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ABSTRACT. YwhB, a 4-oxalocrotonate tautomerase (4-OT) homologugaaillus subtilis has no known
biological role, and the gene has no apparent genomic context. The kinetic and stereochemical properties
of YwWhB have been examined using available enol and dienol compounds. The kinetic analysis shows
that YwhB has a relatively nonspecific 1,3- and 1,5-ketool tautomerase activity, with the former
activity prevailing. Replacement of Pro-1 or Arg-11 with an alanine significantly reduces or abolishes
these activities, implicating both residues as critical ones for the activities;@) Eetonization of two
monoacid substrates (2-hydroxy-2,4-pentadienoate and phenylenolpyruvate) produces a mixture of
stereoisomer§2-keto-3-fH]-4-pentenoate and 3HiJ-phenylpyruvatg, where the (B)-isomers predomi-

nate. Ketonization of 2-hydroxy-2,4-hexadienedioate, a diacid, i® Rffords mostly the opposite
enantiomer, (8)-2-oxo-[34H]-4-hexenedioate. The mono- and diacids apparently bind in different
orientations in the active site of YwhB, but the highly stereoselective nature of the YwhB reaction using
a diacid suggests that the biological substrate for YwWhB may be a diacid. Moreover, of the three dienols
examined, 1,3- and 1,5-ket@nol tautomerization reactions are only observed for 2-hydroxy-2,4-
hexadienedioate, indicating that the C-3 and C-5 positions are accessible for protonation in this compound.
Incubation of 4-OT with 2-hydroxy-2,4-hexadienedioate igODresults in a racemic mixture of 2-oxo-
[3-2H]-4-hexenedioate, suggesting that 4-OT may not catalyze a 1,3-ketd tautomerization reaction

using this dienol. It has previously been shown that 4-OT catalyzes the near stereospecific conversion of
2-hydroxy-2,4-hexadienedioate to Jj§5-?H]-2-0x0-3-hexenedioate in . Taken together, these
observations suggest that 4-OT might function as a 1,5-ketol tautomerase using 2-hydroxy-2,4-
hexadienedioate.

4-Oxalocrotonate tautomerase (4 encoded by the ~ Scheme 1
TOL plasmid pWWoO, which is present in various soil bacteria co, coy coy
including Pseudomonas putidat-2 (1, 2). The enzyme is H/&O rOH ro
part of the meta-fission pathway, which is a catabolic route —— — |
for the conversion of simple aromatic hydrocarbons to Krebs d d
cycle intermediates3]. The hexameric enzyme, composed R
of 62 amino acid monomers, purportedly catalyzes the
conversion of 2-oxo-4-hexenedioate Scheme 1) to 2-oxo-
3-hexenedioate 3] via the intermediate 2-hydroxy-2,4- 1 s not isolable and exists only in rapid equilibrium wih
hexadienedioate, known commonly as 2-hydroxymuconate (4).

(2) (4—7). This reaction, a 1,3-allylic rearrangement, was Pro-1, Arg-11, Arg-39, and Phe-50 have been identified
prop.osed on the basis of indirect kine.tic'anoll stereochemicalas critic:al residu,es for 4-,OT activit{15). In the context
studies usmg and other mono- and diacid d|_enol$ 6.7). of the reaction shown in Scheme 1, Pro-1 functions as the
The conversion of to 3 cannot be observed directly because general base and is responsible for removing a proton at C-3

(of 1) and placing the proton at C-5 (8} (8—11). Arg-11
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Pharmaceutical Education. binding and catalysis8( 12—14). Phe-50 plays a role in
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triphosphate; LB, LuriaBertani; Kn, kanamycin; NMR, nuclear ; _ 0
magnetic resonance; 4-OT, 4-oxalocrotonate tautomerase; PCR, pol YWhB is a closely related 4-OT homologue-§6%

merase chain reaction; SDPAGE, sodium dodecyl sulfateoly- sequence identity and 46% similarity) found Bn subtilis
acrylamide gel electrophoresis. (16). The biological role of YwhB is not known, and there
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Scheme 2

11: R = CH,CO, 12: R = CH,CO,’

iS no apparent genomic context to suggest one. However,lecular biology manipulations were based on methods
YwhB functions as an effective 1,3-ketenol tautomerase, described elsewher@). The sources for the components
converting 2-hydroxy-2,4-pentadienoate Scheme 1) to of Luria—Bertani (LB) media as well as the enzymes and
2-oxo-4-pentenoatet), and phenylenolpyruvat&(Scheme reagents used in the molecular biology procedures are
2) to phenylpyruvate9) (17—19). YwhB is also a hexamer, reported elsewherel8, 21).

consisting of 61 amino acid monomers6). The YwhB General Methods.Kinetic data were obtained on a
sequence retains Pro-1 and Arg-11, replaces Phe-50 with a4ewlett-Packard 8452A diode array spectrophotometer or
tyrosine, and more significantly, has a valine in place of Arg- an Agilent 8453 U\-visible spectrophotometer. The kinetic
39. An inhibition Study showed that covalent modification data were fitted by nonlinear regression data ana|ysis using
of Pro-1 by 3-bromopropiolate inactivates YwhB, implicating  the Grafit program (Erithacus Software Ltd., Staines, U.K.)
Pro-1 as a critical catalytic residue in the conversioff tf obtained from Sigma Chemical Co. Proteins were analyzed
9 (18). by tricine sodium dodecyl sulfatgolyacrylamide gel elec-

As part of our effort to identify a physiological role for  trophoresis (SDSPAGE) under denaturing conditions on
YwhB and define a mechanism, we examined three ad- 16-17.5% gels on a vertical gel electrophoresis apparatus
ditional compounds 3, Scheme 1, g-hydroxyphenyl)-  obtained from Bio-Rad (Hercules, CAP2). Protein con-
enolpyruvated, and 2-hydroxy-2,4-heptadiene-1,7-diodte,  centrations were determined using the method of Waddell
Scheme 2)] as potential substrates and carried out a mu-(23) Nuclear magnetic resonance (NMR) Spectra were
tagenesis and stereochemical analysis of three YwhB-recorded on a Varian UNITY-plus 300 MHz spectrometer

catalyzed tautomerization reactiotiBhe results indicate that  or 3 Varian Unity INOVA-500 spectrometer. Chemical shifts
YwhB is a more efficient 1,3-ketoenol tautomerase than ere referenced as noted below.

it is a 1,5-kete-enol tautomerase, and that Pro-1 and Arg-
11 are critical residues for these two activities. The stereo-
chemical analysis shows different consequences for the
monoacids % and 7) and the diacid?2, possibly reflecting
different binding modes in the active site of YwhB. In@
YwhB processe$ and7 to a mixture of the BR- and &
isomers of [32H]4 and [32H]9, respectively, with the B
isomers predominating. In contrast, YwhB conveérts the
3Sisomer of [32H]1 in a highly stereoselective manner. A
racemic mixture of [FH]1 is generated fron2 in the
presence of 4-OT under the same conditions. The sum o
these observations indicates that the biological reaction of
YwhB may involve a 1,3-keteenol tautomerization of a
diacid substrate while 4-OT might function almost exclu-
sively as a 1,5-keteenol tautomerase in the meta-fission
pathway.

Construction, Purification, and Characterization of the
YwhB MutantsThe experimental procedures used for the
construction, expression, overproduction, purification, and
mass spectral analysis of the P1A- and R11A-YwhB mutants
are provided in the Supporting Information.

Kinetic Characterization of YwhB and Mutantsinetic
runs were performed in 20 mM NaRGC, buffer, pH 7.3, at
23°C. Stock solutions (50 mM) &, 7, and8 were initially
made up in ethanol, and diluted (with ethanol) to generate

5 MM and/or 10 mM solutions. Solutions &fwere made
by diluting a stock solution (153 mM) stored in ethanol at
—20 °C, to make 3.05 mM and 30.5 mM solutions. The
tautomerization activities of YwhB were measured by
monitoring the ketonization of the following substrates at
the reportedinax values using the correspondiagvalues,
within the indicated concentration ranges, as follows:
EXPERIMENTAL PROCEDURES (294 nm,e = 19,400 M* cm™*, 20-150uM), 5 (266 nm,

_ € =12,100 Mt cm™?, 3—150uM), 7 (288 nm,e = 18,000
Materials. All reagents, buffers, and solvents were ob- \-1cm1 10-1504M), 8 (292 nm,e = 20,800 Mt cm %,

tained from Sigma-Aldrich Chemical Co. (St. Louis, MO) 10-150 4M), 11 (276 nm,e = 12,300 Mt cm%, 15—

or Fisher Scientific Inc. (P|ttsburgh, PA) The SyntheseS of 150/’”\/')1 and as described e|Sewhe¥E '(, 18, 20, 24) The
2-hydroxymuconate?), 2-hydroxy-2,4-pentadienoat®)(  ketonization of2 to 3 was monitored at 236 nme (=
and 2-hydroxy-2,4-heptadiene-1,7-dioaté)(are described 6580 M2 cm) using a substrate concentration ranging from
elsewhere 4, 7, 20). Techniques for restriction enzyme 30 to 600uM, and YwhB (10QuL of a 10.9 mg/mL solution)
digestion, ligation, transformation, and other standard mo- that had been equilibrated in buffer (50 mL) for at least 1 h
prior to use §). For experiments witly and 11, a quantity
2These compounds were examined as potential substrates for threeof YwhB (4 uL of a 26 mg/mL solution for7 and 120uL
reasons: they were synthetically available, their nonenzymatic proper- fo¢ 11) was equilibrated in buffer (40 mL) for at least 1 h
ties and reactions have been well characterized in our laboratory, and__ . . . .
the presence of key active site groups (except Arg-39) in YwhB known PFOr 0 use. For experiments wifh 5, and8, a quantity of
to be critical for 4-OT activity suggested that they would be substrates. YWhB (12.5 4L of a 10.9 mg/mL solution, 2.%L of a
The absence of Arg-39 in the active site suggests that dienols with a29.7 mg/mL solution, 10Q:L of a 10.9 mg/mL solution,

neutral group at C-1 (e.g., a C-1 aldehyde or ester) might also be aghectively) was equilibrated in buffer (50 mL) for at least
potential substrates. However, it will be necessary to synthesize and

characterize the nonenzymatic properties of these compounds beforel hour_ prior to use. For all experimen_ts, a”qUOFS (1 mL)
such studies can be carried out. were withdrawn and assayed for activity. Reactions were
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Table 1: Kinetic Parameters for YwWhB Using Enol and Dienol Substtates

reaction keat K keat/ Km
™) (M) M's™
coy, coy
ropl ro
=z =z 5
+ +
doy &o; 10+ 1 76+ 17 1.3+03x10
2 1
OH 0
/\jkcoz' = /\4)]\‘502' 112+ 14 243 + 42 4.6+0.8x10°

XN OH (o]
mz. — mz. 125+ 18 300£60 42408 x 10°
7 9
O = 8
o co, o co, 41+04 160 + 22 2.6+0.4x10*
8 10

COy” CO,”
/\)2\°H /\)/go ’
0,677 0,677 3.0+£04 335+ 55 9.0+£1.5x10
1" 12
co, co,
Z "OH | o
= 26014 940 + 70 2.8+0.2x10*
co, co,
2 3

2 The steady-state kinetic parameters were determined in 20 mMP@Hbuffer (pH 7.3) at 23’C. Errors are standard deviations.

Scheme 3
co, co,
H, Malic H, L.oH
2y OH  Enzyme. 2y
H H Enzyme_ 2y H
co, co,
[3-2H]Malate (2R,38)-[3-2H]15

14

initiated by the addition of substrate. It was not possible to dissolved in DMSQOds (30 L) was added to 100 mM Na
achieve saturation for some substrates due to thechigltue [H]PO, (0.6 mL, pD 9.3) buffer made up in . Twenty
coupled with the quantity of substrate required. In these casesjndividual reaction mixtures were made up. The addition of
the kear Value reported in Table 1 is an estimate obtained 7 (as the free acid) lowered the pH+¢6.8. Enzyme (1%L
from the Grafit program. of a 1.5 mg/mL solution) was added to the individual reaction
The YwhB-Catalyzed Coersion of7 to [3-°H]9 in D,O mixtures and the reactions were allowed to proceed for 1.5
and Conversion of [32H] 9 to [3-2H] 13. The stereochemical min before they were quenched with NaBHhe product,
analysis of [32H]9 was carried out at room temperature by [3-?H]13, was isolated and purified as describ2d)(to give
the series of reactions shown in Scheme 3 using protocols77.5 mg of the compound. Th#d NMR spectrum cor-
described elsewher@4). A solution of 7 (4 mg, 24umol) responded to that previously reporteii).
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Scheme 4
co,
H co, Cco,
YwhB NaBH, - OH 1.0, H, Malic H, L.OH
5 D,0 [3-2H]4 D,0 C H 2.H,0, o OH Enzyme_ 2y Oy
co, Co,
16 [3-2H]Malate (2R,35)-[3-2H]15
14
Scheme 5
co,
2y 2 co, co,
YwhB NaBH,  H~%OH 1.0 2H Malic  2H, |..oH
2 D,0 [3_2H]1 D,0 H 2.H,0,  H=r 7 OM  Enzyme oy
= co, coy

co,
17

4-OT/NaBH,
D,0

2

Conversion of [32H] 13to (2R,3S)-[3*H]Malate (15). The
conversion of [33H]13to 14 (Scheme 3) was carried out by
the ozonolysis of [$H]13 (and treatment of the product with
H.O,) to generatd 4, which was purified by anion-exchange
chromatography to afford 22.3 mg of the compound. The
(29-isomer was removed by treating the diastereomeric
mixture with malic enzyme as describetl]. Subsequently,
the (R)-isomer was purified by anion-exchange chroma-
tography, yielding 8.7 mg of ®39- and (R,3R)-[3-?H]-
malate (5). The 'H NMR spectrum corresponded to that
previously reported?4) and indicated that the i23S)-isomer
of [3-H]malate (L5) predominated by a ratio of3:1.

Conversion of5 to [3-2H]4 in D,O and Processing to (2R,-
3S)-[32H]Malate (15). The stereochemical analysis of{3}-
4, generated by the incubation of YwhB afdn D,O, was
carried out by a modification of a literature procedu2d)(
The individual reactions (20 total) containesl (4 mg
dissolved in 3QuL of DMSO-ds, 35 umol) and YwhB (1
uL of a 3.4 mg/mL solution) in 200 mM N&H]PO, (0.6
mL, pD 9.3) buffer made up in fD. The reaction mixtures
were allowed to proceed for 1.75 min before they were
quenched with NaBk combined, and purified to yield 26
mg of [32H]16 (Scheme 4). Subsequently, 18116 was
processed to [3-00U as described elsewhere to yield 9.8 mg
of product @4). Treatment with malic enzyme yieldedl
mg of (2R,39)- and (R,3R)-[3-’H]malate (L5). The'H NMR
spectrum corresponded to that previously reporzl énd
indicated that the R 39-isomer of [32H]malate (5)
predominated by a ratio of4.4:1.

YwhB-Catalyzed Camrsion of2 to [3-2H]1 in D,O and
Conversion of [32H] 1 to [3-2H]17. A solution of 2 (4 mg,
25 umol) dissolved in DMSGQds (30 uL) was added to 100
mM Na[?H]PO, (0.6 mL, pD 9.3) buffer made up in .
Ten individual reaction mixtures were made up similarly.
The addition of2 (as the free acid) adjusted the pH of the
individual reaction mixtures te-6.8. Compoun@ had been
previously dissolved in CEDD and evaporated to dryness
(3x) in order to exchange the acidic protons for deuterons.
The enzyme (2L of a 20.7 mg/mL solution) was added
to the individual reaction mixtures, and the reactions were
allowed to proceed for 1 min before they were quenched
with NaBH, (20 4L of a 300 mg/mL solution in 100 mM
Ne[?H]PO, buffer, pH ~9.3). 'H NMR analysis of an

[3-2H]Malate
14

(2R,3R)-[3-2H]15

Note: For the reactions carried out in the presence of 4-OT,
the incoporation of 2H is stereorandom at C-3 in 17, 14, and 15.

individual reaction mixture indicated that the highest con-
centration ofl was observed after 1 min. The reaction
mixtures were combined aft@ 1 hincubation period with
NaBH,, and the pH was adjusted to 6 withPD, (8.5%) in
order to destroy the excess NaBi$Subsequently, the pH of
the reaction mixture was adjusted+® (using aliquots of a

1 M NaOH solution), and loaded onto an anion-exchange
column (formate), as described elsewh&4) (The product
(37 mg) was isolated and purified as describ2d),(and
identified as a mixture of [3H]17 (~26 mg as estimated
by 'H NMR spectroscopy) and the reduced produ@ 6f11
mg). The'H NMR spectrum corresponded to that previously
reported 24).

Corversion of [32H] 17to (2R,3R)-[3?H]Malate (15). The
conversion of [38H]17 to 15 (Scheme 5) was carried out
using ozonolysis (and subsequent treatment of the product
with H,0,) to generate [3H]14, which was purified by
anion-exchange chromatography, resulting in the isolation
of 4.2 mg of the compound. The $Risomer was removed
by treating the diastereomeric mixture with malic enzyme
as described?d). Subsequently, the B-isomer was purified
by anion-exchange chromatography, yielding 0.7 mg of
(2R3R)- and (R,39-[3-?H]malate (5). The 'H NMR
spectrum corresponded to that previously reporgzl &nd
indicated that the (®3R)-isomer of [3?H]malate (L5)
predominated by a ratio of8:1.

The Conersion of2 to [3-°H] 1 in the Presence of 4-OT
in D,O and Comersion of [32H]1 to (2R,3R)- and (2R,-
3S)-[3*H]Malate (15). Twenty individual reaction mixtures
were made up as follows. Each reaction mixture contained
a solution of2 (4 mg, 25umol) dissolved in DMSQds (30
uL) and added to 100 mM NEH]PO, (0.6 mL, pD 9.3)
buffer made up in BO. The addition o® (as the free acid)
lowered the pH to~6.8. The crystalline had previously
been dissolved in CfDD and evaporated to dryness repeat-
edly in order to exchange the acidic protons for deuterons.
Subsequently, an aliquot (1Q0.) of a solution composed
of 4-OT (120uL of a 3 mg/mL solution in 20 mM N&H,]-

PO, buffer, pD~7.0) and NaBH (160 mg dissolved in 1.88

mL of 100 mM Na[?H]PO, buffer, pH~9.3) was added to
each individual reaction mixture. The reaction mixtures were
allowed to stand at room temperature overnight, combined,
and processed according to the procedure described above
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for the YwhB reaction (usin@) to yield a mixture (74 mg)
of [3-2H]17 and the reduced product 8f(in a 1:2 ratio as
assessed byH NMR spectroscopy). Subsequently, the solid
material was dissolved iv100uL of CH3;OH, and subjected
to ozonolysis, as described above for YwhB. Purification

by anion-exchange chromatography resulted in the recovery

of 18.2 mg of [32H]14. The addition of CHOH improved

the product yield of the ozonolysis step. The diastereomeric

mixture was then treated with malic enzyme, and the
resulting (R)-isomer was purified by anion-exchange chro-
matography, yielding 5.8 mg of R3R)- and (R,39)-[3-
2H]malate (L5). TheH NMR spectrum corresponded to that
previously reported24) and indicated that both the RBR)-
and (R,39-isomers of [32H]malate (L5) had been obtained

Biochemistry, Vol. 46, No. 42, 200711923

Table 2: Kinetic Parameters for YwhB and Mutants: Conversion of
5to 42

OH (o]
/\/\ /\)J\
= COy 2 COy
5 4
Keat Km KealKm relative  relative
enzyme (s (uM) M™ts) Keat KealKm
YwhB 112+ 14 2434+ 42 46+08x 10 1 1
(wt)

P1A 2.5+ 0.5 378+ 100 6600+ 1750 0.02 0.01
R11A  0.06+0.01 134+22 450+ 75 5.4x 104 0.001

aThe steady-state kinetic parameters were determined in 20 mM
NaH.PQO, buffer (pH 7.3) at 23C. Errors are standard deviations.

in comparable amounts. Repeating the experiment gave the

same result.

RESULTS

Construction, Expression, #@rproduction, and Charac-
terization of the YwhB Mutant$wo mutants of YwhB (P1A
and R11A) were constructed by overlap extension PZER (
overproduced irEscherichia colistrain BL21(DE3)pLysS,
and purified to>95% homogeneity (as assessed by SDS
PAGE), using the protocol described for the wild type
enzyme (7, 18). The purification protocol resulted in large
quantities of both mutants (2810 mg/L culture). The DNA

sequence encoding each mutant was confirmed by DNA
sequencing. In addition, each purified mutant generates one
major peak in a mass spectrum, which corresponds to the

Table 3: Kinetic Parameters for YwhB and Mutants: Conversion of

7t09®
N OH o
COy COy
7 9
at Km KealKm relative relative
enzyme (s (uM) (M™s™) Keat kealKm
YwhB 125+ 18 300+ 60 4.2+0.8x10° 1 1
(wt)
P1A 1.2+ 0.1 210+ 24 5.7+0.6x 10° ~0.01 ~0.01
R11A  0.0554+ 0.003 80+ 10 690+ 86 4.4x 104 0.002

3 The steady-state kinetic parameters were determined in 20 mM
NaH.PO, buffer (pH 7.3) at 23C. Errors are standard deviations.

expected mass. These observations provide additional evi-11) results in a 37-fold decrease kg, a 1.4-fold increase
dence that only the intended mutations had been introducedn Km, and an overall 51-fold decrease ka/Kn.

into the proteins and confirm that Pro-1 is not blocked by
the initiating methionine.

Kinetic Properties of YwhBThe kinetic properties of

YwhB were investigated using the monocarboxylated dienol,

5, two enols 7 and8), and two dicarboxylated dienol2 (

The data in Table 1 also show that YwhB catalyzes a 1,5-
keto—enol tautomerization reaction usi@galthough not as
efficiently as 4-OT. 4-OT catalyzes the conversior2ab 3
with a ke = 3500 st and aKy, of 180uM, resulting in an
overallksafKm of 1.9 x 10 M~1 s71 (13). In comparison to

and 11). For the three dienol substrates, the rates for the 4-OT, YwhB shows a 135-fold decreasekig, a 5.2 increase

formation of the correspondingy-unsaturated ketones were

in K, and a 680-fold decrease kg./Kn. Interestingly, the

measured. It was also possible to determine a rate for theKn value is 12-fold higher than that measured for the 1,3-

formation of3, thea,-unsaturated ketone, frotn However,
the YwhB-catalyzed rates for the formation of the corre-
spondinga,3-isomers for5 and11 could not be accurately

keto—enol tautomerization reaction. The difference may
reflect less than optimal binding fa when it undergoes
the 1,5-kete-enol tautomerization reaction.

measured because they were similar to the nonenzymatic Kinetic Properties of the P1A and R11A Mutants of YwhB.

rates. The kinetic data are summarized in Table 1.

The P1A and R11A mutants of YwhB were constructed to

Several trends emerge from the data. First, YWhB catalyzesdetermine the importance of these residues in the 1,3- and

a 1,3-kete-enol tautomerization reaction using all of these
substrates although with different catalytic efficiencikegy(
Km values ranging from 9. 10°to 4.6 x 10° M~ s,

1,5-keto-enol tautomerization reactions catalyzed by YwhB.
The mutants were analyzed usi@g(determining the rate
for the conversion td and 3), 5, and 7, and the data are

Second, the highest catalytic efficiencies are observed forsummarized in Tables 2 and 3. Eyithere was no detectable

the monocarboxylated compounsland?, followed by the
dicarboxylated compoun2i(showing a 3.5-fold decrease in
keafKm). Replacing the vinyl group d with a phenyl group
(i.e., 7) has little effect onk.a: and Ky, The addition of a
second carboxylate group @ (i.e., 2) results in an 11.2-
fold decrease k., as well as a 3.2-fold decrease K.
The decrease in catalytic efficiency observed fris
primarily a reflection of the decrease ik, Third, the
addition of the hydroxyl group t@ (i.e., 8) results in a 30-
fold decrease irk.o: as well as a 1.9-fold decrease K.
The overall effect is a 16-fold decrease in the valud.ef
Km. Finally, the addition of a carboxymethyl group3di.e.,

formation of 1 or 3 using either mutant. Fob, the P1A
mutant showed a 45-fold decrease ki and a 1.6-fold
decrease irKp, resulting in a~70-fold decrease if.a/Kn
(Table 2). Replacing Arg-11 with an alanine has a profound
effect on the activity. The R11A showed -21900-fold
decrease ik and a 1.8-fold decrease Ky, producing a
1022-fold decrease ik.a/Km (Table 2). Similar results are
observed for both mutants usi@gTable 3). The P1A mutant
showed a 104-fold decrease kg and a 1.4-fold decrease
in Km. This results in a~74-fold decrease itkca/Km. The
R11A showed a-2300-fold decrease ik, and a 3.7-fold
decrease iy, producing a~610-fold decrease ikcafKm.
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2.80 2.78 2.76 2.74 2.72

2.70

2.68 2.66 2.64 2.62 ppm

Ficure 1: Partial'H NMR spectra (500 MHz, CEDD) of the (R)-[3-2H]malate isolated in the stereochemical analysis of the YwhB-
catalyzed reactions using (A)as substrate and (B as substrate. In both spectra, the broadened doublet of triplets (center@dba)
is the predominant signal. The smaller and sharper doublets (2.64 and 2.80 ppm) correspond to the fully protio malate.

Stereochemical Analysis of the YwhB-Catalyzed Formation malate, and the resultingd NMR spectrum shows the loss

of [3-2H]9 from 7 in D,O. The stereochemical analysis of
[3-°H]9 was carried out using a previously described
protocol, which involves the chemical and enzymatic conver-
sion of [3#H]9 to the diastereomeric [BH]malate (L4)
(Scheme 3). The addition of YwhB to a buffered solution
made up in RO and containing results in the ketonization
of 7 to [3-°H]9. The subsequent addition of NaBkeduces
[3-2H]9 to [3-°H] 13, which is not susceptible to epimerization
at the C-3 position. The conversion of {8§13to [3-°H]14
is carried out by the ozonolysis of E84]13, followed by
treatment of the ozonide with hydrogen peroxidd)( These
reactions result in the formation of theR2 and (2)-isomers
of [3-H]14 because the NaBHreduction of [32H]9 is
stereorandom. Incubation of fB#]14 with malic enzyme
yields the (R)-isomer, which is analyzed byH NMR
spectroscopy.

Each diastereotopic proton at C-3 of the fully protio malate

of the upfield signal (2.33 ppm) and the presence of a
downfield doublet (2.66 ppm).

For the YwhB-catalyzed reaction (in-D) using7, the
H NMR spectrum (recorded in GDD) shows two major
signals, one at-2.62 (a broadened doublet of triplets) and
one at~2.77 ppm (a broadened multiplet) (Figure X he
smaller coupling constant for the signal at 2.77 ppm and the
presence of protio malate does not permit resolution of the
multiplet.) The signal at 2.62 ppm corresponds tR,8%)-
[3-2H]malate (L5), and the signal at 2.77 ppm corresponds
to (2R,3R)-[3-°H]malate. The value of the integral assigned
to the (R,3S) isomer is about 3-fold greater than that of the
corresponding integral for the RZ3R) isomer. Thus, the
reaction is stereoselective and th&(Z5) isomer predomi-
nates. TheS configuration at C-3 ofL5 indicates that the
stereochemistry at C-3 df3 is R because a phenyl group
replaces the carboxylate group at C-4. On the basis of this

appears as a doublet of doublets at 2.33 and 2.63 ppm inassignment, YwhB catalyzes the ketonizatior7db yield

DO (26). (In CD;0OD, the signals are shifted downfield and

(3R)-[3-2H]9, favoring theR-isomer by a ratio of~3:1.

appear at 2.62 and 2.78 ppm.) The stereospecific incorpora- Stereochemical Analysis of the YwhB-Catalyzed Formation

tion of a deuteron at C-3 results in the loss of one signal

of [3-2H]4 from 5. The stereochemical analysis of 18]4,

and the collapse of the remaining signal into a broadenedgenerated by the YwhB-catalyzed ketonizatiorbaf D,O,

doublet 7). The resonances for@-[3-?H]malate have been

was carried out as described above and elsewhafe (

assigned by the reaction of maleate with maleate hydrataseAccordingly, [34H]4 was converted by the series of reactions

in D,O (27). The product of this reaction is R3R)-[3-?H]-

shown in Scheme 4 to the R-isomer of [32H]malate,
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2.82 2.80 2.78 2.76 2.74 2 72 2 70 2.68 2.66 2.64 2.62 2.60 ppm

Ficure 2: Partial'H NMR spectra (500 MHz, CEDD) of the (R)-[3-°H]malate isolated from the YwhB-catalyzed reaction ustrand

the incubation mixture containing and 4-OT. (A) The broadened multiplet is the major signal present and correspond? 3B){[3-

’H]malate. (B) The broadened multiplet (2.76 ppm) and a broadened doublet of triplets (2.61 ppm) are the major signals present. Integration
of the signals indicates thatRBR)- and (R,39)-[3-2H]malate are present in comparable amounts. Signals corresponding to the fully protio
malate are also present at 2.64 and 2.80 ppm.

which was analyzed b{H NMR spectroscopy. Th#H NMR is the predominant product of the reaction. TReonfigu-
spectrum (recorded in GDD) shows the two characteristic  ration at C-3 ofl5 indicates that the stereochemistry at C-3
signals at 2.61 (corresponding tdR29)-[3-?H]15) and 2.77 of 17 is S because a double bond replaces the carboxylate
ppm (corresponding to R3R)-[3-°H]15) (Figure 1B)3 The group at C-4. On the basis of this assignment, YwhB
value of the integral assigned to theR(3S) isomer is about  catalyzes the ketonization @fto (39)-[3-?H]1, favoring the
4.4-fold greater than that of the corresponding integral for Sisomer by a ratio of-8:1.
the (R 3R) isomer. Again, the reaction is stereoselective and  Stereochemical Analysis of B84]1 Generated fron® in
the (R,3S) isomer predominates. Tt&configuration at C-3  the Presence of 4-O stereochemical analysis of BB]-
of 15 indicates that the stereochemistry at C-316fis R 1, generated in an incubation mixture containing 4-OT and
because a double bond replaces the carboxylate group at C-42 in D,O, was also carried out. Using the protocol described
On the basis of this assignment, YwhB catalyzes the above and elsewher@4), the (R)-isomer of [32H]malate
ketonization of5 to produce (®)-[3-?H]4, favoring the  was generated and analyzed ¥y NMR spectroscopy (in
R-isomer by a ratio of~4.4:1. CD;OD). Integration of the doublet of triplets at 2.62 and
Stereochemical Analysis of the YwhB-Catalyzed Formation the broadened multiplet at 2.78 ppm showed that both the
of [3-2H]1 from 2. A stereochemical analysis was also carried (3R)- and (3)-isomers were present in comparable amounts
out on [32H]1, generated from the YwhB-catalyzed keton- (within experimental error) indicating that the conversion of
ization of the diaci®, using the series of reactions described 2 to [3-2H]1, in D,O, in the presence of 4-OT, is stereoran-
elsewhere as shown in Scheme 34)( The 'H NMR dom (Figure 2B¥ Our ability to obtain highly stereoselec-
spectrum (recorded in GOD) of the resulting (R)-isomer  tively labeled [32H]malate using YwhB and2 under
of [3-2H]malate shows major signals at2.59 and~2.77
ppm, but the broadened multiplet at 2.77 ppm is clearly the 3 The smaller doublets at 2.64 and 2.80 ppm correspond to the fully

predominant one (Figure 2A). This signal corresponds t0 protio malate, which results from the presence gDHn the reaction
(2R,3R)-[3-°H]malate, and indicates that RBR)-[3-2H]15 mixture.




11926 Biochemistry, Vol. 46, No. 42, 2007 Wang et al.

otherwise identical conditions suggests that this observationcarboxylate groups @&, 7, 8, and11 may interact with Arg-
is not an artifact of the protocol. A repeat of the stereo- 11 in a reverse binding mode.

chemical analysis gave the same result. The mutagenesis results implicate Pro-1 and Arg-11 as
critical residues in the reactions usifgh, and7. Replacing
DISCUSSION either residue with alanine eliminates the ability of YwhB

o to carry out a 1,3- or 1,5-keteenol tautomerization reaction
The tautomerase superfamily is a group of structurally ysing2 and diminishes its ability to carry out a 1,3-keto
homologous enzymes sharing a characteristic.—4 build- enol tautomerization reaction usirigor 7. Previous work
ing block and a catalytic Pro-116, 28-30). The 4-OT on P1 mutants in the tautomerase superfamily suggested that
family, named for the first characterized enzyme in the {he p1A-mutant of YwhB would retain some activity because
family, is one of the five known families in this superfamily. i still has ana-amino group that can function as a catalytic
4-OT family members, including YwhB, are typically pase 11, 32). For example, the P1A mutant of 4-OT
constructed from short sequences<{®% amino acids) and catalyzes the conversion & to 3 with only a ~22-fold
are found throughout the microbial communiBgy. Only a decrease irksafKm from that observed for the wild type
handful of these family members have assigned functions reaction (1). The decreased activity of the 4-OT mutant was
(29, 30). The inability to assign functions for the majority  attriputed to the lowered basicity of the primary amine and
of the family members precludes an understanding of this {he jncreased flexibility of the alanyl nitrogen, which results
niche in microbial metabolism. Defining parameters for 4 sypoptimal positioning of the base. The reduced activity
potential substrates may ultimately assist in the determination s pq A-ywhB using5 and7 can likewise be explained by
of biological functions. the lowered basicity and increased flexibility of the alanyl
Our initial interest in YwhB stemmed from two observa- nitrogen. The complete loss of activity for PLA-YwhB using
tions: it shared modest sequence identity, yet significant 2 suggests that the two reactions (i.e., the 1,3- or 1,5-keto
structural homology with 4-OT, and appeared to be “missing” enol tautomerization reactions) are more sensitive to the base
only Arg-39, which is one of four residues known to be change, and it may be that Ala-1 is no longer able to access
critical for 4-OT activity (L6, 29). In YwhB, a valine residue  C-3 or C-5.
occupies this position. Nonetheless, the similarities suggested In contrast, the R11A-YwhB reactions are completely
two mechanistic possibilities. In one, YwhB functions as an inactive or severely compromised. The absence of activity
isomerase/tautomerase using a mechanism that largely paralusing 2 and the significantly decreasek,; values and
lels that of 4-OT where another group takes the place of relatively unchange, values for5 and7 suggest that Arg-
Arg-39# Alternatively, YwhB acts analogously to the R39 11 plays primarily a catalytic role in these reactions. For
mutants of 4-OT (e.g., R39A or R39QLJ). In either the 1,5-kete-enol tautomerization reaction usirg the
mechanism, Pro-1 serves as the catalytic base and Arg-1labsence of Arg-11 may no longer favor the attraction of
interacts with a substrate carboxylate group and plays a roleelectron density to C-51@). For protonation at C-3, the
in binding and perhaps catalysis. This proposed mechanismabsence of the positively charged arginine may destabilize
is analogous to that of 4-OT where Pro-1 is the catalytic the developing carbanionic character of the intermediate after
base and Arg-11 binds substrate through its interaction with deprotonation of the 2-hydroxyl group. Alternatively, in all
the C-6 carboxylate group df(12, 13, 31). This interaction three reactions, changing Arg-11 could affect th¢, pf
also facilitates protonation at C-5 (to fol8hbecause it draws  Pro-1 or the positioning of another catalytic group.
electron density to the C-5 position by resonance and The stereochemical analysis of YwhB (usidgs, and7)
inductive effects. Arg-39 interacts with the C-1 carboxylate suggests that the mono- and diacids bind in different
group (of1, in the context of Scheme 1) as well as the 2-keto orientations in the active site. The YwhB-catalyzed reactions
group (L2, 13). The latter interaction facilitates catalysis by using the monoacids and 7 are stereoselective with the
polarizing the carbonyl group. 3R-isomers predominating (Table 4). In contrast, the YwhB-

The kinetic assessment of YwhB usigshows that it catalyzed conversion of diac&to 1 is highly stereoselective,
behaves like the R39 mutants of 4-OT. YwhB catalyzes the With the 3Sisomer predominating by a ratio of8:1. The

conversion of2 to 3 with a ke./Km of 2.8 x 10* M1 571, stereochemical results could be governed by the interactions
similar to the values measured for R39A-4-OT (% 710% of the substrate carboxylate groups, as follows. For the
M~1s%) and R39Q-4-OT (1.5 10* M1 s1) (13). These monoacids, the C-1 carboxylate groupsSofnd 7 might
studies also showed that YwhB procesﬂ:}m} 1 preferen_ interact with Arg-11 such that the proton is delivered

tially before a slower formation of3. Further kinetic ~ Pprimarily to there face to produce theR3isomers. For the
characterization using, 7, 8, and11 showed that YwhB is  diacid, the C-6 carboxylate group @fcould also interact

a highly efficient 1,3-kete-enol tautomerase, but clearly not With Arg-11, but this interaction would now result in the
a 1,5-kete-enol tautomerase using these four diefofs. ~ proton being delivered to thei face to produce the
possible explanation for the different reactions is different 3Sisomer. This binding mode may also allow YwhB to carry
binding modes. In one scenario, the C-6 carboxylate group out both a 1,3- and a 1,5-ket@nol tautomerization reaction,
of 2 may interact with Arg-11 and the C-1 carboxylate group Which is only observed wit2. Moreover, the high degree
may interact with an unknown group. Alternatively, the C-1 Of stereoselectivity observed for the YwhB-catalyzed reaction
using 2 suggests that the biological activity may involve a
1,3-keto-enol tautomerization reaction on a substrate with

4The unliganded crystal structure does not suggest an obvious ; ;
candidate to take the place of Arg-356], two carboxylate groups. This proposal is supported by the

51t is not known if R39A- and R39Q-4-OT behave similarly, but  NighkealKim values observed for the 1,3-ketenol tautomer-
the possibility is currently being examined. ization reactions{10° M~ s71),




Stereochemical Analysis of YwhB and 4-OT Biochemistry, Vol. 46, No. 42, 200711927

Table 4: Stereochemical Consequences of Reactions in the Presence of YwhB, 4-OT, and R11A-4,0T in D

Reaction YwhB 4-OT RI11A-4-OT

OH 0 R/S R/S? R/S
Mcoz- - Nj\coz-

5 4 (4.4:1) (1.7:1) (5:1)

~OH o R/S . -
—-
co, coy,
7 9

3:D

- R/S¢ -

co, coy
/\f\on Aﬁo
> 2:1
"0,C ‘0,C Z ( )
1 12

COy” COy
K\OH ro S/R Racemic -
=z Z
8:1
CO, CO, ( )
2 1

aThis result is obtained from réf. b This result is obtained from reff3. ¢ This result is obtained from ref1.

The stereochemical analysis of YwhB provides an expla- reaction. Kinetic and stereochemical studies uging and
nation for previous stereochemical studies of 4-OT using 11 led to the proposed 4-OT reaction shown in Scheme 1.
mono- and diacid substrates where two arginine residuesin the kinetic studies, it was found that 4-OT produc&d
(Arg-11 and Arg-39) are present. 4-OT processas[3-°H]- faster when using a mixture df and 2 (as substrate) as
4 in °H,0, but produces only a slight excess of th&)3 opposed to using alone as substratd)( The stereochemical
isomer (1.7:1) (Table 4)7). The R11A mutant of 4-OT  studies showed that the conversionfo 3 in D,O was
produces the ®)-isomer of [32H]4 (from 5 in D,0), but highly stereoselective, producing (5SH3[3 (6), whereas
in a much higher ratio (5:1)1Q), and one that is similar to  the conversion of the monoackito 4 was stereoselective
that observed for the YwhB reaction~4.4:1). Taken (preferring the &-isomer by a ratio of 1.7 to 1)7§. It was
together, these observations suggest thdtinds in two inferred from this latter observation that the 4-OT-catalyzed
orientations in 4-OT. In one orientation, the C-1 carboxylate conversion of the diacidto 1 (in D,O) would also generate
group might interact with Arg-11 while in the other orienta- the R-isomer{i.e., (R)-[3-?H]1} with a high degree of
tion it might interact with Arg-39. The 1.7:1 excess of the stereoselectivity because the two carboxylate groups would
3R-isomer suggests that one of these orientations is onlyfirmly anchor the substrate at the active sité.(The
slightly favored, but removing Arg-11 significantly increases combined stereochemical observationsZdo 3 and5 to 4
the preference for one orientation. The stereochemical resultsmplied that 4-OT catalyzed a suprafacial, 1,3-allylic rear-
observed for the 4-OT-catalyzed conversioriafto 12 (in rangement ofl to 3. The overall stereochemical course is
D,0O) are consistent with this analysis in that this reaction consistent with a so-called one base mechanism where Pro-1
results in a 2:1 mixture with theRBisomer predominating  was eventually identified as the single ba38)(

(31). The additional carboxymethyl group at C-5lih may It has now been determined that a racemic mixture of
favor one binding mode over the other due to the bulk and [3-?H]1 results when 4-OT is incubated wighin D,O. Such
charge of the carboxymethyl group. a result has been previously observed but was thought to be

The highly stereoselective ketonization2io 1 (in D,O) an artifact due to an inability to trap [@]1 before it
by YwhB has a major implication for the 4-OT-catalyzed underwent a rapid chemical and enzymatic ketonization to
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Scheme 6

COZ_ 002.

=~ "OH o

—_—

co,
3

z
co,
2

[3-2H]2 (7, 31). The work with YwhB indicates that the
labeled species can be trapped and the stereochemistr
assigned. Since stereospecificity is characteristic of an
enzyme-catalyzed reaction, the resulting racemic mixture of
[3-2H]1 suggests that the conversionlond2 may not be
enzyme-catalyzed3d). This observation could further sug-
gest that 4-OT does not catalyze a 1,3-allylic rearrangement
of 1 to 3, but instead, may simply catalyze the conversion
of 2 to 3 (Scheme 6) 3, 35).

The proposed 4-OT-catalyzed 1,3-allylic rearrangement of
1 to 3 could still be “salvaged” if it can be demonstrated
unequivocally that 4-OT enhances the rate of formation of
1from 2. If a rate acceleration is observed, then one possible
explanation for the stereochemical results is that 4-OT binds
2 in either of two orientations. The 1,3-endteto tautomer-
ization occurs in both orientations such that Pro-1 transfers
the enol proton (or deuteron) &fto there or si face of C-3
and generates a racemic mixture (iaQ@). In contrast, the
1,5-enot-keto tautomerization and 1,3-allylic rearrangement
may only occur in one of these orientations. As a result, in
D.O, a deuteron is incorporated with a high degree of
stereoselectivity at C-5. Although the appropriate kinetic
experiments will be pursued, they are complicated by the
fact that 4-OT convert& to 3 near the diffusion control limit
(10, 13).

In lieu of these results, it is interesting to note that 4-OT
functions somewhat promiscuously, and accelerates the
partitioning of various dienols (e.g5 and 11) to thef,y-

unsaturated ketones, stereoselectively, before a slower con-

version to theira,S-unsaturated isomers. There are two
explanations for this behavior. 4-OT likely encounters
different dienols in the degradation of various aromatic
compounds and the promiscuous binding enables their
accommodation. It is also possible that the 1,3-ketool
tautomerase of 4-OT is a vestigial activity and/or plays a
“rescue” role by convertings,y-unsaturated ketones (e.g.,
4) to dienols (e.g.5) if the dienol undergoes a nonenzymatic
ketonization tad. The YwhB studies have provided valuable
clues into its biological role and new insights into the 4-OT
mechanism. The future delineation of similarities and dif-
ferences will ultimately shed light on the structural basis for
the 1,3- and the 1,5-keteenol tautomerization reactions and
perhaps a biological rationale.
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