of Ser66chain of Ser229 and the main chain carbonyl of Leu65. This
while in MeAdoMet the amino group donates a hydrogen region is distinctly different from the region occupied by
bond to the terminal carboxylate of tffechain (residue 67). the 6-amino group of AdoMet. In both MGBG and
The difference in hydrogen bonding patterns corresponds toCGP48664A, the linker between the two amidine groups
slight differences in the position of the adenine ring relative stretches out across the entrance of the active site. The
to Phe223 and Phe7. In addition, in the MeAdoMet complex spacers are sandwiched between Phe7 and Phe223, which
there is a hydrogen bond between the side chain carboxylatein the AdoMet analogues provides stabilizing stacking
of Glu67 and the main chain nitrogen of Thr84 while in the interactions with the adenine ring. For the diamidines, either
MAOEA and MHZPA complexes this hydrogen bond does a longer or a shorter linker would lead to less optimal
not exist. The conformational difference may be due in part interactions.
to the presence of the methyl ester, which sits in a pocket Role of Phe7 and Phe223 in Complex Formatidine
near the terminus of th@g-chain. TheB-factors for the structures of AdoMetDC complexes indicate that inter-
adenine base are lower in the MeAdoMet complex than thoseactions with the phenyl groups of Phe7 and Phe223 are likely
of the adenine bases in either the MOAEA or the MHZPA to be important for substrate binding. These residues, which
complex. are fully conserved in all known Class 2 AdoMetDCs,
Structures of AdoMetDC/MGBG and AdoMetDC/ were changed individually to alanine by site-directed mu-
GCP48664A.The two diamidine inhibitors, MGBG and tagenesis. These alterations had no significant effect on the
CGP48664A, bind in a similar manner at the entrance of processing of the AdoMetDC proenzyme (results not shown).
the AdoMetDC active site (Figure 4). The two inhibitors have However, the processed enzyme was considerably less active
similar functional features; however, CGP48664A contains than wild-type AdoMetDC with a 43-fold reduction in the
a more rigid bicyclic core. For both complexes, one amidine specificity constantk./Kn,) for mutant F7A and a 1400-
group interacts through two hydrogen bonds with the highly fold reduction for mutant F223A (Table 3). The greatest
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Table 3: Kinetic Properties of Human AdoMetDC and Mutants
F7A and F223A

Biochemistry, Vol. 40, No. 32, 2000491

CGP48664A (Figure 4B). The distance between the carbonyl
of Leu65 and the amidine group of MGBG/CGP48664A,

2.6 A, corresponds to a stronger hydrogen bond than is

IC IC . :
o Y observed in the product analogues. These observations may

KealKm Keat Km MGBG? CGP48664A

protein  (sIMY) (s (MM)  (uM) (nM) explain the small but significant difference in the binding
wild type 2385 031 013 0.4 0.23 of MAOEA and MHZPA.

F7A 55 0.06 1.1 22 250 Catalytic Mechanism of AdoMetDCThe MeAdoMet
F223A 1.7 002 120 62 5000

complex traps the AdoMet analogue as a covalent adduct to
aThe kinetics of inhibition of activity were complex and were not the pyruvate and places the ester close to Cys82. The free
;tri_ct!y competitive. Therefor'e, re_s_ults are shown as the amount of end of the molecule is fixed by the hydrogen bonds between
inhibitor needed to get 50% inhibition. the ribose hydroxyls and Glu247, the hydrogen bond between
the terminal carboxylate group gfchain residue Glu67 and
effect was on thé&,, for AdoMet, which was increased 8.5- the adenine nitrogen, and the aromatic interactions between
fold for F7A and 92-fold for F223A, but thie..; values were the adenine base and the side chains of Phe7 and Phe223.
also affected, decreasing by 5-fold for F7A and 15-fold for Elements involved in the binding of the substrate analogue
F223A. originate from both halves of thg-sandwich within each
The structures of AdoMetDC complexed with MGBG and monomer, with Phe223 and Glu247 on one half of the
CGP48664A suggest that these phenylalanine residuess-sandwich and Phe7, Glu67, and the pyruvate on the other
represent an important site of interaction with these inhibitors half. In the complex, Cys82 is located 3.6 A from the
as well. Consistent with this hypothesis, the F7A and F223A o-carbon of the substrate analogue, making it the closest
mutants were considerably less sensitive to inhibition by residue capable of protonating the decarboxyated Schiff base
MGBG and CGP48664A (Table 3). This effect was particu- intermediate and regenerating the pyruvate during normal
larly marked with CGP48664A, for which there was an 1100- catalysis. These results are therefore in agreement with the
fold decrease in sensitivity for the F7A mutant and a 22 000- suggestion that Cys82 may act as the required proton donor
fold decrease for the F223A mutant. The values for MGBG in the human AdoMetDC reactio®); His243, which is 0.9
increased by 55-fold and 155-fold for F7A and F223A, A further from the Schiff base intermediate, could potentially
respectively. This is also consistent with the AdoMet serve this role at a lower frequency and may account for the
analogue structures in which the adenine base is positionedower rate of turnover, and higher rate of improper proto-
more closely to Phe223 with a correspondingly larger dipolar nation and subsequent transamination in the C82A mutant
interaction between the aromatic rings. (6). N°1 of the imidazole ring of His243 is 3.8 A from the
Role of Glu247 in Complex Formatioflu247 is located  nitrogen of AdoMet and 4.3 A from the-carbon of the
near the entrance of the active site and forms strong hydrogersubstrate based on the MeAdoMet complex. The only other
bonds with the hydroxyls of the ribose in the MHZPA, side chain in the vicinity is the hydroxyl of Ser229, which
MAOEA, and MeAdoMet complexes and also plays an is 4.2 A from the nitrogen and 4.4 A from thecarbon of
important role in the binding of MGBG and CGP48664A. the substrate. It is interesting to note that bf the imidazole
In the MHZPA, MAOEA, and MeAdoMet complexes, the ring of His243 is within hydrogen bonding distance to the
ribose assumes a Géndo sugar conformation with both  hydroxyl of Ser229 and N of His243 is within hydrogen
hydroxyls forming a bifurcated hydrogen bond with Glu247. bonding distance to the hydroxyls of Ser69 and Thr241. This
In the MGBG and CGP48664A complexes, the guanidyl arrangement may further reduce the occurrence of improper
group of each inhibitor forms a bifurcated hydrogen bond protonation and may also help stabilize the position of the
to Glu247 while the imine and amine at the opposite end of pyruvate, residue 68.
each inhibitor form hydrogen bonds to the carbonyl of Leu65  Thr245 is involved in hydrogen bonding to one of two
and the pyruvate. The hydrogen bonds or covalent links to water molecules that are present in the active sites of each
the pyruvate on one half of thzsandwich and the hydrogen AdoMet analogue complex. The two water molecules are
bonds to Glu247 on the other half of tifesandwich for within hydrogen bonding distance of each other and are
each of the inhibitors emphasize the importance of the further stabilized by hydrogen bonds to the carbonyl of
relative position of each-sheet upon inhibitor and substrate His243, the carbonyl of Gly9, and the carboxylate of Glul1.
binding. The second water molecule is 3.4 A from Cys82 and may
Inhibitor Interactions in the Actie Site The two inhibitors be involved in Cys82-mediated protonation of the Schiff base
MAOEA and MHZPA havels, values of 400 and 70 nM, intermediate. Disruption of the hydrogen bonding network
respectively, when assayed against the rat AdoMetb;, ( stabilizing these waters may account for the reduction of
the rat AdoMetDC is 97.3% identical in sequence to the activity to 11% of wild type in the T245A mutan88).
human AdoMetDC. Comparing the binding of both in the  Schiff Base FormationA general acid is required for
human AdoMetDC complexes, one can rationalize the Schiff base formation as well as for the protonation of the
difference in affinity between the two. In the MAOEA intermediate. Again, Cys82 seems to be the most likely
complex, the oxygen at the position that would correspond candidate residue based on position. Furthermore, a thiol
to the a-carbon of AdoMet is within hydrogen bonding group is consistent with the kinetics of Schiff base formation
distance to the hydroxyl of Ser229 (Figure 3A). In the inthe Trypanosoma cruzhdoMetDC (7). The mutation of
MHZPA complex, one of the nitrogen atoms in the hydra- the equivalent cysteine to alanine in fhecruziAdoMetDC
zone is within hydrogen bonding distance to the carbonyl and the inhibition of the enzyme, both human anccruzi
of Leu65 (Figure 3C)the carbonyl of Leu65 is also isozymes, with iodoacetic acid support the role of Cys82 in
important in the binding of MGBG (Figure 4A) and Schiff base formation. As noted above, His243 may take over
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Ficure 5: AdoMetDC active site and putrescine binding site. Side chain atoms are drawn for key residues that are near either site or that

bridge the two sites.

Ficure 6: Stereoview of a superposition of the AdoMetDC complexes. dfwarbon traces of the MGBG, CGP48664A, MeAdoMet,

MAOEA, and MHZPA AdoMetDC complexes were overlaid by the alignment of the left half of the monomer and the resulting positions
of the inhibitors shown.

this function in the absence of a cysteine at position 82, but was also present in the purification buffers at 2.5 mM. It is

at a lower efficiency. likely that putrescine is not readily released from the enzyme
Effects of Putrescind he binding of putrescine stimulates since the site occupied is relatively buried. These factors
AdoMetDC activity mainly due to a lowering of th&,, for probably account for the presence of putrescine in the

the substrate AdoMet5(). The putrescine binding site is  crystals. Although the structure of the enzyme in the absence
between thes-sandwich halves, but is 20 A from the of putrescine has not been determined, we speculate based
decarboxylation site in the MeAdoMet complex (Figure 5). on the extensive hydrogen bonding and charged side chains
One amino end is stabilized by hydrogen bonds to the that putrescine binding causes a shift between the two halves
carboxylate groups of Glul5 and Asp174, and the hydroxyl of the f-sandwich.
of Thr176. The other amino end is stabilized through three  Evidence for a domain shift comes from a comparison of
bridging waters to the carboxylate groups of Glul5, Glul78, the structures of AdoMet analogue complexes to the struc-
and Glu256 and the hydroxyl of Ser113. The bridging waters tures of unliganded AdoMetDC and the diamidine inhibitor
have lower than averadggfactors, less than 20%Aand are complexes (Figure 6). In the structures of the substrate and
well-defined by density. The aliphatic portion of the pu- product analogues, the active site opens up slightly, produc-
trescine packs between the phenyl rings of Phelll anding approximately a 050.8 A shift of one half of the
Phe285. The added stability upon putrescine binding may -sandwich relative to the other when compared to the
help in orienting the two halves of thg-sandwich and  unliganded AdoMetDC and competitive inhibitor complexes.
account for the 4-fold increase I, for the substrate in the  The overall effect is a slight increase in the distance between
presence of putrescine. the pyruvate and Glu247 to accommodate the substrate. It
All five AdoMetDC structures have putrescine bound to is possible that the addition of putrescine would cause a
the enzyme even though putrescine was not added duringsimilar change in the3-sheet orientation and produce a
crystallization. The recombinant AdoMetDC was produced corresponding change to the active site, thus providing a
in E. coli, which contains a very high concentration of mechanism for reducing th&, of the substrate. The abolition
putrescine (estimated to be about 20 mM2)( Putrescine of the putrescine activation when any one of the residues
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FIGURE 7: Stereoview of the superposition of the five inhibitors. Each inhibitor molecule is drawn in a different color as follows: MGBG,
cyan; CGP48664A, magenta; MAOEA, yellow; MHZPA, green; and MeAdoMet, blue.

Glu256, Glul78, or Aspl74 is changed to the respective generates a pyruvate at the active site but forms a thiocar-
amide @4, 53 is readily explained by this structure since boxylate group at the terminus of thg-subunit. The
these changes would be expected to interfere with putrescinenoncovalently bound inhibitors MGBG and CGP48664A
binding. interact with the carboxylate of Glu247 at one end and with
An alternate explanation for the stimulatory effects of the pyruvate and the carbonyl of Leu65 at the other. In
putrescine is that its binding causes electrostatic effects inaddition to the hydrogen bonds to the functional groups at
the active site. Although the putrescine binding site and active either end of these molecules, the hydrophobic interactions
site are separated by about 20 A, the distance is spanned byetween Phe7 and Phe223 explain why these compounds
a series of conserved charged residues (Figure 5). One endre effective inhibitors of AdoMetDC. Because CGP48664A
of the putrescine molecule hydrogen-bonds through water is more rigid than MGBG and because the hydrophobic linker
molecules to Glul78 and Glu256, which in turn are region makes more extensive contacts with the AdoMetDC
hydrogen-bonded to Lys80. Lys80, which shows conforma- active site, it is a more potent inhibitor than MGBG.
tional flexibility, is hydrogen-bonded to Glull, a key Nevertheless, neither inhibitor fully utilizes the available
catalytic residue. active site volume or all of the potential active site contacts.
Implications for Inhibitor DesignA superposition of all ~ Collectively, the five structures of AdoMetDC complexes
five ligands is shown in Figure 7. Although all five ligands ~define the active site for inhibitor design and indicate areas
genera”y occupy the same volume in the active site, thereWh-ere CUrrent. Inhlbltors. CtOUld be modified to reduce t0X|C|ty
are significant differences in the way they interact with Of increase binding efficiency.
surrounding protein atoms. The MeAdoMet complex places
the methyl ester in the position in the active site that the ACKNOWLEDGMENT
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