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ABSTRACT. Orotidine B-monophosphate decarboxylase (ODCase) catalyzes the decarboxylation of orotidine
5'-monophosphate, the last step in tteenao synthesis of uridine 'smonophosphate. ODCase is a very
proficient enzyme [Radzicka, A., and Wolfenden, R. (1998jence 26,/90—-93], enhancing the reaction

rate by a factor of 18. This proficiency has been enigmatic, since it is achieved without metal ions or
cofactors. Here we present a 2.5 A resolution structure of ODCase complexed with the inhibitor 1-(5
phosphoB-p-ribofuranosyl)barbituric acid. It shows a closely packed dimer composed agbarrels

with two shared active sites. The orientation of the orotate moiety of the substrate is unambiguously
deduced from the structure, and previously proposed catalytic mechanisms involving protonation of O2
or O4 can be ruled out. The proximity of the OMP carboxylate group with Asp71 appears to be instrumental
for the decarboxylation of OMP, either through charge repulsion or through the formation of a very short
O---H---O hydrogen bond between the two carboxylate groups.

Orotidine 3-monophosphate decarboxylase (ODChse) o 0
catalyzes the decarboxylation of orotidinensonophosphate HN’&")‘CH HNZSSCH
(OMP) to uridine 5-monophosphate (UMP). The reaction ool P ODCase o O/,(')i"\‘f&H
shown in Figure 1 is the last step in the nao biosynthesis O;g_o_ Ho N C\O— 0-F-0-CH,
of UMP. In bacteria and fungi, ODCase is a monofunctional = ¢ T %, ( ; o o
enzyme, while in mammals, it is the C-terminal part of the H CO,
bifunctional UMP synthase. The N-terminal part of UMP OH OH H OH
synthase, equivalent to orotate phosphoribosyltransferase
(OPRTase) in bacteria and fun@)( catalyzes the fifth step gf‘:n“gr“'fphosphate ;{[‘f!jgzophospha‘e

in thede nao synthesis of UMP. The structure of OPRTase
has been known for some timg, @), and the catalytic mech-
anism of this enzyme has been thoroughly investigai®d (

ODCase is one of the most proficient enzymes. At ambient followed by elimination of the carboxylate group, was
temperatures, it enhances the rate of reaction by a factor ofsuggested@). This mechanism was not supported B¢
10" (1). Considering the extreme proficiency the mechanism NMR studies which established that C5 does not change from
of ODCase is unique, because no cofactor is required for sz hybridization to sp hybridization during the reaction
the decarboxylation. A covalent mechanism involving bind- (7, 8). The mechanism most likely being employed in neutral
ing of a nucleophilic enzyme residue to C5 of the substrate, solvent has appeared to be the one suggested by Beak and
Siegel Q). This involves an enzyme residue which protonates

T This work has been supported by the Danish National Researchthe C2 ketonic oxygen, O2, to form a nitrogen ylide
Foundation. intermediate, which acts as an electronic sink (a zwitterion).

* Coordinates and structure factors have been deposited in the Protei setrib i P _
Data Bank. The access code is 1EIX. "The charge distribution then helps to eliminate the carboxy
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1 Abbreviations: ODCase, orotidiné-Bonophosphate decarboxy- ~ Stabilizing another zwitterion in resonance with a neutral

lase; OPRTase, orotate phosphoribosyltransferase; UMP, uridine 5 carbene.
monophosphate; OMP, orotidine’-@onophosphate; BMP, 145 Extensive enzymological studies have been performed on

phosphos-p-ribofuranosyl)barbituric acid; NCS, noncrystallographic the yeast ODCase. Smiley and Jong$) ave shown that
symmmetry;kea, turnover numberKy,, Michaelis constantK,, dis- ;

sociation constant for the enzymimhibitor complex;kuon, NONCatalytic Lys93 in the yeast enzyme is critical for catalysis of the
rate constantAAG?, difference in the activation free energy. substrate to product, as well as for the binding of inhibitors.
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Ficure 1. Schematic representation of the overall reaction catalyzed
by ODCase.
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Lys44, Asp71, Lys73, Asp76, and lle77 in thHe coli

Table 1: Data Collection and Processing /= . . )
sequence. In addition, three amino acifs ¢oli, Asp22,

” . OI_DCE;SZB'\&ZXLAB Se'Met'OBDijEZ'\;z Thr80, and Arg222) are conserved in all but one sequence.
-fay source g, Sweden ' Grenobie, France The degree of identity between tiie coli and the yeast
detector Mar research image plate Mar research CCD enzyme is 24%, and the degree of homology is 45%. Also,
wavelength ()~ 0.9902 ooé%gz(%k)' from the sequence alignment, we notice that the Lys93
0.8856 (rfnj res_idue in the yeast enzyme corresponds to Lys73 ifcthe
temperature (K) 99.9 105 coli enzyme.
space group P21212; P2,212; (pseudo)
cel parameters (A) a= 61.30(7), bl oréess)  MATERIALS AND METHODS
c = 145.08(19) c = 148.89(26) _ B
resolutiont (A) 30.0-2.5 (2.64-2.50) 30.6-3.0 (3.16-3.00) ODCase fromE. coli was expressed and purified from
no. of total 102335 55386 (pk),  the E. coli strain NF 1830 that was transformed with the
flecti 55237 (ip), " . . |
refiections 55577 ((1‘53) plasmid pLFF8, which carries tHe. coli pyr F gene (5).
nO-r gffl g&iigléi 29678 %giég ((ipl;). The selenomethionine-substituted ODCase was expressed in
18346 (,pmj E. coli strain S@ 6733, a derivative &. coli strain DL41.
completeness 98.0 (92.4) 98.6 (89.1) (pk), The selenomethionine-substituted ODCase was purified as

ggf ((38:8’)) 8% the native ODCase, except that a heat denaturation purifica-

l/o(1) 10.6 (5.2) 8.9 (3.9) (pk), tion step was omitted. The same specific activity was
5 ((zf)) ((;ﬁ%j observed for the selenomethionine-substituted ODCase and
Rierge 0.088 "0.108 (pk), the native ODCase.
8_‘%&2 8% The ODCase BMP complex was crystallized in hanging

- - drops at 17C in 28% PEG 8000, 0.2 M Mggland 0.1 M
aThe numbers in parentheses refer to the outermost resolution sheII.MES (pH 7.0). The crystals were mounted using as cryo-
protectant 20% glycerol included in the mother liquor. Data
The K93C mutant protein recovers some activity after collection for the native ODCasdBMP crystals was per-
treatment with bromoethylamine, showing that the amino formed at beamline BL7-11 at MAXLAB. The crystals
group of Lys93 is essential for catalysis. No attempts have diffracted to 2.5 A. The selenomethionine-substituted
been made to reveal the role of other conserved amino acidODCase-BMP complex was crystallized under similar
residues in the ODCases. conditions, in hanging drops at I in 20% PEG 8000,
Bell and Jonesl(2) have shown that at low concentrations, 0.2 M MgCk, and 0.1 M MES (pH 7.0). MAD data
yeast ODCase is a monomer (if no phosphate or other ligandscollection on the selenomethionine-substituted crystals was
are added). ODCase is a dimer at higher enzyme concentraperformed at beamline BM14 at the ESRF. These crystals
tions and in the presence of nucleotides. The tightly bound diffracted to 3.0 A. The absorption edge from the selenium
inhibitor 1-(8-phosphog-b-ribofuranosyl)barbituric acid  atoms was checked by the X-ray fluorescence signal and was
(BMP) has &K; of 8.8 x 107> M at pH 6.0 (L3), and also, of a very high quality with a minimurh’ of —10.4 electrons
6-aza-UMP with &; of 0.51uM at pH 6.0 inhibits ODCase.  and a maximunf" of 6.44 electrons. A summary of the

The product, UMP, binds to ODCase witiaof 0.46 mM data collections and successive data processing is shown in
at pH 6.0. Interestingly, the K93C mutant enzyme has a Table 1. A cell doubling of the unit cell of the selenom-
higher affinity for UMP than for 6-aza-UMPL(Q). ethionine-substituted crystal form was observed as compared

To gain an understanding of the mechanism of the enzyme,to the CryStalS of the native protein. The cell dOUb”ng was
we have determined the three-dimensional structure ofS€en as the appearance of rather weak diffraction spots
ODCase fromEscherichia coli cocrystallized with the between the diffraction spots that could be indexed in the
inhibitor BMP. Investigations of thé&. coli enzyme show  unit cell and space group from the crystal form of the native
that the turnover numbek.y, is essentially constant above ~Protein complex.
pH 7 (28 s?), but declines below pH 7. Its catalytic The crystals of the native ODCasBMP complex can
efficiency, keaf Km, Shows a sharp optimum around pH 7 very be indexed in space grol?;,2,2; with the following unit
similar to that seen for the yeast enzyrid)( The Michaelis  cell dimensions:a=61.3 A,b = 96.0 A, andc = 145.1 A.
constant is minimal near pH 7, approximatelyi, and The crystals of the selenomethionine-substituted ODE€ase
increases to either side of this pH value. UMP is a weak BMP complex can be indexed in space grdt@?2 (a =
inhibitor of the reaction with &; of about 0.5 mM. The  123.2 A/b=195.2 A, andc = 148.9 A) or in space group
inhibition by BMP has been investigated at pH 8 in the P2; (a = 115.5 A/b = 149.0 A,c = 115.6 A, and =
presence of 10&M OMP as a substrate. Even at a quite 115.32). By looking at the merging statistics, we have
high dilution, the enzyme is inactivated (slowly) by sto- determined the lattelP@,) of these to be correct.
ichiometric concentrations of BMP, indicatind@afor BMP The data were processed in DENZ®6Y and scaled in
of <1078 M. Our conclusion is tha. coliODCase displays ~ SCALA (17). The positions of the selenium atoms were
activity, a pH optimum, and inhibition toward BMP similar  determined using the program SOLVHS|. The weak
to those of the yeast enzymay. reflections that were only seen in the selenomethionine-

The result from a sequence alignment of 53 ODCases with substituted crystal form were ignored, and only reflections
a broad phylogenetic background, available from the SWISS- corresponding to the smaller unit cell of the native crystal
PROT database, is shown in Figure 2. This reveals five form were included, hence assuming space grie22,2;.
totally conserved amino acid residues corresponding to SOLVE was able to localize 24 of the 32 expected selenium
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E coli l = MTL
B caldolyticus 1 - ———
S cerevisiae 1l ————mmmmmmm MSKATYKERAATH-PSPVA
A thaliana 176 RVLKEKGKIEEEVEVNLLKFLEENRRVSVP---SVEKPKPKPRVLGFKERSELS-KNPTG
H sapiens 181 EILEQQKKVDAETVGRVKRFIQENVFVAANHNGSPLSIKEAPKELSFGARAELPRIHPVA
M xanthus ] —m e MTTPQPFAHRFSQLAEQR--SPFC
Sec. Struc. e —— N —————— 7
10 vYy 30 40 V¥ 50
E coli 4 TASSSSRAVTNSPVVVA YHNRDDALAFVDKIDPR_DCE._\L;*WVGKEM?TLFGPQ ~~~~~~~
B caldolyticus 1 ———————— MHTPFIVALBFPSKQEVERFLRPFAGTPLFVIZVGMELYYQEGPA-——————
S cerevisiae 19 AKLFNIMHEKQTNLCAS RTTKELLELVEALGPKICL%HVDILTDFSME———GTVK
A thaliana 232 KKLFDIMLKKETNLC GTAAELLDIADKVGPEICLD*THVDILPDFTPD————FGS
H sapiens 241 SKLLRLMQKKETNLCLSADVSLARELLQLADALGPSICMLTHVDILNDFTLD----VMK
M xanthus 23 LGIDPSRDLLTRWGLPDNARGLRDFCERVADAAGSSVAVVIIPQSAFFERHGPEGLQ-VLQ
Sec. Struc. _“ -°—-—_
60 85 v 100

E coli 57 -FVRELQQRGFDIF VAAA-——————— ADLGVWMVNVHASGGARMM
B caldolyticus 45 -IVAFLKEQGHAVF KQAMKG--L--ARVGADL----VNVHAAGGRRMM
S cerevisiae 76 PLKALSAKYNFLLF LOQYSAGVYR-IAEWADI----TNAHGVVG-—---
A thaliana 288 KLRAIADKHKFLIF MOYEGGIFK-ILEWADI----INAHVISG----

H sapiens 297 ELITLAKCHEFLIF KQYEGGIFK-IASWADL----VNAHVVPG--—--
M xanthus 82 ELMRRFKSVGTLTLLVI¥R EAYAETVFGEGSAYEADA--—--ATFTAYLG-——--
Sec. Struc. ] __——_* — T ey —

110 120 \A 140 150 160
E coli 108 TAA----REALVPFGKDAPLLIAVTVLTSMEASDLVD-LGMTLSPADYAERLAALTQKCG
B caldolyticus 96 EAAIEGL-DAGTPSGRMRPRCIAVTQLTSTDERMLHEELWISRPLAETVAHYAALAKESG
S cerevisiae 127 PGIVSGLKQAAEEVTKEPRGLLMLAELSCKGSLATGEYTKGTVDIAK-—-SD--———-— K-
A thaliana 339 PGIVDGLKLKGMPRG---RGLLLLAEMSSAGNLATGDYTAAAVKIAD--AH-—————— S-
H sapiens 348 SGVVKGLQEVGLPLH---RGCLLIAEMSSTGSLATGDYTRAAVRMAE--EH------- S-
M xanthus 134 LGALLKTLERARASG--AAAFLVVRSSNPEGTSLQMSRGEDGRTVAEALADGLRAFNEKP
Sec. Struc. — ——— o e

v 170 180 vy VvV 195 v 210
E coli 163 -—--LDGVVCSAQEAVRFKQVFG-===--~ QEFKLVTPGIRPQGSEAGDQRRIMTPEQALS-
B caldolyticus 155 ---LDGVVCSANEAAFIKERCG--—-—- ASFLAVTPGIRFADDAAHDQVRVVTPRKARA-
S cerevisiae 177 ----D-FVIGFIAQRDMGGRDEG-———- YDWLIMTPGVGLDDKGDALGQQYRTVDDVVS-
A thaliana 386 —-——-D-FVMGFISVNPASWKCGYV---YPSMIHATPGVQOMVKGGDALGQQYNTPHSVITE
H sapiens 395 ----E-FVVGFISGSRVSMK-------- PEFLHLTPGVQLEAGGDNLGQQYNSPQEVIGK
M xanthus 192 GQDAA-PVAGAVMGATLPDSDRGVIERLGGALLLTPGIGAQGAGFDDLKRLFAGREAQVI
Sec. Struc. N—a .-*—_ I
\Ad 230 240

E coli 213 AGVDYM-VIGRPVTQSVDPAQT--LKAINASLQRSA-—=—====
B caldolyticus 205 LGSDYI-VVGRSLTRAADPLGA--YARLQHEWNGGERESTTPT
S cerevisiae 226 TGSDII-IVGRGLFAKGRDAKVEGERYRKAGWEAYLRRCGQQON
A thaliana 438 RGSDII-IVGRGIIKAENPAET-AHEYRVQGWNAYLEKCSQ--
H sapiens 442 RGSDII-IVGRGIISAADRLEA-AEMYRKAAWEAYLSRLGV--
M xanthus 246 IPTATRSVLEAGPDTAALRQALERHLAPARAFRATARPS----

Ficure 2: Alignment of 6 sequences of ODCases, based on the alignment of 53 ODCase sequences. Red shaded amino acids are conserved
in all 53 sequences; blue shaded amino acids are conserved in 52 sequences. The amino acids marked with triangles are in the vicinity of
the binding site of BMP. Amino acids marked with black triangles come from one subunit, while amino acids marked with white triangles
come from the other subunit. Above the sequence the secondary structural elements are shown, identified in ODEas®lfrom

atoms in the asymmetric unit. The noncrystallographic problem of pseudosymmetry and obtaining a final structur-
symmetry between the four subunits (two dimers) was found eresolution of 2.5 A. The NCS-averaged electron density
manually, and the maps were averaged using the CCP4from these data was very clear, and the rest of the structure
program DM (7). From this map, about two-thirds of the was easily built. Residues 242 are included in the model,
structure was built in TURBO10). After a few cycles of indicating that the N-terminus and the last few residues of
simulated annealing using CN30Q), we were able to refine  the C-terminus are disordered. The final refinement statistics
the structure to the native data set, hereby overcoming theare shown in Table 2.
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(A) (B)

Ficure 3: Homodimer ofE. coli ODCase. One subunit is colored red and the other blue. Completely conserved residues are emphasized
with ball-and-stick representations. The inhibitor, BMP, is drawn in yellow. (A) Viewed througb/fh#arrel. (B) Viewed perpendicular

to the view in panel A. The figures were drawn using the programs MOLSCRABTafd Raster3D29). The two subunits are connected

by a series of hydrogen bonds between residues His24 and Asp90; Lys73 and Asp76; N79 and Asp200; Arg105 and Ser132, Asp137, and
Asp200; His75 and Lys47 and His99; and Asp200 and N79.

conserved residues from the other subunit, Asp76B and

Table 2: Refinement Statistics h - - . )
Thr80B. This explains why dimer formation is favored by

L?%;‘E?Q%%Z A g’gf{g the addition of nucleotides. The two negative charges of the
no. of atoms 5'-phosphate group are partly neutralized by the short
protein 7000 hydrogen bonds to the positively charged residues Arg192
ligand 88 (2.4 A) and Arg222 (2.6 A). The interactions between
rm\glgt(%rond lengths) (A) 43_5007 Arg222 and BMP involve not only the side chain of Arg222
rmsd (bond angles) (deg) 1.279 but also its backbone amide group. In addition, the phosphate
R 0.217 group is hydrogen bonded to the backbone of Gly221. The
Riree 0.261 ribose ring of BMP is tied to the active site by interactions
with the two conserved residues, Lys44 and Asp22, both
RESULTS hydrogen bonded to thé-Bydroxyl group. The 2hydroxyl

group donates a proton to Asp76 and accepts a proton from

The asymmetric unit of the native protein contains four Thr80, where both are conserved side chains from the
subunits arranged as two dimers where the two subunits areneighboring subunit. The orientation of the pyrimidine ring
related by a 2-fold symmetry. Only amino acid residues with respect to Lys73, known to be important for catalysis,
involved in crystal contacts deviate from the noncrystallo- has been an important issue in the different models proposed
graphic symmetry restraints enforced throughout the refine- for the catalytic function of the ODCases. The hydrophilic
ments. Each subunit folds up as@ff-barrel where the eight  side, comprised of O4, N3, and O2, is engaged in hydrogen
centralg-strands are surrounded by eleven helical segmentsbonds to Thr131 and GIn201. The backbone NH group of
(Figure 3). The homodimer of the ODCasBMP complex Thrl31 donates a proton to O4; its side chain OH group is
is very closely packed with a BMP molecule in the an acceptor of a hydrogen bond from N3 and a donor to the
C-terminal end of each barrel. Figure 3 shows that the CO group in the side chain of GIn201. The weak interactions
residues that surround each inhibitor come from both with O4 could explain why the substrate analogue, 4-thio-
subunits, so the two active sites are effectively shared by OMP, is partially active §). C5 at the opposite side of the
the two subunits. The separation between the active sites inpyrimidine ring does not have any close contacts with the
the dimer is approximately 16 A, measured as the distancesurrounding protein. The C5-H group is pointing into a
between the K atoms of the catalytically important Lys73  hydrophobic pocket.
residues.

Both BMP molecules in the dimer are completely embed- DISCUSSION
ded in the protein linked by an extensive set of hydrogen The structural results allow us to evaluate the different
bonds to the surrounding protein as shown in Figure 4. catalytic mechanisms suggested for the ODCases. From the
Though the predominant interactions are with one subunit, hydrogen bonding pattern of the BMP moiety, we notice that
BMP is also hydrogen bonded to the side chains of two O4 is hydrogen bonded to the backbone N of the noncon-
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Ficure 4: LIGPLOT (30) diagram of the hydrogen bonding pattern, and the hydrophobic interactions around the inhibitor, BMP.

served Thr131 with no other proton donor in the vicinity. A completely conserved residue Ile77B. The distance between
proton transfer to O4 of the orotate moiety as proposed from the closest oxygen andd@ of lle77B would be approxi-
theoretical calculationsl(Q) can, therefore, be ruled out. mately 2.4 A. The three observatiorie., the hydrogen
The mechanism, where O2 in the orotate moiety is bonding possibility for N3, the hydrophobic environment of
protonated before decarboxylation, is unlikely if we assume C5, and the steric hindrance of the €Q@roup if OMP is
that OMP binds in the samesy{) conformation as we intheanti configuration, are very important. They all support
observe for BMP (based on the surroundings on N3 and C5).the synconfiguration of OMP, and therefore, the enzymatic
Here, O2 is hydrogen bonded ta®Xof GIn201. To examine  attack must be directly on C6 and the carboxylate group.
if the pyrimidine ring of OMP may be bound in thenti An inspection of the active site and the environment of
conformation, we tried to dock a GOgroup into what we BMP reveals some remarkable features. BMP is deeply
believe is the wrong position. This would lead to considerable buried in the protein with the pyrimidine ring covered by a
steric hindrance between the €COgroup and @1 of the series of hydrophobic residues: 1le77B, Val127A, Leul30A,
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Ficure 5: Stereoview of the active site around the inhibitor, BMP. The contour shows the SIGMAA-weigRied B. map contoured
at 1.5. The programs O31) and Molscript 28) were used to make the figure.

Vall67A, Vall87A, and Val219A. a proton may be transferred from the solvent to the otherwise
Residues 196205 form a loop shielding the active site. deprotonated Lys73 (Figure 6D).
Two side chains from this loop (Arg192 and GIn201) are  In the second suggested mechanism, we note that when
engaged in hydrogen bonds to the inhibitor. The active site we replace the pyrimidine ring of BMP with orotate, the
contains a unique arrangement of totally conserved positively carboxylate group of OMP is approximately 2.4 A from the
(Lys44 and Lys73) and negatively (Asp71 and Asp76) carboxylate oxygen atom of Asp71; this is the-O distance
charged side chains as shown in Figure 5. Lys73, proven toin the very short, strong @H---O hydrogen bonds. These
play a role in catalysis, is linked to Asp71 and Asp76 by an very strong hydrogen bonds which have-O distances in
almost symmetrical arrangement of hydrogen bonds. Asp71the range of 2.352.55 A are typically formed between
has the two positively charged side chains of Lys73 and carboxylate and carboxylic acid groups with similasp
Lys44 in its immediate environment. The ODCa&MP values. They have been shown to have covalent character
complex shows only direct hydrogen bonds between Asp71 with hydrogen bond energies of more than 100 kJ thol
and Lys73, but only a small conformational change of the (23—25). The position of Asp71 between the two positively
side chain of Lys44 is required for it to make the hydrogen charged Lys residues (44 and 73) observed in the apoenzyme
bond to Asp71. Such a hydrogen bond is observed in thewill make it a much stronger acid, so it seems likely that it
structure of the apoenzyme1) with Lys44 and Lys73 attains a [, value comparable to theKp value of the
placed almost symmetrically on each side of Asp71. Replac- carboxylic acid group of OMP. Binding of the substrate as
ing the pyrimidine moiety of BMP with an orotate ion in  shown in Figure 7A will bring the carboxylate group of the
the same geometry as observed in the product complex ofsubstrate so close to the carboxylate group of Asp71 that
dihydroorotate dehydrogenas®2?], we note that ©2 of they can form the very short -©H---O hydrogen bond
Asp71 and a carboxy oxygen of the modeled OMP substrate(Figure 7B), a transition state that resembles the one that
are separated by2.4 A. leads to direct decarboxylation @gfketo acids 26). The
The close proximity of the two carboxylate groups makes proton connecting the two carboxylate groups in the very
us suggest two slightly different catalytic mechanisms. The short O--H---O hydrogen bond could come from Lys44 (as
first one, shown in Figure 6, is based on charge repulsion suggested in Figure 7B). As Lys44 is turned away from
between the two negatively charged carboxylate groups of Asp71 to make a hydrogen bond to ‘G8 the ribose ring
OMP and Asp71. The second suggestion, shown in Figure (equivalent to the one seen in the ODCaB#P complex),
7, is based on the formation of a very short, hydrogen bond the K, value of Asp71 increases. Hence, the proton in the
between these two carboxylate groups. low-barrier hydrogen bond will be transferred to the less
Without the substrate or substrate analogues bound in theacidic Asp71. Simultaneously, Lys73 is in a suitable position
enzyme, the loop covering the active site comprised by 0 transfer a proton_ to C6 and _OM_P decarboxylates (Figure
residues 196205 is in an open conformatio@Y). The first 7B). The last step in the reaction involves a transf_er of the
step in the reactions shown in Figures 6 and 7 involves Proton from Asp71 to the deprotonated Lys73 residue (see
closing of the loop and proper binding of the substrate Figure 7C) and a proton transfer from the solvent to Lys44,
(Figures 6A and 7A). The array, Lys4Msp71i-Lys73— if this latter is deprotonated (Figure 7D).
Asp76, is uncharged in total, and this net charge of zero is The two reaction mechanisms described above involve all
possibly important for the acceptance of the negatively the completely conserved residues among the ODCase
charged carboxylate part of OMP. sequences. They are important either for substrate binding
In the charge repulsion mechanism, Lys44 is turned away Of for catalysis. It is worth noting that the latter mechanism
from Asp71 to bind to the ribose moiety and the negatively S0 accounts for one of the salient features of the ODCases,
charged carboxylate group is now facing the negatively its very sharp pH optimum close to pH 7.0. The mechanism
charged Asp71. This is energetically very unfavorable, and relies on the fine interplay of interactions between aspartic
a possibility is that charge repulsion between these two acid and lysine residues, whose side chains are titrated on
groups will initiate decarboxylation as shown in Figure 6B. e€ither side of pH 7.
Ne from Lys73 and C6 of OMP are very close (3.5 A), and  We want to stress that, except for the initial closing of
Lys73 may easily be relaxed to be able to transfer a protonthe loop when the substrate binds, the two proposed
to C6. As UMP and C@leave the active site (Figure 6C), mechanisms are based on the movement of protons and
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FIGURE 6: Stepwise representation of the first proposed mechanism K 44

used by ODCase in the decarboxylation of OMP. (A) The substrate
enters the active site. (B) As Lys44 is turning away from Asp71,
charge repulsion between the two carboxylate groups initiates
decarboxylation and Lys73 donates a proton to C6. (C) &l
UMP leave the active site. (D) Lys73 is protonated from the solvent.

FIGURE 7: Stepwise representation of the second proposed mech-
anism used by ODCase in the decarboxylation of OMP. (A) The
substrate enters the active site. (B) In the transition state, a very
short hydrogen bond between Asp71 and the carboxylate group of
OMP is formed and Lys44 turns toward the ribose moiety. As the

i ; ; pK, for OMP is now the lower value, the proton is transferred to
electrons and partially achieved through small adjustmentsAspn, and Lys73 donates a proton to C6. (C) The proton on Asp71

of Lys44 anq Lys73. Also, the propose_d mechan_lsms provide is transferred to Lys73. (D) The product has left the active site,
an explanation for the total conservation of residues Lys44, and Lys44 is protonated from the solvent and returns to its original
Asp71, Lys73, Asp76, and lle77. lle77 serves as a plug, position.

assuring that the substrate binds in #a conformation.

Asp76 is taking part in the array of charged residues in the boxylation of OMP, and finally, Lys73 is providing the
active site. It is hydrogen bonded to Lys73, and probably proton to C6.

involved in the fine-tuning of the pH optimum and the correct ~ The latter mechanism, involving the +GH:-+O short
position of Lys73. Lys44, Asp71, and Lys73 are directly hydrogen bond, is in agreement with recent measurements
involved in the mechanism. Lys44, initially being hydrogen of the D,O solvent kinetic isotope effects and tR€ primary
bonded to Asp71, provides a positive charge so that thekinetic isotope effects o&. coli ODCase 27), which show
substrate binds, and also has the possibility of donating athat decarboxylation and proton transfer occur in separate
proton to the suggested short low-barrier hydrogen bond steps and that proton transfer must occur prior to decar-
between Asp71 and the substrate. Asp71 is initiating decar-boxylation.



4224 Biochemistry, Vol. 39, No. 15, 2000

The rate enhancement of ODCase, definek.@&.on, has
been calculated to be 10 The corresponding estimate of
the difference in the activation free energyAG*, between
the catalyzed and noncatalyzed reaction is accordingly
~RTIn 10', which at 300 K is~100 kJ. Here it should be
noted that bringing two point charges fe” together to a
distance of only 2.3 A willcost about 150 kJ, while the
energy that may bgainedby forming a short @-H---O
hydrogen bond between a carboxylic acid and a carboxylate
group is approximately 100 kJ.

To distinguish between the two proposed mechanisms,
further experiments are required, for instance, on suitable
mutant enzymes.
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