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ABSTRACT: Ornithine decarboxylase (ODC) is a pyridoxat@hosphate (PLP) dependent homodimeric
enzyme. It is a recognized drug target against African sleeping sickness, caubgghagosoma brucei

One of the currently used drugssdifluoromethylornithine (DFMO), is a suicide inhibitor of ODC. The
structure of theT. bruceiODC (TbhODC) mutant K69A bound to DFMO has been determined by X-ray
crystallography to 2.0 A resolution. The protein crystallizes in the space ¢rPauga = 66.8 A, b =

154.5 A,c = 77.1 A, B = 90.58), with two dimers per asymmetric unit. The initial phasing was done

by molecular replacement with the mouse ODC structure. The structure of wild-type uncomplexed TbODC
was also determined to 2.9 A resolution by molecular replacement using the ToODC DFMO-bound structure
as the search model. The N-terminal domain of ODC figcabarrel, and the C-terminal domain of ODC

is a modified Greek keg-barrel. In comparison to structurally related alanine racemase, the two domains
are rotated 27relative to each other. In addition, two of tlfestrands in the C-terminal domain have
exchanged positions in order to maintain the location of essential active site residues in the context of the
domain rotation. In ODC, the contacts in the dimer interface are formed primarily by the C-terminal
domains, which interact through six aromatic rings that form stacking interactions across the domain
boundary. The PLP binding site is formed by the C-terminpeftrands and loops in th&a-barrel. In

the native structure Lys69 forms a Schiff base with PLP. In both structures, the phosphate of PLP is
bound between the seventh and eighth strands forming interactions with Arg277 and a Gly loop (residues
235-237). The pyridine nitrogen of PLP interacts with Glu274. DFMO forms a Schiff base with PLP
and is covalently attached to Cys360. It is bound at the dimer interface adddddon amino group of
DFMO is positioned between Asp361 of one subunit and Asp332 of the other. In comparison to the
wild-type uncomplexed structure, Cys-360 has rotated® 1d&ard the active site in the DFMO-bound
structure. No domain, subunit rotations, or other significant structural changes are observed upon ligand
binding. The structure offers insight into the enzyme mechanism by providing details of the enzyme/
inhibitor binding site and allows for a detailed comparison between the enzymes from the host and parasite
which will aid in selective inhibitor design.

Ornithine decarboxylase (ODEgatalyzes the first com-  cell growth and differentiation. Inhibitors of polyamine
mitted step in the biosynthesis of the polyamings The biosynthesis arrest cell growth and have been used clinically
polyamines are ubiquitous to all cells and are required for for the treatment of rypanosoma brucethe causative agent
of African sleeping sicknes$neumocystipneumonia in
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Ficure 1: Structure-based sequence alignmentTofbrucei ODC (Dcor_Trybb), mouse ODC (DcorMouse), and AR fromB.
stearothermophilugAlr__Bacst). Dots in the sequences represent gaps in the alignment. Residues not present in the coordinate files are in
lower case letters. Sequence numbers and secondary structural elements are shown for TbODC (above the alignment) and AR (below the
alignment): @,a-helical residue=, -strand residue [with nhumber of secondary structural elements (N for N-terminal domain, C for
C-terminal domain) shown in the middle};, 3:¢-helix. o-Helices are flanked by N-cap (N) and C-cap (C). Letters in italic correspond to

the region of the hairpin flip.

relatively poor, and clinical isolates of the more viruldnt terminus as described%). Tag-minus ODC was recovered
brucei rhodesiensare naturally resistant to DFMO. Thus, in the flow-through of the Ni*-NTA—agarose column and
there is a need to develop novel ODC inhibitors that can applied to a Superdex 200 gel-filtration column. The protein
overcome these shortcomings. A structure-based approacteluted from this last step was homogeneous by SBSGE

for designing novel inhibitors of protein function has been and was concentrated to 2@5 mg/mL for crystallization
used to generate clinically useful drugs against a number ofexperiments.

human disease8+{10). However, application of this method Crystallization.Crystallization conditions were identified
requires a detailed knowledge of the target protein’s structure in Hampton crystallization screens [Riverside, CI&). The
and function. uncomplexed ODC was crystallized as described previously

ODC is a pyridoxal fphosphate (PLP) dependent enzyme. (15). The DFMO-complexed ODC crystals were prepared
Eukaryotic ODC is a distant structural homologue of alanine as follows: ODC (20 mg/mL ODC in 10 mM HEPES
racemase (AR), which requires the same cofactor, and it isNaOH, pH 7.2, 50 mM NaCl, 0.5 mM EDTA, 0.015%
not related to the bacterial ODCs [Figure 11)]. We Brij35, 10 mM DTT) was preincubated with DFMO (0.02
previously predicted that the N-terminal domain of both ODC M) for 10 min at room temperature before crystallization.
and AR would have @g/o-barrel structureX1). This finding The crystals were obtained at P& by vapor diffusion,
was first confirmed by solution of the X-ray structure of AR mixing equal volumes of DFMO-inactivated ODC and well
(12) and recently by the solution of the X-ray structure of solution [16% PEG 3350, 0.2 M Na(GHOO), 100 mM
the native mouse ODC1(). This structure additionally = HEPES, pH 7.5]. This procedure resulted in mostly twinned
reveals that the C-terminal domain of ODC folds into a and stacked crystals, which were used for microseeding into
p-barrel with topology slightly different from that observed the solution of the above content. Plate-shaped single crystals
in AR. In this paper we describe the 2.0 A structure of the grew close to the surface of the drop within a few days.
K69A mutant of T. bruceiODC bound to the irreversible Data Collection and Processindiffraction data were
inhibitor DFMO. The structure was solved by molecular collected at 90 K on EUJI image plates at beam line Al at
replacement using the mouse ODC coordinate3). (In the Cornell High Energy Synchrotron Source (CHESS)
addition, the structure of the wild-type uncomplexedrucei (DFMO complex) and at the X12C beam line with MAR
enzyme was solved to 2.9 A by molecular replacement from getector at the Brookhaven Synchrotron source (uncomplexed
the DFMO-boundT. bruceiODC structure. ODC). Data were processed and scaled using DENZO and

SCALEPACK (7). A summary of the data processing
EXPERIMENTAL PROCEDURES statistics is given in Table 1.

Protein Expression and Purificatio@DC was expressed Structure Determination and Refinemdnitial phases for
as an N-terminal 6xHis-tag fusion protein including the TEV- the DFMO-complexed structure were calculated from a
protease cleavage site from a T7 promoteEstherichia molecular replacement solution [program AMOoRES)|
coli BL21(DE3) cells as described4). Protein was purified  obtained using mouse ODC (coordinates were provided by
by Ni?"-NTA—agarose followed by Superdex 200 gel- Dr. Marvin Hackert) as the search model. Mouse ODC shares
filtration column chromatography. The 6xHis-tag was re- 61% sequence identity wifh. bruceiand gave a 13.8 peak
moved by treatment with TEV-protease immobilized on for each monomer in the rotation function and a @ .fieak
glutathione-agarose to produce ODC with a native N- for the first monomer in the translation function. The rotation
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Table 1: Data Collection, Processing, and Refinement Statistics.foruceiODC Structure Determination
K69A—DFMO complex

native

(a) data collection and processing

data source beam line A1 at CHESS beam line X12C at Brookhaven
wavelength (A) 0.908 0.91

temperature (K) 90 90

resolution (A) 40.6-2.0 20.0-2.9

total reflections 339850 120960

unique reflections 103282 36421

completeness (%) (last sheélF o) 3736 (61.7) 392.6 (75.3)

multiplicity . .
intensitiedl/o (last shell) 13.9(1.9) 14.3 (5.0)
Rmerge 0.09 0.08

(b) refinement
no. of reflectionsF > 10)
no. of non-H protein atoms
no. of water molecules

101011 (8.6-2.0 A) 34588 (8.6-2.9 A)
10142 10130
869 0

I:\)crystal (%)/Rfree (%) (F > 20)

21.2/27.0 (8.62.0 A)

23.0/27.6 (8.62.9 A)

Rerystal (%0)/Riree (%) (F > 20) 20.5/26.6 (8.6-2.1 A) 22.8/26.8 (8.63.0 A)
Rerystal (%)/Riree (%) (F > 20) 30.8/34.7 (2.09-2.0 A) 24.7/34.8 (3.62.9 A)
RMSD bond lengths (A) 0.016 0.013

RMSD bond angle distances (A) 0.041 0.039
averageB-values (&) 35.7 30.4

solution was particularly strong, because crystal packing of the DFMO was found covalently bound to Cys360 and
resulted in transitional symmetry between the two dimers in 20% was bound through Lys628§). The TbODC K69A
the asymmetric unit, as revealed from the self-Patterson mutant was used for crystallization to avoid heterogeneity
function. Rigid body refinement yielded d&afactor of 41% of labeling with DFMO. The K69A mutant has la, for
and a correlation coefficient of 62% for resolution between L-Orn that is 16-fold lower than that for the wild-type
10 and 3 A. The resulting map, calculated using SIGMAA enzyme, whileK,, remains unchange@9). The rate of the

weights with REFMAC in CCP41(9) revealed interpretable
electron density. The model was built in 20f. The structure
was refined in REFMAC Z1) using maximum likelihood
refinement, X-PLOR Z2), and later CNS Z3—25) using
molecular dynamics and energy minimization on data
between 8.0 and 2.0 A. On&g..was below 35%, individual
B-factors were refined. A bulk solvent correction allowed
the inclusion of data between 20 and 2.0 A. The tight

decarboxylation step has been reduced to a similar extent as
the overallk., by this mutation; thus inactivation of K69A
ODC by DFMO most likely occurs at a significantly reduced
rate compared to wild-type ODC. However, given the
incubation time of the crystallization experiment, complete
labeling of the mutant enzyme is readily achieved. As was
observed for the uncomplexed wild-type enzyme, DFMO-
bound K69A TbODC crystallized in space groBg; (a =

noncrystallographic symmetry constraints were kept (except66.8 A,b = 154.5 A ,c = 77.1 A, p = 90.58), with two

for the region 206-207) until the last round of refinement.
The peptide torsion angles for 1067 out of 1206 well-de-
fined non-glycine residues fall within the most favored

TbODC homodimers occupying the asymmetric unit and
32% solvent.

The structure of K69A TbODC bound to DFMO was

regions of the Ramachandran plot, as defined in the programsolved by molecular replacement, using the structure of
PROCHECK g6). There are no residues in disallowed mouse ODC 13) as the search model. The final model

regions. The structure of the uncomplexed wild-type ToODC comprises 1424 residues of four noncrystallographic sym-
was solved by molecular replacement from the DFMO- metry-related ThODC protein chains, 4 PLP, 4 DFMO, and

complexed TbODC structure using the same methods. Rigid869 water molecules. The R-factor is 21.1Rad = 27.0%)

body refinement yielded aR-factor of 34.5% (16-3.0 A).
The model was edited in @Q) and refined with REFMAC

(Table 1) for 8.6-2.0 A resolution F > 20) data, with the
model constrained to preserve noncrystallographic symmetry,

(21) under strict NCS constraints on data between 20.0 andwith the exception of amino acids 26@07. The release of

2.9 A. No water molecules were added.

RESULTS

Crystallization, Data Collection, and Structure Determi-
nation. Crystallization of TbODC was attempted for both
native and mutant TbODC, with and without bound inhibi-
tors, with the goal of optimizing the diffraction limit. Crystals
of native TbhODC were obtained in space grded (a =
66.3 A,b=151.8 A,c=83.7 A, =101.2) as described
[diffraction limit 2.9 A resolution {5)]. However, better
quality crystals were obtained for the K69A mutant of
TbODC in complex with DFMO (diffraction limit 2.0 A
resolution). DFMO is a suicide inhibitor of OD®&[= 160
MM, Kinact= 0.6 s (27)]. The mechanism by which DFMO

the noncrystallographic symmetry constraints aided in model
building of residues 206207. This loop participates in
crystal contacts and exhibits two conformations. The 2.0 A
electron density map for TbODC, near the active site region,
is shown in Figure 2. Although the electron density map for
most of the residues is unambiguous, 70 residues could not
be interpreted. These regions include the N-terminus (resi-
dues 1-35), the C-terminus (residues 41225), and two
loops (residues 158165 and 298310). Most of these
regions were not observed in the final model of the mouse
ODC structure either. The density for the region from
residues 342348, which forms a long loop, was poor but
interpretable withB-factors above 70 A

The structure of native TbODC was solved by molecular

inactivates ODC has been studied by peptide mapping; 80%replacement using the refined DFMO-bound K69A TbODC
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Ficure 2: Electron density map of the ThODC active site region.
The o,-weighted F, — F. electron density map of the active site
region is contoured at 1ol

structure. TheR-factor is 23.0% Ryee = 27.6%) (Table 1)

for 8.0-2.9 A resolution £ > 20) data with the model
constrained to preserve noncrystallographic symmetry. No
water molecules were added.

General Structure Descriptiol.he TbhODC monomer is
composed of two domains, an N-termirib-barrel and a
C-terminal modified Greek keg-sheet domain (Figure 3a).
The four TbODC monomers in the asymmetric unit form
two 2-fold symmetric dimers. The dimer is an elliptical disk
with dimensions 90 Ax 70 A x 40 A, and the two active
sites are on the same face of the disk (Figure 4). Unlike
classical f/a-barrels, the N-terminal domain of TbODC
begins with am-helix and ends with #-strand (Figure 1).
The barrel is elliptical with an axial ratio of 1.5. The longest
axis segregates strands NI®5 from strand N1 and N6
N8. Helices N:-N4 of the ThODC barrel are shorter (three
turns) than helices N5N8 (four to six turns). The pseudo-
8-fold rotation axes of the twg/o-barrels are at an angle
of 60° with the 2-fold axis of a dimer and nearly occupy the
same plane. The C-terminal domain (residues-8% and
285-410) p-barrel is six-stranded and possesses a singl
cross-over connection. Strands C3 and C5 are parallel, an
there is no hydrogen bonding between strands C4 and C6
opening the barrel. Thg-barrel in ODC contains several
insertions: two long loops (residues 29312 and 34t
349), a 3o helix (residues 323331), a partially distorted
o-helix (residues 387394), and two additional strands, C1

eoforms a hydrogen bond to AspA332,032.9 A) and water-

Biochemistry, Vol. 38, No. 46, 19995177

subunits (Figure 5a) and by interactions of the C-terminal
domain of one monomer with the N-terminal domain of the
other (Figure 5b). In total 2775%are buried in the interface.
The most prominent feature in the contact between C-
terminal domains is a row of aromatic rings (aromatic amino
acid zipper) that passes through the 2-fold axis (Figure 5a).
The rings of PheA397, TyrA323, and PheB331 are involved
in a stacking interaction. At the 2-fold axis, Tyr331 from
one subunit is oriented with the ring perpendicular to the
Tyr331 ring from the other subunit. The distal aromatic
residues of the zipper contact DFMO in the two active sites.
On the opposite face of the dimer a segment of residues in
an extended conformation (39397) forms an antiparallel
interaction. However, these segments make only/vebeet
hydrogen bonds. The interaction between the C-terminal
domain of one monomer with the N-terminal domain of the
other monomer houses the active site (Figure 5b). The
subunit interactions in this section of the subunit interface
are partially hydrophilic and include salt bridges between
LysA169 and AspB364 and between AspA134 and LysB294.

PLP Binding Site.Residues from three domains, both
domains of one monomer and tffiebarrel domain of the
other, participate in each active site. PLP is bound inside
the N-terminals/a-barrel domain close to strands NBI8
(residue numbers 197200, 233-237, and 274 277; Figure
3a). The phosphate binding site is formed by the N-terminus
of a short helix after strand N8, with Arg277 involved in a
charge interaction (Figure 6). In addition, Gly237 N, Ser200
O, and Tyr389 @ hydrogen bond to the phosphate oxygens.
Only Tyr389 comes from the C-terminal domain. The other
phosphate binding residues are supplied byghebarrel.
The aromatic ring of the PLP interacts with the side chain
of His197, with the plane of the ring at a 3@ngle with the
PLP ring system. The Natom of PLP forms a hydrogen
bond with one of the side chain oxygens of Glu274. The O
atom of PLP interacts with Arg154 through a well-ordered
water molecule, W3. In the uncomplexed TbODC structure,
the N, of Lys69 forms a Schiff base with PLP, and the
conformation of the Lys69 side chain is similar to that
observed in mouse ODQ.Y).

Substrate Binding Sit&Vithin a single active site, DFMO
bridges between the two subunits forming a Schiff base with
the PLP on one monomer and a covalent bond to Cys360
(atom S) of the other monomer (Figure 6). The side chain
of DFMO is in the extended conformation. The & DFMO

mediated hydrogen bonds to AspB364; @hrough W1) and

TyrB323 Q, (through W2). The aliphatic portion of DFMO

is cradled by the aromatic rings of PheB397 and TyrA389.
Thus the side chain is bound at the dimer interface with
residues from both subunits contributing to enzytimibitor

and C8. Strands C1 and C8 are parallel to each other ancCIFr)lteractions. The only significant difference between the

extend the antiparallel sheet formed by strands C2a, C4, an
C7.

The uncomplexed ThODC structure is highly similar to
the DFMO-bound TbODC structure, even in the crystal
packing. Comparison of dimer to dimer and monomer to
monomer yields an RMSD of 0.5 and 0.45 A between 716
and 358 G atoms, respectively.

Subunit Interface.The subunit interface is formed by
interactions between the C-terminal domains of opposite

FMO-bound and uncomplexed TbODC active sites in-
volves a 1458 rotation of Cys360 toward the active site upon
binding DFMO (Figure 7).

DISCUSSION

Comparison of the DFMO-Bound T. brucei ODC Structure
with the Uncomplexed Structur@&he DFMO-bound and
uncomplexed ThODC structures are very similar, not only
in the packing of molecules in the unit cell but also in the
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(d)

&

g — a1
< C360

Ficure 3: (a) Ribbon diagram of the TbhODC monomer. (b) Ribbon diagram of the AR monomer (1sti2)rebtrands are numbered
according to their position in the sequence (Figure 1). PLP, DFMO in TbODC, and acetate in AR are displayed as ball-and-stick models.
The core regions of the TbODC (c) and AR (6hbarrel domains are shown. The conserved Cys residue is displayed in ball-and-stick
representation. The pictures are drawn by Bobscript and rendered by PBREBH(

details of the structures (Figure 7). There are no differenceswithin 4 A of theSchiff base nitrogen. In the DFMO-bound
in crystal packing in the contact-forming regions, no local structure, Cys360 is in position to act as a general acid to
conformational changes in loop regions, and no global protonate the ¢carbon after decarboxylation or to influence
domain movements. Indeed, the domain orientation and thethe orientation of the-Orn carboxylate (Figure 6). In support
monomer arrangement within the dimer are the same. Thisof the latter, mutation of Cys to Ala decreadeg by 50-
implies the absence of monomer movement in ODC, upon fold and '3C isotope studies suggest that the mutation has
substrate binding, in contrast to other PLP-dependent en-decreased the rate of the decarboxylation s84p. (

zymes [e.g., aspartate aminotransfer@8 (The side chain ODC from T. brucei and Mouse: More Similarities than
position of Lys69 can only be determined from the native DifferencesMouse andr. bruceiODC share 61% sequence
TbODC structure because it is mutated to Ala in the DFMO- identity (32), and the structures can be superimposed with
complexed structure. The only significant difference between an RMSD of 0.8 A over 350 Catoms (Figure 8). This level
the two structures is in the side chain orientation of Cys360 of structural similarity is typical for what has been observed
(Figure 7). Cys360 is rotated away from the active site in for proteins with closely related sequenc&8{35). The

the uncomplexed structure and toward the active site in theactive site region is highly conserved, and the variable
DFMO-bound structure, forming a covalent bond with residues are largely confined to the surface (Figure 4b).
DFMO. This Cys360 side chain rotation is likely to be of Furthermore, there are no subunit or domain movements
functional importance, since rotation places the SH group between the mouse and the tobruceiODC structures.
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(b)

Ficure 5: Dimer interface of TbODC. (a) Interface between the
two C-terminal domains. (b) Interface between the C-terminal
domain of one subunit and the N-terminal domain of the other.
PLP and DFMO are shown in ball-and-stick representation.
Monomers are colored pink and green.

) ) . angle to the PLP ring for TbODC, while in the mouse ODC
FiGURE 4: (a) Ribbon diagram of the TbODC dimer drawn by  structure the His197 ring is almost parallel to the PLP ring.
Bobscript and rendered by PovR&pb( 5. Monomers are shown ODC and AR: Distant HomologueEbODC and AR from

in pink and green. The N- and,dermini are labeled. PLP and . . . .
:DFF,)\'AO are S‘%O\Nn in ball-and-stick rer')rgsemaﬂon. Thea®ms Bacillus stearothermophilushare 17% sequence identity

of PLP are in yellow, and the Catoms of DFMO are in black. (b) ~ based on a structure-derived sequence alignment (Figure 1).
Space-filling model of the ThODC dimer drawn by GRAST)( Both consist of two domains: &/a-barrel and g3-barrel
e e T e e hosapen pelFigure 3a.0). Thglobarrels in ThODC and AR super:
twopst%ctures are in purple, PLP is displayed in yellow, and DFMO pose with an RMSD of 3.0 A; the C-t_ermlnz_il domains super-
is displayed in black. impose with an RMSD of 3.5 A (residues in superpositions
are indicated in Roman upper case letters on Figure 1). When
The largest main chain differences map to the three regionsthe g/o-barrels are optimally superimposed, the C-terminal
that form lattice contacts (residues 19206, 242-246, and domains in ODC and AR are related by &°2@tation.
265-268). In addition, few differences in side chain The C-terminalj-barrel domains of ODC and AR are
conformations are found in the active site structure. The similar but not identical in topology (Figure 3c,d). The AR
position of Cys360 is identical between the two uncomplexed S-barrel is a typical Greek ke6), similar to the N-terminal
structures (mouse and ThODC). A small difference is domain ofoc andf subunits of F1 ATP synthas8%). ODC
observed in the His197 ring, which is positioned at & 30 differs from AR in placement of strands C5 and C6. Strands
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Ficure 6: Active site of K6B9A ThODC in complex with DFMO. (a) Selected residues in the active site region. Residues from different
subunits are colored pink and green. Thea@oms of PLP are in yellow, the,Gitoms of DFMO are in black, nitrogen atoms are in blue,
and oxygen atoms are in red. (b) Stereoview of the active site. All residues within 10 A from the Schiff base nitrogen are shown.

C3 and C5 form parallel H-bonding in ODC, while there is remainder of the C-terminal domain (Figure 1). The func-
no H-bonding between strands C4 and C6, the minimum tionally important Cys360 residue in ODC (Cys311 in AR)
distance between the strands being 6 A. In AR, strand C3is found at the tip of the hairpin and occupies a similar
interacts with strand C6 in an antiparallel fashion. Antipar- position relative to other active site residues inffe-barrel
allel hydrogen bonding exists between strands C4 and C5domain of the two enzymes. This is accomplished by a
as well. The 180rotation of the hairpin formed by residues S-barrel domain rotation between ODC and AR. Indeed,
350-373 in ODC places strand C6 within hydrogen-bonding optimal superposition of thg/a-barrels results in a super-
distance to strand C3, thereby restoring the AR topology. position of the C5 strands, with the conserved Cys following
Thus, ODC and AR apparently represent an example of these strands (Figure 3c,d) and with the rest of the second
homologous proteins with structures of different topology. domain structure about 27away. The hairpin flip allows
Though rare, a hairpin flip has also been observed as athe positioning of strand C5, in relation to the first domain,
difference between the structures of the homologous proteinsto be preserved. The positioning of the second domain may
triabin and lipocalin 88, 39. be due to lack of helices 11 and 12 in ODC.

Despite the topological difference, regions involved inthe  Correlation of Biochemical Data with the Structure: the
hairpin flip show stronger sequence similarity than the PLP Binding SiteSite-directed mutagenesis, kinetic studies,
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FIGURE 7: Stereoview of the superposition of ThODC K69A bound to DFMO (thin white line) and uncomplexed TbhODC (ball and stick),
where the G of one monomer is in green and the other is in pink. PLP is in yellow. Positions with significant difference are labeled.

FiGure 8: Stereoview of the superposition of TbODC K69A DFMO (thicker lines) and mouse ODC (thinner lines) monomers. Numbers,
corresponding to ThODC, are shown to the right of thea®ms. Side chains of His197, Ser200, and Cys360 are shown in both structures.
The picture was generated by Bobscripb,59.

and computer modeling provided significant information  The X-ray structure demonstrates that Glu274 forms a
about the catalytic mechanism of ODC prior to the X-ray hydrogen bond to the Nof PLP, confirming its role in
structure solution. We previously proposed a model of the stabilizing a charge at this position. Mutation of Glu274 to
PLP binding site of ODC on the basis of the structure of Ala decreasek.,:by 50-fold; however, activity of the E274A
FMN binding barrels 11). The X-ray structure of ThbODC  ODC mutant is restored N-methylpyridoxal 5-phosphate,
demonstrates that the positions of the main PLP binding which fixes the positive charge omNs substituted as the
residues (Lys69, Arg154, His197, Gly23&ly237, Glu274, cofactor. These data suggested that the role of Glu274 is to
and Arg277) were predicted correctly in the model. increase the electron-withdrawing properties of the ring by

Lys69 forms a Schiff base with PLP in the uncomplexed €nhancing the basicity of the pyridine nitroge40). This
TbODC (Figure 7) and mouse ODQ3J) structures. This ~ functionis similar to that observed for other PLP-dependent
residue has been shown to be essential for multiple steps in€nzymes that have an acidic residue interacting with the
the catalytic cycle; the rates of the Schiff formation, pyridine nitrogen of PLP [e.g., aspartate aminotransferase
decarboxylation, and product release steps are all decreasefB0, 41].
10°—10*fold by mutation of this residue29, 31. Com- The phosphate binding site is formed by Arg277 and by
parison of the DFMO-bound ThODC K69A structure with the Gly-rich loop (235-237). Mutation of Arg277 to Ala
the uncomplexed ThODC structure demonstrates that nodecreased the PLP binding affinity for ODC by20-fold
structural changes in nearby residues or in the domain orand altered thé*P NMR spectrum arising from ODC-bound
subunit structure have occurred as a result of this mutation PLP @2). Thus, the interaction between Arg277 and the 5
(Figure 7). phosphate of PLP, observed in the X-ray structure, is
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important for the energetics of PLP binding. The X-ray = ODC vs AR: Same Fold, Same Cofactor, Different Reac-
structure also shows that Tyr389 forms a hydrogen bond with tion Specificity ODC and AR are homologous PLP-depend-
the PLP phosphate and that Arg277 is also involved in ent enzymes with different reaction specificity. The PLP
substrate binding as a second-shell residue. A salt bridge issystem in ODC facilitates decarboxylation, and in AR proton
formed between Arg277 and Asp332 (2.9 A), the residue removal/addition occurs at,CComparison of the active sites
that forms a hydrogen bond with.Néf DFMO (Figure 6). of ODC and AR might shed some light into how differences
The functions of other conserved PLP binding site residuesin reaction specificity are achieved by the same fold. Several
are less well understood. In ThODC, His197 is positioned residues in the PLP binding site are invariant in ODC and
against PLP (30between rings); a His residue occupies this AR (Figure 1): Lys69/39 forms Schiff base with PLP,
position in most PLP-dependent enzymes. His197 plays anHis197/166 is positioned in front of the PLP ring, Tyr389/
essential catalytic role in ODC, as mutation of this residue 354 and Gly276/221 are involved in phosphate binding, and
to Ala decreasek., by 25-fold 43—45). This residue may  Cys360/311 is contributed to the active site by the other
function as a “lid” to the PLP binding pocket, it may monomer. However, several striking differences are also
contribute to the electronic properties of PLP, or it may serve found that may contribute to reaction specificity. Theatbm
as a general acid to provide a proton to the substragtd@n of PLP is ligated by Glu274 in ODC, and this interaction is
after decarboxylation (distance 4 A, Figure 6). Arg154 thought to contribute to quinoid stabilizatiomtQ, 53,
interacts with PLP @through a well-ordered water molecule required for decarboxylation. In contrast in AR, the of
(Figure 6), suggesting that this residue may be important PLP is ligated by Arg219, possibly disfavoring quinoid
for PLP binding and/or for influencing the tautomeric state formation (L2). A conserved substitution of two charge pairs
of the PLP cofactor. between the active sites, Arg154/Lys129 and Lys169/Arg136
Correlation of Biochemical Data with the Structure: the (ODC/AR residue), is also found. Arg154 in ODC is involved
Substrate Binding Sit&.he TbODC structure was solved in  in a hydrogen-bonding network that includes a well-ordered
a complex with the suicide inhibitor DFMO, which is cova- water molecule and the{f PLP. In the AR structure the
lently bound to the enzyme through Cys360. The position distance between the water molecule proximal @CPLP
and interactions of DFMO likely mimic those of the substrate and Lys129 is 4.7 A. Arg136 in AR has been proposed to
L-Orn. N. of DFMO is bound between two acidic residues, stabilize the substrate carboxylate, as well as interact with
Asp361 and Asp332, which are contributed to the active site the O; of PLP (12, 52, 53. In ODC the side chain of the
from opposite subunits. These interactions are likely to be corresponding Lys169 is rotated away from the position of
important for substrate discrimination-Orn is strongly the Argl36 side chain in AR, and it forms an interaction
preferred as a substrate over the longer Lys or shorterwith the other monomer (with Asp364), contributing to the
a-aminobutyrateZ9); the keo/Km for L-Orn is 100-fold higher dimer interface.
than for Lys, and no detectable activity can be measured for Finally, the amino acid substrate binding sites differ
o-aminobutyrate. The distance between the Schiff basebetween ODC and AR. In ODC, theOrn side chain is
nitrogen and the Asp3631Asp332 pair may act as a ruler to  stabilized by Asp332 and Asp361. In AR those residues are

select for a side chain with length equivalent to th@rn. absent (Figure 1) and a smaller substrate binding pocket is
Mutation of Asp361 to Ala increases th&, for L-Orn by formed in part by Met31252, 53. In ODC, the correspond-
1000-fold while k.ot was essentially unchanged(j. The ing Leu363 is positioned away, making room for the larger

structure suggests that Asp332 is essential forn binding L-Orn side chain. Asp361, which binds the. Nf the
as well, although no mutant analysis has been performed.substrate, is on the loop involved in the hairpin flip (residues
The electron density for DFMO suggests that it is bound 359-364 in ODC and residues 33313 in AR). In the
in the decarboxylated form, consistent with the reported sequence alignment Cys360/Cys311 is conserved, as are the
mechanism of enzyme inactivatio8). Thus there is no  nearby residues Asp364/Asp313 (ODC/AR). While Cys360/
direct evidence as to the orientation of the carboxylic group Cys311 are likely to have similar functional roles, Asp364/
for the substrate-Orn. If we assume that no rotation of the Asp313 clearly do not. In AR Asp313 is thought to form an
DFMO molecule about the €N bond occurred after ion pair with the Schiff base lysine residue (Lys39) in the
decarboxylation, the prochirality of the DFM&nzyme course of the reactionl?, 53. In ODC Asp364 is in the
complex suggests that the carboxylate would occupy adimer interface forming an ion pair to the opposite sub-
hydrophobic pocket formed by the side chains of PheB397 unit, and the residue(s) that form(s) an ion pair with Lys69
and LysA69, behind the PLP molecule (Figure 6). Mutation during the reaction has (have) yet to be identified. The
of Lys69 to Arg decreases the rate of the chemical decar-buried charge of Asp364 is likely to play a structural role
boxylation step by>10*-fold, consistent with a role for this by serving to position the 358364 hairpin, which includes
residue in positioning the-carboxylate for efficient catalysis  the active site residues Cys360 and Asp361. The apparent
(29). A hydrophobic environment has been demonstrated to structural role of Asp364 in positioning these active site
enhance both the spontaneous and antibody-catalyzed deresidues likely explains the severe loss of activiiydKn is
carboxylation rates of model molecule46{-48) and has decreased by>10°-fold) observed when this residue is
been proposed to enhance decarboxylation by histidine mutated to Ala 40).
decarboxylase4Q). Electrostatic destabilization of the car- Dimer Interface.The L-shaped monomers of ODC bury
boxylate group has been proposed to enhance decarboxylaextensive surface area (2775 A) upon dimer formation. About
tion by dialkylglycine decarboxylases@). However, this 17% of residues change their solvation in the dimer versus
mechanism is not possible for ODC due to the absence ofthe monomer. Despite the large buried surface area at the
negatively charged groups in proximity to the DFMQ C dimer interface, it has been demonstrated that TbODC and
atom. mouse monomers are in rapid equilibriud¥( 45. While
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