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ABSTRACT. 4-Oxalocrotonate tautomerase (4-OT) drahs 3-chloroacrylic acid dehalogenase (CaaD) are
members of the tautomerase superfamily, a group of structurally homologous proteins thatshare

fold and a catalytic amino-terminal proline. 4-OT, fréteeudomonas putidat-2, catalyzes the conversion

of 2-ox0-4-hexenedioate to 2-oxo-3-hexenedioate through the dienol intermediate 2-hydroxymuconate in
a catabolic pathway for aromatic hydrocarbons. CaaD, ffseudomonas panacea€el 70, catalyzes the
hydrolytic dehalogenation dfans-3-chloroacrylate in therans-1,3-dichloropropene degradation pathway.
Both reactions may involve an arginine-stabilized enediolate intermediate, a capability that may partially
account for the low-level CaaD activity of 4-OT. Two active-site residues in 4-OT, Leu-8 and lle-52,
have now been mutated to the positionally conserved and catalytic ones in @aaj>8, andoGlu-52.

The L8R and L8R/I52E mutants show improved CaaD activity (50- and 32-fold increadeg/k,,
respectively) and diminished 4-OT activity (5- and 1700-fold decreasds.iKm, respectively). The
increased efficiency of L8R-4-OT for the CaaD reaction stems primarily from an 8.8-fold increlage in
whereas that of the L8R/IS2E mutant is due largely to a 23-fold decreake.iifhe presence of the
additional arginine residue in the active site of LBR-4-OT does not alterkhefiithe Pro-1 amino group

from that measured for the wild type (65 0.1 versus 6.4t 0.2). Moreover, the crystal structure of
L8R-4-OT is comparable to that of the wild type. Hence, the enhanced CaaD activity of L8R-4-OT is
likely due to the additional arginine residue that can participate in substrate binding and/or stabilization
of the putative enediolate intermediate. The results also suggest that the evolution of new functions within
the tautomerase superfamily could be quite facile, requiring only a few strategically placed active-site
mutations.

It has been well-documented that many enzymes exhibit new enzyme §—12). An understanding of the sequence of
catalytic promiscuity, which is the ability of an enzyme to events that generates new enzymes from the structural
accelerate a reaction (or reactions) in addition to its biologi- framework of pre-existing enzymes would provide insight
cally relevant one (for examples, see refs7). These into natural evolution and could lead to the development of
generally low-level activities may serve as starting points useful biocatalysts.
for the creation of new enzymatic functions. Under selective  4-Oxalocrotonate tautomerase (4-O&phdtrans-3-chlo-
pressure, duplication of the gene for the existing enzyme roacrylic acid dehalogenase (CaaD) catalyze very different
followed by the introduction of a small number of mutations reactions in two different biological pathwayd3 14).
could enhance one of the low-level activities and lead to a However, they both belong to the 4-OT family of the
tautomerase superfamily, a group of structurally homologous
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Scheme 2 and lle-52 residues in 4-OT for those found in CaaD.
co, co, co Replacement of lle-52 with a glutamate residue might have
A wh 2 an additional benefit: lle-52 is part of A& hairpin, and
0 | 0 | ° destabilization of this structural element in 4-OT has previ-
Z I '; ously been shown to make the active site more accessible to
co; o o €Oy water (L3, 15). Accordingly, as a first step in determining
1 Arg-11 3 whether nature can exploit the promiscuous dehalogenase

activity of 4-OT and provide a selective advantage by
ohrg-8 o enhancing this activity, three 4-OT mutants (L8R, I_52E, and

AL COy OH O J_coy L8R/I52E) were constructed and their properties were
CIms —H investigated. Two 4-OT mutants, L8R and L8R/I52E, show

6 an increase in catalytic efficiency for the CaaD reaction
largely because of an increase kg (L8R-4-OT) or a
decrease ik, (L8R/I52E). Further characterization of L8R-
hexamer, is part of a degradation pathway for aromatic 4-OT, the mutant with the highest catalytic efficiency for
hydrocarbons such as benzene, toluene, and xylenes in théhe CaaD reaction, suggests that the improved activity is due
soil bacteriumPseudomonas putidant-2 (17, 18). The to the participation of the additional arginine residue in
enzyme converts 2-oxo-4-hexenedioate $cheme 1A) to  substrate binding and/or stabilization of the putative ene-
2-0x0-3-hexenedioate3) through the dienol intermediate, diolate intermediate. In addition to reinforcing the hypothesis
2-hydroxymuconate2) (19). CaaD, a heterohexamer con- that the tautomerase superfamily represents divergent evolu-
sisting of threen. subunits and threg subunits, is found in ~ tion from a common ancestor, the results demonstrate the
a degradation pathway farans-1,3-dichloropropene 4( facile adaptability of thg—o—f fold in that relatively minor
Scheme 1B) in the soil bacteriuRseudomonas panaceae changes in the active site of one tautomerase superfamily
170 @O, 21). It catalyzes the hydrolytic dehalogenation of member can significantly improve the catalytic efficiency
trans-3-chloroacrylate §) to yield malonate semialdehyde of a very different reaction.
(6) (22

The mechanisms for both enzymes have been extensiverEXPER”VIENTAL PROCEDURES
characterized, and the crystal structures have been solved Materials.Chemicals, biochemicals, buffers, and solvents
(13, 14, 23—-25). A review of this body of work shows  were purchased from Sigmaldrich Chemical Co. (St.
similarities between the enzymes including the common Louis, MO), Fisher Scientific, Inc. (Pittsburgh, PA), Fluka
p—a—p building block, the catalytic Pro-1, and the formation Chemical Co. (Milwaukee, WI), or EM Science (Cincinnati,
of an arginine-stabilized enediolate intermediate during the OH). The synthesis of 2-hydroxymucona® (s reported
reaction. In 4-OT, such an intermediate would facilitate elsewhere9). The sources for the components of Luria
protonation at C-5 to yiel@ (Scheme 2A) 13, 24). In CaaD, Bertani (LB) media as well as the enzymes and reagents used
the formation of an enediolate intermediate could facilitate in the molecular-biology procedures are reported elsewhere
the elimination of chloride to yield an enol intermediate (16). The Amicon stirred cells and the YM3 and YM10
(Scheme 2B) 14, 25). There are also differences. ThEp ultrafiltration membranes were obtained from Millipore Co.
values for the amino-terminal prolines are markedly different (Billerica, MA). Oligonucleotides for DNA amplification and
(~6.4in 4-OT versus 9.2 in CaaD), and they have different sequencing were synthesized by Genosys (The Woodlands,
roles @6—28). In 4-OT, Pro-1 functions as a general base, TX).
abstracting the proton from C-3 &f whereas in CaaD, Pro-1 General MethodsAbsorbance data were obtained on a
functions as a general acid and provides a proton to C-2 of Hewlett—Packard 8452A diode array spectrophotometer.
5, to complete the addition of water. A second difference is Kinetic parameters were calculated from a fit of the initial
the presence of the water-activating residue, Glu-52 (from velocity data at different substrate concentrations to the
the o subunit) in CaaDZ5). Finally, an additional arginine  Michaelis—Menten equation by using the Grafit program
residue ¢Arg-8) in CaaD is likely involved in stabilizing  (Erithacus Software Ltd., Horley, U.K.) obtained from Sigma
the enediolate intermediate (Scheme 2B5)( Chemical Co.

The presence oftArg-8 andaGlu-52 in CaaD and the Construction, @erexpression, and Purification of the
absence of these two residues at comparable positions iM-OT Mutants.The experimental procedures used for the
4-OT suggested that the reported low-level CaaD activity construction of the 4-OT mutants and their overexpression
of 4-OT (4) could be improved by substituting the Leu-8 and purification are provided in the Supporting Information.

e
5 cl OaArg-11
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Mass Spectrometric Characterization of 4-OT, the 4-OT min. The final pH of the reaction mixture was 7.3. The
Mutants, and®N-Labeled L8R-4-OTThe masses of 4-OT,  signals for5, the hydrate o6, acetaldehyde, and the hydrate
the three 4-OT mutants, arfdN-labeled L8R-4-OT were  of acetaldehyde are reported elsewh@®.(The signals for
determined using an LCQ electrospray ion-trap mass spec-the methylene protons éfare obscured by the large amount
trometer (ThermoFinnigan, San Jose, CA), housed in the of protein in the sample.

Analytical Instrumentation Facility Core in the College of NMR Titration ExperimentShe L8R-4-OT was uniformly
Pharmacy at the University of Texas at Austin. The protein '>N-labeled as described previousB6( 28). The final yield
samples were made up as described elsewlz2e The of homogeneou$N-labeled L8R-4-OT per liter of culture
observed monomer mass for 4-OT was 6810 Da (calcd 6811was~4 mg. The X, of the amino group of the N-terminal
Da). The observed monomer mass for the L8R mutant wasproline was determined by monitoring the pH dependence
6853 Da (calcd 6854 Da); that of the I52E mutant was 6826 of the ®N chemical shift of the secondary amino nitrogen
Da (calcd 6827 Da); and that of the L8R/IS2E mutant was resonance. Spectra were acquired on a Varian Inova 500
6869 Da (calcd 6870 Da). The observed monomer mass forMHz spectrometer using an inverse broad-band probe
the uniformly 1°N-labeled L8R-4-OT was 6945 Da (calcd configured for'®N 1D NMR spectroscopy without proton
6945 Da). decoupling. The!™N chemical shifts were referenced to

Enzyme Assay3he ketonization o by the 4-OT mutant  external liquid ammonia as describe80). The titrations
enzymes was monitored by following the formation3oht were performed at 27C, using a uniformly°N-labeled L8R
236 nm € = 6580 Mt cm™?) in 20 mM NaHPO, buffer sample, which was 3.6 mM in subunits in 10 mM sodium
(pH 7.3) as reportedl@). An aliquot of each enzyme was phosphate buffer (containing 10%,0), by adding small
diluted into 20 mL of 20 mM NakPO, buffer at pH 7.3, aliquots (typically 1uL) of 1 M HCI or NaOH to the sample.
yielding a final monomer concentration of 1.8 nM (L8R), The titrations were performed in the pH range of 5-@611,

4.3 nM (I52E), and 2.8%M (L8R/I52E). The diluted enzyme  and the enzyme retained nearly full activity at the end of
was incubated for 60 min at 23C. Subsequently, 1 mL  the experiment. The acquisition parameters were as fol-
aliquots were transferred to a cuvette, and the assay wadows: spectral width, 10 371 Hz; acquisition time, 1.998 s;
initiated by the addition of a small quantity{B uL) of 2 relaxation delay, 2 s; total numer of transients, 152800;
from a 50 mM stock solution made in ethanol. The and flip angle, 90. To obtain the K, of Pro-1, the data
concentrations of substrate used in the assay ranged from btained from the NMR titration curve were fit using the
to 400 uM. appropriate equation for a singl&pprovided in the Grafit

The dehalogenation & was monitored by following the ~ Program and using a lower pH limit of 55.99 0.24 ppm
release of halide in 50 mM Tris-S@uffer (pH 8.2) using and a higher pH limit of 48.26& 0.17 ppm.

a colorimetric assay2(, 29). An aliquot of enzyme was Determination of the Crystal Structure of L8R-4-OT.
diluted into 50 mM Tris-S@buffer (pH 8.2), yielding a final Crystals of the LBR mutant were grown at 2T using the
monomer concentration of 2ZM (4-OT), 22 uM (L8R), sitting-drop vapor diffusion method. Drops were composed
22 uM (I52E), and 15uM (L8R/I52E). The diluted enzyme  of 3 uL of protein (20 mg/mL solution in 10 mM Tris-Cl at
solutions were incubated for at least 60 min at 43 pH 7.0) mixed with an equal volume of reservoir buffer [30%

Subsequently, a 1Q@L portion of the enzyme solution was  O-(2-aminopropy!)©'-(2-methoxyethyl)polypropylene glycol
transferred to a tube containing the desired concentration of500, 100 mM 2-l-morpholino)ethanesulfonic acid at pH
substrate in 2.9 mL of 50 mM Tris-Souffer (pH 8.2). 6.5, and 50 mM CsClI]. The resulting mixture was allowed
The concentrations of substrate used in the assay ranged fronto equilibrate against 5@L of reservoir solution. A single
0 to 200 mM. Substrate was added from a stock solution crystal (0.15x 0.15 x 0.2 mm) was harvested using a
that was made up in 50 mM Tris-Q®uffer. The pH of the Hampton Research Cryoloop, flash-cooled in liquid nitrogen,
stock solution was adjusted to 8.2. Halide concentrations and then mounted in the nitrogen gas stream. A diffraction
were measured colorimetrically at different time intervals. data set to 2.8 A resolution was collected from this crystal
The kinetic parameters presented in Table 1 correspond toat—173°C using a Rigaku RU-H3R generator and an R-axis
two independent measurements. HTC detector. Diffraction data were integrated and scaled
H Nuclear Magnetic Resonance (NMR) Spectroscopic using HKL2000 81). The crystal belongs to space group
Detection of Malonate Semialdehyde in the L8R- and L8R/ P63 with unit-cell dimensions ch=b = 80.9 ancc = 117.0
I52E-Catalyzed Transformation & A series of'H NMR A. Assuming six monomers in the asymmetric unit, the
spectra monitoring the L8R- and L8R/I52E-catalyzed trans- Matthews’ coefficient 82) is 2.7 A¥Da and the solvent
formation of 5 were recorded as reporte@?j, using the content is 54%, respectively. The CCP4 Suite program
following conditions. An amount 06 (4 mg, 0.04 mmol) MOLREP @33) was used to solve the structure of mutant
dissolved in DMSOdg (30 uL) was added to 100 mM Na L8R by molecular replacement using a wild-type 4-OT
HPQ, buffer (0.6 mL, pH~ 9) and placed in an NMR tube. dimer, without water molecules, as the search model. In the
The addition of5 lowered the pH of the reaction mixture. search model, the side chain for residue 8 was truncated past
Hence, the pH was adjusted to 8.0 using small aliquots of a Cs. The first two rounds of structure refinement were carried
10 M NaOH solution. Subsequently, an aliquot of either L8R out using REFMACS5 and imposing strict noncrystallographic
(100 uL of a 30 mg/mL solution made up in 20 mM Ma symmetry (NCS) 34, 35). The resulting atomic model was
HPO, buffer at pH 7.3) or L8R/IS2E (15@L of a 20 mg/ then improved by iterations of maximum-likelihood refine-
mL solution made up in 20 mM NBIPO, buffer at pH 7.3) ment using CNSsolvesg), followed by manual intervention
was added to the reaction mixture. The fifst NMR using the program O. The observation of positive electron
spectrum was recorded 5 min after the addition of enzyme density inF, — F. maps allowed the side chain of Arg-8 to
and every 10 min thereafter for a total reaction time of 95 be modeled into the active site. In the final rounds of
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refinement, ordered water molecules were added using thel_8R
water-picking routine of CNSsolve. Late-stage refinement |52

consisted of maximum-likelihood refinement using REF-
MACS5 and manual intervention using the program O. The
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Table 1: Kinetic Parameters for the Dehalogenatio® bfy CaaD,
4-OT, and the 4-OT Mutants

enzyme Keat (S71) Km (MM) kealKm (STM™Y)
Caal 3.8+0.1 (31£2)x 103  1.2x 10°
4-OTP (1.0£02)x 103 91+34 1.1x 1072
(8.8+£0.3)x 103 16+1 55x 1071
(0.32+£0.03)x 10°% 59414 5.4x 1073
L8R/I52E  (1.4+0.2)x 1073 442 3.5x 101

a2These kinetic parameters were obtained from Wang et28). (

stereochemistry of the model was checked with PROCHECK b The steady-state kinetic parameters of 4-OT and its mutants were

(37). Figures were generated using MOLSCRIRB)(and
RASTER3D (9).

RESULTS

Rationale for Mutagenesid he previously reported su-
perpositioning of the structures of 4-OT inactivated by 2-oxo-
3-pentynoate {, Scheme 3) and CaaD inactivated by
3-bromopropiolate § Scheme 3) 25), coupled with the
available mechanistic work, identified two substitutions that
could enhance the low-level CaaD activity of 4-OT. The
position of Leu-8 in 4-OT is structurally homologous to that
of aArg-8 in CaaD, which, along witlkArg-11, is postulated
to bind the substrate (i.e5) and stabilize an enediolate

determined in 50 mM Tris-SObuffer (pH 8.2) at 23°C. Errors are
standard deviations.

by wild-type 4-OT and the three mutant enzymes are shown
in Table 1. 4-OT has a low-level CaaD activity, measured
by a coupled enzyme system, as previously repodgdrg

this study, the low-level CaaD activity was determined using
a more direct colorimetric assay for halide release. The low-
level activities are comparable for the two assays with a
minor discrepancy in thi&, values. The L8R mutant shows
the highest increase in catalytic efficiency (50-fold increase
in keafKm), which can be attributed to the 8.8-fold increase
in ket @long with the 5.7-fold decrease K, The double
mutant (L8R/I52E-4-OT) also showed improved catalytic

intermediate (Scheme 2B). Hence, mutation of Leu-8 to an efficiency (~32-fold increase inke.a/Km), which results

arginine in 4-OT might improve the binding &fand allow
for a more effective stabilization of the enediolate intermedi-

primarily from the 23-fold decrease k. The slight increase
in keatis not likely significant. Finally, the catalytic efficiency

ate, assuming no structural changes accompany the mutationof the I52E mutant is, at best, comparable to that of the wild

The comparison also shows that the position of lle-52 in
4-0T is structurally homologous to that @f5lu-52 in CaaD.

type.
IH NMR Characterization of the L8R- and L8R/I52E-4-

aGlu-52 is proposed to activate a water molecule for the OT-Catalyzed Reactionblixtures containing either the L8R

nucleophilic addition to C-3 o0b (25). aGlu-52 is at the
N-terminal part of thes hairpin, which covers the active-

or L8R/I52E mutant and were monitored by'H NMR
spectroscopy to verify that the product of each reaction is

site pocket of CaaD and stabilizes the CaaD oligomer malonate semialdehyd&)( as has been previously estab-
structure. These observations suggest that changing lle-5dished for the CaaD-catalyzed reactid22). The'H NMR

to a glutamate might provide 4-OT with a mechanism to

spectrum of5 in 100 mM NaHPO, buffer (pH 8.0) shows

activate a water molecule. Moreover, it has previously been two doublets (6.09 and 6.89 ppm), corresponding to the C-2

shown that changing Phe-50, which precedesftinairpin

and C-3 protons, respectively (data not shown). After

in 4-OT, to an alanine, makes the region around Pro-1 moreincubation of5 with either the L8R- or L8R/I52E-4-OT for

accessible to water and increases tkgqf the amino group
of Pro-1 (L3, 40). Finally, it was anticipated that the double
mutant (L8R/I52E) of 4-OT could improve the CaaD activity
of 4-OT by a combination of the predicted effects for the
single mutants.

Characterization of the 4-OT MutantS.he wild-type

95 min, the intensity of these signals diminishes and six new
signals appear. Two signals (a doublet at 2.34 ppm and a
triplet at 5.15 ppm) correspond to the hydrate of malonate
semialdehyde. The other four signals are due to the presence
of acetaldehyde (2.04 and 9.48 ppm) and its hydrate (1.13
and 5.05 ppm), which result from either the enzymatic or

enzyme and the three 4-OT mutants (L8R, I52E, and L8R/ nonenzymatic decarboxylation 6f Hence6 is the product

I52E) were overexpressed Escherichia colistrain BL21-
Gold(DE3) and purified to>95% homogeneity, as assessed
by sodium dodecyl sulfatepolyacrylamide gel electrophore-
sis (SDS-PAGE). The yields of the four enzymes varied
from 30 to 50 mg (per liter of cell culture). DNA sequencing

of the L8R and L8R/I52E-catalyzed conversionsof

It is interesting to note that, when the incubation mixture
containing wild-type 4-OT an8l was monitored byH NMR
spectroscopy, the signals corresponding to acetaldehyde and
its hydrate were observed but those correspondiriyeod

verified that only the intended mutations had been introducedits hydrate were not4). The absence of the latter signals
into each mutant gene. Mass spectral analysis of thereflects the fact thad is not sufficiently stable to accumulate
individual proteins showed one major peak corresponding in quantities detectable By NMR spectroscopy during the
to the expected subunit molecular mass of a 62 amino acidlengthy incubation period (136 h) required for the dehalo-
species. This observation confirmed that, in all cases, thegenation of5 by wild-type 4-OT. In contrast, the L8R and
initiating methionine had been removed in a post-translational L8R/I52E mutants of 4-OT catalyze the dehalogenation

process to yield a protein with an N-terminal proline. The

reaction at a sufficiently rapid rate that the signals for the

mutant enzymes and the wild-type 4-OT migrated compa- hydrate of6 are detected. These observations are consistent
rably on a gel-filtration column, which suggests that the three with the kinetic data and reflect an enhanced rate of

mutants exist as hexamers in solution.
The CaaD Actiity of 4-OT and the 4-OT Mutanthe
steady-state kinetic parameters for the dehalogenatidn of

dehalogenation for these two mutants.
4-OT Actiity of the MutantsThe steady-state parameters
for the ketonization of 2-hydroxymuconat®) fo 2-oxo-3-
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Table 2: Kinetic Parameters for the Ketonization2ofo 3 by 4-OT

and the 4-OT Mutants

enzyme Keat (S71) Km (uM) KealKm (M~1s71)
4-OT° 3500+ 500 180+ 30 1.9x 10
L8R 61+9 17+ 3 3.6x 1C°
I52E 32+ 2 62+ 13 5.2x 10°
L8R/I52E 0.3+ 0.05 27+ 6 1.1x 10¢

2The steady-state kinetic parameters were determined in 20 mM
sodium phosphate buffer (pH 7.3) at 2&. Errors are standard
deviations.” These kinetic parameters were obtained from Harris et al.

(41).

Table 3: Data Collection and Refinement Statistics

data collection and processing

crystakfilm distance (cm) 117
oscillation angle (deg) 0.5
exposure time (min) 5
resolution range (A) 34:02.8
total measurements 496 944
unique reflections 10782
completeness (%) 99.9
Reym (%) 16.2
(/o) 15.7
refinement statistics
resolution range (A) 34:02.8
Rerys{ Riree (%) 23.0/30.1
rmsd bond lengths (A) 0.022
rmsd angles (deg) 2.155
number of atoms (protein/water) 2795/199
averageB factors (protein/water) (A 26.2/20.5

hexenedioated) by the three mutants were determined and
compared to those previously determined for the wild type.
All three mutants catalyze the reaction, although less
efficiently than the wild type (Table 2). The most dramatic
decrease in the catalytic efficiency for the wild-type activity
is seen for L8R/I52E-4-OT, which shows a 1730-fold
decrease ik../Km. There is a~11 700-fold decrease ik
coupled with a 6.7-fold decrease k.. The I5S2E mutation
causes a 36-fold decreasekn/Kn, which results from a
~110-fold decrease ik.o and a~3-fold decrease K.
The L8R mutation has the least effect on the wild-type
activity with a~5.3-fold decrease ik:o/Km, resulting from

a 57-fold decrease ik.;; and an~11-fold decrease in.

The Crystal Structure of L8R-4-OThe structural con-
sequences of the L8R mutation were examined by determin-
ing the X-ray crystal structure to a resolution of 2.8 A (Table
3). The crystallographidr factor for the final model was
23.0% Riee = 30.1%). The relatively higR.e value is due
to the relatively low-resolution nature of the data (2.8 A),
which probably results from the large unit-cell size and the
fact that there are three dimers per asymmetric unit.
Nonetheless, a comparison of the L8R structure with that of
the wild type (PDB accession code 40TB) shows only local
and minor effects resulting from the mutation, leaving the
overall active-site architecture otherwise unchanged (Figure
1). Thus, the changes in the kinetic parameters for the 4-OT
activity are not due to major structural changes. Arg-8 adopts
the same conformation in all monomers, where there is well-
defined electron density for this side chain (11 of 12
monomers). The overatk carbons between the wild-type
enzyme and the L8R mutant protein superimpose with a root-
mean-square deviation (rmsd) of 0.50 A, and those for the
residues contributing to the active site (residue®17—11,
31—41, and 45-52) superimpose with a rmsd of 0.45 A.

Poelarends et al.

Ficure 1: Comparison of (A) the crystal structure of the L8R-4-
OT and (B) the crystal structure of wild-type 4-OT (PDB accession
code 40TB). The figure shows one active site in each structure.
Except for the replacement of Leu-8 with arginine, the two
structures are comparable. lle-52 is located above Phe-50 in the
4-OT structure and near the side-chain carbon atoms of Afg-39
The movement of Arg-11 in the L8R-4-OT structure is likely due
to the fact that Arg-11 is a surface residue and is responding to a
different environment.

15N NMR Titration of Pro-1 in the L8R-4-OT Mutarih
4-OT, Pro-1 functions as a base because it has,aop6.4
+ 0.2, which is due, in part, to the fact that it is surrounded
by hydrophobic group2(7, 40, 41). To investigate whether
the presence of the positively charged arginine residue alters
the K, of Pro-1 in the L8R mutant, theky value of this
residue was measured by direct pH titration of the uniformly
5N-labeled enzyme usingN NMR spectroscopy. Th&N
chemical shift of Pro-1 is resolved from the oth&N
resonances of L8R-4-OT over the pH range of 5:06L1,
and pH titration monitoring using this resonance yields a
pKa, value of 6.5+ 0.1 (Figure 2). Thus, the additional
arginine does not affect thekg of Pro-1.

DISCUSSION

4-OT and CaaD are members of the 4-OT family, which
is one of the five known families of the tautomerase
superfamily (3, 15, 16, 42, 43). The remaining four families
are represented by their title enzymes and inclae3-
chloroacrylic acid dehalogenaseifCaaD) (L6), malonate
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FIGURE 2: pH titration curve displaying th&N chemical shift of
the amino group of Pro-1 of L8R-4-OT versus pH. The data from
this plot were used to calculate th&pof the amino proton of
Pro-1, which is reported in the text.
Scheme 4
A. 4-OT- and CHMI-catalyzed Reactions

, €O co, co,
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COy CO, COy

4-OT: R=H
CHMI: R =CH,COy
B. PPT-catalyzed Reaction
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C. CaaD-, cis-CaaD, and MSAD-catalyzed Reactions
HJ\/COZ' e HJ\CH

Cl 3
I co;

CI/\/COz'

cis-CaaD

semialdehyde decarboxylase (MSABP), 5-carboxymethyl-
2-hydroxymuconate isomerase (CHMD3 23), and mac-
rophage migration inhibitory factor (MIF)}4). cis-CaaD,
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parameters have not been determingdd CaaD,cis-CaaD,
and MSAD have a promiscuous hydratase activity, convert-
ing 2-oxo-3-pentynoate/( Scheme 5) to acetopyruvat®) (

(5, 16, 22). The catalytic efficiency of these reactions varies
considerably ranging from 6400 Ms™! for CaaD @2) to

11 M1 s 1 for cis-CaaD (L6). MSAD falls in between with

a kea/Km of 600 M1 s (5). MSAD also catalyzes the
dehalogenation ob at a rate that is 2« 10°-fold slower
than that reported for CaalB)( The observation of catalytic
promiscuity in these superfamily members provides evidence
for their divergent evolution from a common ancestor and
highlights the evolutionary potential of the comm@ro—p
structural motif.

With regard to the CaaD activity of 4-OT, the available
evidence suggests three possible mechanigmin(all three
mechanisms, a positively charged residue in the active site
of 4-OT (e.g., Arg-11 or Arg-39) may interact with the C-1
carboxylate group dd and polarize thet,5-unsaturated acid
to leave a partial positive charge at C-3 (Scheme 6).
Polarization facilitates the Michael addition of water5o
In one variation on this mechanism, Pro-1 functions as a
general base and assists in the activation of a fortuitously
located water molecule. Subsequently, Pro-1, now a general
acid, could complete the conjugate addition of watebto
by adding a proton at C-2. In a third mechanism, the addition
of water to5 could be completed by Pro-1 functioning as a
general acid catalyst (although very little of the enzyme
would exist in this form).

These mechanisms and the observed differences between

as indicated by its name, is responsible for dehalogenationCaaD and 4-OT suggested that the low-level CaaD activity

of the cis isomer of 3-chloroacrylatelg). MSAD converts
6 to acetaldehyde and follows both CaaD amstCaaD in
the 1,3-dichloropropene degradation pathwa@).(CHMI,

of 4-OT could be improved by three modifications to the
4-OT framework. The first and most straightforward modi-
fication is to replace Leu-8 with an arginine, thereby

from E. coli C, functions as a tautomerase in a degradation providing additional electrostatic interactions for binding the
pathway for aromatic amino acidég). MIF is a mammalian  substrate and stabilization of the enediolate intermediate. The
cytokine with a phenylpyruvate tautomerase (PPT) activity second modification is to incorporate a mechanism for the
(44). A summary of the reactions in the tautomerase activation of the water molecule (i.e., I52E). Finally, making
superfamily is shown in Scheme 4. All four proteirtss{ the 4-OT active site more accessible to water (i.e., 152E)
CaaD, MSAD, CHMI, and MIF) are homotrimers consisting could facilitate a hydration reaction. The L8R mutation is
of subunits that are roughly twice as long as those of 4-OT the more likely one to occur in natural evolution because

and CaaD 16, 23, 25, 46, 47). The monomers of these
proteins have two covalently linked—a—p motifs and
resemble the 4-OT dimer and CaaD heterodimer.

To date, catalytic promiscuity has been identified and
characterized for 4-OT, YwhB, a 4-OT family member found
in Bacillus subtilis(4, 13), CaaD g2), cis-CaaD (L6), and
MSAD (5). The tautomerases 4-OT and YwhB exhibit a low-
level CaaD activity, which is-10°-fold less than that of wild-
type CaaD (comparini./Kn values using) (4). 4-OT also
shows a low-levelcis-CaaD activity, although kinetic

the codon for Leu-8 in 4-OT, CTT, requires only a single-
point mutation to produce an arginine (CGT). In contrast,
the codon for lle-52, ATC, requires three point mutations to
generate a glutamate (GAA or GAG).

Of the three modifications made to the 4-OT framework,
the L8R mutation was the most successful one and the most
easily rationalized. In view of the observations that the
overall protein and active-site structures and tkgqf Pro-1
are not changed by the incorporation of an arginine, the
increase in activity (as indicated by they value) likely
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results from a more efficient stabilization of the enediolate p/L-Glu epimerase (AEE) and muconate-lactonizing enzyme
intermediate. The decrease in g value may reflect the  (MLE). Using rational design, it was found that tloe
enhanced binding & to the enzyme, assuming that the value succinylbenzoate synthase (OSBS) activity of AEE could be
of Kp, is a measure of substrate binding. The double mutant generated and substantially improved by two point mutations
also enhanced the CaaD activity of 4-OT but not in the but the original AEE activity is almost completely logi).
expected manner: the improved catalytic efficiency is due In contrast, the promiscuous OSBS activity of MLE could
largely to the significant decreasel@,. It appears that the  be generated by a single-point mutation, selected through
double mutant has altered the active-site cavity such that thedirected evolution, without a significant loss of the original
affinity for the substrate (i.e5) increases (assuming that MLE activity. It is important to note that, in the latter case,
the value oK, reflects substrate binding). The single mutant there was only selection for the generation of the promiscu-
(I52E) also decreasel, but not as significantly as the ous activity but no selection pressure for a decrease in the
double mutant. In the absence of a structural analysis, it iswild-type activity @9). An excellent overview of different
not possible to be specific about how these mutations resultenzyme mutants exhibiting large improvements in promiscu-
in an increased affinity for the substrate. ous activities and small changes in wild-type activity was
The CaaD activities of 4-OT and L8R-4-OT may appear recently presented by Tawfik and co-workerk2)( The
modest at first. However, both are significantly more robust observations with AEE indicated that gene duplication is a
when viewed in the context of the uncatalyzed rate of necessary first step in the evolution of a new function so
hydration of5. Horvat and Wolfenden recently reported that that the original activity is not lost to the organis#9j,
the uncatalyzed reaction proceeds at a rate ofsx2 2012 whereas the latter experiments suggested that gene duplica-
s lat 25°C, indicating that CaaD provides a%dold rate tion is not necessarily the first step in the optimization of a
enhancement4@). A comparison of thek., values for the promiscuous activity50). A few mutations could enable an
CaabD activities of 4-OT and L8R-4-OT with this uncatalyzed enzyme to carry out both its physiological reaction as well
rate shows that 4-OT enhances the reactiofifdld and as the newly acquired oné&(@).

L8R-4-OT enhances the reaction®#0ld. Hence, a “fully Our results show that the increased CaaD activity of L8R-
active” CaaD requires only an additional 1000-fold rate 4-OT does not substantially diminish the original 4-OT
enhancement. activity. The 50-fold increase in CaaD activity is ac-

An examination of the kinetic properties of the mutants companied only by a-5-fold decrease in 4-OT activity. As
for the wild-type activity shows that the introduction of polar such, the results are consistent with those of Tawfik et al.
residues into the active site produces significant decreaseg50). However, it remains unknown whether this level of
in kearandK. The overall effect on the catalytic efficiency  activity, albeit a 18-fold rate enhancement over the uncata-
is minimal for the single mutants (L8R and I152E) but is more lyzed reaction, is sufficient to allow for the growth of a
substantial for the double mutant. The decreasiirfor “CaaD-deficient” organism. If it does not, then it seems likely
the L8R and L8R/IS2E mutants could result from the that further optimization of the CaaD activity will have a
presence of the additional positive charge in the active site more detrimental effect on the 4-OT activity because of the
and, along with Arg-11 and Arg-39, add to or enhance the fundamental differences between the two reactions. Directed
electrostatic interactions between the enzyme and the dicarevolution studies of 4-OT to improve the CaaD activity are
boxylate substrate. The basis for the decrease ifthfor currently being pursued, and these experiments will shed light
the I52E mutant is not immediately apparent in the absenceon how further improvements in the CaaD activity of 4-OT
of a structural analysis. The decreasekin for all three affect the original activity.
mutants could be due to an effect on the reaction chemistry,
product release, or both. For the L8BR mutant, the decreaseACKNOWLEDGMENT
in Keat Is not due to a change in the basicity of the Pro-1 .
nitrogen. Instead, it may be due to an increased affinity of  E/€Ctrospray ionization mass spectrometry (EBIS) and
the enzyme for the dicarboxylate product, which would affect Matrix-assisted laser desorptieionization (MALDI) mass
product release. In addition, the substrate may not be SPecCtrometry was performed by the Analytical Instrumenta-
optimally aligned for proton transfer. For the 152E mutant, tion Facility Core (College of Pharmacy, The University of
the negatively charged group may hinder the formation of 1€X@S at Austin) supported by Center Grant ES07784. We
the enolate intermediate and, along with other factors listed &/S0 thank Steve D. Sorey (Department of Chemistry and

above, may contribute to a decreaséin For both the I52E Biocher_n_istry, The University of Texas) for his assistance
and L8R/IS2E mutants, a change in thé.pf Pro-1 cannot N @cquiring the NMR spectra.

be ruled out.
Promiscuous activities are proposed to play a key role in SUPPORTING INFORMATION AVAILABLE
the evolution of new enzyme$,(8—10). Establishing that Experimental procedures for the construction of the 4-OT

one or a few mutations can significantly increase the mutants and their overexpression and purification. This

generally low-level activities may indicate that they could material is available free of charge via the Internet at http:/
be used as starting points for the evolution of new functions. pubs.acs.org.
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