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ABSTRACT. 3-Keto+i-gulonate 6-phosphate decarboxylase (KGPDC) and orotidirmeaoiophosphate
decarboxylase (OMPDC) are homologous enzymes that sharg/the-fold but catalyze mechanistically
distinct reactions [Wise, E., Yew, W. S., Babbitt, P. C., Gerlt, J. A., and Rayment, |. (Bd@&emistry

41, 3861-3869]. KGPDC catalyzes the Mtgdependent decarboxylation of 3-ketayulonate 6-phosphate,

an intermediate in the catabolic pathwayLediscorbate utilization bischerichia coliK-12 [Yew, W. S.,

and Gerlt, J. A. (2002). Bacteriol. 184 302-306]. OMPDC catalyzes a metal ion-independent reaction
that likely proceeds without a vinyl anion intermediate [Appleby, T. C., Kinsland, C., Begley, T., and
Ealick, S. E. (2000Proc. Natl. Acad. Sci. U.S.A. 92005-2010], although the mechanistic details are
uncertain. An active site Lys located at the end of the tfkstrand in OMPDC has been proposed to be
the general acid that delivers a solvent-derived proton to the UMP product; the active site of KGPDC
contains a homologous Lys residue (Lys64). Herein, we report investigations of the KGPDC-catalyzed
reaction that are consistent with a mechanism involving &"Mgabilizedcis-enediolate intermediate
[Wise, E. L., Yew, W. S., Gerlt, J. A., and Rayment, |. (20@pchemistry 4212133-12142] and
implicate waters proximal to His136 and Arg139, both located at the end of the/istitand, as the
general acids that deliver a solvent-derived proton to the intermediate to fonxiftelose 5-phosphate
product. On the basis of our mechanistic investigations, Lys64 stabilizessteaediolate intermediate

by forming hydrogen bonds to both O1 and O2 of the intermediate. Thus, although the active sites of
OMPDC and KGPDC contain a conserved Lys at the end of the fhgtland, their roles in catalysis are

not conserved. Furthermore, a conserved Asp at the end of theStisirdnd in OMPDC participates in

a hydrogen-bonded network that positions the acidic Lys residue; in the active site of KGPDC, the
homologous Asp67 participates in stabilization of the enediolate intermediate and enfoicgsanetry.

We conclude that the conserved active site residues perform different functions in the OMPDC- and
KGPDC-catalyzed reactions, so the mechanisms of their reactions are completely distinct. This study
further highlights the opportunistic nature of divergent evolution in conscripting the active site of a
progenitor to catalyze a mechanistically distinct reaction.

In the utilization ofL-ascorbate b¥scherichia coliK-12 6-phosphate synthase (HPS) that catalyzes the aldol con-
and other microbial species, 3-katayulonate 6-phosphate  densation ofb-ribulose 5-phosphate with formaldehyde in
is decarboxylated to-xylulose 5-phosphatdl). The enzyme methylotrophic microbes that “fix” formaldehyd®)( The
that catalyzes this reaction, 3-katagulonate 6-phosphate  members of this suprafamily share the ubiquitod&xjs-
decarboxylase (KGPDC)is a member of the orotidin€5  barrel fold and catalyze mechanistically distinct reactions in
monophosphate decarboxylase (OMPDC) “suprafam®y” ( different metabolic pathways.

4). This suprafamily also includes-arabino-hex-3-ulose Although the mechanism of the OMPDC-catalyzed reac-

tion remains controversial, it is metal ion-independent and
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$ University of Wisconsin. neous decarboxylation and protonation at C6 (Figure 1), with
! Abbreviations: HPSp-arabino-hex-3-ulose 6-phosphate synthase; the strictly conserved Lys at the end of thitestrand (Lys62

KGPDC, 3-keto:-gulonate 6-phosphate decarboxylase; LyxK, 2,3- i i
diketoi-gulonate kinase; OMPDC, orotidiné-Bhonophosphate de- in the structurally characterized OMPDC frogacillus

carboxylase; XylAp-xylose isomerase; XylBo-xylulokinase; YiaK, subtilis) fun_ctioning as the general acid that delivers a
2,3-diketot-gulonate reductase. solvent-derived proton to the UMP produ®.(
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Ficure 1: Reactions catalyzed by KGPDC, OMPDC, and HPS.

In contrast, the mechanisms of the KGPDC- and HPS- of the substrate is a ligand of the essentiaPM@nd Lys64
catalyzed reaction can be envisioned to involve enediolateforms a hydrogen bond to the same oxygen to provide
intermediates stabilized by coordination to an essenti&™g additional stabilization of the intermediate. Lys64 is not
(Figure 1). In the reaction catalyzed by KGPDC, the located in an appropriate position to function as a general
enediolate intermediate is produced by decarboxylation of acid catalyst that delivers a proton to the enediolate
the 5-keto acid; an active site acid is expected to deliver a intermediate. However, in the absence of experimental tests
proton to the intermediate to generate theylulose 5-phos- of this structure-based mechanism, Lys64 could perform the
phate product. In the reaction catalyzed by HPS, an active same function as its homologue in OMPDC, i.e., delivery
site base is expected to abstract a C1 proton from theof a solvent-derived proton to the product, although the
p-ribulose 5-phosphate substrate; formation of a carbon reactions involve different intermediates.
carbon bond results from attack of this intermediate on the  On the basis of sequence alignments, the active sites of
formaldehyde cosubstrate. all KGPDCs and HPSs are predicted to contain a conserved

The available structures for four OMPDCs [frdi coli His at the end of the sixtfi-strand (His136 in the KGPDC
[Harris, P., Navarro Poulsen, J. C., Jensen, K. F., and Larsenfrom E. coli). Additionally, the active sites of all KGPDCs,

S. (2000) Structural basis for the catalytic mechanism of a but none of the HPSs, are predicted to also contain an Arg
proficient enzyme: orotidine'8nmonophosphate decarbox- residue at the end of the sixthstrand (Argl39 in the
ylase,Biochemistry 3942174224.],B. subtilis(9), Metha- KGPDC fromE. coli). Perhaps one or both of these residues
nobacterium thermoautotrophicu¢h0), and yeast1)] and may function as the general acid in the KGPDC-catalyzed
UlaD, a KGPDC fromE. coli (3), suggest that homologues reaction, thereby establishing complete functional divergence
of residues in the active site of OMPDC have been of the reactions catalyzed by OMPDC and KGPDC.
conscripted to serve different functions in the active site of  Using wild-type KGPDC as well as mutants of several
KGPDC. For example, in the OMPDC from. subtilis active site residues, we have studied (1) the exchange of the
Aspll at the end of the firgi-strand, Lys33 at the end of protons of the 1-hydroxymethylene group of thaylulose

the seconds-strand, and Asp60 at the end of the third 5-phosphate product with solvent, (2) the stereochemical
pB-strand participate in an essential hydrogen bonding net- course of the decarboxylation of 3-ketegulonate 6-phos-
work. In KGPDC, the homologous residues, Aspll, Glu33, phate to produce-xylulose 5-phosphate, and (3) the ability
and Asp62, provide ligands for the essential2¥g of formaldehyde to intercept the enediolate intermediate in

On the basis of sequence alignments, the active sites ofthe decarboxylation reaction. Exchange of the product with
all KGPDCs and HPSs are predicted to contain conservedsolvent hydrogen is stereospecific and occurs only when
homologues of the general acidic Lys residue in the active His136 is present, consistent with the essential participation
site of OMPDC (Lys62 in the OMPDC fromB. subtilis of His136 in this reaction. In contrast, the decarboxylation
Figure 2). Indeed, the structure of KGPDC from coli reaction catalyzed by wild-type KGPDC proceeds with
confirms the expected location of this Lys residue (Lys64) marginal stereoselectivity (favoring inversion of configura-
at the end of the thirg@-strand. Structures are available for tion), consistent with the participation of water molecules
four liganded complexes of this KGPDC: the substrate hydrogen bonded to both His136 and Arg139 as the general
analoguea -gulonate 6-phosphate, the intermediate analogue acids. The stereochemical course of the decarboxylation can
L-threonohydroxamate 4-phosphate, the product analoguebe “tuned” to inversion, retention, or racemization by
L-xylitol 5-phosphate, and the produckylulose 5-phosphate  substitutions for Glu112, His136, and Arg139, presumably
(3, 12). On the basis of these structures, the 3-keto oxygen by altering the acidities of the associated water molecules.
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froB subtilis (OMPDC_BS), E. coli (OMPDC_EC), andM. thermoautotrophicum

(OMPDC_MT), KGPDCs fronVibrio cholera(KGPDC_VC),Haemophilus influenzeKGPDC_H]I), ancE. coli (KGPDC_EC), and HPSs
from Mycobacterium gastfHPS_MG),Methylomonas aminofacierfslPS_MA), andB. subtilis(HPS_BS). The strictly conserved Aspl1
and residues in the Asp-X-Lys-X-X-Asp motif are highlighted in red. Glu33, thé\nding ligand in KGPDCs and HPSs, is highlighted

in blue. The His136:Glu112 dyad in KGPDCs and the Hi&\sp dyad in HPSs are highlighted in green and magenta, respectively, and the
conserved Arg139 is highlighted in orange. A strictly conserved phosphate-binding Arg ligand located at the end of tifestighthin
KGPDCs and OMPDC:s is highlighted in brown. The alignment was produced by the Pileup algorithm of the GCG software package.

Both Lys64 and Asp67 stabilize and restrict tiegeometry
of the enediolate intermediate but do not directly participate were constructed using the QuikChange kit (Stratagene),
in its protonation. We conclude that, despite homologous verified by sequencing, expressed in the BLR(DEA"
active site structures, the reactions catalyzed by OMPDC andstrain of E. coli, and purified as previously described for
KGPDC share no discernible mechanistic relationships, ild-type KGPDC ().

thereby highlighting the opportunistic nature of the likely
conscription of an OMPDC progenitor to catalyze the

KGPDC reaction.

EXPERIMENTAL PROCEDURES

H and?H NMR spectra were recorded using a Varian
Unity INOVA 500 MHz NMR spectrometer3C and3P
NMR spectra were recorded using a Varian Unity 500 MHz
NMR spectrometer. All reagents were the highest quality

grade commercially available.

Site-Directed Mutagenesis and Protein PurificatiataD,
the gene encoding one of two KGPDCs kh coli, was
previously cloned into a modified pET15-b (Novagen) vector
in which the N-terminal His tag contains 10 instead of the

usual six His residued. Site-directed mutants of KGPDC

The presence of contaminating wild-type KGPDC in
mutant proteins prepared by this procedure was evaluated
as follows. The genes encoding both KGPD@aD in locus
AEO000491 andgbHin locus AE000435) in strain BW25113
were insertionally inactivated with kanamycin and chloram-
phenicol resistance markers, respectivelg)( The D67A,
K64R, E112A, and H136A mutants were subcloned into a
modified pKK223-3 (Amersham) vector in which the N-
terminus contained 10 His residues; the mutants were
expressed in the KGPDC-deficient strain, and the kinetic
parameters that were obtained were within the error of those
measured for proteins isolated from BLR(DE3) (data not
shown).
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Synthesis ofi-Xylulose 5-PhosphateL-Xylulose was

Yew et al.

5-phosphate ([LX5R) was equal to the enzyme concentra-

prepared according to the method of Touster et al., with the tion.

following modifications. Fifteen grams of-xylose was
refluxed under dry conditions in 150 mL of distilled pyridine

Stereochemical Course of 3-Katajulonate 6-Phosphate
Decarboxylation3-Keto+i-gulonate 6-phosphate was gener-

for 5 h. Pyridine was removed by evaporation, and unreactedatedin situ and decarboxylated in a,D-containing buffer

L-xylose was removed by precipitation with ethanol and
ether.L.-Xylulose 5-phosphate was prepared fromylulose
and ATP using 2,3-diketo-gulonate kinase (LyxK, which
utilizes eitherL-xylulose or 2,3-diketa—gulonate as the
substrate). The reaction mixture contained 40 mbj/lulose
(10 mmol), 0.76 mM ATP, 13 mM MgG] 50 mM
K+*HEPES (pH 7.5), 31.7 mM acetyl phosphate (7.9 mmol),
300 units of LyxK, and 400 units of acetate kinase in 250
mL. The reaction mixture was incubated f® h at 25°C.
ATP or ADP was removed by treatment with activated

at 20°C, with *H NMR spectra recorded as a function of
time after initiation of the reaction. We observed the
immediate production of 3-keto-gulonate 6-phosphate that
underwent enzyme-catalyzed decarboxylation; however, in
the absence of KGPDC, the substrate slowly epimerizes at
C2 to 3-ketoe-idonate 6-phosphate (not shown). To mini-
mize this competing reaction, KGPDC was present when the
substrate was generated. A typical reaction mixture contained
20 mM 2,3-diketo:-gulonate, 50 mM KHEPES (pD 7.5),

10 mM MgCh, 0.25 mM ATP, 0.25 mM NADH, 20 mM

charcoal, and the enzymes were removed by filtration through sodium formate, 20 mM acetyl phosphate, 150 units of 2,3-

a Biomax-10 (10 000 Da) ultrafiltration membrane (Milli-
pore).L-Xylulose 5-phosphate was purified by elution from
a column of DEAE-Sepharose Fast Flow (H£@rm) with

a gradient of triethylammonium bicarbonate (pH 8.0).
Fractions containing-xylulose 5-phosphate were pooled,

diketo+-gulonate reductase (YiaK), 50 units of LyxK, 10
units of formate dehydrogenase, 20 units of acetate kinase,
and 5uM wild-type KGPDC (or increased amounts of
mutant enzymes). All enzymes were exchanged ing® D
buffer [50 mM K'HEPES (pD 7.5)] using an Amicon

and the triethylammonium bicarbonate was removed by (10 000 Da) stirred ultrafiltration cell.

evaporation:*H NMR (D0, 500 MHz)6 4.36 (q,J = 19.3
Hz, 2H), 4.30 (dJ = 2.2 Hz, 1H), 3.95 (dtJ = 2.2, 6.5 Hz,
1H), 3.60 (m, 2H)%C NMR (D0, 500 MHz)¢ 181.0, 73.0,
71.5, 68.5, 67.0.

Synthesis ob-[1R-?H]Xylulose 5-Phosphaten-[1R-?H]-
Xylulose 5-phosphate was prepared from commercially
availablep-[2-?H]xylose (Omicron) using-xylose isomerase
(XylA) and p-xylulokinase (XylB). The reaction mixture
contained 44 mMb-[2-?H]xylose (2.2 mmal), 0.13 mM ATP,
30 mM MgCh, 50 mM maleate (pH 7.0), 52 mM acetyl

Formaldehyde as an Alternate Electrophile in Decarbox-
ylation. 3-Keto+ -gulonate 6-phosphate was generatesitu
as previously described and decarboxylated in #D-D
containing buffer at 20C in the presence of formaldehyde,
with *H NMR spectra recorded as a function of time after
initiation of the reaction. A typical reaction mixture contained
all previously described components with the addition of
3.75-37.5 mM formaldehyde (generated finca 1 M stock
of paraformaldehyde in D).

Synthesis of -[1-?H,]Xylulose 5-PhosphateL-[1-?H,]-

phosphate (2.6 mmol), 300 units of acetate kinase, 200 unitsXylulose 5-phosphate was prepared by decarboxylation of

of XylA, and 200 units of XyIB in 50 mL. The reaction
mixture was incubated f@8 h at 25°C. p-[1R-?H]Xylulose
5-phosphate was purified as previously described Lfor
xylulose 5-phosphate. The genes encoding XylA and XyIB
were cloned from genomic DNA isolated frofn coli strain

3-ketot-gulonate 6-phosphate in,D buffer using the D67A
mutant. The reaction mixture contained 20 mM 2,3-diketo-
L-gulonate (0.16 mmol), 0.25 mM ATP, 0.25 mM NADH,
10 mM MgChk, 50 mM K*HEPES (pD 7.5), 20 mM acetyl
phosphate (0.16 mmol), 20 mM sodium formate (0.16 mmol),

MG 1655 and expressed using a modified pET15-b vector 1500 units of YiaK, 500 units of LyxK, 100 units of formate

encoding an N-terminal His tag with 10 His residues. The
proteins were expressed H. coli strain BL21(DE3) and
purified as described for KGPDC.

KGPDC-Catalyzed Exchange of the Protons of the 1-Hy-
droxymethylene Group ofXylulose 5-Phosphate-Xylulose
5-phosphate was incubated with KGPDC inbuffer at
20°C, and'H NMR spectra were recorded as a function of
time. A typical reaction mixture contained 20 mMkylulose
5-phosphate, 50 mM KHEPES (pD 7.5), 10 mM MgG|
and 5uM wild-type KGPDC (or increased amounts of
mutant enzymes). The rate of exchankg ) of the protons
of the 1-hydroxymethylene group by wild-type KGPDC was
calculated from eq 1, which takes into account the total
amount oft-xylulose 5-phosphate bound at any time.

kexc = kobs[LXSP]T/[LXSP]B (1)

wherekqpsis the observed first-order rate constant, [LXBP]
is the total L-xylulose 5-phosphate concentration, and
[LX5P]s is the concentration of boundxylulose 5-phos-
phate. Because the concentration ofylulose 5-phosphate
(20 mM) was significantly higher than the enzyme concen-
tration (5 uM), the concentration of bound-xylulose

dehydrogenase, 200 units of acetate kinase, and 1000 units
of D67A in 8 mL. The reaction mixture was incubated for
20 min at 25°C, and enzymes were removed by filtering
the mixture with a Biomax-10 (10 000 Da) ultrafiltration
membrane (Millipore). Unincorporated deuterium was re-
moved from the solution containing[1-?HJxylulose 5-phos-
phate by repeated lyophilization from deuterium-depleted
H»0: 2H NMR (H;0, 500 MHz)d 4.45 and 4.35 fopro-1S

and pro-1R deuteria, respectively.

Deuterium NMR Studies of KGPDC-Catalyzed Exchange
of the Protons of the 1-Hydroxymethylene Group.41-
2H,]Xylulose 5-Phosphate.-[1-2H,]Xylulose 5-phosphate
was incubated with %M wild-type KGPDC or increased
amounts of mutants in deuterium-depleted buffer for 210 min
at 20°C, and?H NMR spectra were recorded. A typical
reaction mixture contained 20 mM[1-’Hj]xylulose 5-phos-
phate, 50 mM KHEPES (pH 7.5), 10 mM MgG]| and
enzyme. All enzymes were exchanged into deuterium-
depleted buffer [50 mM KHEPES (pH 7.5)] using an
Amicon (10 000 Da) stirred ultrafiltration cell.

Deuterium NMR Studies of the Stereochemical Course of
3-Ketot-gulonate 6-Phosphate Decarboxylatid@-°H]-3-
Keto-L-gulonate 6-phosphate was generatadsitu and
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decarboxylated in deuterium-depleted-@ppm deuterium) Arg139 ., Asp67*

buffer at 20°C, and?H NMR spectra were recorded as a ) / \_ His136
function of time after initiation of the reaction. A typical [;*—HS!._H o - )\_

reaction mixture contained 20 mM 2,3-dikatayulonate, 50 \ ,’f : (s .

mM K*HEPES (pH 7.5), 10 mM MgGJ 0.25 mM ATP, o Glu112

0.25 mM NADH, 20 mM sodium?H]formate &99 at. % e S A P /
2H, Isotec), 20 mM acetyl phosphate, 150 units of YiaK, 50 % R &m0

units of LyxK, 10 units of formate dehydrogenase, 20 units

of acetate kinase, and KGPDC in deuterium-depleteeB(2 Arg192 u. ‘&é‘-‘l. Lys64

ppm) HO (Cambridge Isotope Laboratories). All enzymes /@‘ "Mg2+ -

were exchanged into deuterium-depleted buffer [50 mM K [ : I

HEPES (pH 7.5)] using an Amicon (10 000 Da) stirred Aot ? {

ultrafiltration cell. P \| Asp62
Kinetic Assay of KGPDCProteins were assayed for 'l

KGPDC activity as previously describet) (Briefly, a stock Glu33 |

solution of 3-keta:-gulonate 6-phosphate was generated . o0 3 spcture of the active site of wild-type KGPDC
situ by incubating 2,3-dikete-gulonate (3.6-6.0 mM), 10 complexed with.-threonohydroxamate 4-phosphate, an analogue
mM MgCl,, ATP (6—10 mM), 80 units/mL YiaK, 80 units/  of thecis-1,2-enediolate intermediate, showing the locations of the
mL LyxK, and 1 equiv of NADH for 10 min at 25C. The water molecules located on the: andsi-faces of the intermediate.
assay mixtures (1 mL) contained 3-ketarulonate 6-phos-
phate (0.0785.0 mM), 50 mM K'HEPES (pH 7.5), and Table 1: Kinetic Parameters of KGPDC

10 mM MgCb. After incubation at 25C for sufficient time Keal K
to convert<10% of the substrate to product, the enzymes keat (579 Ku (M) (M~ts™)
were removed by centrifugation through a Biomax-10 wild type 5142 (6.7£0.2)x 10% 7.7x 10¢
(10 000 Da) Millipore centrifugal device. Thexylulose E33K ~0 ( - ) . ~0 5
_ ; i1 KB4R 17+1 3.0+£0.1)x 10* 57x1
5%105;|)fhgtte F?{.r odluc;[kwlgs derf)hoshpr}[orylat(e:(liAtI;y |ntc§;at|onK64A 83+01 (5.1£0.2)x 104 1.6x 10°
with calf intestinal alkaline phosphatase (CIAP) a D67N 11401  (41£0.1)x 104 2.7x 10°
for 5 min. CIAP was precipitated from the mixture by pe7a 24402 (5.0+£0.2)x 104 4.8x 1
addition of 300uL each of a 5% solution of ZnSEYH,O E112Q 4.0+03 (3.1£0.1)x 102 1.3x 1g
E112A 0.3+ 0.02 (3.4+0.1)x 10* 88x1
andIOI.15 bM Ba(Ct)ll-b) T'rt]rﬁ supt)e_rnatan(tj Waé aslsayetcjj l:f)or H136N 43504 (37101)x 104 13x 10°
L-xylulose by reaction with-cysteine and carbazole and by 41354 1.4+ 0.06 (5.2+0.3)x 104 2.7x 10°
measuring the absorbance at 540 nm. H136A 24+01 (7.0£0.2)x 10% 3.4x 10°
R139V 8.9+02 (3.6£03)x10* 25x 10¢
RESULTS AND DISCUSSION D67N/H136A 1.3+ 0.1 (3.0+£0.09)x 10* 4.3x 1C®
D67A/H136A 0.194+ 0.008 (2.74 0.05)x 1074 7.0 x 10?
initi K64R/H136A 42+0.16 (4.4+05)x 10* 9.5x 106
In our kngs:jgaport about thf dstructur(ra] of the thgh_ h K64AH136A 0.75+0.05 (5.8+£0.1)x 10% 1.3x 1C®
requiring 8), we suggested a mechanism in which  £1150,1364 0.23: 0.01 (1.5+0.03)x 10* 1.5x 10°
the 2-OH group and 3-keto group of the substrate are g112A/H136A 0.45: 0.03 (6.5+0.6)x 104 6.9x 10
liganded to the M§"; decarboxylation would yield a&is- K64A/R139V 12+01 (9.0£1.0)x 10* 1.3x 10
1,2-enediolate with the 1- and 2-oxygens liganded to the H136A/R139V 92£04 (14+03)x10° 6.6x 10°

oy _ _ T K64A/E112Q/H136A 2.9:0.2 (5.5£0.9)x 10* 53x 10°
Mg=* to provide essential stabilization. However, as a result E112Q/H136A/R139V 0.2 0.015 (2.2£0.2)x 10 9.1x 1C?

of our more recent structural studies with analogues of the E112A/H136A/R139V 0.21 0.01 (7.7+ 0.6)x 104 2.7 x 10
substrate (-gulonate 6-phosphate), enediolate intermediate K64A/E112A/ 0.26+0.02 (1.4£0.2)x 103 1.9x 1
(L-threonohydroxamate 4-phosphate), and produsi/{itol H136A/R139V

5-phosphate) as well as with the actuatylulose 5-phos-

phate product, we now hypothesize a mechanism in which form the L-xylulose 5-phosphate product. On the basis of
the 3-keto group and the 4-OH group of the substrate arethe structures of the various complexes, we hypothesized that

liganded to the M§" and the 2-OH group is hydrogen-  Gju112, His136, or their hydrogen-bonded dyad functions
bonded to Asp67 from the adjacent polypeptide in the dimer g5 the general acid cataly<t2.

(12).

The structure of the complex of KGPDC withthreono-
hydroxamate 4-phosphate, the analogue of ti®l,2-
enediolate, is shown in Figure 3. In the mechanism that is
consistent with this structure, th@s-1,2-enediolate inter-
mediate is stabilized by coordination of the 2-oxygen to the
Mg?t and hydrogen bonding of the 1-oxygen with Asp67.

Glull2 and His136 are expected to be located orsthe
face of C1 of the intermediate (Figure 3). The configuration
of C2 of the 3-keta--gulonate 6-phosphate substrate is
consistent with carbon dioxide departing from tieeface
of C1 of the resulting enediolate intermediate. Therefore, if
Glul12 and/or His136 were the acid, the KGPDC-catalyzed
Lys64 also interacts with both the 1- and 2-oxygens of the reaction would prpceed with inversi.on of configurqtic_)n. we
intermediate to provide additional stabilization. The direct "OW report experiments that examine these predictions.
interactions of both Lys64 and Asp67 with the intermediate  Kinetic Parameters of Acie Site MutantsSingle and
and the indirect interactions of Aspll and Glu33 via the multiple mutants involving several active site residues were
liganded M@" would require that a functional group not constructed; the identities of the various mutants and the
present in OMPDC protonate the enediolate intermediate tovalues of their kinetic constants are summarized in Table 1.
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M o (kexd is 0.96+ 0.03 s, 2% of the value ok, measured
S for decarboxylation (Table 1). This difference in rate
Hs He Ha_.%_oﬂ constants suggests that (1_) the conjugate acid of the base
— — HO—C—H, that catalyzes exchange is monoprotic and not readily
CH,0PO;™ accessible to solvent and/or (2) the functional group that
L-xylulose §-phosphate catalyzes the exchange reaction is significantly protonated
+H; Hy at pH 7.5, as might be expected if this group were the general
v acid in the decarboxylation reaction.

The ability of KGPDC to catalyze stereospecific exchange
of a proton of thelL-xylulose 5-phosphate product is
persuasive evidence for the occurrence of an enediolate

intermediate.
""""" R T T T o Exchange of the Protons of the 1-Hydroxymethylene Group
B of the L-Xylulose 5-Phosphate Product with Seht Cata-
lyzed by Mutant Enzyme®Ve also studied the ability of
mutants to catalyze exchange of the 1-hydroxymethylene
protons of the -xylulose 5-phosphate product with solvent.
For experimental convenience, we increased the amounts of
enzyme in inverse proportion to the effect of the substitutions
J on activity to facilitate data collection. Single substitutions
- P . = p P & o for Lys64, Asp67, Glul12, and Arg139 catalyzed stereospe-
FIGURE 4: (A) H NMR spectrum ofL-xylulose 5-phosphate,  Cific exchange of thgro-1Shydrogen, as was observed for
showing the assignments of the 1-hydroxymethylene protons. (B) the wild-type enzyme (Figure 4B). In contrast, single
ﬁﬁﬁg%?%?}t%';’he V;ﬁf_ggé”?(g;%%%ﬁL:/'gﬁgui'ﬁqhuc:;g{‘saé‘? ff;%r‘l substitutions for His136 as well as all multiple mutants that
Asp67, Glu112, and Arg139 listed in Table 1. Y% contained the H13§A substitution were ungble to catquzg
the exchange reaction (data not shown). This observation is
Enzymatic decarboxylation gf-keto acids can occur via  consistent with His136 catalyzing stereospecific exchange
two mechanisms. (1) An active site lysine stabilizes the of the protons of the 1-hydroxymethylene group of the
electron-rich intermediate derived from decarboxylation as product with solvent. The expected corollary is that His136
a ketimine, as in the case of acetoacetate decarboxyldse ( catalyzes delivery of a proton to the enediolate in the
15). (2) A divalent metal ion stabilizes an enolate intermedi- decarboxylation reaction.
ate by direct coordination, as in the case of class Il aldolases Stereochemical Course of 3-Katggulonate 6-Phosphate
(16, 17). The reaction catalyzed by KGPDC is dependent Decarboxylation.We then determined the stereochemical
on the presence of Mg (1). However, the presence of Lys64 course of the decarboxylation reaction catalyzed by KGPDC
suggests that a Schiff base mechanism could be possibleso that we could determine the relative orientation of the
That the value ok, for the K64A mutant is 20% of that of ~ carboxylate group that departs as £4hd the general acid
the wild type eliminates this mechanistic possibility. that delivers a solvent-derived proton to the stabilized
Surprisingly, single mutants of Lys64, Asp67, Glul12, enediolate intermediate to yield the product. This requires
His136, and Arg139, candidates for substrate binding and/both configurational assignment of the substrate as well as
or catalysis of proton transfers based on the available chemical shift assignments for the diastereotopic prochiral

structural information 12), retain substantial activity. protons of the hydroxymethylene group of thexylulose
Exchange of the Protons of the 1-Hydroxymethylene Group 5-phosphate product.
of L-Xylulose 5-Phosphate with Seint The 'H NMR The substrate used in our experiments is geneiateitu

spectrum of -xylulose 5-phosphate includes an AB quartet from 2,3-diketoe-gulonate using NADH, 2,3-diketo-gu-
associated with the geminal protons of the 1-hydroxymeth- lonate reductase (YiaK), ATP, and 3-katagulonate kinase
ylene group. A sample af-[1R-?H]xylulose 5-phosphate was  (LyxK). We determined that 2,3-diketegulonate is reduced
prepared fromp-[2-°H]xylose by the coupled action of by YiaK to yield 3-ketot-gulonate, not the 2-epimeric
D-xylose isomerase (XylA) and-xylulose kinase (XylB); 3-keto+-idonate; this was accomplished by enzymatically
Rose (8) reported that the hydride transfer reaction catalyzed reducing 2,3-diketa-gulonate with YiaK followed by
by XylA is accompanied by migration of the 2-hydrogen of chemical reduction of the resulting 3-ketoacid with NaBH
p-xylose to the R position of b-xylulose. The downfield  The!H NMR spectrum of this sample was identical to that
resonance of the AB quartet was selectively depleted in theof a mixture ofL-gulonate and -galactonate rather than a
spectrum of the deuteratedxylulose 5-phosphate. Hence, mixture ofL-talonate and-idonate (data not shown), thereby
the downfield resonance of the AB quartet in the enantio- establishing the identity of the substrate as 3-ketp#onate
meric L-xylulose 5-phosphate is associated with ghe-1S 6-phosphate.
hydrogen (Figure 4A). When 3-keto--gulonate 6-phosphate is decarboxylated by
We investigated whether KGPDC can catalyze exchangewild-type KGPDC in a RO buffer, bothL-[1S?H]- and
of one or both of the prochiral 1-hydroxymethylene protons L-[1R-’H]xylulose 5-phosphate are produced, the former
of the L-xylulose 5-phosphate product with solvent. Wild- being favored by a modest 2:1 ratio (Figure 5A). The
type KGPDC catalyzes a stereospecific exchange in which stereochemical course of decarboxylation to yield the more
L-[1S?H]xylulose 5-phosphate is formed (Figure 4B). The abundantL-[1S?H]xylulose 5-phosphate is inversion of
value of the rate constant for exchange of pine-1S proton configuration, as predicted from the observed stereospeci-
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FIGURE 5: Partial 'H NMR spectra ofL-xylulose 5-phosphate
obtained from the decarboxylation of 3-keta@yulonate 6-phosphate
in DO using (A) wild-type KGPDC, (B) H136A, (C) H136Q, (D)
E112Q, (E) E112Q/H136A, (F) R139V, (G) E112Q/H136A/R139V,
(H) D67A, (I) D67N, (J) D67A/H136A, and (K) D67N/H136A.

ficity of exchange of thepro-1S hydrogen ofL-xylulose
5-phosphate with solvent hydrogen; the less abundgtiR-
2H]xylulose 5-phosphate is formed with an unanticipated

retention of configuration.

The reactions catalyzed by KGPDC and otfidtetoacid

Biochemistry, Vol. 43, No. 21, 20046433

theless, the lack of stereospecificity in the KGPDC-catalyzed
p-ketoacid decarboxylation reaction is unusual, but not
unprecedented; the reactions catalyzed by sf@rketoacid
decarboxylases proceed with retention of configuration
(isocitrate dehydrogenase and malic enzyme), and others
proceed with inversion of configuration (phosphogluconate
dehydrogenase, UDP-glucuronate dehydrogenase, acetolac-
tate dehydrogenase, and oxaloacetate decarboxyla8e) (
Only the reaction catalyzed by acetoacetate decarboxylase
proceeds with racemizatio2(). In the case of the KGPDC-
catalyzed reaction, the lack of stereospecificity in protonation
of the cis-enediolate intermediate may be a consequence of
the functional divergence from an active site that catalyzes
the achiral OMPDC reaction.

Two explanations are possible for the unexpected lack of
stereospecificity.

(1) Protonation of the intermediate to yield product occurs
by two competing pathways, one in which a proton is
delivered to thesi-face of C1 of thecis-enediolate intermedi-
ate to yieldL-[1SH]xylulose 5-phosphate and the second
in which a proton is delivered to thre-face to yieldL-[1R-
2H]xylulose 5-phosphate. Glul112 and His136 are both
positioned on thesi-face, making one or both of these
candidates for thesi-face specific catalyst. However, the
available structures also reveal the presence of a water
molecule hydrogen bonded to His136 in a position more
appropriate for delivery of a proton to tretface (Figure
3). No potential amino acid general acidic catalyst is located
on the re-face of C1 of the intermediate, although the
available structures reveal the presence of one or two water
molecules proximal to Arg139 that are in positions that are
appropriate for delivery of a proton to the-face (Figure
3)?

(2) Bothcis- andtrans-enediolate intermediates can exist
in the active site, with the consequence that the same protein
functional group delivers a proton to tlsgface of C1 of
the cisenediolate and thee-face of C1l of thetrans
enediolate, resulting in the observed mixtureLgfLS?H]-
andL-[1R-?H]xylulose 5-phosphates.

The experiments described in the remainder of this paper
explore the validity of these explanations.

Stereochemical Course of the Decarboxylation Reactions
Catalyzed by Actie Site MutantsWe examined the stereo-
chemical courses of the decarboxylation reactions catalyzed
by mutants using increased amounts of the proteins to allow
the rate of the decarboxylation reaction to exceed that of
the competing nonenzymatic 2-epimerization of the 3-keto-
L-gulonate 6-phosphate substrate to 3-ketdenate 6-phos-
phate. We sought explanations for (1) the modest stereospec-
ificity with respect to delivery of a solvent-derived proton
in the decarboxylation reaction catalyzed by wild-type
KGPDC and (2) the surprisingly small effects of mutations

2That the enzyme catalyzes stereospecific exchange of solvent-
derived hydrogen from the-xylulose 5-phosphate product via a
stabilized 1,2-enediolate intermediate but stereorandom delivery of
solvent-derived hydrogen to a stabilized 1,2-enediolate intermediate
generated by decarboxylation need not violate the principle of

decarboxylases yield achiral products [either a methylene ormicroscopic reversibility. The intermediates are generated by different

a methyl group is produced by protonation of the en(edi)-
olate/enamine intermediate], so no evolutionary pressure ca

mechanisms in the two processes. Indeed, the much slower rate of the
exchange reaction relative to the overall decarboxylation reaction may

be explained by different active site conformations or protonation states

be used to enforce a defined stereochemical course. Neverfor the active site residues in the two processes.
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on the values of the kinetic constants for decarboxylation. face of C1 is located, on average, 2.7 A from the guanidinium
The!H NMR spectra of the-xylulose 5-phosphate products group of Arg139, suggesting that the acidity of this water,
for the reactions catalyzed by several of the mutants arelike that located on thai-face, is altered by the proximal
shown in Figure 5. cationic functional group.
Several pertinent observations were made. (3) The E112Q/H136A/R139V triple mutant, in which all
(1) Substitutions for Glu112 and His136 that are located three of the protein functional groups implicated in modulat-
on thesi-face of C1 of the enediolate intermediate produce ing the acidities of active site water molecules are “neutral-
a spectrum of effects. First, like wild-type KGPDC, substitu- ized”, produces stereorandom production g1 S?H]- and
tions for His136 (H136A/N/Q) produce nearly stereorandom L-[1R-?H]xylulose 5-phosphates (Figure 5G). This is con-
formation of mixture ofiL-[1S?H]- and L-[1R-?H]xylulose sistent with either uncatalyzed stereorandom protonation from
5-phosphates, despite our observation that His136 is requiredhe active site water molecules or release of the enediolate
for stereospecific exchange of thgro-1S hydrogen of intermediate to bulk solvent for protonation.
L-xylulose 5-phosphate (Figure 5B,C). Second, E112Q shows The decreased rate of product formation that accompanies
stereospecififormation ofL-[1S-?H]xylulose 5-phosphate,  all of the mutants described in this section (Table 1) may be
an enhancemendf the facial specificity for protonation of  explained by the expectation that removal of cationic residues
the enediolate intermediate observed for wild-type KGPDC will not only decrease the acidities of active site water
(Figure 5D); this decarboxylation reaction proceeds with molecules but also destabilize the proximal anionic enediolate
inversion of configuration. Third, the E112Q/H136A double intermediate.
mutant showstereospecififormation ofL-[1R->H]xylulose (4) The decarboxylation reactions catalyzed by D67A and
5-phosphate, aeversal of that observed for wild-type  D67N are accompanied by nearly complete dideuteration of
KGPDC (Figure 5E); this decarboxylation reaction proceeds the hydroxymethyl group of the product (Figure 5H,I),
with retention of configuration. requiring delivery of deuterium to the intermediate as well
We propose that the changes in the facial selectivity for as subsequent exchange of the substrate-derived hydrogen
protonation of the enediolate intermediate (and, therefore,in the product, presumably by His136ide infra). This
the stereochemical course of the reaction) cannot be ex-supports the proposal that Asp67 “grips” the enediolate
plained by alternate or competing protein-derived acid intermediate via its 1-oxygen; additional experimental results
catalysts located on opposite faces of the intermediate.that confirm this supposition will be presented subsequently.
Instead, we propose that the acidities of the water molecules In the D67A/H136A and D67N/H136A double mutants,
located on opposite faces of the enediolate intermediatethe solvent exchange reactions observed for D67A and D67N
substitutions are controlled by the electrostatic environment are eliminated, although preferential formation €. S-H]-
within the active site. For example, the His338lu112 dyad xylulose 5-phosphate is still observed (Figure 5J,K). These
may stabilize the protonated state of His136 that is hydrogenobservations are consistent with the previously established
bonded to a water molecule, thereby enhancing the acidityrole of His136 in catalyzing exchange of thexylulose
of hydrogen-bonded water. When Glul12 is “removed” in 5-phosphate product with solvent.
the E112Q mutant, the density of the positive charge located Taken together, the modest impact of the various mutations
on His136 will be increased, further enhancing the acidity on catalytic activity and the remarkable ability to alter the
of the associated water molecule and transfer of a proton tofacial selectivity of delivery of a proton to thes-enediolate
the si-face of C1 of the enediolate intermediate. Consistent intermediate provide persuasive evidence that the protonation
with this scenario, in the E112Q/H136A double mutant, the of the intermediate is not the result of direct transfer of
water molecule located on th&-face will be deactivated  protons from amino acid functional groups. Instead, we
for proton delivery, thereby allowing the observed dominance propose that protonation of the intermediate results from
of proton transfer to thee-face. electrostatic enhancement of the acidities of water molecules
The observed stereorandom protonation of the enediolateby spatially proximal active site residues: the Glu¥l2
intermediate in the decarboxylation reactions catalyzed by His136 dyad enhances the acidity of a water molecule located
the various single substitutions for His136 may be explained on thesi-face of C1, and Arg139 enhances the acidity of a
by the ability of the conjugate acid of Glu112 to activate an water molecule located on the-face.
associated water molecule for delivery of a proton to the Facial Access of the Enediolate Intermediate to Formal-
si-face of C1 of the intermediate so that protonation on this dehyde On the basis of the structure of the complexes of
face remains competitive with protonation on tteeface? the wild-type KGPDC with.-threonohydroxamate interme-
(2) The R139V substitution results in stereospecific diate analogue and thexylulose 5-phosphate product, we
production ofL-[1S?H]xylulose 5-phosphate (Figure 5F). proposed that Asp67 forms a hydrogen bond to the 2-OH
This suggests a role for Arg139 in delivering a proton to group of the 3-keta-gulonate 6-phosphate substrate and,
the re-face of the enediolate intermediate. In the structures after decarboxylation, the 1-oxygen of the enediolate inter-
of wild-type KGPDC complexed with both the intermediate mediate and the 1-OH group of the product. In this context,
analogueL-threonohydroxamate 4-phosphate and the the observation that the decarboxylation reactions catalyzed
xylulose 5-phosphate product, a water molecule onrthe by the D67N and D67A mutants are accompanied by
exchange of the substrate-derived proton may be explained
3In the available liganded structures of wild-type KGPI3}, feither by a relaxation of these conformational “requirements”, with
the distance between His136 and the enediolate intermediate nor thedecarboxylation yielding rans-enediolate intermediate that

orientation of His136 with respect to C1 of the intermediate is is protonated on either thee- or si-face of C1 and then,
appropriate for direct delivery of a proton to the intermediate. Instead,

as discussed herein, we hypothesize that the water molecule hydrogenWith the assistance of the conjugate base of His136,
bonded to His136 delivers a proton to thiface of the intermediate. ~ undergoes exchange with solvent. When the H136A substitu-
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Ficure 7: Proposed mechanism for KGPDC-catalyzed decarbox-
s Ba oo 03 OACS ylation of 3-ketor-gulonate 6-phosphate.
B . .
E112Q/H136A/R138V In contrast, the D67A mutant yields the other 2-diastere-

omer of L-hex-3-ulose 6-phosphate (Figure 6C), and the
D67N mutant yields a mixture of both diastereomers (Figure
6D). The altered stereochemical course for the aldol con-
densation with formaldehyde is most readily explained by
the formation of atrans-enediolate intermediate in the
c D7A reactions catalyzed by the D67A and D67N mutants, with
the existence of this intermediate also being consistent with
the observed incorporation of solvent-derived hydrogen as
well as exchange of the substrate-derived hydrogen in the
decarboxylation reaction.

That the various mutants involving Glu112, His136, and
Arg139 yield the same aldol product provides persuasive
D DE7N support for our conclusion that the differing stereochemical
courses for the decarboxylation reactions catalyzed by the
same mutants result from protonation from opposite faces
of a cis-enediolate intermediate (Figure 7).

Role of Lys64Lys64 is a homologue of the general acidic
Lys in the active site of OMPDC. On the basis of the

a5 44 4.3 4z 4 M

Ficure 6: Partial'H NMR spectra of the products obtained from

the decarboxylation of 3-keto-gulonate 6-phosphate in;D in available structures, we predict that Lys64, together with
the presence of formaldehyde using (A) wild-type KGPDC, (B) Asp67, stabilizes and restricts th@s geometry of the
E112Q/H136A/R139V, (C) D67A, and (D) D67N. enediolate intermediate in the KGPDC-catalyzed reaction.

tion is also present, the decarboxylation reaction is ac- Accordingly, we sought experimental evidence of this
companied by stereorandom incorporation of solvent hydro- Proposed role for Lys64 in the KGPDC-catalyzed reaction.
gen. Therefore, we sought independent evidence for the We were unable to perform NMR investigations of
formation of trans-enediolate intermediates in the decar- reactions catalyzed by the K64A mutant in buffers containing
boxylation reactions catalyzed by D67A and D67N. D,0O because the protein precipitates during exchange of the

HPS that catalyzes the aldol condensatiomafbulose solvent isotope. However, the mutant is stable in buffers
5-phosphate with formaldehyde is a homologue of KGPDC. containing HO; we determined its high-resolution structure
We have determined that KGPDC is catalytically promiscu- in the presence of the hydroxamate analogue of the enediolate
ous; in the presence of 18.75 mM formaldehyde, the intermediate as described in the following paper. Accord-
KGPDC-Cata|yzed decarboxy|ation of 3-ke_t(gu|0nate |ng|y, we “reversed” the identities of the hydrogen isotopes
6-phosphate produces bathxylulose 5-phosphate and one in our NMR experiments; i.e., we used appropriately
diastereomer (at C2) afhex-3-ulose 6-phosphate in a 1:3 deuterated substrates, performed the reactions in deuterium-
ratio (Figure 6A); i.e., remarkably, formaldehyde can be a depleted HO buffer, and usedH NMR spectroscopy to
better electrophile than a solvent-derived proton for the monitor the fate of substrate and solvent hydrogens in both
enediolate intermediate. the product exchange and decarboxylation reactions.

The same diastereomer ofhex-3-ulose 6-phosphate is The?H NMR spectrum of -[1-?H,]xylulose 5-phosphate
produced by most mutants, including the E112Q mutant thatis presented in Figure 8A. Wild-type KGPDC catalyzes
yields L-[1S?H]xylulose 5-phosphate, the E112Q/H136A exchange of thepro-1S deuterium of L-[1-?H,]xylulose
mutant that yields-[1R-?H]xylulose 5-phosphate, the R139V  5-phosphate (Figure 8B). However, K64A does not catalyze
mutant that also yields-[1S?H]xylulose 5-phosphate, and  detectable exchange, even in the presence of increased
the E112Q/H136A/R139V mutant that yields a mixture of amounts of the mutant protein (data not shown). We attribute
L-[1S2H]- andL-[1R-?H]xylulose 5-phosphates (Figure 6B). the lack of exchange by the K64A mutant to (1) the
Thus, irrespective of the facial selectivity for protonation of significantly weakened stabilization of the enediolate inter-
the enediolate intermediate, formaldehyde intercepts themediate and/or (2) an altered geometry of the intermediate
enediolate intermediate from only a single face, presumably or product relative to His136 and the proximal water
that which is most accessible to solvent. molecule. In contrast to structures of other mutants, structures



6436 Biochemistry, Vol. 43, No. 21, 2004 Yew et al.

A *Hs *Hr B enediolate intermediate likely will be oriented toward His136

l l rather than the associated water molecule, with the predomi-
nant formation ofi-[1R-*H]xylulose 5-phosphate possibly
explained by direct transfer of a solvent-derived hydrogen
from His136.

The stability of the K64A substitution was enhanced when
present with other substitutions in the same polypeptide,
including K64A/R139V, K64A/E112Q/H136A, and K64A/
E112A/H136A/R139V, thereby allowing us to examine the
effect of the K64A substitution on the geometry of the
enediolate intermediate using formaldehyde as the electro-

RLL L L i e g e s e e |
50 43 46 44 42 PPM 50 43 46 44 42 PPM

Ficure 8: 2H NMR spectra ofL-[1-?H,]xylulose 5-phosphate
obtained before (A) and after (B) incubation with wild-type

KGPDC. philic probe. The same-hex-3-ulose 6-phosphate aldol
product was observed in each of these multiple mutants (data
A B not shown). Although our structural evidence suggests a role
Wild-type R139V for Lys64 in stabilizing the enediolate intermediate, that the

same aldol product is produced in the presence of formal-
dehyde by mutants containing K64A suggests that Lys64
does not play a major role in enforcing this geometry for
the enediolate intermediate.

Taken together, these experiments and the insights gained

so w5 Ao w850 s 4l PP from the available structures are consistent with Lys64

c D stabilizing thecis-enediolate intermediate instead of func-

E11200 K64A tioning as a general acid to deliver a solvent-derived proton

H136A to the intermediate to generate theylulose 5-phosphate
product.

The following paper 22) describes structural studies of
the K64A, H136A, E112Q, and E112Q/H1436A mutants
complexed with L-threonohydroxamate 4-phosphate, an
analogue of theis-1,2-enediolate intermediate, that support
the interpretations of the experiments reported in this paper.

FIGURE 9: ?H NMR spectra ofi.-xylulose 5-phosphate obtained
from the decarboxylation of [2H]-3-keto+ -gulonate 6-phosphate
in H,O using (A) wild-type KGPDC, (B) R139V, (C) E112Q/ CONCLUSIONS

H136A, and (D) K64A. OMPDC is a ubiquitous enzyme required for pyrimidine

of the K64A mutant in the presence of both the hydroxamate biosynthesis. In contrast, KGPDC is encoded by only the
analogue of the enediolate intermediate anditixglulose ~ 9enomes of microorganisms that can utilizascorbate as
5-phosphate product reveal that the structure of the active@ carbon source, and HPS is encoded by only the genomes
site is altered, presumably as a result of removal of a chargedOf microorganisms that assimilate formaldehyde by the aldol
group in the proximity of many other charged groups. reaction withp-ribulose 5-phosphate. For this reason, we
Using wild-type KGPDC and [2H]-3-keto+-gulonate hypothesize that an OMPDC was the progenitor for the
6-phosphate as the substrate for decarboxylation in deuterium©OMPDC suprafamily.
depleted HO buffer, we observed the expected formation  In mechanistically diverse superfamilies, conserved active
of a mixture ofL-[1R-2H]- andL-[1S-2H]xylulose 5-phosphate  site functional groups participate in a partial reaction shared
(Figure 9A), the former being favored by approximately the by all members of the superfamil)( In the case of the
same 2:1 ratio observed in the experiments summarized inenolase superfamily, the ligands for an essentiaFMap
Figure 5A in which the incorporation of solvent deuterium Wwell as at least one acid or base catalyst are conserved to
was studied and monitored B NMR spectroscopyf allow an initial enolization of the carbon acid substrate; the
and 2H are located in opposite positions, so the absolute second partial reaction in which the enolate intermediate is
configurations of C1 are opposite in the two experiments). directed to product is not conserved. In contrast, despite the
We also used this experimental protocol to examine the remarkable conservation of active site functional groups in
reactions catalyzed by the R139V (Figure 9B) and E112Q/ OMPDC and KGPDC, their reaction mechanisms share no
H136A (Figure 9C) mutants; as expected, these were conserved functional features. The OMPDC-catalyzed reac-
accompanied by stereospecific incorporation of solvent tion likely proceeds without the formation of a vinyl anion
protium to yieldL-[1R-2H]- and L-[1S?H]xylulose 5-phos- intermediate; the KGPDC-catalyzed reaction involves sta-
phate, respectively. bilization of an enolate intermediate. Although both decar-
With the K64A mutant, we observed predominant forma- boxylation reactions involve exergonic proton delivery from
tion of L-[1R-2H]xylulose 5-phosphate (Figure 9D); due to the solvent to generate the product, the positions and
the line widths oH NMR resonances, we cannot accurately identities of the acids that mediate these reactions are not
determine whether the reaction is stereospecific. In any event,conserved.
this product is the result of protonation on thi€face of C1 In OMPDC, a Lys residue located at the end of the third
of the enediolate intermediate, as observed for wild-type S-strand of thef/a)s-barrel domain is the acid. In KGPDC,
KGPDC. The structures of the mutant suggest that the water molecules located on either face of tieenediolate
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intermediate compete for protonation of the intermediate,
with their acidities modulated by the proximity to the
His136-Glul112 dyad on thsi-face of C1 of the intermediate
and Arg139 on thee-face (Figure 3); His136 and Arg139
are located at the end of the siy@kstrand. Thesis-enediolate
intermediate is stabilized by direct interactions with three

groups:

Lys64, the homologue of the general acid in

OMPDC, the essential Mg, and Asp67. We conclude that

Nature has followed an opportunistic pathway in the expected

recruitment of an OMPDC progenitor to catalyze the
mechanistically distinct reaction catalyzed by KGPDC.

Finally, enzyme-catalyzed reactions of carbon acids in- 10-

volving enediolate anion intermediates normally are both

stereospecific and catalyzed by a protein-derived functional
group. Our conclusion that two active site water molecules, 11.

not a single active site protein-derived functional group,

compete as the general acid catalysts in the decarboxylation
reaction may provide support for the recent divergence of
KGPDC from OMPDC. Selective pressure for stereospecific 12

protonation of the intermediate by a protein-derived func-
tional group may not yet have occurred in its evolution to
catalytic “perfection” 1); the value ofksaf/Km (~10° M1

s 1

Table 1) is smaller than that expected for a diffusion-

controlled reaction, and delivery of a solvent-derived proton
to the enediolate intermediate is not the rate-limiting step
(the solvent deuterium isotope effect for wild-type KGPDC

is 1.2; W. S. Yew and J. A. Gerlt, unpublished observations). ;
Perhaps future selective pressure to enhance the efficiency

of the KGPDC-catalyzed reaction will result in stereospecific
protonation of thecis-enediolate intermediate by a protein-
derived functional group.
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