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ABSTRACT: 4-Hydroxy-4-methyl-2-oxoglutarate (HMG)/4-
carboxy-4-hydroxy-2-oxoadipate (CHA) aldolases are class II
(divalent metal ion dependent) pyruvate aldolases from the
meta cleavage pathways of protocatechuate and gallate. The
enzyme from Pseudomonas putida F1 is structurally similar to a
group of proteins termed regulators of RNase E activity A
(RraA) that bind to the regulatory domain of RNase E and
inhibit the ribonuclease activity in certain bacteria. Analysis of
homologous RraA-like proteins from varying species revealed
that they share sequence conservation within the active site of

P. putida F1 G[D
M. tuberculosis H3TRv |G|D
P. aeruginosa PAO1  |GD

V. cholerae G|D
S. cerevisiae S288c ClG
T. thermophilus HB8 |G|G

HMG/CHA aldolase. In particular, the P. putida F1 HMG/CHA aldolase has a D-X,,-R-D motif, whereas a G-X,;-R-D-X,-E/D
motif is observed in the structures of the RraA-like proteins from Thermus thermophilus HB8 (TtRraA) and Saccharomyces
cerevisiae S288C (Yer010Cp) that may support metal binding. TtRraA and Yer010Cp were found to contain HMG aldolase and
oxaloacetate decarboxylase activities. Similar to the P. putida F1 HMG/CHA aldolase, both TtRraA and Yer010Cp enzymes
required divalent metal ions for activity and were competitively inhibited by oxalate, a pyruvate enolate analogue, suggesting a
common mechanism among the enzymes. The RraA from Escherichia coli (EcRraA) lacked detectable C—C lyase activity. Upon
restoration of the G-X,-R-D-X,-E/D motif, by site-specific mutagenesis, the EcRraA variant was able to catalyze oxaloacetate
decarboxylation. Sequence analysis of RraA-like gene products found across all the domains of life revealed conservation of the
metal binding motifs that can likely support a divalent metal ion-dependent enzyme reaction either in addition to or in place of

the putative RraA function.

he 4-hydroxy-4-methyl-2-oxoglutarate (HMG)/4-carboxy-

4-hydroxy-2-oxoadipate (CHA) aldolase is the final
enzyme found in both the protocatechuate and gallate meta
cleavage pathways of aromatic degrading bacteria such as
Pseudomonas putida and Sphingomonas paucimobilis.' > The
enzyme is a class II, divalent metal ion-dependent, pyruvate
aldolase that catalyzes the aldol cleavage of HMG and CHA into
two molecules of pyruvate in the former and a molecule of each
pyruvate and oxaloacetate (OAA) in the latter (Scheme 1).* The
enzyme also contains a secondary OAA decarboxylase activity
due to the common pyruvate enolate transition state formed
following carbon—carbon (C—C) bond cleavage in the retro-
aldol and decarboxylase reactions.” The first structure of an
HMG/CHA aldolase (from P. putida F1) was recently
determined by X-ray crystallography and was found to contain
an afffa sandwich fold that is structurally distinct from
previously identified class II pyruvate aldolases such as DmpG,
HsaF, and Hpal>™® Instead, the HMG/CHA aldolase is
structurally similar to a group of proteins named regulators of
RNase E activity A (RraA).

First characterized in Escherichia coli, RraA binds to RNase E
and inhibits its ribonuclease activity.” RNase E is the principal
component of the multiprotein complex called the RNA
degradosome and is the major endoribonuclease controlling
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mRNA stability in E. coli.'® RNase E contains an N-terminal
catalytic domain and a C-terminal regulatory domain that acts as
a binding scaffold for several proteins, including ATP-dependent
DEAD-box RNA helicase (RhIB), enolase, and polynucleotide
phosphorylase. E. coli RraA (EcRraA) binds in two locations on
the RNase E regulatory scaffold, the RNA binding domain
(RBD) and arginine-rich domain 2 (AR2), preventing RNA
transcripts from interacting with the scaffold."" EcRraA can also
interact directly with DEAD-box RNA helicases such as RhiB,
RhIE, and SrmB, resulting in inhibition of ATP turnover in the
helicases." "> RhIB is required for processing of RNA containing
secondary structural elements to allow for complete degradation
of transcripts by the degradosome."® Thus, EcRraA affects RNA
metabolism by modulation of not only RNase E but also the
RNA helicases.

EcRraA [Protein Data Bank (PDB) entry 1Q5X], although
similar in structure to HMG/CHA aldolase, is shorter at both the
N-terminus and the C-terminus by approximately 30 residues."*
The protein is therefore missing one of the key ligands for metal
cofactor binding found in the HMG/CHA aldolase.”'*
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Scheme 1. Aldol Cleavage Catalyzed by the HMG/CHA Aldolase”
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“For HMG, the R group is -CHj, which yields 2 mol of pyruvate, and for CHA, the R group is -CH,COO~, which yields 1 mol each of pyruvate and

oxaloacetate.

Structures of homologous RraA-like proteins from Geobacillus
kaustophilus HTA426 (PDB entry 2PCN), Mycobacterium
tuberculosis H37Rv (PDB entry INX]), Pseudomonas aeruginosa
PAO1 (PDB entry 3C80), Pseudomonas syringae pv. tomato str.
DC3000 (PDB entry 3K4l), Vibrio cholerae (PDB entry 1VI4),
Saccharomyces cerevisiae S288C (PDB entry 2CSQ), and Thermus
thermophilus HBS (PDB entry 1J3L) have all been deposited in
the PDB.">™'® To date, only EcRraA and a RraA protein from
Vibrio vulnificus have been determined to have RNase E binding
and inhibitory function, although several gene records that are
minimally identical in sequence to EcRraA are annotated as being
an RraA.""" The lack of a defined RNase E or degradosome in
some of these species, such as in T. thermophilus HB8 and S.
cerevisiae S288C, raises questions regarding the functions of these
proteins. It has also not been determined if any of the RraA-like
proteins possess enzymatic activities similar to that of the HMG/
CHA aldolase.

Herein we report the characterization of aldolase activity in
EcRraA, the putative RraA from T. thermophilus HB8 (TtRraA),
and the homologue from S. cerevisiae S288C (Yer010Cp). We
have shown that both TfRraA and Yer010Cp contain HMG
aldolase and OAA decarboxylase activities while EcRraA is
enzymatically inactive. Structural analyses have revealed minimal
motifs required for divalent metal ion binding necessary to
support enzymatic activity. Substitution of key residues to restore
one of these motifs was sufficient to rescue EcRraA C—C lyase
activity. Homologous gene products of the RraA-like proteins
were identified in all domains of life, with many containing the
conserved minimal motif identified here as a prerequisite for
enzymatic activity. The results provide a framework for the
correct functional annotation of this widely distributed family of
proteins.

B EXPERIMENTAL PROCEDURES

Chemicals. Sodium pyruvate, sodium oxalate, oxaloacetic
acid, L-lactate dehydrogenase (LDH, rabbit muscle), and Dowex
1X8-200 ion exchange resin were from Sigma-Aldrich (Oakville,
ON). Restriction enzymes and Pfu polymerase were from
Invitrogen (Burlington, ON) or New England Biolabs
(Pickering, ON). All other chemicals were analytical grade and
were obtained from either Sigma-Aldrich or Fisher Scientific
(Nepean, ON).

DNA Manipulations. Plasmid pET-1la harboring the
TTHA1322 gene from T. thermophilus HB8 was obtained from
the RIKEN Bioresource Centre.”’ Plasmid pET-9a harboring the
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Yer010c gene from S. cerevisiae S288C was obtained from N.
Leulliot (Université Paris-Sud, Orasay, France).'® This pET-9a-
Yer010c construct was modified by the introduction of a stop
codon before the plasmid-encoded C-terminal histidine tag by
site-specific mutagenesis to allow for expression of the untagged
gene. EcRraA was amplified from genomic DNA and inserted
into plasmid pT7-7>" using primers containing Ndel and HindIII
restriction sites at the 5" and 3’ ends, respectively.

Gene mutations to create the D75G/A76G/E77N/Q98D
EcRraA variant and the HMG/CHA aldolase E199A variant were
introduced by site-sg)eciﬁc mutagenesis using the modified
Quikchange method.*” Primers utilized are listed in Table 1 of
the Supporting Information. All modified plasmids were
transformed into E. coli DHSa for propagation, and the gene
mutations were confirmed by DNA sequencing at the Guelph
Molecular Supercenter (University of Guelph).

Expression and Purification of the HMG/CHA Aldolase,
Yer010Cp, TtRraA, and EcRraA. The expression and
purification of the wild type (WT) and E199A variant of the
HMG/CHA aldolase were as previously described.” Recombi-
nant E. coli BL21(ADE3) harboring a plasmid encoding either
TTHA1322 (TtRraA) from T. thermophilus HBS, ECUS6082
(EcRraA) from E. coli, or Yer010Cp from S. cerevisiae S288C was
propagated in 1 L of Luria-Bertani medium containing either 100
ug/mL ampicillin for EcRraA and TtRraA or 34 ug/mL
kanamycin for Yer010Cp at 37 °C until a density of 0.6 at 600
nm wavelength was reached. In each case, protein expression was
induced by the addition of 0.5 mM IPTG and the cultures were
incubated at 15 °C overnight before being harvested by
centrifugation at 5000g for 10 min.

Chromatography was performed on an AKTA Explorer 100
instrument (Amersham Pharmacia Biotech, Baie d’Urfé, QC).
Buffers containing 20 mM sodium HEPES (pH 7.5) were used
throughout each purification procedure unless indicated
otherwise. Each cell pellet was resuspended in buffer and
disrupted with a French press. The cell debris was removed by
centrifugation (17500g for 15 min), and the supernatants were
filtered through a 0.4S pm filter.

For the purification of EcRraA, the supernatant was loaded
onto a Source 15Q (Amersham Pharmacia Biotech) anion
exchange column (2 cm X 13 cm). The column was washed with
2 column volumes of the buffer containing 0.4 M NaCl followed
by a linear gradient of NaCl from 0.4 to 0.6 M over 12 column
volumes. The EcRraA protein eluted with approximately 0.5 M
NaCl. Fractions containing EcRraA were concentrated to ~2 mL
by ultrafiltration with a YM10 filter (Millipore, Nepean, ON).
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The concentrated protein was then loaded on a HiLoad 26/60
Superdex 200 prep gel filtration column (Amersham Pharmacia
Biotech) and eluted with buffer containing 0.15 M NaCl. The
purified protein was concentrated to 10 mg of protein/mL as
before, aliquoted, and stored at —80 °C in 20 mM sodium
HEPES buffer (pH 7.5).

For the purification of TtRraA, the crude extract was separated
by an anion exchange column as described for EcRraA, except a
linear gradient of 0.10 to 0.30 M over 12 column volumes was
used. TtRraA eluted with approximately 0.20 M NaCl. Active
fractions were pooled and concentrated to approximately 40 mL
by ultrafiltration, and the clear supernatant was heat treated at 75
°C for 10 min and the denatured protein was removed by
centrifugation (17500g for 10 min). The extract was concen-
trated to ~2 mL by ultrafiltration and purified by gel filtration as
described for EcRraA. The purified enzyme was concentrated to
10 mg of protein/mL via ultrafiltration, aliquoted, and stored at
—80 °C in 20 mM sodium HEPES buffer (pH 7.5).

For the purification of Yer010Cp, the crude extract was
separated by an anion exchange column as described for EcRraA,
except a linear gradient of 0.0 to 0.25 M over 12 column volumes
was used. The Yer010Cp protein eluted with approximately 0.15
M NaCl. Active fractions were pooled and concentrated to
approximately S mL by ultrafiltration, and the clear supernatant
was loaded onto a Phenyl Sepharose hydrophobic interaction
chromatography column (1 cm X 18.5 cm) and purified with a 6
column volume linear gradient of ammonium sulfate from 0.8 to
0 M. The protein eluted with approximately 0.25 M ammonium
sulfate. The extract was concentrated to ~2 mL by ultrafiltration
and purified by gel filtration as described for the other proteins.
The purified enzyme was concentrated to 20 mg of protein/mL
by ultrafiltration, aliquoted, and stored at —80 °C in 20 mM
sodium HEPES buffer (pH 7.5).

The resins used in the protein purifications are cleaned
between uses to ensure there is no cross contamination between
protein preparations. After each run, the Source Q anion
exchange resin is washed with 2 column volumes of 4 M NaCl
and subsequently with 2 column volumes of NaOH with the
resin stored in 20% ethanol. Both the Phenyl Sepharose and
Superdex 200 gel filtration resins are washed with 4 column
volumes of 20 mM HEPES (pH 7.5) and subsequently with 6
column volumes of 20% ethanol.

Determination of the Protein Concentration, Purity,
and Molecular Mass. Protein concentrations were determined
by the Bradford assay using bovine serum albumin as the
standard.** Sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS—PAGE) was performed and the gel stained with
Coomassie Blue according to established procedures.”* The
molecular weight of the holoenzymes was determined by gel
filtration using a HiLoad 26/60 Superdex 200 prep column.

Preparation of 4-Hydroxy-4-methyl-2-oxoglutarate
(HMG). HMG was synthesized chemically as previously
described.”> The substrate was purified by anion exchange
chromatography with Dowex Chloride 1X8 resin using a linear
gradient from 0 to 0.1 M HCI. Active fractions were pooled,
neutralized with NaOH, and lyophilized. The resulting off-white
powder was resuspended in minimal dH,O and desalted by being
passed through a P-2 Bio-Gel (Bio-Rad) column (1 cm X 15 cm)
with active fractions pooled and lyophilized to a yellow powder.
Solutions of HMG were made fresh by resuspending the dry
product in minimal dH,O, the resulting concentration being
determined by the amount of pyruvate produced by the HMG/
CHA aldolase (using 1.0 mM CoCl, as a cofactor) from coupling
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pyruvate formation to NADH oxidation using L-lactate
dehydrogenase (LDH).

Metal Substitution. Metal free apoenzymes were prepared
by adding 0.5 g of Chelex 100 (Sigma) to 10 mg of purified
enzyme in 10 mL of 20 mM sodium HEPES (pH 7.5). After the
mixture had been gently stirred for 20 min, Chelex 100 was
removed with a 20 gm filter. The apoenzymes were preincubated
with the stated metal ions for a minimum of 5 min prior to being
used in the kinetic assays.

Enzyme Assays. All kinetic assays were performed in at least
duplicate at 25 °C using a Varian Cary 3 spectrophotometer
equipped with a thermojacketed cuvette holder. The HMG aldol
cleavage and OAA decarboxylase activities were observed by
coupling pyruvate formation to NADH oxidation using L-lactate
dehydrogenase (LDH). NADH oxidation was monitored at 340
nm, and the extinction coefhicient of NADH was determined to
be 6220 M~ cm™". A standard activity assay contained either 1.0
mM HMG or 5.0 mM OAA, 0.4 mM NADH, 1.0 mM CoCl,, and
30 units of LDH in 100 mM HEPES buffer (pH 8.0). Assay
reactions were monitored for at least 2 min in the absence of
enzyme for the determination of the background rate of
degradation of the stated substrate. The enzyme was then
added to the reaction mixture, using enzyme pre-equilibrated
with the stated metal ion, and monitored for at least 2 min.
Enzyme concentrations were added in sufficient quantity to
ensure an at least 2-fold change in the rate of substrate turnover
compared to the background rate is observed. Enzyme reaction
velocities were determined by subtraction of the rate background
degradation from the rate observed for the enzyme-catalyzed
reaction. All fitting of kinetic data was performed using nonlinear
regression in Leonora.”> All data were fit to the Michaelis—
Menten equation. For inhibition assays, the concentration of
sodium oxalate was varied from 0.5K; to SK;, and data were fit to a
competitive inhibition equation.

Discontinuous end point assays were utilized for the metal ion
specificity of Zn** and Cd** ions because of the inhibitory effects
of these metal ions on LDH. Assays were completed in the
absence of LDH and were quenched after 1 min with EDTA
before the addition of LDH. The total amount of pyruvate
produced over the minute period, relative to controls in the
absence of enzyme, was taken as the activity measurement.

Determinations of the Melting Temperature (T,,) by
Differential Scanning Calorimetry. Experiments were
completed on a MicroCal VP-DSC microcalorimeter. Both the
HMG/CHA aldolase and TtRraA were dialyzed into 20 mM
HEPES (pH 7.5) and concentrated to 20 mg/mL by ultra-
filtration. Enzyme samples were degassed for 5 min before being
loaded into a 0.508 mL cell and run against water in the reference
cell. A scan rate of 90 °C/h was used for both protein samples.
The temperature range was from 10 to 90 °C for the HMG/CHA
aldolase and from 10 to 130 °C for TtRraA. Profiles obtained
were subtracted from those of control runs containing only
buffer.

Structural Comparison and Phylogenetic Analysis. A
search for structural homologues of the HMG/CHA aldolase
from P. _}mtida F1 was completed in DALI*® and visualized in
Pymol.”” Protein structures containing an rmsd of <3.0 A were
similar in overall size and structure to EcRraA and HMG/CHA
aldolase. Sequence conservation among the homologues was
mapped onto the HMG/CHA aldolase structure using Consurf™®
and visualized in Pymol. A comprehensive blast search of the
NCBI GenBank database using either the HMG/CHA aldolase
or TtRraA primary sequences was performed.29 Representative
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Table 1. Comparison of the P. putida F1 HMG/CHA Aldolase with the RraA-like Proteins from the PDB

PDB rmsd % sequence identity (aligned % sequence identity (whole % sequence similarity (whole
entry species (A) region) sequence) sequence) motif
3k4i P. syringae pv. tomato str. 17 24 17 33 1
DC3000
2c5q S cerevisiae S288C 1.9 19 13 25 2
2pen G kaustophilus HTA426 2.0 28 17 26 1
Inxj M. tuberculosis H37Rv 2.0 28 16 28 1
3c8o P. aeruginosa PAO1 2.1 25 15 29 1
1q5x  E. coli 2.1 21 13 23 not
applicable
1vi4 V. cholerae 2.3 24 15 29 1
1j31 T. thermophilus HB8 2.4 23 15 28 2
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Figure 1. Structural relationship of the HMG/CHA aldolase and RraA-like proteins. (A) Overall structure of the HMG/CHA aldolase and (B) enzyme
active site organization, shown with residues colored on the basis of their sequence conservation, using a Consurf color scale,”® among the RraA-like
proteins whose structures have been determined to date. The level of sequence conservation is greatest around the active site pocket of the HMG/CHA
aldolase, which contains the bound magnesium ion (green sphere) and pyruvate (yellow sticks). (C) Overlay of structures indicating the different metal
binding motifs found in TtRraA (magenta) and Yer010Cp (cyan) (motif 2) vs that found in the HMG/CHA aldolase (white) (motif 1). (D) EcRraA
(brown) contains differences in residues vs the sequence found in either active site motif among the RraA-like homologues that would be incompatible
with metal and substrate binding.

sequences from across the domains of life were selected to be
used in multiple-sequence alignments and the phylogenetic
analysis. Alignments and a neighbor joining tree were created

using Clustal W2 using a Gonnet scoring matrix with alignments
and trees visualized in ESPript and FigTree, respectively.*”>!
Sequences from organisms whose genomes have been sequenced
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105X-E.coli_K-12 RALVDAELARLAVONEWEGLVIYGAVEIQVDDLEE

Figure 2. Multiple-sequence alignment of RraA-like homologues showing the metal binding motifs. Aligned sequences are described by their PDB
entries and species names. Secondary structural elements (coils for a-helices and an arrow for the f-strand) of the P. putida F1 HMG/CHA aldolase are
shown above the alignment. Conserved residues in motif 1 (the D-X,,-R-D motif) are highlighted in cyan and those in motif 2 [the G-X,,-R-D-X,-(D/
E) motif] in green. Sites of residue divergence in EcRraA targeted for mutagenesis are highlighted in yellow.

were also searched for homologues of E. coli RNase E and genes
from the protocatechuate and gallate meta cleavage pathways.
Sequences that were found to be part of a multidomain protein or
merged with other gene records were omitted.

B RESULTS

Bioinformatic Analysis of HMG/CHA Aldolase and RraA
Homologues. A DALI search using the P. putida F1 HMG/
CHA aldolase revealed several proteins of the RraA family to be
close structural homologues (Table 1). All of the proteins share a
common affa sandwich fold, although they share low levels of
sequence identity. Like the HMG/CHA aldolase, the EcRraA
and other RraA-like molecules form trimeric biological units
through interactions between adjacent monomers.'*'%'” The
majority of these proteins are shorter than the HMG/CHA
aldolase by ~30 residues at both the N-terminus and the C-
terminus but exhibit conservation in sequences around the
known active site of the HMG/CHA aldolase (Figure 1A,B).

Essential for the function of the HMG/CHA aldolase is the
coordination of a metal ion to support the binding of a pyruvyl
moiety in the class IT aldolase. In the structure of the P. putida F1
HMG/CHA aldolase, a magnesium ion is coordinated directly or
indirectly via water through interactions with Asp102, Asp124,
and Glu199 (Figure 1B). The octahedral coordination geometry
is completed by interaction with the keto and carboxylate oxygen
groups on the bound pyruvate. Asp124 in HMG/CHA aldolase is
the only residue observed to be making a direct interaction with
bound metal in the aldolase structure and is conserved among
most RraA-like family members. This conserved aspartate
residue is located beside an arginine residue (Argl23), which
has been found to be critical for aldolase/decarboxylase activity
in the P. putida F1 HMG/CHA aldolase as the positively charged
side chain stabilizes the pyruvate enolate intermediate.” The
Glul99 residue in HMG/CHA aldolase positions one water
molecule and in concert with the Asp102 residue positions a
second water molecule that coordinate with the bound
magnesium ion. The Glul99 residue is present in the S. cerevisiae
§288C Yer010Cp but is missing in several members of the RraA
family, such as the proteins from E. coli, M. tuberculosis, and T.
thermophilus, because they lack the C-terminal extension. A
residue equivalent to Asp102 is present in all of the RraA-like
protein structures except in Yer010Cp and TtRraA. In both
TtRraA and Yer010Cp, a glycine residue is found in the position
equivalent to Aspl02. In the structures of both Yer010Cp and
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TtRraA, the carboxylate of the glutamate residue, found three
residues from the equivalent of the HMG/CHA aldolase Asp124
residue, is observed to occupy a position similar to that of the
carboxylate from the HMG/CHA aldolase Aspl02 residue
(Figure 1C). The minimal side chain of the glycine found at the
position equivalent to Aspl102 could presumably allow for this
alternate metal binding residue to orient into the active site and
fulfill the indirect metal binding role in these proteins. Thus, two
distinct motifs can be observed in the RraA proteins: a D-X,;-R-
D motif, herein termed motif 1, and a G-X,-R-D-X,-(D/E)
motif, herein termed motif 2 (Figure 2).

EcRraA appears to be distinct from the other RraA-like
proteins in that it does not contain either metal binding motif
identified (Figure 1D). The arginine residue found to be essential
for activity in the HMG/CHA aldolase (Arg123) is conserved in
EcRraA (Arg97). However, the residue equivalent to the
conserved metal binding residue in the HMG/CHA aldolase
(Asp124) is found to be a glutamine (GIn98) in EcRraA, which
would likely not support metal binding. EcRraA is further distinct
from either metal binding motif described above because of the
presence of an alanine residue (Ala76) in place of either an
aspartate in the family containing motif 1 (Asp102 in the HMG/
CHA aldolase) or a glycine (Gly7S in the TtRraA) in the family
containing motif 2. The EcRraA protein contains an acidic
residue (Asp101) similarly found at the end of motif 2, but the
presence of a methyl group on the Ala76 residue, which is a
glycine in motif 2 of the RraA-like homologues, could sterically
restrict this acidic residue from interacting with a metal ion. In
addition, a conserved glycine residue among family members that
line the bottom of the HMG/CHA aldolase active site pocket is
found to be substituted for an aspartate residue (Asp7S) in
EcRraA. The presence of this aspartate in EcRraA would likely
sterically hinder the pyruvyl moiety of a substrate from binding
appropriately to the protein. Further, an acidic residue in EcRraA
(Glu77) is found close to the metal binding pocket of the protein
where acidic residues in the other RraA-like proteins are not
found and thus may result in a different metal binding
orientation, preventing productive substrate binding leading to
catalysis.

Expression and Purification. The EcRraA, TtRraA, and
Yer010Cp proteins were overexpressed in E. coli BL21(ADE3)
and purified by chromatography to homogeneity with a typical
yield of ~10 mg of purified protein/L of bacterial culture (Figure
1 of the Supporting Information). The subunit molecular masses
of EcRraA, TtRraA, and Yer010Cp were determined by SDS—

dx.doi.org/10.1021/bi4014869 | Biochemistry 2014, 53, 542—553



Biochemistry

Table 2. (A) Relative Activities of the HMG/CHA Aldolase, TtRraA, Yer010Cp, and the EcRraA Variant toward OAA with Various
Mete;,l Ions” and (B) Relative Activities of the HMG/CHA Aldolase, TtRraA, and Yer010Cp toward HMG with Various Metal
Ions

relative activity with OAA (%)

HMG/CHA aldolase TtRraA EcRraA variant Yer010Cp
Ni?* 100 + 0.56 Zn** 100 + 6.6 Co* 100 + 1.2 Co* 100 + 5.8
Co* 75.0 + 3.3 Mn?* 574 + 1.6 Mn** 83.2 + 3.6 Zn** 84.4 + 1.9
Mg* 39.6 3.5 Co™ 480+ 19 Zn** 345 +38 Ni** 579 +34
Mn?* 22.6 +0.17 Ccd* 382+ 11 Ni** 324 +39 Mg* 441+ 1.0
ca* 4.06 + 1.64 NiZ* 17.8 + 1.2 ca* 192 +22 Mn?* 40.8 + 0.80
Zn** 3.89 £ 024 Mg* 8.67 £ 0.7 Mg* 8.70 + 0.46 cd* 18.1 + 0.65
Ca* 0.164 + 0.019 Ca* 0.978 + 0.061 Ca* 2.86 + 0.34 Ca** 3.78 £ 0.17
apo 0.067 + 0.006 apo 0.480 + 0.046 apo 1.46 +£0.21 apo 0.62 + 0.0075
EDTA 0.016 + 0.002 EDTA 0.119 + 1.9 EDTA 0.443 + 0.56 EDTA 0.21 + 0.0020
relative activity with HMG (%)
HMG/CHA aldolase TtRraA Yer010Cp

Mg* 100 + 2.8 Ni?* 100 + 2.1 Ni** 100 + 6.9

Mn?* 90.3 + 5.7 Co** 944 + 4.0 Co** 56.1 +0.31

Co** 64.7 + 3.6 Zn?* 64.3 + 5.8 cd* 166+ 1.3

Zn?* 49.6 +2.7 cd* 28.8 + 3.8 Zn** 154 + 4.9

NiZ* 282 + 3.4 Mn?** 15.5 + 0.62 Mg** 745 + 0.46

cd* 5.00 + 0.20 Mg* 2.92 +0.14 Mn** 542+ 025

Ca** ND Ca** 1.30 + 1.8 Ca** 0.450 + 0.043

apo ND apo 0.201 + 0.15 apo 0.342 + 0.081

EDTA ND EDTA 0.102 + 0.051 EDTA 0.0720 + 0.0010

“The activity obtained with the metal resulting in the maximal activity is taken to be 100%. Assays were performed with 5.0 mM OAA, the respective
metal chloride salt or EDTA (1.0 mM), 0.3 mM NADH, and 30 units of LDH in 100 mM sodium HEPES buffer (pH 8. 0) in a total volume of 1 mL.
The activity with Zn** and Cu®* was determined by the discontinuous method as described in Experimental Procedures. *The activity obtained with
the metal resulting in the maximal activity is taken to be 100%. Assays were performed with 1.0 mM HMG, the respective metal chloride salt (1.0
mM), 0.3 mM NADH, and 30 units of LDH in 100 mM sodium HEPES buffer (pH 8.0) in a total volume of 1 mL. Values for the HMG/CHA
aldolase were taken from ref 5. The activity with Zn** and Cd** was determined by the discontinuous method as described in Experimental
Procedures. ND means no detectable activity

Table 3. Steady State Kinetic Parameters of the HMG/CHA Aldolase, Yer010Cp, TtRraA, and EcRraA Variant with HMG and
0AA“

4-hydroxy-4-methyl-2-oxoglutarate (HMG) oxaloacetate (OAA)
enzyme Ky, (uM) ke (s7) kege/ Ky (M s71) Ky, (M) ke (s7) kewe/ Koy (M~ s71)
WT HMG/CHA aldolase 187.6 + 11.0 15.6 + 0.54 8.3 x 10 297.5 + 39.6 1.86 + 0.18 62 % 10°
E199A HMG/CHA aldolase 708.6 + 51.9 0.061 + 0.0026 8.6 X 10 404.7 + 50.3 0.00139 + 0.000043 3.4
Yer010Cp 126.5 + 13.1 0.0276 + 0.0012 2.1 x 10° 132.5 +9.58 3.91 + 0.026 3.0 x 10*
TtRraA 150.7 & 14.1 0.356 + 0.0085 24 % 10° 2114 +32.2 1.06 + 0.0314 5.0 X 10°
EcRraA variant no activity detected above 0.0005 s~ - 1.9 X 10

“Assays were completed using 1.0 mM MgCl, as a cofactor for the wild type and E199A variant of the HMG/CHA aldolase and 1.0 mM CoCl, as a
cofactor for Yer010Cp, TtRraA, and the EcRraA variant.

PAGE and were consistent with the predicted molecular masses cofactor, the steady state kinetic parameters of both TtRraA and
of 17.4, 17.0, and 25.0 kDa, respectively.'**¢ Yer010Cp for both OAA decarboxylase and HMG aldolase

Metal Specificity. TtRraA and Yer010Cp contained both activities were determined (Table 3). The TtRraA and Yer010Cp
OAA decarboxylase and HMG aldolase activities. The specific enzymes had kinetic parameters for OAA decarboxylation similar
activities of the purified apoenzymes with 1 mM metal ions were to those of the P. putida F1 HMG/CHA aldolase. Yer010Cp and
determined using both 5 mM OAA and 1 mM HMG as TtRraA also had K, values for the HMG substrate similar to that
substrates. For OAA decarboxylase activity, TtRraA had the of the P. putida F1 enzyme. However, relative to that of the
highest specific activity for the Zn>* ion whereas Yer010Cp had HMG/CHA aldolase enzyme, the k_, was reduced in Yer010Cp
similar specific activities with Zn>* and Co*" ions (Table 2A). For and TtRraA by 565- and 44-fold, respectively.

HMG aldolase activity, however, both TtRraA and Yer010Cp Inhibition with Oxalate. The P. putida F1 HMG/CHA
had a preference for Ni** ions, with Co®" ions being just as aldolase is competitively inhibited by oxalate, a pyruvate enolate
effective for aldolase activity in TtRraA (Table 2B). The wild- analogue.’ The HMG aldolase reaction catalyzed by TtRraA and
type EcRraA protein was devoid of either HMG aldolase or OAA Yer010Cp was also competitively inhibited by sodium oxalate
decarboxylase activity. with K; values of 37.7 + 2.3 and 31.9 + 5.3 uM, respectively,

Steady State Kinetic Parameters for OAA Decarbox- supporting a common mechanism among the enzymes (Figure 2

ylase and HMG Aldolase Activities. Using 1.0 mM CoCl, as a of the Supporting Information).
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Thermostability of TtRraA. Because T. thermophilus is a
thermophilic bacteria, an attempt to determine the thermo-
stability of TtRraA using DSC was made. Because of limitations
with the maximal temperature range of the DSC instrument (130
°C), a defined T, for TtRraA could not be obtained. However,
the T, for the enzyme is likely close to 130 °C as the progressive
decline can just be observed near the instrument’s maximal
temperature (Figure 3 of the Supporting Information).
Comparatively, the T, for the P. putida F1 HMG/CHA aldolase
was determined to be 46.5 + 0.2 °C.

Kinetic Analysis of the HMG/CHA Aldolase Glu199Ala
Variant. TtRraA, which lacks the C-terminal portion found on
the P. putida F1 HMG/CHA aldolase that contains the Glul99
residue that indirectly interacts with the metal cofactor via water
molecules, has aldolase activity similar to that of the HMG/CHA
aldolase. This suggests that Glu199 is not absolutely required for
aldolase activity. To further demonstrate this, we replaced
Glul99 of the HMG/CHA aldolase with an alanine by site-
specific mutagenesis. Using 1 mM MgCl, as a cofactor, the k, of
the E199A variant was reduced relative to that of the WT enzyme
by 255- and 1338-fold for the HMG aldolase and OAA
decarboxylase activities, respectively (Table 3). Relative to that
of the WT enzyme, the K, for CoCl, increased in the E199A
variant by 53-fold to a value similar to that observed for
Yer010Cp and TtRraA (Table 4).

Table 4. K,, Values for Co>" in the OAA Decarboxylase
Reaction”

enzyme K, (uM)
WT HMG/CHA aldolase 8.38 + 0.81
E199A HMG/CHA aldolase 446.3 + 49
Yer010Cp 113 + 15
TtRraA 182 + 24
EcRraA variant 374 £ 37

“Assays were completed with S mM OAA in 0.1 M sodium HEPES
buffer (pH 8.0) with 30 units of LDH, 0.3 mM NADH, and varying
concentrations of CoCl, in a total volume of 1 mL.

Kinetic Analysis of the EcRraA Variant. An attempt to
rescue activity in EcRraA, by restoration of motif 2, was made by
the introduction of four residue substitutions (D75G/A76G/
E77N/Q98D). This EcRraA variant was now capable of
catalyzing the OAA decarboxylation but still lacked detectable
HMG aldolase activity. The enzyme had a preference for both
Co** and Mn" ions in the decarboxylase reaction, with all other
divalent metals yielding <40% of the activity observed with Co*"
(Table 2A). Because of a high K, for OAA, the EcRraA variant
was not able to be saturated with substrate under the conditions
used and the k_,/K,, was estimated by a linear plot of activity
over substrate concentration. The catalytic efficiency of the
EcRraA variant for OAA is approximately 2 orders of magnitude
lower relative to those of the other RraA proteins (Table 3).
Using S mM OAA, the enzyme’s K,,, for Co** was found to be 374
+ 37 uM and was higher, but similar, to those of the other
enzymes tested (Table 3).

Phylogenetic Analysis. A search of GenBank reveals
homologues of the RraA-like family found across all domains
of life (Figures 3 and 4). Similarly, RNase E is an
endoribonuclease with homologues also found throughout all
domains. The majority of the RNase E homologues, however,
lack the C-terminal regulatory domain found in the E. coli
protein, the domain containing the site of RraA binding.>*~>*
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The lack of an RNase E gene, or an RNase E gene containing a
regulatory domain, may suggest that the biological role of the
RraA-like gene found within these species may not be to function
as an RNase E inhibitor.

Half of the RraA-like gene products surveyed contain a C-
terminal extension similar to that found on the P. putida F1
HMG/CHA aldolase, which comprises the metal binding
Glul99 residue. The other half of the gene products assessed,
such as those in TtRraA, are shorter in length, usually comprised
of ~170 residues, and lack a C-terminal extension. Gene
products from each domain of life can be found in both the long
and short forms. However, all of the gene products from
viridiplantae are of the shorter type, whereas all of the fungal gene
products are of the longer type. The presence of the C-terminal
extension does not correlate with the presence of a particular
metal binding motif. Generally, motif 1 is observed in gene
products from bacterial and archaeal sources, whereas motif 2 is
generally observed in only eukaryotic gene products. There are
several exceptions, such as in the gene products from the green
algae species Volvox carteri and Ostreococcus tauri that both
contain motif 1 and in T. thermophilus HB8, where TtRraA
contains motif 2. The presence of the motifs within these species
gene products suggests that the proteins can bind divalent metal
ions and possess enzymatic activity.

B DISCUSSION

An RraA-like gene is found in species from all domains of life.
Although many of these organisms lack an identified RNase E or
RNase E regulatory domain, they have been annotated as having
an RraA function. Structural homology and sequence con-
servation among the P. putida F1 HMG/CHA aldolase and the
RraA-like protein structures determined to date have suggested
that many members of the RraA-like family may contain aldolase
and/or decarboxylase activity. Comparative analysis of the metal
binding residues in the P. putida F1 HMG/CHA aldolase and the
homologous RraA-like structures has revealed the potential for a
different metal binding motif (motif 2) within some members of
the family that differs from that observed in the HMG/CHA
aldolase. Sequence analysis indicates that, among the members of
the RraA-like family, motif 1 (the motif found in the HMG/CHA
aldolase) is generally found in members from bacterial and
archaeal species, whereas motif 2 is generally found in gene
products from eukaryotic species. The presence of HMG
aldolase and OAA decarboxylase activity in Yer010Cp and
TtRraA, both of which contain motif 2, substantiates the proposal
that motif 2 is able to support metal binding and enzymatic
activity within these proteins. Both Yer010Cp and TtRraA had
kinetic parameters for OAA decarboxylation similar to those of P.
putida F1 HMG/CHA aldolase, but they had reduced catalytic
efficiencies for their HMG aldolase activity, relative to that of the
P. putida F1 enzyme (43- and 565-fold decreases in kg,
respectively). This decrease in k., may be due to differences in
the metal binding motifs and/or small changes to conserved
residues within the active site pocket of the respective enzymes.

Proteins of the RraA-like family can also be separated into two
groups based on the size of the gene product. Members of the
long form group, including the P. putida F1 HMG/CHA aldolase
and Yer010Cp, contain ~230 residues, and members of the short
form group, including EcRraA and TtRraA, contain ~170
residues. The presence of the C-terminal extension does not
correlate with the presence of a particular binding motif, and
both short and long forms are observed in all domains of life. To
date, only EcRraA and an RraA from V. vulnificus (RraAV1), both
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Figure 3. Phylogenetic tree of the HMG/CHA aldolase and RraA-like homologues. Gene products from Gram-positive bacteria are colored purple,
those from Gram-negative bacteria pink, those from ungrouped bacteria blue, those from viridiplantae green, those from fungi orange, those from
stramenopiles cyan, and those from archaea red. Gene products containing a C-terminal extension comprising an acidic residue equivalent to the Glu199
metal binding residue of the HMG/CHA aldolase are preceded by a blue box. Those lacking the extension are preceded by a red box. The second gene
product from Phaeodactylum tricornutum (Gene ID 219124914) contains a C-terminal extension that is dissimilar from the other members and lacks an
equivalent acidic residue. The metal binding motifs among the gene products are indicated by background shading, with members having the G-X,,-R-
D-X,-(D/E) motif highlighted in yellow and members with the D-X,-R-D motif highlighted in green. A black asterisk indicates gene products that, as
observed with the EcRraA, have residue substitutions within the motif that would hinder metal binding and enzymatic activity. White asterisks denote

gene products characterized in this study.

members of the short form group, have been characterized as
containing RNase E inhibitory function.”'"'? The P. putida F1
HMG/CHA aldolase Glul99 residue, involved in positioning
metal-ligating water molecules in the aldolase structure, is found
on the C-terminal extension that is absent in the shorter RraA-
like family members. Among the RraA-like homologues that
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contain a C-terminal extension, an acidic residue equivalent to
the HMG/CHA aldolase Glul99 residue is found to be
conserved. When Glul99 was replaced with alanine, the P.
putida F1 enzyme was still capable of catalyzing both the aldolase
and decarboxylase reactions. However, the K, for Co** increased
for the E199A variant relative to that of the wild type for the OAA
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Figure 4. Sequence alignment of HMG/CHA aldolase and RraA-like homologues. Fully conserved residues are shown in white text with a red
background and similar residues are shown in red text. Secondary structural elements (coils for a-helices and arrows for f-strands) of the P. putida F1
HMG/CHA aldolase are shown above the alignment. The different residues representing metal binding motifs D-X,,-R-D (cyan) and G-X,¢-R-D-X,-
(D/E) (green) are highlighted. The Glu199 metal binding residue from the HMG/CHA aldolase and its homologues is highlighted in magenta. Sites of
residue divergence in EcRraA targeted for mutagenesis are highlighted in yellow. Aligned sequences are described by their species name and GI numbers.
Asterisks denote either residues located in the active site pocket of the aldolase (blue) or residues on EcRraA observed to interact with SrmB (red).

reaction, indicating that although it is not essential for metal
binding and catalysis, the presence of the Glul99 residue
enhances the enzyme’s metal binding ability. The presence of
aldolase and decarboxylase activity in TtRraA, which lacks this C-
terminal extension, signifies that a metal binding residue at this
position is not absolutely required. Furthermore, the lack of the
C-terminal extension in TtRraA indicates that this terminal
portion found on the P. putida F1 enzyme, Yer010Cp, and other
long form RraA-like homologues is not required for catalytic
activity and its presence as a distinguishing feature of the RraA
family is insignificant.

Similar to HMG/CHA aldolase, TtRraA and Yer010Cp
required a divalent metal ion for their activity, and their aldolase

550

reaction was competitively inhibited by oxalate, a pyruvate
enolate analogue, suggesting a common catalytic mechanism
among the enzymes. The metal ion specificity among the
proteins was, however, different. The difference in metal ion
specificity is likely attributed to differences in the metal binding
residues. However, the rationale for why the metal preference is
different between substrates, HMG or OAA, for an individual
enzyme is not clear. In the HMG/CHA aldolase aldol cleavage
reaction, it has been proposed that the bound divalent ion acts as
a Lewis base to promote a metal-bound water to act as the
general base deprotonating the substrate C4-hydroxyl initiating
the reaction.’ In this situation, it could be rationalized that each
coordinated metal would vary in its ability to promote water as a
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general base. This mechanism contrasts with that proposed for
the OAA decarboxylation reaction where no general base is
thought to be required. With OAA decarboxylation, the metal
would be required only to facilitate polarization of the pyruvyl
moiety.

Unlike TtRraA and Yer010Cp, EcRraA was devoid of either
HMG aldolase or OAA decarboxylase activity. An attempt to
rescue activity in EcRraA was made by incorporating motif 2
within the protein. The EcRraA variant was able to catalyze OAA
decarboxylation, supporting the role of this motif in enzyme
function. The variant, however, still lacked detectable HMG aldol
lyase activity. EcRraA contains several other residue substitutions
from what is conserved among the family members in the
pyruvate binding pocket (Figure 4). In particular, residue
changes along the periphery of the binding pocket, including a
conserved lysine (Lys120 in TtRraA), either a serine or threonine
(Ser118 in TtRraA), and either an arginine or histidine (Arg48 in
TtRraA), are found to be a glycine, alanine, and tyrosine in
EcRraA, respectively (Figure 4). Although the role of these
conserved residues in the function of aldolases has yet to be
elucidated, it is possible that some of these residue changes in the
EcRraA prevent the HMG aldol substrate from binding
appropriately.

The identification of EcRraA as an inhibitor of RNase E has
prompted the hypothesis that the RraA-like homologues may
contain this function in the other species. Although many species
with an RraA-like gene contain an RNase E homologue, most of
those homologues contain only the catalytic domain of RNase E
or a regulatory domain dissimilar to that of the E. coli
protein.**—>* Alternatively, in Pseudomonads and Sphingomo-
nads, the RraA-like gene is commonly found as part of an operon
for the meta cleavage of the aromatic substrate protocatechuate
or gallate.”” Outside of the Pseudomonads and Sphingomonads,
however, the RraA-like genes are commonly found in species that
do not contain genes known for the meta cleavage of
protocatechuate or gallate. Some species such as E. col,
Burkholderia xenovorans LB400, and M. tuberculosis H37Rv that
contain RraA-like genes also contain genes for the meta cleavage
of other aromatic and cyclic compounds such as hydoxyphengl
acetate, biphenyl, and cholesterol metabolites, respectively.*> >’
The meta cleavage pathway for these compounds also leads to a
4-hydroxy-2-oxo acid compound that could be utilized by the
RraA-like gene. However, the genes for the meta cleavage of these
compounds, and for the meta cleavage of protocatechuate and
gallate, are found in gene clusters comprising all of the genes,
including a class II aldolase, required for complete degradation of
the specific aromatic compound.”*** Further, HMG/CHA
aldolases have been observed to contain substrate specificity
toward substrates containing a C4 carboxylate moiety that has
been observed to be produced only throu%h the meta cleavage
pathways of protocatechuate and gallate.* > Therefore, it is
unlikely that the RraA-like gene is present in those species to act
as a member of those meta cleavage pathways already defined.
TtRraA from T. thermophilus HB8 and Yer010Cp from S.
cerevisiae S288C, two species that lack both a defined RNase E
and genes related to the protocatechuate or gallate meta cleavage
pathways, have HMG aldolase activity with kinetic parameters
similar to that of the characterized HMG/CHA aldolases.**
TtRraA was found to be thermostable (T, ~ 130 °C) and when
heat treated at 95 °C for 1 h maintained its specific activity for
both the HMG and OAA substrates (data not shown). The
thermostability of TtRraA suggests that the protein is adept to
environments inhabited by T. thermophilus HB8 and may
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maintain enzymatic activity within the organism. The enzymatic
activity conserved in TtRraA, Yer010Cp, and possibly in the
other RraA-like family members may suggest that these genes are
members of an undescribed metabolic pathway conserved across
the domains of life.

It is interesting to note that while a majority of HMG/CHA
aldolases characterized have been from bacterial species, the
original identification and characterization of the HMG/CHA
aldolase enzyme was conducted with extracts of germinating
peanut cotyledons.*® Although the complete genome of Arachis
hypogaea has yet to be elucidated, the presence of RraA-like genes
within viridiplantae appears to be widespread. In Arabidopsis
thaliana, three copies of an RraA-like gene that is >40% identical
to EcRraA are found within its genome (ATSGS56260,
ATSG16450, and AT3G02770). The A. thaliana RraA-like
gene products also contain considerable sequence conservation
of residues found within the active site pocket of the HMG/CHA
aldolase and thus may support an aldolase reaction with substrate
specificities similar to those of the P. putida F1 enzyme (Figure
4). All three copies, like the rest of gene copies in viridiplantae,
contain metal binding motif 2, which would support metal
binding and enzymatic activity within these proteins. Expression
studies in A. thaliana have revealed that transcripts of these RraA-
like genes are produced in many cell types and during different
stages of development.*' Although individual knockouts of these
RraA-like genes exist in A. thaliana, phenotypes resulting from
their knockouts have yet to be characterized.** It is unlikely that
the individual knockouts will produce a significant phenotype as
the high degree of homology of the three copies found in A.
thaliana will likely result in redundancy of function.

The molecular determinants of the EcRraA involved with the
interaction with the RNase E regulatory domain have yet to be
elucidated. However, EcRraA has also been observed to bind to
and inhibit ATP-dependent DEAD-box RNA helicases, and
recent cocrystal structures of EcRraA in complex with a fragment
of RhIB (PDB entry 2YJV) and the full length SrmB (PDB entry
2Y]JT) have been submitted to the PDB. The sites of interaction
with EcRraA overlap in the two cocrystal structures, and Asp50,
Glu53, and Asp128 of EcRraA were shown to be critical for
forming salt bridges with arginine residues on SrmB.'* V.
vulnificus encodes two RraA-like genes within its genome,
RraAV1 and RraAV2, with the RraAV1, but not the RraAV2,
exhibiting E. coli RNase E inhibitory ability.'* All three acidic
residues found in EcRraA that form the interaction with SrmB are
conserved in RraAV1 (Figure 4). RraAV2, on the other hand, has
serine and asparagine substitutions at the equivalent EcRraA
Glu53 and Asp128 positions, respectively. EcRraA is known to
interact with RNase E through locations on the regulatory
domain containing stretches of mainly basic residues.'" It is
possible that the interactions observed in the EcRraA—SrmB
complex may be conserved with interaction with RNase E, and
the residue substitutions observed in RraAV2 may hinder that
interaction. Among the RraA-like homologues, there is minimal
sequence conservation at the sites of the EcRraA interacting
residue locations. There is, however, conservation of hydrophilic
residues at these locations that may be a result of species-specific
interactions with their binding partners or a loss of function. In
both EcRraA cocrystal structures, the site of protein—protein
interaction between EcRraA and the helicase is found on the
surface of the protein close to, but not including, residues found
within the active site pocket of the RraA. As such, these
interactions would likely be distinct from the catalytic activity in
other RraA homologues that are enzymatically active. EcRraA has
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been observed to bind RNase E in the absence of divalent
metals."" Several structures of RraA-like proteins that lack a
bound divalent metal ion have been determined, and here it was
shown that TtRraA, Yer010Cp, and the EcRraA variant were
stable in the absence of a divalent metal and could be
reconstituted leading to a catalytically active enzyme. Thus, the
ability of the RraA family members comprising a metal ion
binding motif to bind divalent metals is likely not required for a
structural role or to facilitate protein—protein interactions in
these proteins but is unique to the potential class II aldolase
activity.

We have provided evidence that many of the RraA-like
proteins contain aldolase and/or decarboxylase activity either in
place of or in addition to the RNase E inhibitor functions
previously noted. We suggest that future annotations of members
of this family be termed aldolase;;/RraA to reflect the potential
activities of a class II aldolase and an inhibitor of RNA turnover.
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