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ABSTRACT: S-Adenosylmethionine decarboxylase has been implicated in cell growth and differentiation
and is synthesized as a proenzyme, which undergoes autocatalytic cleavage to generate an active site
pyruvoyl group. In mammals$-adenosylmethionine decarboxylase is active as a dimer in which each
protomer contains one. subunit and one3 subunit. In many higher organisms, autocatalysis and
decarboxylation are stimulated by putrescine, which binds in a buried site containing numerous negatively
charged residues. In contrast, pl@adenosylmethionine decarboxylases are fully active in the absence

of putrescine, with rapid autocatalysis that is not stimulated by putrescine. We have determined the structure
of the Sadenosylmethionine decarboxylase from pot&mianum tuberosunto 2.3 A resolution. Unlike

the previously determined human enzyme structure, the potato enzyme is a monomer in the crystal structure.
Ultracentrifugation studies show that the potato enzyme is also a monomer under physiological conditions,
with a weak self-association constant of 6:510* M~ for the monomer-dimer association. Although

the potato enzyme contains most of the buried charged residues that make up the putrescine binding site
in the human enzyme, there is no evidence for a putrescine binding site in the potato enzyme. Instead,
several amino acid substitutions, including Leul3/Argl8, Phell1/Arg114, Aspl74/Vall81, and Phe285/
His294 (human/potato), provide side chains that mimic the role of putrescine in the human enzyme. In
the potato enzyme, the positively charged residues form an extensive network of hydrogen bonds bridging
a cluster of highly conserved negatively charged residues and the active site, including interactions with
the catalytic residues Glul6 and His249. The results explain the constitutively high activity of plant
Sadenosylmethionine decarboxylases in the absence of putrescine and are consistent with previously
proposed models for how putrescine together with the buried, negatively charged site regulates enzyme
activity.

S-Adenosylmethionine decarboxylase (AdoMetD)an AdoMet substrate, facilitating decarboxylation. The pyruvate
essential enzyme for the formation of polyamines, providing is formed from an internal serine residue of the proenzyme
decarboxylate&adenosylmethionine (dcAdoMet), which is by an autocatalytic rearrangement, forming an internal ester
used as an aminopropyl donor by spermidine and sperminebond and cleaving this bond to form a terminal dehydroala-
synthasesl—3). Once decarboxylate@adenosylmethionine  nine, which is then hydrolyzed to form the pyruvate. A
(AdoMet) is no longer available for use by methyltransferases second result of autocatalysis is generation ofatrsibunit
and is therefore committed to polyamine biosynthesis. from the C-terminus of the proenzyme and fhieubunit
Eukaryotic AdoMetDCs have been isolated from many from the N-terminus4—6). The proenzyme sequence [-(Tyr/
species, and all consist of two nonidentiaadnd/ subunits. Phe)(Val/Leu)(Ser/Thr)GleerSer(Leu/Met/Glu)(Phe/Met)-
The N-terminus of thex subunit is covalently bound to a  (Val/Phe)-] surrounding the serine is conserved in all
pyruvoyl group that acts to form a Schiff base with the eukaryotic AdoMetDC sequenceg—<10).

Polyamines are essential metabolites in plants, and their
T This work was supported by the National Cancer Institute of the biosynthesis, oxidation, conjugation, and roles in differentia-
National Institutes of Health (Grant CA-18138 to A.E.P.). S.E.E. is i i i
also indebted to the W. M. Keck Foundation and the Lucille P. Markey tlon,_developmgnt, and re.SIStan(?e to stress in plants have been
Charitable Trust. studied extensively (reviewed in refd—13). At least 30
*The coordinates of the potato AdoMetDC structure have been AdoMetDC sequences from 17 species of higher plants have

deposited in the Protein Data Bank under accession number IMHM. heen |dent|f|ed, and several of these, inc|uding those from
* To whom correspondence should be addressed. Telephone: (607)

255-7961. Fax_: (60_7) 255-1227. E-mail: see3@cornell.edu. pOta,to (7)' perlwmkle (14)' carnation 15)' andArabldopS{S .
§ Cornell University. o B thaliana (16), have been cloned, expressed, and studied in
'1‘ iﬁgnsylvanla Sﬁ\a:jte'\;lngérgltxé Colleglje othe_dICIge. boxyl some detail. In general, the properties of these enzymes, such
reviations: oMet adenosylmethionine decarboxylase; i~ H i
AdoMet, S-adenosylmethionine; dcAdoMet, decarboxylagddeno- as SUbSt.rate specificity, ar? quite similar to tho.se of the
sylmethionine; MAOEA, 5deoxy-5-[N-methy\-[2-(aminooxy)ethyll- mammalian AdoMeltDCs, \{Vlth_ the notaple exception of the
aminoladenosine. absence of putrescine activation described below.
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AdoMetDC play_s a C_”t'cal role in th_e regulation of the Table 1: Summary of X-ray Diffraction Data Collection and
content of polyamines in response to internal and external processing

stimuli, and its levels in mammals and plants are highly

X A i wavelength (A) 1.54
regulated at multiple points. These include mRNA transla- resolution (A) 21
tion, where the presence of a complex structure in the 5 space group P2,2:2,
UTR, which includes a small ORF, has been implicated in cell dimensions (A)
changes of the rate of AdoMetDC synthesis7,( 18). g gi'gi
AdoMetDC activity is also regulated at the level of transcrip- c 72.33
tion. Substantial changes in mMRNA content occur in response unique reflections 17049 (1084)
to polyamine content, growth factors, and other agents. In completeness (%) 90.1 (69.6)

; T redundancy 3.8(2.8)

plants, the content of AdoMetDC mRNA and its protein is Roym (%)° 87 (31.8)
strikingly altered during development, senescence, and s 8.3(2.9)

exposure to exogenous gggn_lg(-23). Experiments using 2Values in parentheses are for the highest resolution shell containing
antisense approaches or inhibitors of AdoMetDC have Shown 4,14 ysed in the refinement, 2:37.26 A.

that these changes are critical for normal development and

resistance to altered environmental conditioc2® @4—26). . . .
Thus, AdoMetDC is an important factor in plant survival. when putrescine was not added during crystallizat@32).

Many AdoMetDCs, including those from mammai7( '(;’he 2b3 ﬁk;efolultiorécrysta(lj_structure gf the potato denZ);me
28), nematodes29, 30), fungi (9), and protists 31), are escribed below leads to a different and unexpected explana-

activated by putrescine. In mammals activation occurs as bothfion for the constitutively high activity and provides direct

an increase in the rate of proenzyme processing and anevidence that a hydrogen-bonding chain between the nega-

increase in the rate of decarboxylation and is an important tively charged site and the active site affects the autocatalytic
mechanism in polyamine regulation, which allows for the processing reaction. In addition, the structure and ultracen-
efficient coupling of the production of the two precursors trifugation results reveal that potato AdoMetDC does not,

of spermidine. Such coupling is likely to be less important @S Nhad been previously assumeg), (adopt a dimeric
in plants, in which putrescine is used not only for the duatérnary structure.

synthesis of polyamines but also for the production of various
conjugation products and secondary metabolifiels-(3).
Plant AdoMetDCs do not require putrescine for maximal

activity, and §tudies of the plant AdoMgtDC proenzyme show DC DNA was inserted into the pQE31 vector as previously
that processing occurs very rapidly without the need for any described T), replacing the three N-terminal residues Met-

cofacf[org (. 15). .It appears that the plant AdoMgtpCs are - GluMet with the sequence MetArgGlySer(HishrAspPro
constitutively malnta_med In an active for_m_, permitting r_apld to facilitate purification by metal affinity chromatography.
proenzyme processing and optimal activity of the finished The vector was transformed int&scherichia colistrain
enzyme, but the mechanism of this constitutive activation jy,149 cells were grown in ZB media, and histidine-tagged

hals rﬁmﬁlned unclear.es | vsis sh h enzyme was purified. Crystals of potato AdoMetDC grew
n the human enzymeg), structural analysis shows that a at 17°Cin 2+ 2 uL hanging drops, with a well solution of

putrescine molecule is bound to the enzyme in an unusualo_1 M trisodium citrate dihydrate (pH 5.6), 20% viv

cluster of buried, negatively charged residues located betweerb-propanol and 20% w/v PEG 4000. Crystals first appeared
the two-sheets. Putrescine makes direct interactions with several m(;nths after setup. The high PEG concentration

.thg. sidte ch«tains ofdGItutS., ;A‘Spl,[u’ an(.jthTmﬂ% ashw_ell a? protected the crystals from damage during freezing, without
indirect, water-mediated interactions wi e side chains of 4 "o for additional cryoprotection.

Glul5, Serl113, Glul78, and Glu256. Ekstrom et al. hypoth- . i }
esized that activation of both decarboxylation and proenzyme ~ X-Tay Intensity Measuremeriiffraction data were mea-
processing might occur either by propagation of hydrogen- Suréd on a flash-frozen crystal measuring 0.2 .2 mm
bonding effects between this negatively charged site and the 0-3 mm, using Cu K X-rays from a Rigaku rotating
active site or by structural stabilization of the interactions a@node generator (50 kV, 100 mA) and a MAR 30 cm image
between the clusters of negatively charged residues on the?late detector system. Data were measured usingstil-
two -sheets §). lation frames and a 1200 s exposure time. An |n|t|§1I pass of
On the basis of a sequence alignment with the potato 72 Pprovided complete data to 2.45 A resolution. An
enzyme, both hypotheses can be considered for the potatd"‘dd't'onal SQ of data was collegted with a closer d(_atector
enzyme as well. The potato sequence conserves all of th@lstance to improve the_ reso[utlon. The da}ta were indexed
putrescine binding residues except Ser113, which is replaced SPace groug2:2,2; with unit cell dimensions = 65.7
by Thr, and Asp174, which is replaced by Val. The latter A, b=71.6 A, andc=72.3 Aand scaled to 2.1 A resolution
substitution suggests that the potato enzyme should be les&'Sing the programs DENZO and SCALEPACE3, with a
responsive to putrescine than the human enzyme and esulting Rierge of 7.7%. Final data collection statistics are
perhaps, less active as a result. However, as noted abovePresented in Table 1.
the biochemical data point to constitutive high activity, which ~ Structure Solution and Refinememitial phases were
might be the case if putrescine binding to the potato enzyme obtained by molecular replacement, using all chain A protein
is so tight that putrescine is effectively impossible to remove. atoms of the 1.5 A resolution human H243A structure (PDB
This would be consistent with the observation that putrescine code 1JL0O) as a search mod6).(Rotation and translation
was repeatedly observed bound to the human enzyme eversearching were performed with the program CIS8) (sing

EXPERIMENTAL PROCEDURES

Protein Expression and Crystallizatiofihe potato AdoMet-



X-ray Structure of Plant AdoMetDC

Table 2: Summary of Refinement Statistics
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pyruvoyl group were unrestrained, while all other non-
hydrogen atoms were frozen in place.

ﬁiﬁg'c‘iféonlra"ge ® 20023 Sedimentation EquilibriumAnalytical ultracentrifugation
working set 13948 (1070) was performed at 20C in a Beckman XL-A centrifuge
R_ftaecsttosr% - 208(?213 0 equipped with absorbance optics using a four-hole AN60 Ti
Riree (%)? 584 (39:8) rotor, six-sector charcoabppn centerpieces, and fused S|I|(_:a
no. of protein atoms 2360 windows. Two concentrations of the AdoMetDC protein
no. of water molecules 85 solution in 100 mM sodium citrate buffer, pH 6.0, with
RMS deVif‘&“O”S nominal optical densities of 0.15 and 0.30 were centrifuged
Egﬂgsa(ng)les (deg) OngO simultaneously. Absorbance data at 280 nm were obtained
torsion angles (deg) 25 at 15000, 20000 and 25000 rpm. Equilibrium was assumed
improper torsion angles (deg) 0.81 to be reached when scans taken 12 h apart were completely
B-factors (&, protein atoms only) superimposable. Five scans were averaged for each rotor
e 173;@ speed. Analysis was carried out as describéd). (Self-
average 37.6 association models were tested using the program NONLIN

(42). Six data sets were analyzed by the global least squares
minimization algorithm where the association stoichiometry,
n, and the association constalt, were the parameters that
datab 4 A resolution. Refinement of the molecular replace- were 0pt|m|zed The values (Nn were obtained in absor-
ment model was carried out at 2.3 A resolution. Except for hance units, which were converted to molar units using the

the final round of refinement, 4.5% of the data (710 yalue 39975 M cm for the molar extinction coefficient
reflections at 2.3 A resolution) was set aside for cross- of potato AdoMetDC at 280 nm.

validation. Bulk solvent and overall anisotropifactor
adjustments were applied during refinement. RESULTS

The initial molecular replacement solutioR-{actor 51%)
was optimized by r|g|d body refinement and simulated Quallty of the Final ModelPotato AdoMetDC Crystallizes
annealing. A composite omit map showed some errors in in space grouf?2:2:2, with unit cell dimensions = 65.7
the backbone placement and missing density for severalA, b=71.6 A, andc=72.3 A. The asymmetric unit contains
loops. After manual adjustment of the backbone using the one AdoMetDC monomer, consisting of onesubunit and
program O 65), the model was mutated to the potato oneﬂ subunit, and has a solvent content of 51%. The final
sequence and refined by successive rounds of simulatednodel contains 2360 protein atoms (including the covalently
annealing, manual rebuilding in O, energy minimization, and attached pyruvoyl group) and 84 water molecules. The final
group B-factor refinement in CNS. Some missing regions 2Fo — Fc electron density map shows ambiguous or unin-
of the protein appeared during this stage. WherRifactor ~ terpretable density for the missing residuesl, 30-33,
reached 25.4% (30.2%.e), few changes remained to be 120-130, and 338360 and for the side chains of residues
made in the protein. Water molecules were then added for15, 131, 161, 162, 176, and 203, which are modeled as
Fo — Fcmap peaks aboves3f the putati\/e water molecule alanines. The coordinate error from the Luzzati pnﬁ)(ls
had possible hydrogen-bonding contacts and no bad van deP.30 A for the working set and 0.40 A for the test set.
Waals contacts. After further refinement, including individual Ramachandran plot44) analysis with PROCHECKA4®)
B-factor refinement, the model converged toRdfactor of shows 86.4% of the residues to be in the most favored region,
21.8% Rree 28.4%). Additional water picking failed to lower ~ 12.8% in additionally allowed regions, and two residues each
Ries and the results were not included in the model. A final (0.8%) in the generously allowed and disallowed regions.
round of refinement using all reflections gave the finished The residues (Thr162 and Glu204) in the disallowed region
model with anR-factor of 21.7%. Final refinement statistics occur in the two loops with the higheBtfactors observed
are presented in Table 2. in the structure. No density was observed for the Thr162

Active Site ModelingTo construct a model for substrate Side chain, and small breaks in the backbone density at
b|nd|ng in potato AdoMetDC, the program Prom was Glu204 are observed avlin the final xo— F¢ map. The
used to superimpose the crystal structure of the humanR-factor for the final model is 21.8% with &R Of 28.4%
AdoMetDC complex with bound ligand3p) on the potato  (Table 2).
structure. The compound-Beoxy-3-[N-methylN-[2-(ami- Overall Structure.Monomeric potato AdoMetDC adopts
nooxy)ethyllamino]adenosine (MAOEA) was chosen because the same four-layew/f fold as the dimeric human enzyme,
it is a suicide inhibitor with the same number of atoms as with two central eight-stranf-sheets flanked on either side
dcAdoMet. Residues 410 of subunit B of the human by a total of sever- and four 3o-helices (Figure 1). The
structure, corresponding to residues 1% of the potato larger, C-terminab. subunit contributes thirteeft-strands,
structure, were attached to potato residue Glul6, and thesix a-helices, and three;@helices, with the remainder
MAOEA residue was attached to the pyruvoyl group of the contributed by theS subunit. Residues 293807, which
potato enzyme. The resulting structure was energy minimizedcorrespond to the disordered region 2298 in the human
to a gradient of 0.05 kJ mol A~* using the OPLS-AA force  structures, include one of thehelices. Each potato enzyme
field (37), GB/SA solvation model38), and TNCG mini- monomer is packed in the crystal with ten other monomers
mizer (39) as implemented in version 7.2 of the program within 8 A but makes direct hydrogen-bonding contacts with
MacroModel @0). During minimization, hydrogen atoms and  only six of these. In contrast, the human AdoMetDC forms
atoms derived from the human structure or Glu16 and the dimers in the crystal structure. Analysis of potato AdoMetDC

aValues in parentheses are for the highest resolution shell.
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site, putrescine is held in place by hydrogen bonds to the
side chains of Asp174, Thr176, and Glul5 (Figure 2A). The
other putrescine amino group, at the back of the binding site,
has indirect interactions with Glul5, Ser113, Glul78, and
Glu256 mediated by three water molecules. The phenyl rings
of Phelll and Phe285 pack against the hydrophobic center
of the bound putrescine molecule. A chain of hydrogen bonds
stretches from putrescine through the three water molecules
and Glu256 to Lys80, a fourth water molecule, Ser254, and
finally to Glull in the active site.

By contrast, no putrescine is observed in the charged site
of potato AdoMetDC, nor does the site contain enough
available room to allow such binding (Figure 2B). Instead,
three positively charged residues, Argl8, Argll4, and
Ficure 1: Potato AdoMetDC monomer. Potato AdoMetDC is a H|5294, not present in the human enzyme and several water

monomer, as observed in the crystal structure and as determine . . -
by ultracentrifugation (see text). The fold of the monomer is similar dmolecules provide interactions with Glu20, Thr183, Glul85,

to the protomer of the human AdoMetDC dimg#-Sheets are ~ and Glu262, corresponding to human residues Gluls,
shown in blue (except the sheets analogous to the dimer interfaceThrl76, Glul78, and Glu256. Closest to the site opening is
in human AdoMetDC, shown in red)-helices in green, and main  His294, the structural counterpart of human Phe285. The side
chain breaks in dashed lines, and the active site pyruvoyl group is .h5in of His294 interacts with a single water molecule that
in ball-and-stick representation. This figure was prepared with | .
Molscript (54) and Raster3DS5E). bridges to @ of Thr183 and, through another water mole-

cule, to the NH1 nitrogen of Arg114, the second positively

by ultracentrifugation carried out with the protein dissolved charged residue and the counterpart of human Phelll. On
in 100 mM sodium citrate, pH 6.0, shows that the monomeric the basis of structural superpositions, the terminal nitrogen
units self-associated only weakly withka_, of 6.5 x 10* atoms of Argl14 occupy the same positions as the central
M~1. This value reduces slightly to 6:2 10 M~ when 0.5 carbon atoms of putrescine in the human structure. The
M NaCl is included in the solution. These results show that Arg114 NH2 nitrogen atom interacts directly with Glu20 and
potato AdoMetDC is also a monomer under physiological indirectly, via two water molecules, with Glu185 and Arg18
conditions. (the analogue of Leul3 in human AdoMetDC). The guani-
Buried Charged SiteThe structure of the buried charged dinium group of Argl8 is well anchored, forming one
site in the potato enzyme provides an unexpectedly striking hydrogen bond each with a water molecule and Glu20 and
contrast with that of the human enzyme. In human AdoMet- two hydrogen bonds to Glu262. As the counterpart to human
DC a buried negatively charged site provides a binding site AdoMetDC Glu256, residue Glu262 in the potato enzyme
for a putrescine molecul8®). At the mouth of the binding initiates the hydrogen-bonding chain that links the charged

N
’

Ficure 2: Comparison of the potato and human AdoMetDC buried charged site. (A) In the complex of human AdoMetDC with MAOEA

(32), one end of putrescine is held in place by Asp174, Thr176, and Glul5. The hydrophobic center of putrescine packs against Phel1l and
Phe285, while the other amino group makes water-mediated contacts with the protein. A chain of hydrogen bonds stretches from the

putrescine to Glull in the active site. (B) No putrescine is observed bound to potato AdoMetDC. The substitutions Leu13/Arg18, Phell1/

Argl14, Phe285/His294, and Aspl74/Vall81 alter the net charge in this region of the protein as compared to putrescine-free human

AdoMetDC. Argl18 in the potato enzyme occupies the approximate position of putrescine in the human enzyme, making direct contact with
Glu20 (counterpart of Glul5 in human AdoMetDC) and Glu262 (counterpart of Glu256 in human AdoMetDC). The hydrogen-bonding

chain runs from Arg114 or His294 to His249 in the active site. Hydrogen bonds are shown as purple dotted lines and water molecules as

red spheres. This figure was prepared with Molscrigl) @nd Raster3D55).
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Ficure 3: Stereoview of the potato AdoMetDC active site. Because no ligand was present in the active site and because the important
residue Phel2 was disordered, the human AdoMetDC/MAOEA comBBx\as used to model the positions of Phel2 and suicide inhibitor
MAOEA into the potato enzyme active site. Atoms in crystallographically determined positions are drawn as thick tubes, atoms in the
crystal structure that were allowed to move during molecular mechanics modeling are drawn in ball-and-stick representation, and atoms
based solely on modeling are shown as thin lines. Carbon atoms are shown in green (except MAOEA carbon atoms, shown in black),
oxygen atoms are in red, nitrogen atoms are in blue, and the sulfur atoms are in yellow. This figure was prepared with Nbd)sanigt (
Raster3D %5).

site and the active site. The chain involves Lys85 (Lys80 in in the side chain of Thr251. The C-terminal residue ofhe
the human enzyme), a conserved water molecule, Ser260subunit, Glu72, is rotated approximately 28&ound the
and Glul6 (Glull in the human enzyme). However, unlike backbone relative to the human enzyme, such that the side
the human enzyme, in the potato enzyme the chain continueschain and terminal carboxylic acid have their positions
with Glul16 hydrogen bonding to the catalytically important reversed. The rotation allows the Glu72 side chain to make
residue His249 (His243 in the human enzyme). hydrogen bonds with @of Thr90 and the backbone oxygen
Active Site.The crystal structure shows that the 40 kDa of Cys87 but does not appear to prevent the Cys87 side chain
proenzyme has been fully processed into the 32 kDa from reorienting to face the substrate.
subunit and the 8 kDA subunit. In the active site (Figure
3), the pyruvoyl group is clearly visible in the electron DISCUSSION
density. No substrate is present in the active site of the
crystal, and the N-terminus, including the active site residue  Quaternary StructureAdoMetDCs have been grouped
Phel12 (analogous to Phe7 in human AdoMetDC), is disor- iNto two classes on the basis of sequence allgnmen_t with
dered. It is possible that some active site residues would AdoMetDCs from either lower organisms, suchEascoli,
become more ordered upon substrate binding. Side-chain®r higher organisms, such as humans. Plant enzymes and
conformations similar to those in human AdoMetDC/ other_ enzymes assigned to the latter group were assumed to
inhibitor structures2) are observed for key residues such e dimeric €). The present work shows that the potato
as Glul6, which plays a role in both autoprocessing and €nzyme differs from the other AdoMetDCs in the latter group
decarboxylationZ8, 46), Phe230, which stacks against the 1N its quaternary structure. A comparison of the structures
substrate purine base, and His249, which, based on data foPf human and potato enzymes explains why the potato
the human enzymel6), is believed to extract a proton from AdoMetDC does not form a dimeric structure. The human

the o carbon of Ser73 during autoprocessing. Molecular €nzyme dimer interface (Figure 4A) contains interactions
mechanics modeling of the suicide inhibitor MAOEA and from backbone atoms, water molecules, and side-chain/side-
the potato N-terminus based on the human AdoMetDC/ chain interactions involving residues GIn131 and Asn153,
MAOEA complex predicts that Phel2 stacks against the Tyr147 and Asp309, and Arg151 and Aspl@®)( In the
MAOEA ribose, as in the human structure. The inhibitor Potato enzyme, the Asn, Tyr, and Arg side chains are
itself adopts a conformation almost identical to that seen in Substituted by Val154, Ser158, and Asp160, respectively, and
the human structure (RMSD 0.45 A after energy minimiza- the loop from 157 to 164 (corresponding to human residues
tion). 150-156) contains a on_e-re3|due insertion, causing thg loop
In the computer model, some side chains in the active site {0 bulge. As shown in Figure 4B, a potato AdoMetDC dimer
adopt conformations different from those seen in the humanWould be unlikely to form in the same manner as for the
structure. Cys87, believed to be the donor of the proton human enzyme, because in addition to the mutations, the
needed for product formation and release after decarboxyl-bU|ge in the loop would create steric conflicts between the
ation @7), is observed pointing away from the modeled tWO monomers.
inhibitor. However, if upon substrate binding the side chain  The biological relevance of dimerization remains unclear.
moves to adopt the most commonly observed cysteine The active site is located far from the dimer interface in the
rotamer, it will face the substrate with no backbone move- human structure, making it unlikely that catalysis is affected
ment required. Glu253, which is expected to interact with directly. However, as disrupting the dimer interface in human
the ribose 20H and 3-OH, adopts a crystallographic con- AdoMetDC would make the putrescine binding site more
formation pointing away from the modeled MAOEA. exposed, it is possible that intersubunit interactions are
Adjustments to the side-chain and backbone torsion anglesinvolved in regulation of AdoMetDC activity. The structure
bring the side-chain carboxyl oxygens to within 3.4 A of of the potato AdoMetDC suggests that it might be possible
the ribose hydroxyl groups and also require an adjustmentto convert the human AdoMetDC dimer to a monomer by
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Ficure 4: AdoMetDC quaternary structure. (A) Dimer interface in human AdoMetB8&). (One protomer has carbon atoms colored in

green; the other has carbon atoms colored in yellow. Hydrogen bonds are indicated by purple dotted lines and water molecules by red
spheres. Residue labels apply to the green monomer. (B) Stereoview of a hypothetical potato AdoMetDC dimer formed by superposition
of two potato monomers on the human AdoMetDC/MAOEA complex din3@).(One monomer has carbon atoms colored in green; the

other has carbon atoms colored in yellow. A one-residue insertion in the potato enzyme causes a bulge in a loop (resiti6éy 157
generating steric conflicts between backbone atoms of the monomers (at bottom left and bottom right). The three side-chain-mediated
dimerization contacts in the human structure are eliminated by the bulge and the substitutions Arg151/Ser158, Asn153/Asp160, and Tyr147/
Vall54. Residue labels apply to the green monomer. This figure was prepared with MolSdyiph@d Raster3D55).

mutating several residues to mimic the potato sequence.natively, the human structure shows a hydrogen-bonding
Studying such a mutated enzyme could shed light on the chain leading from the charged site to the active site (Figure
role of dimerization in regulation and putrescine activation. 2A); the chain could be affected by putrescine binding and

Effects of C-Terminal Truncation¥iong et al. previously ~ could affect the orientation of critical residues in the active

showed that the potato enzyme tolerates C-terminal trunca-Site. The human structure shows the chain ending with Glu11,
tions up to but not including Thr3357), Thr335 does not ~ Which has been implicated in both processing and decar-
directly interact with the active site; however, it is adjacent Poxylation @9).

to Phe334. Phe334 is a central residue in a large group of The potato enzyme is not stimulated by putrescine but has
buried hydrophobic side chains including Met188, Val277, basal levels of activity similar to putrescine-activated human
Leu281, Phe289, Val291, and Leu315. It is likely that AdoMetDC (7). The crystal structure provides a ready
truncating Thr335 and inserting a terminal carboxyl group explanation for this behavior, as the substitutions Leul3/
at Phe334 alters the positioning of the Phe334 side chainArg18 and Phel11/Arg114 introduce two arginine residues
and disrupts proper folding of the enzyme. into the buried charged site of the potato AdoMetDC. These

Buried Charged SiteThe structure of human AdoMetDC ~ 'esidues probably play roles similar to putrescine by balanc-
and sequence alignments suggest that all AdoMetDCs froming charge and maintaining the hydrogen-bonding network
higher organisms have an unusual site containing numeroughat leads to the active site (Figure 2B). The central role of
buried charges (Figure 2). The site is located between thethe two arginine residues was not predicted by examining
two centralg-sheets. In the human enzyme, this site binds theé sequence alone, nor was it predicted by homology
putrescine, which stimulates both the autocatalytic and Mmodeling (unpublished results). Indeed, as the corresponding
decarboxylation reactions. Two mechanisms for stimulation residue Leul3 was not a key residue in the human enzyme,
have been previously propos%’_(By ba'ancing the |arge the pOSSIble'ContI’Ibutlon Of Arng n plant AdOMetDCS was
number of negative charges in the site in the human enzyme 0verlooked in the absence of the crystal structure.
binding of putrescine might cause a shift in the relative  Although the details of the buried charged site itself differ
orientations of thep-sheets. Such a change could be between the plant and human enzymes, the networks of
propagated to the active site, which is located at the oppositehydrogen bonds leading between the charged site and the
end of thefS-sheets. No shift is observed in the potato active site are nearly identical. The structure of the potato
AdoMetDC fj-sheets relative to the human enzyme, nor enzyme suggests that Glul6 makes a hydrogen-bonding
would one be expected as both enzymes have only beercontact with His249, which is believed to be responsible for
observed crystallographically in the activated form. Alter- abstraction of a proton from the carbon of the catalytic
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7 11 13 15 80 82 111 113 174 176 178 254 256 285
Human FIFEGTIEIKLLEV LIKITIC|[G FFYSR PDQTLEI VIS|FIEIT LF V
Solanum tuberosum (potato) GIFIEGFIEIKRLE! | |KITICIG VRYTR PVYTLEM A|IS|IFIEIS LHA
Arabidopsis thaliana (thale cress) GFEGYEIKRBRLEV | KITICIG VEKEYTR NVYTLEM A|S|IFIE/A VHS
Brassica juncea (brown mustard) GFEGLRERLEV I |KITICG VRYTR NVYTLEM AI|ISIFIEJA VHS
Daucus carota (carrot) GIFEGFIEIKKRLE!I | KITClIG VRYTR PVYTMEM S|S|IFIEJA LQA
Hordeum chilense (wild barley) GFIEGYEIKRLE!I 1 KITCIG VKYSR PMVTLEM AIS|YIE[V VTI
Ipomoea batatas (sweet potato) GIFIEGYIEINRLE! | |K|ITICG VKYTR PI YTLEM AI|SIFIEJA LHC
Pisum sativum (pea) GIFIEGFIEIKRLE!I | KITICIG VRYTR SVYTLEM A|[S|IFIE[T VHV
Phaseolus lunatus (lima bean) GIFEGY|EIKRLE!I | |K|ITICIG VTYTR NVCTLEM A|[S|IFIE[T VRV
Zea mays (maize) GIFIEGY|[EIKRLE! | |K|ITICIG VKYSR PMVNLEM AIS|IYIEV VTI
Xenopus laevis (African clawed frog) FIFIE GT|IE[IKLLEL LIK|ITIC|IG FFYSR PDQTLEI VI|SIFIEIT LFV
Caenorhabditis elegans FIFIEGAIEIKLLEL LIKITICIG VYYSR PDHTLEI AIS|IFIEIT VF A
Trypanosoma cruzi SIFIEGPIEIKRLEV LI TICIG VSFMH NDTQLSM AISIYIEIT VFI

Ficure 5: Alignment of AdoMetDC sequences. Residues in the active site and charged site are highly conserved across a variety of
species, including mammals (human), amphibiahdgevis), nematodes. elegany protists T. cruz), and plants (the remaining sequences).

Only key regions of the sequence are shown. Boxed and shaded residues can be expected to contribute to the activity of AdoMetDC; boxes
indicate a residue in the active site, and shading indicates a residue in the charged site. Numbers are assigned on the basis of the human
sequence. This figure was prepared with ClustaBB) @nd Alscript §7).

serine during processing. In the human enzyme, the mutationputrescine binding to the active site. However, the behavior
E11D causes putrescine to have an inhibitory effect on of T. cruziAdoMetDC suggests that the hydrogen-bonding
processing, but other mutations in the charged site, such ashain does not explain putrescine stimulation of decarbox-
D174E or E178D, can reverse that effe6).(The E11Q ylation.
mutant processes at a slightly reduced rate that is not Properties of Parasitic AdoMetDC# phylogenetic tree
stimulated by putrescine and has low decarboxylation activity analysis (not shown) leads to questions about AdoMetDCs
(6, 49). The interaction between this residue and His249 in from parasites, which diverge from the tree before the split
the potato structure, as well as the lack of an absolute between plants and animal$. cruzi T. brucej and L.
requirement for the carboxylic acid functional group, suggests donaani AdoMetDCs contain a mix of charged site residues,
that the function of this residue in processing may be to having Aspl74 and Phe285 in common with the human
properly position and activate the histidine side chain. enzyme but Argl8 in common with plants. Amino acid
Because the two arginine residues of potato AdoMetDC are residues at the positions in the parasitic enzymes correspond-
a permanent part of the buried charged site, while putrescineing to residues Lys80, Phelll, Thrl76, and Glul78 in the
binding in the human enzyme is reversible, the potato enzymecharged site of human AdoMetDC are not conserved and
can be seen as always in the activated state. are also different from the amino acid residues found at these
Role of Lys85Combined with the behavior dfrypano- positions in plant AdoMetDCs. It therefore seems unlikely
soma cruziAdoMetDC, which has the substitution lle for that the charged site area in these enzymes functions in a
Lys85 (Lys80 in human AdoMetDC) and for which process- manner directly comparable to plants or to animals. The
ing is not stimulated by putrescine (unpublished observa- bifunctional ornithine decarboxylase/AdoMetDC frofh
tions), these results suggest that the hydrogen-bonding chairfalciparum has more key residues in common with mam-
leading between the charged site and active site may bemalian AdoMetDCs, but it diverges from the tree sooner than
responsible for increasing the rate of processing. In the other parasites and its decarboxylation reaction has been
human enzyme, the mutation K80A abolishes putrescine reported not to be stimulated by putrescifg)(Interestingly,
simulation @9). By analogy, the mutation K85l or K85A  although it shares Argl8 with plant enzymes, it does not
might be expected to decrease the rapid rate of processingzonserve Ser260 (Ser 254 in human AdoMetDC). The effect
in the potato enzyme to levels similar to those seen for the of putrescine on autoprocessing of this enzyme has not been
human enzyme in the absence of putrescine. The proposabletermined.
of a key processing activation role for Lys85 (Lys80 in Our results show that the presence in the potato enzyme
human AdoMetDC) initially appears inconsistent with the of several amino acid substitutions relative to human
behavior ofNeurospora crass&doMetDC. Although this AdoMetDC provides side chains that mimic the role of
enzyme conserves the important residues in the charged sitgutrescine. However, the putrescine stimulation of The
and the hydrogen-bonding chain, including Lys85, processing cruzi AdoMetDC decarboxylation reaction suggests that the
is not affected by putrescine and decarboxylation absolutely current understanding of activity regulation in AdoMetDC
requires putresciné(). However, this 503-residue enzyme is incomplete and that structural determination of at least
is considerably larger than most other AdoMetDCs and on one of the parasitic AdoMetDC enzymes will be needed.
the basis of sequence alignments may have an altered Comparison with Other Plant AdoMetDCBhe structure
structure in the region of the buried charged site possibly of potato AdoMetDC appears to be generally applicable to
resulting in the participation of an additional glutamate other plant AdoMetDCs. In particular, both the residues
residue. Interestingly, some parasite AdoMetDCs are similar responsible for the monomeric quaternary structure of potato
to N. crassain that (a) they also do not conserve Phelll AdoMetDC and the arginine residues that replace putrescine
(Ser is present inT. cruzi Trypanosoma bruceiand in human AdoMetDC are highly conserved in plants. Among
Leishmania dongani, while Plasmodium falciparumhas the 30 plant sequences examined from 23 species, only 2
Glu) and (b) theT. cruzi AdoMetDC decarboxylation  sequences fail to conserve all of the key residues (see Figure
reaction is stimulated by putrescir#gl( 51, 52) even though 5 for a subset of the examined sequences). Bhassica
processing is not. Putrescine stimulation of the processingjuncea AdoMetDC lacks an equivalent to Glul6, instead
reaction may therefore require both phenylalanine to properly having Arg at this position. HoweveB, junceahas two other
orient the putrescine and lysine to transmit the effect of AdoMetDC genes, both of which have the expected Glu in
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this position. The published AdoMetDC sequenceTditi-
cum aestiumhas a Lys in place of Glu20. Because most of
the putative plant AdoMetDCs have not been biochemically

characterized, and because of the possibility of sequencing
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. Malmberg, R. L., Watson, M. B., Galloway, G. L., and Yu, W.
(1998) Crit. Rev. Plant Sci. 17 199-224.

12. Bagni, N., and Tassoni, A. (200&)mino Acids 20301—317.

2
3

13. Galston, A. W., Kaursawhney, R., Altabella, T., and Tiburcio, A.

errors or inactive gene products, it is not possible to draw 14

conclusions from these exceptions. The remaining 28 plant
sequences have no mutations which would be expected to 1°

affect activity or disrupt the hydrogen-bonding scheme shown ;¢

in Figure 2B. Several plants have changes at position His294, 17.

to either GIn or Thr. These residues could still participate in

the

hydrogen-bonding network but could not alter the net

charge at the burried site relative to the human enzyme.

The analysis of plant sequence alignments also suggests 19,

that other plant enzymes are predominantly monomeric. All

of the sequences examined contain the one-residue loop
insertion seen in the potato enzyme, and several have a two-
residue insertion. The side-chain/side-chain interactions that o1
are present in the human enzyme but missing in the potato

enzyme are also missing in other plant enzymes. Although 22.
many of the plant sequences conserve Tyrl47 from the
human sequence, its hydrogen-bonding partner Asp309 is ,,

missing in all examined plants, often being replaced by Ser,
Thr, or Val. The Arg151/Asp163 interaction is not preserved,
with Asp163 usually replaced by Ser or Thr and Argl51
replaced by either Gly or a variety of polar residues. Neither
residue in the hydrogen-bonding pair GIn131/Asn153 is

conserved in any of the plant sequences. The most common 27.
replacement is a Ser/Asp combination, but alanine is also 28.
frequently present in the second position. These changes to
the dimer interface residues, and the variability in the residues
replacing them, suggest that monomeric quaternary structure 3.

may be a common feature of plant AdoMetDCs. However,

a smaller number of these residues are also changed in 3

species more closely related to humans, includegopus
laevis and Caenorhabditis eleganswhose AdoMetDC
behaves as a dimer in gel filtration experimer8)(
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