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ABSTRACT: trans-3-Chloroacrylic acid dehalogenase (CaaD) conveaiss-3-chloroacrylic acid to malonate
semialdehyde by the addition o8 to the C-2, C-3 double bond, followed by the loss of HCI from the
C-3 position. Sequence similarity between CaaD, @f){ heterohexamer (molecular weight 47 547),

and 4-oxalocrotonate tautomerase (4-OT),@B lomohexamer, distinguishes CaaD from those hydrolytic
dehalogenases that form alkyl-enzyme intermediates. The recently solved X-ray structure of CaaD
demonstrates thgiPro-1 (i.e., Pro-1 of thg subunit),aArg-8, aArg-11, andaGlu-52 are at or near the
active site, and the 10®“fold decreases ik.a:0n mutating these residues implicate them as mechanistically
important. The effect of pH okco/Km indicates a catalytic base with &pof 7.6 and an acid with aky

of 9.2. NMR titration of'>N-labeled wild-type CaaD yielded<{q values of 9.3 and 11.1 for the N-terminal
prolines, while the fully active but unstabdd®1A mutant showed aq of 9.7 (for thefPro-1), implicating

BPro-1 as the acid catalyst, which may protonate C-2 of the substrate. These results provide the first
evidence for an amino-terminal proline, conserved in all known tautomerase superfamily members,
functioning as a general acid, rather than as a general base as in 4-OT. Hence, a reasonable candidate for
the general base in CaaD is the active site reswl@&l-52. CaaD has 10 arginine residues, six in the
o-subunit (Arg-8, Arg-11, Arg-17, Arg-25, Arg-35, and Arg-43), and four in fasubunit (Arg-15, Arg-

21, Arg-55, and Arg-65):H—15N-heteronuclear single qguantum coherence (HSQC) spectra of CaaD showed
seven to nine Arg-kH resonances (denotedh R0 R) depending on the protein concentration and pH.
One of these signals @rdisappeared in the spectrum of the largely inacti®L1A mutant §H = 7.11
ppm,oN = 89.5 ppm), and another one {Rdisappeared in the spectrum of the inacti®8A mutant

(0H = 7.48 ppm,0N = 89.6 ppm), thereby assigning these resonancesAi@-11NeH, and oArg-

8NeH, respectivelyH—1N-HSQC titration of the enzyme with the substrate analogue 3-chloro-2-butenoic
acid (3-CBA), a competitive inhibitork®'°"® = 0.35 + 0.06 mM), resulted in progressive downfield
shifts of theaArg-8Ne resonance yielding Kp = 0.77+ 0.44 mM, comparable to th€™'°"® suggestive

of active site binding. Increasing the pH of free CaaD to 8.9 &€ Sesulted in the disappearance of all

nine Arg-NeH resonances due to base-catalyzetHMxchange. Saturating the enzyme with 3-CBA (16
mM) induced the reappearance of tweHNsignals, those oftArg-8 andaArg-11, indicating that the
binding of the substrate analogue 3-CBA selectively slows tid Bkchange rates of these two arginine
residues. The kinetic and NMR data thus indicate fixb-1 is the acid catalyst,Glu-52 is a reasonable
candidate for the general base, anrg-8 andoArg-11 participate in substrate binding and in stabilizing

the aci-carboxylate intermediate in a Michael addition mechanism.

The recently discovered haloalkene dehalogenases Scheme 1
3-chloroacrylic acid dehalogenase (CagDpnverts the trans g, BH BH

isomers of 3-haloacrylatedl (in Scheme 1) to malonate H\q
R

semialdehyde3), presumably through the unstable halohy- H
drin intermediate2, by the addition of waterl). The @/)s NN MR Xuo_ -HX HUO_
K) "H-A A A
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heterohexameric CaaD (molecular weight 47 547) is elabo-
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analysis coupled with site-directed mutagenesis placed CaaDEXPERIMENTAL PROCEDURES

in the 4-oxalocrotonate tautomerase (4-OT) family of the ) . ] )
tautomerase superfamily and identified Pro-1 ofgrgibunit Materials. The trans-3-chloroacrylic acid was obtained
(BPro-1) and Arg-11 of the-subunit (Arg-11) as mecha- from Fluka Chemlcgl Corp. (M|IwauI§ee, WI), and thgns
nistically important residuesl). A recent X-ray structure ~ 3-bromoacrylic acid was synthesized as describ8d (

Scheme 2

9
H

of CaaD placed these residues, as welkAsg-8 andaGlu- Tryptone, yeast extract, and agar were obtained from Becton,

branes, and the Amicon concentrators were obtained from
Millipore Corp. (Bedford, MA). The thin-walled PCR tubes
were obtained from Ambion, Inc. (Austin, TX). Restriction
enzymes, PCR reagents, and T4 DNA ligase were obtained
from F. Hoffman-LaRoche, Ltd. (Basel, Switzerland), Prome-
ga Corp. (Madison, WI), or New England Biolabs (Beverly,
"MA). The Wizard PCR Preps DNA purification systems were
purchased from Promega Corp. The QIAprep Spin Miniprep
kit was obtained from Qiagen Inc. (Valencia, CA). Other
molecular biology reagents, including agarose, DNA ladders,
and protein molecular standards, were obtained from Invit-

On the basis of these observations, two different roles may
be proposed for thgPro-1 residue (Scheme 2Z)( In one
mechanism (left)Pro-1 is ageneral basgactivating the
water for nucleophilic attack at C-3 af The proton at C-2
comes from solvent or from an unknown acidic residue. In
the second mechanism (right), an unknown residue (i.e., B:)
possiblyoGlu-52, activates the water molecule for attack at
C-3, while the proton at C-2 comes frghfPro-1, functioning
here as ayeneral acidcatalyst. In the case of 4-OT, Pro-1,
with a pK, of 6.4, has been shown to function as the base

cgta!yst 6.7, whiIe_Arg-ll participates in both substrate rogen Corp. (Carlsbad, CA). Oligonucleotides for DNA
bmdmg. ahd cgtalyss&j. amplification and sequencing were synthesized by either
To distinguish between these two roles of Pro-1, we gjigos Etc. (Willsonville, OR) or Genosys (The Woodlands,
examined the pH dependence of the CaaD-cataIyzed reactionyxy. The remaining reagents, buffers, and solvents were
as well as that of theP1A-CaaD-catalyzed reaction, and  gptained from Sigma Aldrich Chemical Co. (St. Louis, MO),
independently determined thekpvalues for the amino-  risher Scientific Inc. (Pittsburgh, PA), Spectrum Laboratory
terminal prolines in both subunits by direéiN NMR Products, Inc. (New Brunswick, NJ), or EM Science
titration. It has previously been suggested that while both (Cincinnati, OH). The construction of theP1A, aR11A,

the a- and f-subunits of CaaD have an amino-terminal GRrgA andaE52Q mutants has been described elsewhere
proline, only thefPro-1 was required for activitylf. The 4, 9).

results of our studies indicate thdPro-1 functions as the
general acid catalyst, identifying a new role for the conserved
catalytic amino-terminal proline in the tautomerase super-

family. In addition, we examined the roles of arginines and i
provide direct evidence for the participationafrg-8 and from Novagen and BL21-Gold(DE3)pLysS from Stratagene

olArg-11 in catalysis. On the basis of these results, a catalytic (La Jolla, CA) were used for recombinant protein expression.

mechanism for the CaaD-catalyzed reaction is proposed. A General Methods.Techniques for restriction enzyme
preliminary abstract of this work has been publishgd ( dlgest|on§, ligation, tr.ansfo.rmatlon, and other standard mo-
lecular biology manipulations were based on methods
— — — described elsewherd @) or as suggested by the manufac-
c Al Abbreviations: Ap, ampiciiin: gAABttra”S%'bL‘fmoacry:!c acid: turer. Plasmid DNA was introduced into cells by electropo-
, trans-s-chioroacrylic acid; aablrans-s-chloroacrylic acl . . .
dehalogenase; 3-CBA, 3-chloro-2-butenoic acid; ESI-MS, electrospray rgtlon using ? QeII-Porator Electroporation System (Whatman
ionization mass spectrometry; HPLC, high-pressure liquid chromatog- Biometra, Gdtingen, Germany). The PCR was performed
raphy; HSQC, heteronuclear single quantum coherence; IPTG, isopro-in a DNA thermal cycler (model 480) obtained from
pyl-f--thiogalactoside; Kn, kanamycin; LB, LuridBertani medium;  parinElmer Inc. (Wellesley, MA). DNA sequencing was
4-OT, 4-oxalocrotonate tautomerase; PCR, polymerase chain reaction; AN X
SDS-PAGE, sodium dodecy! sulfatgolyacrylamide gel electro-  done at the DNA Core Facility in the Institute for Cellular

phoresis. and Molecular Biology at the University of Texas (Austin).

Strains and Plasmids. Escherichia cdtrains DH®.
(Invitrogen) and JM109 (Promega) were used for cloning
and isolation of plasmid<. coli strains BL21(DE3)pLysS
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Kinetic data were obtained on an Agilent 8453 diode array masses of thet-P1A-CaaD mutant were determined using

spectrophotometer. The cuvettes were mixed using a stirfan LCQ electrospray ion trap mass spectrometer (Ther-
add cuvette mixer (Bel-Art Products, Pequannock, NJ). The moFinnigan, San Jose, CA), housed in the Analytical
kinetic data were fitted by nonlinear regression data analysisInstrumentation Facility Core in the College of Pharmacy at

using the Grafit program (Erithacus Software Ltd., Horley,
U.K.) obtained from Sigma Chemical Co. HPLC was
performed on a Waters (Milford, MA) 501/510 system or a
Beckman System Gold HPLC (Fullerton, CA) using a
TSKgel Phenyl-5PW hydrophobic column (TosoHaas, Mont-
gomeryville, PA) or a Superose 12 gel filtration column

the University of Texas at Austin. The sample was prepared
as described elsewher@) (The observed monomer masses
for the a- and S-subunits ofaP1A-CaaD, as found by
electrospray mass spectroscopy, were 8315.9 (calcd 8318.0)
and 7505.3 (calcd 7507.0), respectively.

15N Labeling of Wild-Type CaaD and CaaD Mutanor

(Amersham Biosciences, Piscataway, NJ). Protein wasthe NMR studies, the wild-type and theP1A andaR11A
analyzed by Tris glycine sodium dodecyl sulfaplyacry- mutant enzymes weréN-labeled by a modification of
lamide gel electrophoresis (SB®AGE) under denaturing literature protocols described below, while hR8A mutant
conditions on 17.5% gels using either the Mini-Protean Il was labeled as previously describeg). (The M9 minimal
or Mini-Protean Il vertical gel electrophoresis apparatus medium (@0, 14) was enriched with supplements found in
obtained from Bio-Rad (Hercules, CA1Y). Protein con- the MOPS minimal medial6) and**NH,Cl (99% enriched).
centrations were determined from the difference in absor- All other nitrogen sources (e.g., nitrates, unlabeled,Glij
bances at 215 and 225 nm which, when multiplied by the were removed. Accordinglynil L of culture medium were
factor 144, gives the concentration in micrograms per 5 x M9 salts containing a 25% (w/v) solution &iNH,CI
milliliter (12). (2 mL), 1 M MgSQ (2 mL), 20% glucose (20 mL), 1 M
Site-Directed Mutagenesi§he aP1A CaaD mutant was  CaChb (100 uL), 1 mg/ml thiamine solution (1.14 mL),
constructed using the gene for thesubunit of CaaD [in vitamin supplement solutior6( 15) (1.14 mL), 5 mg/mL
pPET-24af)] as the template9). The gene is flanked by an  thymine—uracil solution (1.4uL), and Mg?* micronutrient
Ndéd restriction site and &lotl restriction site. The mutation ~ solution (1 mL) 6, 15).
was introduced by overlap extension PAR)( The external Cultures of LB media (25 mL) containing both ampicillin
PCR primers were oligonucleotidesGCGGATAACAAT- (100 ug/mL) and kanamycin (5@g/mL) were inoculated
TCCCCTCT-3 (designated primer A) and &£TCAGCT- from single colonies of the expression strain for the ap-
TCCTTTCGGGCTT-3 (designated primer D). Primer A  propriate enzyme (wild-typeyP1A, andoR11A) and grown
corresponds to a region 36 bases upstream ofNdd overnight at 37C. Subsequently, cultures (500 mL) of the
restriction site in the pET-244{) vector. Primer D corre- M9 medium described above and Ap/Kn (100 and/&f
sponds to the complementary sequence of a region 20 basemL, respectively) were inoculated with 3 mL of the overnight
downstream of the His-tag region in both pET-2taénd culture and incubated at 3C with vigorous shaking. When
pPET-24a(). The internal primers were "BGAGAT- the ODyoo reading reached-0.8, the cultures were induced
CATCGCCATATGTATATC-3' (primer B) and 5GATATA- with IPTG (1 mM) and then allowed to continue to grow at
CATATGGCGATGATCTCT-3 (primer C). In each internal 30 °C. Additional aliquots of ampicillin (5Q:g/mL) and
primer, the codon for the desired mutation is italic and the kanamycin (25:g/mL) were added to each culture to assist
remaining bases correspond to the coding (primer C) or thein plasmid retention. After a 24 h total growth period, cells
complementary sequence (primer B). The AB, CD, and AD were harvested by centrifugation and storee-80 °C until
fragments were constructed and purified as described else-use.
where Q). Restriction digests of the pET-24&) vector and Typically, 5 L of culture yields 30 g of cells for CaaD, 25
the AD fragment were performed at 3T for 6 h followed g for theaP1A mutant, and 30 g for theR11A andaR8A
by purification using gel electrophoresis and the Ultrafree- mutants. Due to low yields of enzyme, 20 L of culture
DA units. The ligation reaction was performed using the were processed in each purification procedure, which was
Quick Ligation Kit (New England Biolabs, Inc., Beverly, performed as described previousB).(If the protein con-
MA). The ligated plasmids were purified by ethanol pre- tained contaminants after the G-200 column, the concentrated
cipitation and resuspended in sterile water «b). The protein was mael 1 M in ammonium sulfate and reloaded
purified DNA (2 uL) was used to transforr&. coli DH5a onto the phenyl-5PW column for final purification. Typically,
by electroporation. Transformed cells were plated onto LB/ the yields per liter of culture are as follows: CaaD;3
Kn (50 ug/mL) plates for selection. Two colonies were mg; theaP1A mutant, 35 mg; theeR11A mutant, 27 mg;
selected at random for insert sequencing. One of the isolatedhe aR8A, 5 mg. We have not determined the reason for
plasmids, designated pET-249¢(CaaDeP1A-1, had only  the low yields of wild-type CaaD in minimal media.
the desired mutation in the insert. Enzymatic Assa¥inetic assays were performed in 20 mM
Overexpression and Purification of theP1A-CaaD NaHPQ, buffer, pH 9.0, observing the decrease in absor-
Mutant For expression, pET-24&)-CaaDaP1A-1 was co- bance at 224 nm corresponding to the hydratiortrahs
transformed intcE. coli strain BL21-Gold(DE3)pLysS by  3-chloroacrylate otrans-3-bromoacrylate as describe®).(
electroporation, along with pET-21a-Cgéd(containing the  An aliquot of CaaD, either wild-type or mutant, was diluted
gene for thg-subunit of CaaD). Cells were selected in triple into buffer within a cuvette and assayed by the addition of
antibiotic media as describefl)( and subsequent growth and a small quantity of a substrate stock solution to cover a
purification were performed as described for wild-type CaaD concentration range between 10 and 450 A 50 mM stock
(9). Typically, a 3L culture of thetP1A-CaaD mutant yields  solution was prepared by dissolving the appropriate amount
9 g of cells and 25 mg of protein, which was95% of substrate in 100 mM N&lIPO, buffer, pH 9.2, resulting
homogeneous as assessed by SBAGE. The subunit in a final pH of ~7.3.
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Inhibition StudiesTo synthesize 3-chloro-2-butenoic acid at 22°C. The range of final pHs was 6-3.0.8. The amounts
(3-CBA), the commercially available 2-butynoic acid (1 g, of enzyme (18.0 mg/mL stock in 20 mM NaPiO,, pH 7.3)
11.9 mmol) was dissolved in concentrated HCI (10 mL) and used were 1.mL/mL of buffer (pHs 6.5 and 10.8), AL/
heated at 80C for 1.5 h. After cooling to room temperature, mL of buffer (pH 7.0 and 9.5), 0.76L/mL of buffer (pH

the mixture was extracted with ethyl acetatex(3L0 mL). 7.5-9.3), and 2.5«L/mL of buffer (pH 10.3).
The ethyl acetate layers were combined, dried over anhydrous

MgSQs, and evaporated to dryness. Crystallization from NMR Spectroscopyall NMR data on the proteins were
hexanes/ChCl, afforded 0.54 g (38% yield) of the inhibitor  collected on a Varian INOVA 600 MHz spectrometer
as a 6:1 Z/E) mixture as determined b4 NMR analysis. equipped _Wlth a pulse _fleld gradient unit, using _Varlan
Z-isomer: 'H NMR (CDCl;, 250 MHz on a Bruker AM 250 probes, eithea 5 mmitriple resonance actively shielded
spectrometer 2.28 (3H, d), 6.05 (1H, q)3C NMR (CDs- z-gradient probe for HSQC spectra or a 5 mm broadband
OD, 62 MHz) 6 28.0 (s, C4), 118.0 (s, C2), 146.9 (s, C1). brobe for'>N 1D NMR spectroscopy. Theia of the amino
E-isomer: IH NMR (CDCl, 250 MHz)6 2.58 (3H, d), 6.09 groups of the two N-terminal prolines were determined by
(1H, g);13C NMR (CD;0D, 62 MHz)6 23.5 (s, C4), 120.5 monitoring the pH dependence of tH&-chemical shift of

(s, C2), 167.0 (s, C1). 3-Chloro-2-butenoic acid (as a 6:1 the secondary amino nitrogen resonan@. (The *N

Z/E mixture) was made as a 6.7 mg/mL solution in 100 mM chemical shifts were referenced to external liquid ammonia
Na,HPO, buffer, resulting in a 54.8 mM stock solution at as described16). Spectra were acquired without proton
pH 7.0. A quantity of CaaD (16@L of an 11.0 mg/mL decoupling. The titrations were performed ustfig-labeled
solution in 20 mM NaHPQ, buffer, pH 7.3) was equilibrated  samples with concentrations as indicated, at@2by adding

in 20 mM NaHPO, buffer, pH 9.0 (80 mL), for at least an  small aliquots (typically JL) of 1 M HCI or NaOH to the
hour at room temperature. Subsequently, this enzyme solutionsamples. The acquisition parameters were as follows: spec-
was divided into 14 mL portions. The inhibitor was added +trg| width, 14 000 Hz: acquisition time, 0.512 s; relaxation
to the desired final approximate concentration 884 xM) delay, 0.6 s; total number of transients, 460% 000. The

and allowed to equilibrate for5 min. Aliquots (1 mL) were  gnectra were processed with the program NMRPIB8 (
withdrawn and assayed for activity using 12 concentrations using line broadenings of B0 Hz and zero-filling to

of BAA as the substrate (10150 uM).

pH Dependence of Kinetic Parameters of CaaD Using
BAA. The dependence of the rate of hydrationti@ins-3-
bromoacrylic acid was determined in 20 mM sodium
phosphate buffer, pH range 6-320.3.trans-3-Bromoacrylic
acid, BAA, rather than CAA was used as the substrate S .
because of its higher extinction coefficient. The buffers were except for a small amount of precipitation produced in the
made up by combining appropriate quantities of 20 mM process. In contrast, theP1A mutant was much more

NaH,PQ,, 20 mM NaHPO,, and 20 mM NgPQ, buffers to sensitive to prolonged incubation and to extremes of pH
maintain constant ionic strength. For each pH value, a outside the range of-69.5, resulting in progressive decreases

sufficient quantity of enzyme (from a stock solution of 8.5 1N Signal intensity during the titration. Thekpvalues were
mg/mL in 20 mM NaHPO, pH 7.3) was equilibrated in determined from nonlinear least-squares fit of the data to eq
buffer (40 mL) for=1 h at 29°C. The addition of the large 1, Wheren is the Hill coefficient andd, and o, are the
amount of enzyme changed the pH, so the reported pH valuedimiting chemical shifts at low and high pH, respectively
(6.50-10.26) are those determined after the addition of the (7).

enzyme. Subsequently, aliquots (1 mL) were removed and

16 000 points. Chemical shifts were determined by placing
the cursor on the resonance peak of expanded spectra. Within
error (<0.1 ppm), the peak detecting module of NMRPipe
gave the same chemical shifts. The titration of wild-type
CaaD was found to be reversible Hy—SN-HSQC criteria,

assayed for activity using 12 BAA concentrations ranging o, + (32(103H79Ka)n
from 10 to 150uM from stock solutions of substrate that 0 (ppm)= i (1)
were made up as describegl).(The volume of substrate (107" +1

added was &L or less in all experiments. More accurate

initial rates were obtained by varying the enzyme concentra-
tion rather than the incubation time. The volumes of stock
enzyme solution added were/@/mL (pH 6.5), 5uL/mL

Selective 'H—N-HSQC spectra of the arginineeN
region @, 18) were acquired from uniformly®N-labeled

(pH 7.0-7.4), 4uL/mL (pH 8.0-8.9), 4.5uL/mL (pH 9.0), ~ Samples of wild-type CaaD and theR8A and aR11A
6 uL/mL (pH 9.4-9.8), 9uL/mL (pH 10.0), and 1QcL/mL muta_n_ts in sodium phosphate buffer solutlon_s u_nd_er the
buffer (pH 10.3). To show that the reduced activity at high ponquns of temperature, pI_—|, and concentration indicated
pH was due to the enzymatic reaction (and not the result of in the flgurg Ie.gends.'The wild-type sample was also used
irreversible denaturation), CaaD () was equilibrated  for NMR titrations with the substrate analogue, 3-chlo-
at room temperature in the phosphate buffer (2 mL, pH 10.5) robutenoic acid (3-CBA), as the 6Z/E isomeric mixture.
for 2 h. An aliquot (20QuL) was subsequently diluted into ~ The parameters used were as follows: spectral widths of
phosphate buffer (pH 9.0) and immediately assayed at two 1000 and 5000 Hz fot*N and*H, respectively, with 128
concentrations of BAA (100 and 15@M). The resulting and 1024 complex points in the indirect and direct dimen-
activity was comparable to that expected for the wild-type sions, respectively; acquisition time in the direct dimension,
enzyme at pH 9.0, indicating that CaaD was not irreversibly 0.1024 s; relaxation delay, 1.0 s. The dissociation constant
denatured at the high pH values investigated. (Kp) of 3-CBA was obtained from the effects of its
The pH rate profile for thex-P1A mutant of CaaD was concentration on the chemical shift changA8g,s= |0 —
determined using a procedure similar to that described abovedo|, wheredo is the initial chemical shift) of the assigned
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™ BT Koo (kealKe)™ .

5k 7.6 9.2 b 5k 7.4 9.0 - Km - [H +] KHE ( )
-.—:; L i ‘:; WL /ﬂ/“'\\; 1 + K_ + _+
S L 1% T Ll N H2e  [HT]
if sk i ;8 >5f .l I In eq 3,Ky2e and Ky are the dissociation constants of the
;3 2 :f g basic and acidic groups respectively, in the free enzyme,
°r 95 ] T 95 1 which are important for catalysis. A plot of ldg./K, versus

of oo Q%s g of - pH shows a bell-shaped dependence with slopesloand

. L, T ) . .° —1 on the ascending and descending limbs, respectively

6 7 8 9 10 M 6 7 8 9 10 M (Figure 1A), consistent with eq 3, indicating that both a basic

o group (ascending limb) and acidic group (descending limb)

Ficure 1: pH dependence of the kinetic parameters for the are important for catalysis. The substrat&{p= 4.6) does
dehalogenation dfrans-3-bromoacrylate catalyzed by CaaD. The . . Lo - :
pH dependence of I0BG/K) (®) and logke (O) is shown for not titrate in the pH range studied. A nonlinear least-squares
(A) wild-type CaaD and (B) theP1A mutant. The curves were fit of these data to eq 3 gaveKpvalues of 7.6+ 0.2 and
computed from nonlinear least-squares fitting of the data to eqs 39.2+ 0.2, respectively, for these groups in the free enzyme.
and 4, respectively, yielding the parameters given in the text. ~ Kinetic Parameters of theP1A Mutant of CaaDWhile
%”;%%“g;ﬁsca(g; conditions were 20 mM NBR, buffer, T = 29 both thea- and-subunits of CaaD have an amino-terminal

' proline, the results of mutagenesis suggested that only the
Table 1: Kinetic Parameters for the Dehalogenation of CAA and ﬁPro_—l residue participates in cata'lysﬂs).(However, .the
BAA by Wild-Type CaaD and Mutants activity of theaP1A mutant was previously measured in cell
extracts by a colorimetric assay, which did not enable

—1 —1g 1
cneyme substrate Kear(s7) K (M) KalKin (M 757) accurate measurements of kinetic paramet&yslg view
wild type” gﬁz‘ g’fi 8'1 gig 84211 gigi 18: of these observations, tleP 1A mutant was constructed by
oP1A CAA 25101 33+2 (7.4+0.7)x 10° overlap PCR, the mutant protein purified, and its kinetic
. BAA 394+ 0-13 433 (9.1+£0.9)x 10 parameters determined using the more sensitive kinetic assay
ﬁ%ﬁc,d o I described in re9. The values ok K, andkeafKry obtained
aR11A CAA  (15+0.2)x 107 for the hydration of BAA catalyzed by theP1A mutant of
aE52Q' CAA  <15x103 CaaD are very similar to those found with the wild-type
a Determined in 20 mM sodium phosphate buffer, pH 9.0, ate3 ~ €nzyme (Table 1). It was also determined that ¢t1A
b From ref9. ¢ Calculated from the error levels reported in gef From mutant processed 2-0x0-3-pentynoate to acetopyruvate (data
refs 4 and5. not shown) with kinetic parameters comparable to those of

the wild-type enzymeq), thereby providing further evidence
) i that theoP1A mutant carries out a hydration reaction. These
resonance OfxArg8-Ne by fitting the data to eq 2, as observations confirm that only th#ro-1 residue is involved
described §). ) .
in catalysis.
_ The pH dependences of the steady-state kinetic parameters
Adgps= Admaf(Kp + Lot T Eio)) — in the aP1A-CaaD-catalyzed hydration of BAA were also
2 _ determined over the pH range 6:50.8 at 22°C. The log
\/(KD bt T Bl ~ Aol (2B0) (2) kealKm VS pH profile is also bell-shaped with slopes of unity
) ) ) . and p<, values of 7.4+ 0.2 and 9.0t 0.2 in the free enzyme
In eq 2, L is the total ligand concentration aifigh is the  (Figure 1B), very similar to those obtained with the wild-

total enzyme active site concentration. type enzyme.
Effect of pH on k;; of CaaD and of thexP1A Mutant.At
RESULTS AND DISCUSSION saturating levels of the substrate BAA, with both the wild-

S type enzyme and theP1A mutant, the pH dependences of
Effect of pH on le/Ky, of CaaD.To distinguish between | . show the X, of the basic group to become undetectable
the two potential roles g8Pro-1 in the mechanism of CaaD  (Figure 1A,B), suggesting that it has decreased to a value
(Scheme 2), we determined thEvalues of potential acid  pelow 6.0. This behavior can be fit by eq 4, in whi€hoes
and base catalysts by pH rate studies. The pH dependencegndKesare the dissociation constants of the basic and acidic
of the steady-state kinetic parameters for the CaaD-catalyzedyroups, respectively, in the enzymsubstrate complex,

hydration oftrans-3-bromoacrylate I, BAA) were deter- which are important in catalysis.

mined in 20 mM sodium phosphate buffer over the pH range

6.5-10.5 at 29°C. The low values ok../Kn and ofk.y for (Ko™

BAA at pH 9.0 (1.4x 10° Mt st and 5.1+ 0.1 s}, Keat = " 4)
respectively) (Table 1) suggest that the enzyrsebstrate 1+ [H'] + Kues

complex is in rapid equilibrium with the free enzyme and Kizes  [H]

free substrate so that the pH dependencds @K, and of

kear can be analyzed with eq 3 using rapid equilibrium In the present caskészes > [H*] causing the middle term
assumptions7, 19). Very similar kinetic parameters have inthe denominator to disappear. The,wf the acidic group
been found withtrans-3-chloroacrylic acid (CAA) (Table  has increased to 94 0.1 in the BAA complex (Figure 1),
1). possibly as a result of the nearby carboxylate group of the
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Ficure 2: Determination of the iy, of the amino terminal prolines
by N NMR spectroscopy as a function of pH. Panel A shows
typical >N NMR spectra showing the pH dependence of the
chemical shifts of Pro-1°N resonances. Signals marked a and b
were assigned taPro-1N ang3Pro-1N, respectively, as described
in the text. Panel B shows the pH titration curves for the amino
nitrogen atoms o&Pro-1 ©) andSPro-1 @) in wild-type CaaD.
The K, values, from nonlinear least-squares fitting to eq 1, are
11.14+ 0.2 and 9.3t 0.1 foraPro-1 ang3Pro-1, respectively. Panel

C shows the pH titration curve for the amino nitrogen atom of
SPro-1 in theaP1A mutant fitted to eq 1 with aky, of 9.7 + 0.3.
Components and conditions were 1.5 mM in CaaD active sites, 8
mM NaH,PO, buffer, and 10% RO at 22°C. The spectra were
processed using 30 Hz line broadening.
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resonance in wild-type CaaD confirms that Pro-1 of fhe
subunit Pro-1) is the general acid catalyst, which protonates
C-2 of BAA in the mechanism of CaaD. The slightly higher
pKa value of 9.7+ 0.3 found with two preparations of the
oP1A mutant is probably related to its instability at pH values
>9.5, resulting in line broadening, which increased the errors
in the chemical shift measurements.—**N-HSQC spectra

of the aP1A mutant acquired before and after the pH
titrations and activity assays also showed evidence of partial
denaturation at high pH, not observed with the wild-type
enzyme. Nevertheless, the results with the1lA mutant
confirm the assignments of the resonance witlKaqf 9.3

as that ofPro-1 and the resonance with &jof 11.1 as
that of aPro-1. HenceSPro-1 has the appropriateKp to
function as the acid catalyst in CaaD.

Comparison of the Roles of Pro-1 in CaaD and 4-OT.
Tautomerase superfamily members are structurally homolo-
gous proteins, which share a comm@e-3 structural fold
(21—23), as well as a catalytic Pro-5,(7). In the bacterial
isomerase 4-OT, the best-characterized member of this
superfamily, Pro-1 functions as a general base in the reaction,
which transformg,y-unsaturated enones to theif-isomers
via a dienol intermediates( 7). In 4-OT, Pro-1 can function
effectively as a general base at cellular pH because it has a
pK, of 6.4, as determined by a pH rate profile and by direct
5N NMR titration (6, 7). This K, is 3 pH units lower than
that observed for the model compound, proline amid&, (p
= 9.4) (7), as a result of the presence of Pro-1 in a
hydrophobic active site with a local effective dielectric
constant of approximately 1£2@). The fact that Pro-1 has
been implicated as the catalytlmasein all superfamily
members characterized to date suggested that Pro-1 might
behave similarly in other superfamily members, such as

bound substrate. Extension of these studies beyond the pHCaaD. However, the present results indicate {BRto-1

range of 6-11 is precluded by enzyme denaturation.
Determination of the pK Values of the N-Terminal
Prolines by Direct N NMR Titration. To assign the
kinetically determined g, values, pH titrations of the
uniformly N-labeled wild-type CaaD were carried out using
15N NMR spectroscopy®). Although we have previously
shown that thé>N-chemical shifts of Pro-1 in 4-OT and in
several mutants are well resolved R0), titration of CaaD
is complicated by the fact that both tlhe and S-subunits
have an amino-terminal proline, only one of whigiP¢o-
1) functions in catalysisl) (Table 1). Accordingly, at pH
8.9, the>N NMR spectrum of CaaD shows two ProtN

functions as generalcid catalyst in CaaD, thereby defining

a new role for the conserved catalytic amino-terminal proline
in the tautomerase superfamily. In view of the fact that CaaD
carries out a hydration reaction, it is not unexpected that the
active site would be more hydrophilic than that of 4-OT so
that SPro-1 would have the highia value predicted for an
exposed amino-terminal group.

Base Catalysis in Caall:rom the ascending limb of the
pH versusk../Kn profile of CaaD, a residue with akp of
7.6+ 0.2 in the free enzyme, which must be deprotonated
for activity, may be the general base catalyst involved in
the activation of water (Figure 1). The pH verdug rate

resonances (Figure 2A), an upfield signal at 49.3 ppm (signal profile lacks an ascending limb, suggesting that tiismay

b) and a downfield signal at 52.6 ppm (signal a). The
chemical shifts of thes®N resonances were followed over
the pH range 6.510.8 (Figure 2A,B). The resulting titration
curves yield a g, of 9.3+ 0.1 and a Hill coefficient of 0.9

+ 0.2 for the upfield signal and akp of 11.1+ 0.2 and a
Hill coefficient of 0.7 &+ 0.3 for the downfield signal
(assuming the same end points as found for the upfield signal
Figure 2B). These titrations suggest that at pH valu&s

the upfield signal (signal b) correspondsABro-1 and the
downfield signal (signal a) correspondsd®ro-1.

These assignments were tested'®y NMR titrations of
the fully activeaP1A mutant (Table 1), which showed only
a single Pro-1 resonance at pH 8.9, yielding<a pf 9.7 +
0.3, and a Hill coefficient of 1.6t 0.2 (Figure 2C). The
overlap of this K, with that observed for the upfield proline

have decreased to a value below 6.0 in the enzysnéstrate
complex. Of the residues known to contribute significantly
to catalysis (Table 1)aGlu-52 is a reasonable candidate,
although a K, of 7.6 is too high by~3 pH units for an
exposed glutamate residue. Hero8lu-52 may be buried
in a hydrophobic environment in the free enzyme. In the

,enzyme-substrate complexyGlu-52 must become exposed

to water to activate it, which would lower th&pof aGlu-

52 to ~5.0, as suggested by the loss of the ascending limb
in the pH versug.y profile (Figure 1A,B). It was, however,
not possible to measukg, below pH 6 because of enzyme
denaturation. In the 2.3 A X-ray structure of affinity-labeled
CaaD @), a carboxylate oxygen afGlu-52 is 2.5 A from a
water and 5.1 A from the nitrogen @Pro-1. No other
glutamate, aspartate, or histidine residues are within 10 A
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Table 2: >N and*H Chemical Shift Values in ppm for the Side Chafe Nitrogen and NH Proton Resonances of the Detectable Arginine
Residues in Wild-Type CaaD, Free and Complexed with 3-CBA, and Mutants under Various CoAditions

conditions
wild type, 3.6 mM sites,
pH 7.6, 5°C, + 3-CBA wild type, 1.5 mM sites, aR8A, 2.8 mM sites, aR11A, 1.5 mM sites,
arginine I5Ne NeH pH 6.5, 22°C pH 6.5, 22°C pH 6.5, 22°C

resonance free complex free complex 5Ne NeH 15Ne NeH Ne NeH
Ra 86.80 86.80 7.22 7.24 87.62 7.22 87.64 7.20 87.60 7.21
Rs 87.82 87.86 7.34 7.34 88.54 7.33 88.80 7.34 88.80 7.33
Re 87.76 87.80 7.29 7.30 88.66 7.31 88.42 7.30 89.88 7.32
Rp (aR11) 89.18 89.18 7.11 7.11 89.50 7.12 89.7 717
Re 89.46 89.46 7.58 7.58 89.62 7.52 89.7 7.5 89.66 7.51
Re 89.50 89.44 7.24 7.24 89.68 7.23 89.7 7.20 89.78 7.22
Rg (aR8) 89.58 89.68 7.48 7.50 89.94 7.37 90.04 7.37
Ru 89.62 89.62 7.35 7.37 89.8 7.38
R 88.50 88.50 7.22 7.22 88.94 7.28

aThe errors in the Mand NeH chemical shifts are-0.02 and+0.01 ppm, respectively. The errors in these Nand NeH chemical shifts are
+0.1 and+0.05 ppm, respectively, due to broadened resonances.
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FiGURE 3: H—15N spectra of CaaD selective for the Arg:M side FiGure 4: H—15N spectra of thexR8A mutant of CaaD selective

chain resonances. The:N signals are labeled Rto R and their for side chain Arg-NMH resonances. Panel A shows the spectrum
chemical shifts are given in Table 2. In panel A, the spectra of of the aR8A mutant (2.8 mM in active sites) in 8 mM NaPiO,
wild-type CaaD (blue contours) and theR11A mutant (red buffer, pH 6.5, and 10% D at 22°C. The chemical shifts for the
contours) are superimposed. Components and conditions were 1.3rginine resonances are listed in Table 2. Panel B shows the
mM in CaaD active sites, 8 MM NaRQ, buffer, pH 6.5, and 10% spectrum ofxR8A at pH 7.6 at 5C. Conditions are otherwise the
D,O, T = 22 °C. Note the disappearance of signa) R the same as those in panel A. In panels A and B, the dashed oval
spectrum of thexR11A mutant, permitting the assignment of R indicates the expected position of the missing resonancedanR

to aArg-11NeH. Panel B shows the spectrum of wild-type CaaD the basis of the spectra shown in Figure 3A,B, obtained under the
(3.6 mM in active sites) in 8 mM NayPQ, buffer, pH 7.6, and  same conditions. HencegRs assigned tatArg-8NeH.

10% D,O at 5°C.

Assignment of the 8# Resonances efArg-8 andaArg-
of BPro-1N, although the last 3315 residues of thex 11.CaaD has 10 arginine residues, six in theubunit (Arg-

subunits and the last 335 residues of th@ subunits are 8, Arg-11, Arg-17, Arg-25, Arg-35, and Arg-43) and four
not resolved. in the 5-subunit (Arg-15, Arg-21, Arg-55, and Arg-65])
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Ficure 5: Titration of wild-type CaaD with the substrate analogue B
and competitive inhibitor, 3-CBA, monitoring thesiéhemical shift 871 i
of Rg, assigned taArg-8. 3-CBA consists of a 6:Z/E isomeric
mixture. Components and conditions were 3.6 mM in CaaD active
sites in 8 MM NaHPQ, buffer, pH 7.6, and 10% D at 5°C. The £ 88 88
1N chemical shift changesAp = dcompiex — Otree) Were fitted to s
eq 2 yielding a dissociation constafg = 0.77+ 0.44 mM and a ;Z"
Admax Of +0.09 ppm. © 89 R, 89
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Ficure 6: Effect of 3-CBA binding on the base-catalyzedHN
A series offH—15N-HSQC spectra selective for the arginine exchange of the arginine residues of CaaD. Panel A showéithe

. ) : . o 15N spectra at pH 8.9 of wild-type CaaD selective for the side chain
side chains &, 18) were acquired. The optimal conditions  »r N resonances. Components and conditions were 3.6 mM

for these experiments are those that minimize the exchanggn Caab active sites in 8 mM NaRO; buffer, pH 8.9, and 10%
of the NeH protons, that is, low pH and low temperature. DO at 5°C. Note, by comparison with Figure 3, the disappearance

The most important factor was found to be the pH, becauseof all Arg-NeH resonances. Note also that spectrum A is 40%

at pH values of 6.5 the spectra were well resolved even atdeeper into the noise level than spectrum B. Panel B was generated
: with components and conditions the same as those in panel A with

22 °C. Raising the pH abovg 7.0 required Iowerlng the the addition of 16 mM 3-CBA (6:1Z/E). Note the selective
temperature to 3C and increasing the number of transients reappearance of jRand R; assigned taxArg-11NeH and aArg-
to obtain good quality spectrdH—?°N-HSQC spectra of = 8NeH, respectively.
CaaD (1.5 mM in active sites, 2Z, pH 6.5) showed seven
Arg-NeH resonances (labelediRo Rg in Figure 3A, blue resonances near the position of resonangewhich was
contours). At a higher protein concentration (3.6 mM active seen with both the wild-type CaaD and thR®11A mutant
sites), lower temperature (&), and pH 7.6 and with more  (Figure 3A,B), suggesting thatdRoH = 7.37 ppm,0ON =
transients in the proton dimension (32 instead of 8), nine of 89.8 ppm) is the NH signal ofaArg-8. These assignments
the ten Arg-NH resonances could be observed, (@ R, are independently confirmed below.
Figure 3B) with small chemical shift differences from those  Selectie H—5N-HSQC Titrations of Arg-BH in Wild-
in Figure 3A due to the higher pH and lower temperature Type CaaD with 3-CBAThe substrate analogue, 3-chlo-
(Table 2). Under conditions identical to those in Figure 3A, robutenoic acid, 3-CBAZ/E 6:1), was found to be a linear
the spectrum of theR11A mutant (red contours) showed competitive inhibitor of CaaD with &' of 0.35+ 0.06
almost exactly the same resonances, except for thabof R mM, expressed in terms of total 3-CBA concentration, in
(6H = 7.11 ppm,©N = 89.5 ppm) assigning resonancg R 20 mM NaHPQ buffer, pH 9.0, at 25C (data not shown).
t0 oArg-11NeH. 1H—15N titration of the wild-type enzyme with 3-CBAZ(E
Such experiments were also performed on two preparations6:1) under somewhat different conditions to permit the
of theaR8A mutant (Figure 4, Table 2). TleR8A samples detection of Arg-NH resonances (3.6 mM in active sites,
were less stable than the wild-type enzyme andotR&1A pH 7.6, T = 5 °C) produced no significant changes in
mutant with a strong tendency to precipitate, resulting in chemical shifts, with the exception of theN resonance of
broader signals and small changes in some of the arginineaArg-8, which showed progressive downfieléN shifts
NeH chemical shifts. Nonetheless, at pH 6.5 (Figure 4A), (Figure 5). Curve fitting with eq 2 yielded a total chemical
and at pH 7.6 (Figure 4B), there are no well-resolved shift change oft0.09 ppm in théN dimension foraArg-
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Ficure 7: Reaction mechanism of CaaD consistent with the results of kinetic, mutagenesis, NMR, and X-ray studies.

8Ne and aKp = 0.77 & 0.44 mM. ThisKp value overlaps

with the K$'°P° obtained kinetically, consistent with active
site binding of 3-CBA (Figure 5). The downfield shift of
the atArg-8Ne signal in the 3-CBA complex suggests an

carbanion— aci-carboxylate intermediate, stabilized by both
oArg-8 andoArg-11. The interaction of two cationic arginine
residues with one carboxylate is consistent with a dianionic
aci-carboxylate intermediate. In the next stgpyo-1 pro-

increased contribution of resonance form Il to the structure tonates C2 to complete the addition of water. The halo-

of aArg-8 (Scheme 3), presumably due to interaction with
the anionic ligand. Similar behavior was found in 4-OT
where a downfield shift of the Arg-39\resonance occurred
on binding the anionic substrate analogigcis-muconate
(8).

Protection against Exchange of Arg=N with Sobent on
Binding 3-CBAIncreasing the pH of free CaaD to 8.9 (at 5

alcohol intermediate then loses the C-3-OH proton and
eliminates the halide ion to form the malonate semialdehyde
product. Alternative mechanisms might involve either the

concerted addition of water across the C-2, C-3 double bond
of the substrate, or the prior protonation at C-2 to form a

carbocation intermediate. While the concerted addition
cannot be dismissed, a carbocation intermediate is likely to

°C) resulted in the complete disappearance of all of the nine be destabilized by the two arginine residues in the active
Arg-NeH resonances, likely due to accelerated base-catalyzedsite, making it the least attractive mechanism.

NeH exchange (Figure 6A). The addition of a saturating

A comparison ok, of the CaaD reaction (3.8°'5 Table

concentration of the substrate analogue, 3-CBA (16 mM) 1) with the pseudo-first-order rate constant for the uncata-

induced the reappearance of only two of the Arg-N
signals, R and R, those assigned by mutagenesisuag-8
andaArg-11, respectively (Figure 6B). Hence the active site
binding of 3-CBA selectively protectsArg-8 andaArg-11
against base-catalyzedeN exchange. This approach rep-

lyzed addition of water to fumarate, extrapolated to room

temperature and to pH 9.0 (18°¢s™%) (24), indicates a rate

acceleration by CaaD of i%fold. A very similar rate
acceleration of 1§-%fold is obtained by comparinkg of
CaaD with the pseudo-first-order rate constant of the

resents a novel method for the detection of arginine residues hydroxide-catalyzed dehalogenation of CAA, extrapolated
which function at the active sites of enzymes. The data of to room temperature and to pH 9.0 (29°s™?) (25). From
Figure 6 are consistent with the presence of two arginine the data of Table J3Pro-1,aGlu-52,0Arg-8, andoArg-11
residues at the active site and independently confirm their each contribute factors af10°to ke.:. If the effects of these

assignments taArg-8NeH andoArg-11NeH, in agreement
with the X-ray data4). The kinetic, mutagenesis, and NMR
studies thus support roles for badtfrg-8 andaArg-11 in

four residues are additive, their total contributionktg is

>10'36 which is comparable to the catalytic power of this
enzyme. Hence the mechanism of Figure 7 may provide both

binding the substrate, and possible intermediates, in thea qualitative and quantitative explanation of catalysis by

reaction mechanism of CaabD.
The Catalytic Mechanism of CaalPigure 7 provides a

reasonable mechanism for CaaD consistent with the availabl

CaaD.

eCONCLUSIONS

data, although other mechanisms cannot be ruled out. In this CaaD likely represents a recently evolved activity within
mechanismaGlu-52 deprotonates a water molecule which, the tautomerase superfamily and provides evidence for the
in a Michael addition, adds to C3 of the substrate to form a catalytic and structural versatility of theo-/ structural fold.
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Further elucidation of the principles used in nature to vary 6.

the reactivities of key catalytic components in this simple
fB-0-f structural motif may assist in understanding how new

biocatalysts evolve using this basic scaffolding. The results 7.

of this study demonstrate versatility in the catalytic roles of
Pro-1 within the 4-OT family: it can be utilized as either a
general base, as in 4-O®,(7), or a general acid, as in CaaD. 8
In the case of CaaD the role @Pro-1 as a general acid
catalyst is demonstrated by it&pof 9.2 + 0.2 obtained by

pH titrations measuring both catalytic activity and il
chemical shift of this residue. Having thus identified the

general acid, the role of general base catalyst might reason- 9.

ably be assigned t@Glu-52, the only residue with the
required characteristics among those known to be essential

for the activity of the enzyme (Table 1). 10.

The other two residues essential for the activity of CaaD,
aArg-8 andaArg-11, were studied by selectivééd—!N- 1
HSQC NMR measurements, which detected nine of the ten
Arg-NeH signals. Selective Arg-HSQC spectra of tiR11A
andoR8A mutants were used to assign their respectisid N
signals. TheKp value of the substrate analogue 3-CBA

obtained by NMR titration, monitoring tHé&N chemical shift 13.

of aArg-8Ne, agreed within error with the Kkinetically
determinedk’°"® of 3-CBA suggesting thattArg-8 inter- 14
acted with this substrate analogue at the active site. Two of
the nine detectable ArghH resonances in the wild-type
enzyme, those oftArg-8 andaArg-11, were shown to be
selectively protected against base-catalyzet dxchange 16
at pH 8.9 by binding the substrate analogue 3-CBA,
supporting their participation in substrate binding. A mech-
anism of CaaD (Figure 7) showing the catalytic rolegefo-

1, aGlu-52,aArg-8, andaArg-11, consistent with the results
of kinetic, mutagenesis, NMR, and X-ray studies, may
provide both a qualitative and quantitative explanation of
catalysis by this enzyme.
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