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ABSTRACT. Malonate semialdehyde decarboxylase (MSAD) freseudomonas panaceael70 is a
tautomerase superfamily member that converts malonate semialdehyde to acetaldehyde by a mechanism
utilizing Pro-1 and Arg-75. Pro-1 and Arg-75 have also been implicated in the hydratase activity of MSAD
in which 2-oxo-3-pentynoate is processed to acetopyruvate. Crystal structures of MSAD (1.8 A resolution),
the P1A mutant of MSAD (2.7 A resolution), and MSAD inactivated by 3-chloropropiolate (1.6 A
resolution), a mechanism-based inhibitor activated by the hydratase activity of MSAD, have been
determined. A comparison of the PLA-MSAD and MSAD structures reveals little geometric alteration,
indicating that Pro-1 plays an important catalytic role but not a critical structural role. The structures of
wild-type MSAD and MSAD covalently modified at Pro-1 by 3-oxopropanoate, the adduct resulting from
the incubation of MSAD and 3-chloropropiolate, implicate Asp-37 as the residue that activates a water
molecule for attack at C-3 of 3-chloropropiolate to initiate a Michael addition of water. The interactions
of Arg-73 and Arg-75 with the C-1 carboxylate group of the adduct suggest these residues polarize the
o,f-unsaturated acid and facilitate the addition of water. On the basis of these structures, a mechanism
for the inactivation of MSAD by 3-chloropropiolate can be formulated along with mechanisms for the
decarboxylase and hydratase activities. The results also provide additional evidence supporting the
hypothesis that MSAD anttans-3-chloroacrylic acid dehalogenase, a tautomerase superfamily member
preceding MSAD in thérans-1,3-dichloropropene degradation pathway, diverged from a common ancestor
but retained the key elements for the conjugate addition of water.
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an electron sink to stabilize the carbanion that forms upon Malonate semialdehyde decarboxylase (MSAR),ho-

loss of the carbon dioxide. Further rate acceleration can bemotrimer in which each monomer consists of 129 amino

obtained by two additional strategies. First, the departing acids, catalyzes the metal ion-independent decarboxylation

carboxylate group can be positioned into a hydrophobic of the 8-keto acid analogue, malonate semialdehy@e (

pocket to destabilize the negative charge. Second, theScheme 1), to afford acetaldehyd® @nd carbon dioxide

carboxylate group can be oriented so that the scissile bond(9). The enzyme is part of a pathway elaborated by
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the degradation of the nematociglans-1,3-dichloropropene
(1) (20). In addition to this presumed physiological decar-
boxylase activity, MSAD exhibits a hydratase activity as
demonstrated by its conversion of 2-oxo-3-pentynoéate (
Scheme 2) to acetopyruvat®) (11). MSAD is classified as
a member of the tautomerase superfamily, which is a group
of structurally homologous proteins having a common
p—a—p fold and a catalytic amino-terminal prolin8)(

A combination of studies on MSAD implicated Pro-1, with
a Ky of ~9.2, and Arg-75 in the decarboxylation and
hydration mechanism9(11, 12). In the proposed decar-
boxylation mechanism, the cationic Pro-1 polarizes the C-3
carbonyl group of3 by hydrogen bonding and/or an
electrostatic interaction and Arg-75 positions the carboxylate
group in a favorable orientation for decarboxylation. In the

proposed hydration mechanism, a water molecule, activated

by an unknown residue, adds to C-45aD initiate a Michael
reaction. An interaction between the C-2 carbonyl group and
Arg-75 may polarize the,S-unsaturated bond and facilitate
the addition of water to the triple bond. Protonation of the
resulting allenic species at C-3 by Pro-1 would complete the
reaction. The recently described irreversible inactivation of
MSAD by 3-bromo- and 3-chloropropiolate7 (and 8,
respectively, in Scheme 2) is a consequence of the hydratas
activity (12).

To obtain further insight into the decarboxylation and

hydration mechanisms, crystal structures were determined

for the wild-type enzyme (to 1.8 A resolution), the P1A
mutant (to 2.7 A resolution), and the enzyme inactivated by
8 (to 1.6 A resolution). The three crystal structures confirm
that MSAD is a trimer whose subunits are constructed from
a gene duplication of the signatye-o.—/4 building block.

The wild-type structure validates the metal ion independence

of the reaction because no metal ion is observed in the
structure despite the presence of high concentrations éf Mg
in the crystallization conditions. The structure of the
inactivated enzyme clearly shows modification of Pro-1 by
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used in the molecular biology procedures are reported
elsewhere ). The Amicon concentrator and the YM10
ultrafiltration membranes were obtained from Millipore Corp.
(Bedford, MA). Prepacked PD-10 Sephadex G-25 columns
were purchased from Biosciences AB (Uppsala, Sweden).
Oligonucleotides for DNA amplification and sequencing
were synthesized by Genosys (The Woodlands, TX). The
synthesis of 3-chloropropiolat8)(is reported elsewheré.g).
Bacterial Strains Plasmids and Growth Conditions
Escherichia colistrain BL21-Gold(DE3) was obtained from
Stratagene (La Jolla, CA), and was used for the cloning of
the genes for the D37N and R73A mutants of MSAD,
plasmid DNA isolation, and the overproduction of MSAD
and the three mutants (P1A, D37N, and R73A) of MSAD.
The construction of the plasmids for MSAD and the P1A
mutant is described elsewher@).(The pET3b expression
vector (Stratagene) was used for the expression of the D37N
and R73A mutant genes. Tl coli strains were grown at
30 °C in LB medium. When required, Difco agar (15 g/L)
and ampicillin (100ug/mL) were added to the medium.
General Enzymology Method&eneral procedures for
cloning and DNA manipulation were performed as described
elsewhere14). The PCR was carried out in a Perkin-Elmer
model 480 DNA thermocycler obtained from Perkin Elmer
Inc. (Wellesley, MA). DNA sequencing was performed by
the DNA Core Facility in the Institute for Cellular and
Molecular Biology at The University of Texas. HPLC was
performed on a Waters (Milford, MA) 501/510 system using
either a TSKgel DEAE-5PW (anion exchange) or a TSKgel

?’henyI—SPW (hydrophobic interaction) column (Tosoh Bio-

science, Montgomeryville, PA). MSAD and the mutants were
purified to homogeneity, as assessed by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SBBAGE),
according to a published proceduf®.(Protein was analyzed

by SDS-PAGE on gels containing 15% polyacrylamideéy

The gels were stained with Coomassie brilliant blue. Protein
concentrations were determined by the method of Waddell
(16). The native molecular masses of the D37N and R73A
mutants were determined by gel filtration on a Superose 12
column (Pharmacia Biotech AB, Uppsala, Sweden) using the
Waters 501/510 HPLC system. Absorbance data were
obtained on a Hewlett-Packard 8452A diode array spectro-
photometer.

a 3-oxopropanoate moiety, consistent with an earlier mass Construction of the D37N and R73A Mutants of MSAD

spectral analysisl@). The positioning of the adduct impli-
cates two additional active site residues, Asp-37 and Arg-

The D37N and R73A mutants were generated by overlap
extension PCR 1(7) using plasmid pET(orf130) as the

73, in the decarboxylation and hydration mechanisms. template 9). For the D37N and R73A mutants, the oligo-
Replacement of these residues with an asparagine (D37N), ,cleotides. SATACATATG CCACTTCTCAAGTTC-3

or an alanine (R73A) results in mutants with substantially
reduced decarboxylase and hydratase activities. The com

and 3-CATGGATCC TCAGACGAGGTCCCCAGT-3 were
used as the forward and reverse external primers, respec-

bined results provide a more complete reaction meChanlsmtively. The forward primer contains ldd restriction site

for both activities and are consistent with the hypothesis that
MSAD andtrans-3-chloroacrylic acid dehalogenase (CaaD),
the preceding enzyme in th&ans1,3-dichloropropene
degradation pathwayl (), diverged from a common ancestor,
which might have carried out the conjugate addition of water
to ano,f-unsaturated acid as well as the decarboxylation of
a 3-keto acid.

EXPERIMENTAL PROCEDURES

Materials The sources for the components of Luria-

(in bold), and the reverse primer hasBanHlI restriction
site (in bold). For the D37N mutant, the internal PCR primers
were oligonucleotides 8STCCCTGCAAATAATCGCTAC-
CAAACAGTA-3" and 3-TACTGTTTGGTAGCGATTATT-
TGCAGGGAC-3. For the R73A mutant, the internal PCR
primers were oligonucleotides-BCCGTGATATCTGCAC-
CTCGATCA-3 and 3-TGATCGAGGTGCAGATATCACG-
GT-3. The codons for introducing the mutations are
underlined. The amplification mixtures contained the ap-
propriate synthetic primers, the deoxynucleotide triphos-

Bertani (LB) medium as well as the enzymes and reagentsphates, template DNA~100 «g), and the PCR reagents
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supplied in the Expand High Fidelity PCR system (D37N) T pie 1: Data Collection Statistics
or those in the Tag DNA polymerase system (R73A) (F.

Hoffmann-LaRoche, Ltd., Basel, Switzerland). Restriction MSAD— P1A ingc?iezg)ted
sitesNdd and BanHI, introduced during the amplification MSAD pCMPS mutant by 8
reaction, were used to clone the purified PCR products into space group P2, P6s P2.3 P3,
plasmid pET3b for overexpres_sion of the mutants. The clon_ed resolution (A) 30.6-1.8 300-2.1 30.0-2.7 72.6-1.6
genes were sequenced to verify that only the desired mutationno. of independent 60986 78294 11976 86122
had been introduced during the PCR. reﬂecltions 064 850 004 .

Mass Spectrometric Characterization of the MSAD Mu- C(;omp eteness ' ' ' '
tants The masses of the D37N and R73A mutants were [jg()0 12.2 21.9 53 3.5
determined using an LCQ electrospray ion trap mass Rym(%) 7.2 7.2 12.9 12.7
spectrometer (ThermoFinnigan, San Jose, CA), housed in figure of merit 0.72

the Analytical Instrumentation Facility Core in the College
of Pharmacy at The University of Texas. The protein samples Table 2: Structure Refinement Statistics for MSAD, the P1A
were made up as described elsewhelr®).(The observed  Mutant, and MSAD Inactivated b§

monomer masses were 14 105 Da (calcd 14 105 Da) for the MSAD
D37N mutant and 14 022 Da (calcd 14 024 Da) for the R73A P1A  inactivated
mutant. MSAD  mutant by 8

Enzyme Assay$VISAD activity was monitored by fol- gf:gfg'ro(%')m'ts * aale 2aa e 12510
lowing the decrease in NADH absorbance at 340 nm in @ Ry (%) 23.3 21.2 23.8
coupled assay using ti'eNADH-dependent alcohol dehy-  no. of reflections used 55695 11251 74759
drogenase at 2ZC as described previousI9)( The hydration 28' g; svrgtt:r'r;?otafs 2323 ;%3 5515 °
of 2-oxo0-3-pentynoate5] was monitored by following the  ,oteinB-factor 223 32.1 101
formation of acetopyruvate6) at 294 nm and 22C as waterB-factor 34.1 38.6 21.6
described elsewherd §). Weégefag‘giéggﬁb%e%fgﬁtuafe

Inactivation of MSAD by 3-Chloropropiolate8. MSAD bond lengths (A) Y 0.03 0.02 0.03
was inactivated by 3-chloropropiolat®) (using a published bond angles (deg) 2.3 2.04 25
protocol with the following modificationsl). The enzyme Ram;g;ﬂﬁg;ﬂg&e;(deg) 8.0 [ae 830
(1.35 mM based on the molecular mass of the monomer) residues in the core region (%) 906 92.8 90.0
was incubated with an excess{:1) of 8 (10 mM) in 1.2 residues in the allowed region (%) 9.4 7.2 10.0
mL of 10 mM Tris-SQ buffer (pH 7.0) for 24 h at £C. residues in the generous region (%) 0.0 0.0 0.0

Subsequently, the sample was loaded onto a PD-10 Sephadex_esidues in the disallowed region (%) 0.0 0.0 0.0

G-25 gel filtration column, which had previously been
equilibrated with 10 mM Tris-S@buffer (pH 7.0). The  that MSAD is a homotrimer, and shows that the cylindrical
protein was eluted with the same buffer by gravity flow. molecule has overall dimensions of approximately 55 A in
Fractions (0.5 mL) were analyzed for the presence of protein diameter and 40 A in height (Figure 1A). Crystals of wild-
by UV absorbance at 214 nm. The purified enzyme was type MSAD grown in 1,6-hexanediol have two trimers per
concentrated to~20 mg/mL and assayed for residual asymmetric unit. Both trimers are nearly identical with
hydratase activity as described above. The protein samplerespect to one another, having a root-mean-square deviation
treated with8 had no detectable activity. (rmsd) of 0.13 & calculated for all backbone atoms and a
Crystallization and Structure Determination of MSADe value of 0.29 & calculated for all main chain and side chain
P1A Mutantand MSAD Inactiated by8. The crystallization atoms. The MSAD monomer consists of 129 amino acid
conditions and the experimental procedures used for dataresidues whose secondary structure is composed of six
collection and the structure determination of MSAD, the P1A B-strands §-1—/-6), two o-helices, a &-helix, and isolated
mutant, and MSAD inactivated b§ are provided in the  -bridges (Figure 1B). The protein fold is defined yl
Supporting Information. The heavy atom derivative screening (residues %8) near the amino terminus followed a1
and the subsequent structure determination of the MSAD  (residues 13-31), -2 (residues 3945), 5-3 (residues 56
p-chloromercuriphenylsulfonate{CMPS) complex are also 52), 3-4 (residues 6672), a-2 (residues 7795), a 3¢-helix
provided in the Supporting Information. A summary of the (residues 99101), -5 (residues 102108), ands-6 (resi-
data collection statistics for four structures (MSAD, the gyes 114-117) near the carboxyl terminug-Strandsg-5,
MSAD—p-CMPS complex, the P1A mutant of MSAD, and g4 81, andg-2 coalesce to form A-sheet where the two
MSAD inactivated by8) is provided in Table 1, and @ central strands run antiparallel relative to one another, and

summary of the refinement statistics for three structures yhe o outer strands are parallel to their adjacent inner
(MSAD, the P1A mutant of MSAD, and MSAD inactivated  grands. The monomer's twa-helices are spatially posi-

by 8) is provided in Table 2. tioned exterior to thed-sheet, and run antiparallel with
respect to one another. MSAD has three active sites that are
equivalently positioned at the same end of the trimer and
Structure of Wild-Type MSADThe wild-type MSAD are related to one another by a f2®tation about the
crystal structure was determined to 1.8 A resolution using molecular 3-fold axis. Stabilization of the homotrimer is due,
heavy-atom methods, and refined Roand Ryee values of in part, to the extension of the four-strandgeheet to a
18.4 and 23.3%, respectively. The crystal structure confirms six-stranded sheet composed of strands from all three

RESULTS AND DISCUSSION
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Ficure 2: Electrostatic surface potential of the MSAD trimer
showing an active site cavity. Active site residues Pro-1, Asp-37,
Arg-73, Arg-75, and Phe-116 are labeled. Electropositive regions
are depicted in shades of blue and the electronegative regions in
shades of red. This figure was prepared using GRAZSp (

The MSAD active site has a network of ordered water
molecules (Figure 3). One water molecule is within hydrogen
bonding distance of the Pro-1 nitrogen (2.8 A). Ordered water
molecules are also observed within hydrogen bonding
distance of the side chain hydroxyl oxygen of Thr-§57
A), the backbone nitrogen of Arg-73 (3.2 A), and one of the
n-nitrogens of Arg-75 (3.0 A). In addition, one of the two
Ficure 1: Ribbon diagrams representing the three-dimensional #-nitrogens of the side chain guanidinium group of Arg-73
structures of the MSAD homotrimer and monomer. (A) MSAD s within hydrogen bonding distance of a water molecule
homotrimer in which the individual monomers are colored blue, (3.0 A), while the secong-nitrogen interacts with Asp-111

green, and gold. Pro-1 is shown for each monomer. (B) MSAD . .
monomer, illustrating the signatuie-o—g structural fold of known (29 A) of the same monomer. Finally, there is an ordered

tautomerase superfamily members, with a ball-and-stick representa-water molecule within hydrogen bonding distance of a
tion of the catalytic Pro-1. Secondary structural elements are labeledcarboxylate oxygen of Asp-37 (2.6 A).

accordingly. This figure was prepared using MOLSCRIES) @nd Three additional observations provide structural validations
RASTERSD 0). for previous experimental results. First, there are no metal
ions in the active site, although the enzyme was crystallized
in the presence of 200 mM Mg&l This observation is
3.2 consistent with the results of two earlier experiments,
Active Site of MSADThe presence of an amino-terminal showing that neither incubation of the enzyme with EDTA
proline at the bottom of three clefts on the protein implicates nor the addition of metal ions affects decarboxylase activity
these regions as the active sites. The MSAD active sites are(9). Second, Arg-75, identified by sequence analysis and site-

monomeric units as follows:36' —Ip5—1p4—1p1-152—

approximately 10 Ax 6 A x 10 A in size. As with other
tautomerase superfamily membegd{24), the active site
of MSAD has a relatively simple architecture. With the
exception of Thr-55from a neighboring monomer (desig-

directed mutagenesis as a potential active site residue, is
indeed found in the active site. This observation is consistent
with the fact that mutation of Arg-75 to an alanine results
in a mutant with 0.17% of wild-type decarboxylase specific

nated by a prime), the MSAD active site consists of residues activity and no detectable hydratase activigyX1). Finally,
from a single monomer. One face of the active site is formed as expected, Arg-11 is not in the active site, but is located
by the side chains of residues Arg-73, Arg-75, Val-33, and on a loop approximately 10 A from the active site. This
Asp-37 (Figures 2 and 3). The floor of the active site is observation is consistent with the fact that replacing Arg-11
formed by Pro-1, Leu-2, Trp-114, and Ser-72, and the back with an alanine had a negligible effect on the decarboxylase
wall of the active site is formed by residues Tyr-39, Thr- activity (9).

55, Phe-116, Phe-123, and Leu-128. The active site can also Comparison of MSAD with Tautomerase Superfamily
be divided into a hydrophobic region consisting of Trp-114, Members The tautomerase superfamily consists of five
Phe-116, Phe-123, and Leu-128 and a hydrophilic region known families represented by their title enzymes, 5-car-
consisting of Pro-1, Asp-37, Ser-72, and two arginine boxymethyl-2-hydroxymuconate isomerase (CHMI), 4-OT,
residues (Arg-73 and Arg-75). macrophage migration inhibitory factor (MIFis-CaaD, and
MSAD (9, 23, 27—-29). CaaD is a member of a subfamily
of the 4-OT family 3). CHMI, from E. coli C (30), and
4-0OT, from Pseudomonas putidant-2 (31), function as

2The unprimed, primed, and doubly primgestrands indicate that
theseS-strands come from different subunits of the MSAD trimer.
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Ficure 3: Stereodiagram of the active site of wild-type MSAD illustrating the hydrophobic (Trp-114, Phe-116, Phe-123, and Leu-128) and
hydrophilic (Pro-1, Asp-37, Ser-72, Arg-73, and Arg-75) nature of the cavity. The active site is also filled with a network of hydrogen-
bonded water molecules (colored red). This figure was prepared with PyM@)L (

Ficure 4: Ribbon diagram highlighting the structural elements responsible for stabilizing the MSAD trimer. The left panel shows the
trimer in Figure 1A rotated-70° toward the viewer. The individual monomers are represented by different colors. The right panel shows
the interactions among the three monomers. The central core gfgheet of one monomer (blue) is extended by residues-11% (3-6')

from a second monomer (gold) and residues-58 (3-3"") from a third monomer (green) to stabilize the trimer. This figure was prepared
with MOLSCRIPT (9) and Adobe Photoshop 7.0.

tautomerases in degradation pathways for aromatic amino Unlike CaaD, 4-OT, and the structurally homologous
acids (CHMI) and aromatic hydrocarbons (4-OT). MIF is a family member, YwhB fromBacillus subtilis(28), MSAD
mammalian cytokine with a phenylpyruvate tautomerase does not have A-hairpin to stabilize its quaternary structure.
(PPT) activity 82). CaaD anctis-CaaD precede MSAD in  Instead, the central core of tifesheet of one monomer is
the degradation pathway for the nematocide, 1,3-dichloro- extended by residues 13417 (3-6') from a second mono-
propene {, Scheme 1) 10). mer and residues 562 (3-3") from a third monomer to
Least-squares superpositioning of thg @&oms of wild- stabilize the trimer (Figure 4). The-3" strand is part of a
type MSAD with CHMI (PDB entry 10TG), 4-OT (PDB large insert composed of residues45. These residues also
entry 40TB), MIF (PDB entry 1MIF), and CaaD inactivated distinguish the MSAD trimer from those of MIF and CHMI.
by 8 (PDB entry 1S0Y) revealed that the MSAD homotrimer In MIF and CHMI, the secondary structures corresponding
is structurally most similar to the CaaD heterohexamer to the loop formed by residues 585 in MSAD are short
inactivated by8 (3.9 A rmsd), followed by the 4-OT loops. The loop in MIF is formed by residues 586,
homohexamer (4.6 A rmsd), the CHMI homotrimer (8.3 A whereas the loop in CHMI is formed by residues—5®.
rmsd), and the MIF homotrimer (13.1 A rmstYhe large The additional residues in the MSAD loop result in more
disparity in the superpositioning of CHMI or MIF with flexibility, and flip the loop approximately 90relative to
MSAD is reduced when loops are eliminated from the the corresponding loops in MIF and CHMI.
calculations. However, appreciable differences in the tilts and  Crystal Structure of the P1A Mutant of MSAReplacing
twists in thea-helices ang3-sheets remain. Pro-1 with an alanine significantly diminishes the decar-
boxylase activity {£1.4% remaining activity)¥) and elimi-
3 Coordinates for wild-type CaaD amwis-CaaD are not yet available.  nates the hydratase activity1). The structural consequences
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of this mutation were assessed by determining a crystal
structure of the P1A mutant (2.7 A resolution), and compar-
ing it to that of the wild-type enzyme. The mutant MSAD
crystallized with two monomers per asymmetric unit. Least-
squares superpositioning using the CCP4 Suite program
LSQMAN (33) showed that both monomers are virtually
identical, aligning with a 0.09 A rmsd for the, Gatoms.
Least-squares superpositioning of the structures of a single
wild-type MSAD monomer with the monomers of the mutant
yielded a 0.26 A rmsd for the 129,Gitoms.

There are no striking differences between the active sites
other than the replacement of Pro-1 with an alanine. All other
amino acids occupy space similar to that observed for the
wild type. Because of the lower resolution, fewer ordered
water molecules were included during refinement. However,
as in the wild-type structure, ordered water molecules are
observed within hydrogen bonding distances of the prolyl
nitrogen of Pro-1 (2.9 A), one of the twpnitrogens of the
side chain guanidinium group of Arg-75 (2.8 A), and the
carboxylate oxygen of Asp-37 (3.0 A). In view of the
structural similarities, the observed decrease in activity for
the P1A mutant is likely a direct effect of the substitution
of proline with an alanine, which alters both th&pand
flexibility of the catalytic acid.

Crystal Structure of MSAD Inactated by 8. It has
previously been found th&is a mechanism-based inhibitor
of MSAD (12). Mass spectral analysis of MSAD inactivated
by 8 showed that the sole site of modification on the protein

is Pro-1, and that the increase in molecular mass is consistenb

with modification by a 3-oxopropanoate moiety. The crystal
structure of the inactivated MSAD was determined to 1.6 A
resolution by the molecular replacement method and refined
to R and Ryee values of 19.6 and 24.3%, respectively.
Inspection of thesa-weighted 2nF, — DF. electron density
map showed the covalent modification of the amino group
of Pro-1 with a 3-oxopropanoate moiety (Figure 5). No other
residue is modified. These observations fully support the
mass spectral analysis and further confirm the location of
the active site.

The 3-oxopropanoate moiety forms three additional in- ¢

teractions with active site residues (Figure 5). Asp-37 forms
a hydrogen bond with the carbonyl oxygen (2.4 A) of the
3-oxopropanoate moiety, from which it can be inferred that

Asp-37 is an acid. One carboxylate oxygen of the 3-0xo-
propanoate moiety is within hydrogen bonding distance of

the main chain nitrogen of Arg-73 (2.7 A) and the side chain
n-nitrogen of Arg-75 (3.1 A). The second carboxylate oxygen
interacts with the side chaigrnitrogen of Arg-73 (2.9 A).
These observations combined with those made for the active
site of the wild type and the results of mutagenesis experi-

ments suggest mechanisms for the inactivation of MSAD a

by 7 and 8, the hydration of5, and the decarboxylation of
3.
Mutagenesis of Asp-37 and Arg-78o investigate the

importance of Asp-37 and Arg-73 for the decarboxylase and ¢

hydratase activities of MSAD, D37N and R73A mutants

were constructed. After DNA sequencing confirmed that only a
the intended mutation had been introduced, the protein,

products were overexpressed i coli BL21(DE3) and

Biochemistry, Vol. 44, No. 45, 20094823

FIGURE 5: oa-weighted ZnF, — DF. electron density for the
covalently modified Pro-1 identifying one active site of the
inactivated MSAD homotrimer. The electron density of Pro-1
modified by 3-oxopropanoate is colored green. The 3-oxopropanoate
moiety is within hydrogen bonding distance of Asp-37, Arg-73,
and Arg-75 (see the text). Elements of the hydrophobic wall (Trp-
114, Phe-116, and Phe-123) are also shown. This figure was
repared with RASTER3D20) and BOBSCRIPT 34).

=

culture) were comparable to that of the wild type (typically,
~20—30 mg/L). Analysis of the purified products by ESI-
MS indicated that the subunit had the expected mass, and
was not blocked by the initiating formylmethionine. The
elution times for the three mutants and the wild-type MSAD
are comparable~38 min at a flow rate of 0.4 mL/min)
during gel filtration chromatography, indicating that the
homotrimeric structures of the mutants are intact and that
global conformation changes had not occurred as a result of
he mutations.

The decarboxylase and hydratase activities of these two
mutants were determined. The purified D37N mutant showed
a decarboxylase activity of 250 milliunits/mg of protein,
hich is only 0.5% of the specific activity observed for the
ild-type enzyme (49 000 milliunits/mg). The purified R73A
mutant showed a decarboxylase activity of 700 milliunits/
mg of protein, which is 1.8% of the specific activity observed
for the wild-type enzyme (38 000 milliunits/m§).The
hydratase activities for the D37N and R73A mutants were
not detectable. The results clearly indicate that Asp-37 and
rg-73 are each critical for both activities.

Mechanism of Inactiation. The crystal structure of the
inactivated complex suggests that the carboxylate group of
8 is positioned in the active site by its interaction with the
wo arginine residues, Arg-73 and Arg-75 (Figure 6, top
panel). This binding mode places C-3 and C-2 proximal to
sp-37 and Pro-1. Conceivably, the chloride could interact
ith the residues comprising the hydrophobic region (e.g.,

purified to homogeneity (as assessed by SPBGE) using
the protocol described for wild-type MSADRY: The yields
(in milligrams of homogeneous protein per liter of cell

4Because of the variability in the measurement of the specific
activities, mutant activities were determined and compared side by side
with wild-type specific activity.
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Ficure 6: Comparison of MSAD (top) and CaaD (bottom) inactivated by 3-oxopropanoate. Pro-1 and the two arginine residues are positionally

Almrud et al.
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conserved in the two structures; on the other hand, Asp-37 in MSAD is replace@eiB7 in CaaD and Phe-116 in MSAD is replaced

with aGlu-52 in CaaD. The orientation of the 3-oxopropanoate moiety is governed by hydrogen bonding between the 3-carbonyl oxygen

and Asp-37 (MSAD) omGlu-52 (CaaD), as described in the text. This figure was prepared with PyNM)L (

Scheme 3

Asp-37 Asp-37

070 Y 07 OH
H. o

12

bonding capability of Asp-37 in this complex suggests that
it has abstracted a proton from a water molecule. Interactions
between Arg-73 and Arg-75 and the carboxylate grou@ of
would polarize thea,f-unsaturated acid and favor the
formation of a partial positive charge at C-322. The
allenediolate species (e.g9) can be stabilized by the
interaction with the arginine residues. Collapse9pfwith
concomitant protonation at C-2, proposed to be carried out
by Pro-1, results irl0. An enzyme-catalyzed or nonenzy-
matic rearrangement a0 produces a ketend 1) or an acyl
chloride (L2). Modification of Pro-1 results because the prolyl
nitrogen becomes deprotonated (and nucleophilic) in the
course of the hydration reactiofZ).

Mechanism for the Hydration & The enzyme-catalyzed
Michael addition of water t& requires activation of a water
molecule and polarization of the,S-unsaturated carbonyl
group of5. As proposed above, Asp-37 could activate a water
molecule for nucleophilic attack at C-4 &f(Scheme 4) to

Trp-114, Phe-116, Phe-123, and Leu-128). The presence ofinitiate the Michael addition of water. Arg-73 and Arg-75
a network of water molecules suggests that Asp-37 could could polarize the carbonyl oxygen and assist in binding of
abstract a proton from a water molecule for addition to C-3 the carboxylate group. Pro-1 is an obvious candidate to
of 8 (Scheme 3). It is noteworthy that in the inactivated provide a proton at C-3 to complete the Michael addition of
complex, Asp-37 forms a hydrogen bond with the carbonyl water. Ketonization 013to 6 could be an enzyme-catalyzed
oxygen of the 3-oxopropanoate moiety. The hydrogen process or result from a nonenzymatic rearrangement.
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Scheme 4 propionate inE. coli (7). On the basis of crystallographic
Asp-37 Asp-37 observations, Benning et al. proposed that the backbone
amide groups of His-66 and Gly-110 provide two hydrogen
oo 0" “oH bonds to the thioester carbonyl oxygen of methylmalonyl-
3 Arg-73 Arg73 CoA (7). The strategically placed hydrogen bonds form an

Arg-75 oxyanion hole that polarizes the carbonyl oxygen bond and
- stabilizes the anion intermediate. It was further proposed that
W Wt o Tyr-140 orients the carboxylate group of the substrate
{1}/ - {ij orthogonal to the plane of the thioester carbonyl group.
Finally, the active site cavity is largely hydrophobic (other
than Tyr-140), which would enhance the loss of the
HOH 0 6 negatively charged carboxylate group.
HsC \v H* COy Comparison of the Structures of MSAD Inaetied by8
13 and CaabD Inactiated by7. Inactivation of MSAD by8 and
CaaD by?7 results in an enzyme modified at the prolyl
nitrogen by a 3-oxopropanoate moiety2( 18, 24). The
corresponding crystal structures show a high degree of
0o, 0”0 .. structural homology (Figure 6). Superpositioning of the two
o structures shows a 3.9 A rmsd for the &oms and a 4.1 A
H N rmsd for all atoms. The active site residues of MSAD (Pro-
- H 1, Leu-2, Asp-37, Arg-73, Arg-75, Trp-114, Phe-116, and
Enz Enz Arg-75 Leu-128) (Figure 6, top panel) correspond to mostly similar
ones in the CaaD active sit8fro-1,5Phe-2 Slle-37, 0 Arg-
o 8, aArg-11, aPhe-50,aGlu-52, andalLeu-57) (Figure 6,
— HJLCHS + CO, bottom panel). The amino-terminal prolines (Pro-1 ARdo-
1) and the arginines (Arg-73 arwArg-8, and Arg-75 and
Mechanism of Decarboxylatioithree mechanisms for the  oArg-11) are positionally conserved in the two structures.
decarboxylation of3 have been proposed and previously However, Phe-116 of MSAD occupies the positiora@lu-
examined 9, 11). A metal ion-dependent decarboxylation 52 in CaaD, and Asp-37 of MSAD occupies the position of
can be ruled out for three reasons: the addition of various Slle-37 in CaaD. The interchange of these acidic and
metal ions does not stimulate activity, incubation with EDTA hydrophobic side chains in the active site impacts the
does not diminish activity, and metal ions are not observed enzymes’ interactions with the 3-oxopropanoate moiety and
in any of the high-resolution crystal structur&. (A Schiff may have implications for the two different reactions
base mechanism is also unlikely because the only availablecatalyzed by the two enzymes (i.e., decarboxylation vs
base in the active site is Pro-1 and the prolyl nitrogen, with dehalogenation) as well as the efficiencies of the common
a pK, of ~9.2, is predominately cationic at cellular pd,(  reaction (e.g., hydration d, 7, and8).
11). The crystal structures of wild-type MSAD and MSAD The orientation of the 3-oxopropanoate moiety in both
inactivated by8 also show that the nearest lysine residue, active sites appears to be governed by hydrogen bonding
Lys-4, is 12 A from the active site and, in the absence of a between the 3-carbonyl oxygen and eita&lu-52 (CaaD)
major conformational change upon substrate binding, is notor Asp-37 (MSAD). In CaaD, the 3-carbonyl oxygen is
likely to participate in catalysis. For these reasons, the within hydrogen bonding distance of a carboxylate oxygen
formation of a Schiff base is not favored. of aGlu-52. In MSAD, the 3-carbonyl oxygen is within
The available evidence supports the third mechanism in hydrogen bonding distance of a carboxylate oxygen of Asp-
which the cationic Pro-1 polarizes the carbonyl grouBof  37. As a result, the carboxylate group of the 3-oxopropanoate
(Scheme 5). In this mechanism, Asp-37 may play an indirect moiety interacts differently with the positionally equivalent
role in catalysis and be partially responsible for the observed arginines. In CaaD, a carboxylate oxygen interacts with the
pK, of Pro-1 ¢~9.2) (11). This putative role for Asp-37 is  backbone nitrogen adArg-8 (3.0 A) and the guanidinium
based on its participation in the hydrogen bond network. A group of aArg-11 (2.7 A). In MSAD, one carboxylate
disruption of this network and a decrease in tig for the oxygen of the 3-oxopropanoate moiety interacts with the side
prolyl nitrogen could account, in part, for the diminished chaine-nitrogen of Arg-73 (positionally equivalent toArg-
activity of the D37N mutant. Arg-73 and Arg-75 could have 8), and the other carboxylate oxygen interacts with the main
dual purposes. First, one or both could assist Pro-1 in chain nitrogen of Arg-73 and the side chajmitrogen of
stabilizing the developing charge of the enolate anion. Arg-75 (positionally equivalent taxArg-11) (Figure 6).
Second, one or both arginines could position the carboxylate Interestingly, in both structures, an aromatic side chain stacks
group of substrate such that the scissile bond {@12) is with the guanidinium side chain of one of the two arginines
parallel to the p-orbitals of the carbonyl group. This (Phe-123 with Arg-73 in MSAD andTyr-60 with aArg-
conformation would facilitate decarboxylation. Pro-1 might 11 in CaaD), thereby orienting the arginine residue. The
be responsible for protonation of the resulting enolate anion importance of this subtle difference to the different chem-
intermediate. istries of the two enzymes remains to be determined.
A somewhat analogous mechanism has been proposed for The similarities, and subtle differences, between the two
methylmalonyl-CoA decarboxylase (MMCD), an enzyme active sites are intriguing in view of the very different
found as part of a pathway that converts succinate to reactions catalyzed by the two enzymes. The crystal struc-

HO o}
O} Arg-
CHaHJ R |:H3C>=.=)<(;:Jz'
H

~ COy
5 2
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tures suggest that the different reactions could be due to onlydichloropropene degradation pathway are consistent with the
a few mutations in the active sites. In MSAD, Phe-116 proposal that the two enzymes diverged from an ancestral
replacesaGlu-52 and, along with Trp-114, Phe-123, and enzyme that catalyzed both reactions. Hence, the evolutionary
Leu-128, forms a hydrophobic wall on one side of the active route for these two enzymes may provide support for the

site. The hydrophobic region would destabilize the negatively
charged carboxylate group 8fand favor decarboxylation.
Itis known that replacingGlu-52 in CaaD with a glutamine
eliminates the dehalogenase actividd). Hence, this muta-
tion (or one in whichaGlu-52 is replaced with phenylala-
nine) coupled with the replacement @ife-37 with aspartic
acid could generate an enzyme with a low-level MSAD
activity. These experiments and the analogous ones on
MSAD are currently being pursued.

Horowitz hypotheses about how new enzymes evob@. (

We have previously suggested that an ancestral enzyme
may have functioned primarily as a hydratase because the
hydration of2, an o,5-unsaturated acid, is the chemically
more difficult reaction {2). A random encounter & with
the cationic Pro-1 could result in decarboxylation and make
this ancestral hydratase an accidental decarboxylase. In the
proposed evolutionary scenario, gene duplication gave rise
to separate enzymes that retained the components for the

We have previously reported that the consequences of thehydration reaction along with the rudimentary decarboxylase

hydration reactions catalyzed by CaaD and MSAD are the
same (i.e., conversion d to 6 and a mechanism-based
inactivation by7 or 8 due to covalent modification of Pro-
1), but the overall rates are differerit?). A comparison of
the kealKm values shows that CaaD is10 times more
efficient (6400 M* s71) than MSAD (600 M s7%) in the
hydration of5 to 6. A very highK, value for5 (~9.6 mM)
reduces the catalytic efficiency of MSAD. The 3-halopro-
piolates are also more efficient inhibitors of CaalB); For
example, CaaD loses80% of its activity in~5 s when
incubated with a slight excess 8fIn contrast, the inactiva-
tion of MSAD requires higher concentrations{50 mM)
and longer incubation times €I/ min) (12).

The different rates could be a function of the distance
between the water-activating residue§lu-52 in CaaD and
Asp-37 in MSAD, and Pro-1, coupled with the positioning
of 5, 7, or 8 due to the interaction between the substrate’s
carboxylate group and the arginine residues of the enzyme.
In the 3-oxopropanoate-modified MSAD structure, Asp-37
and Pro-1 are separated by 3.4 A, whereas in the 3-oxopro-
panoate-modified CaaD structureGlu-52 and Pro-1 are
separated by 4.9 AAssuming that the substrats, (7, or 8)
binds between the water-activating residue and Pro-1, the
additional space in CaaD may make its active site signifi-
cantly more accommodating. Moreover, the carboxylate
groups of these substrates will presumably interact with the
two arginine residues, and this interaction may result in
unfavorable binding interactions in the active site of MSAD.

Evolutionary Implications The crystallographic observa-
tions reported here along with those reported previously for
CaaDb @4) clearly show structural homology between MSAD
and CaabD as well as positional conservation of key catalytic
residues (Pro-1 and two arginines) in the active sites. There
are also a number of functional similarities between the two
enzymes. Both function as hydratases, convesitw6, and
both use an amino-terminal proline (with &gof ~9.2)
and two conserved arginines to catalyze this reaction as well
as their physiological reactiondl, 18 35). Finally, as a
result of the hydration reaction, the 3-halopropiolates are
converted to reactive species that alkylate and inactivate both
enzymes 12, 18). These similarities and the fact that CaaD
and MSAD catalyze successive reactions in titaas-1,3-

5These distances are measured from the prolyl nitrogen to a side
chain carboxylate oxygen.

61t is also noteworthy that CaaD is a heterohexamer consisting of
three a,-dimers and MSAD is a homotrimer. The structures could
reflect an early duplication event of a small gene, encodinglere—/
motif, followed by co-evolution and fusion.

activity (37, 38).6 Enhancement of the accidental decarboxy-
lase activity could result from a limited number of mutations
(39) that increased the probability of encounter and optimized
the position of3 with respect to the cationic Pro-1 and
introduced additional catalytic elements to facilitate decar-
boxylation. A comparison of the crystal structures for MSAD
and CaaD suggests a relatively simple route from one
tautomerase superfamily activity to a second. For example,
two mutations in CaaD (replacir@Glu-52 with phenylala-
nine andpjlle-37 with aspartic acid) might generate an
enzyme with MSAD activity. We are currently examining
the consequences of these mutations.
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