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The protocatechuate and gallate 4,5-cleavage pathways are important bacterial catabolic
pathways for environmental carbon cycling and xenobiotic remediation. This thesis focuses on
the characterization of the 4-carboxy-2-hydroxymuconate (CHM) hydratase and the 4-hydroxy4-methyl-2-oxoglutarate (HMG)/4-carboxy-4-hydroxy-2-oxoadipate (CHA) aldolase which are
the last two steps of the protocatechuate and gallate 4,5-cleavage pathways.

HMG/CHA aldolases are class II pyruvate aldolases that have structural similarity to a
group of proteins termed Regulators of RNase E activity A (RraA). The Escherichia coli RraA
(EcRraA) binds to the regulatory domain of RNase E, inhibiting ribonuclease activity. Sequence
and kinetic analyses of homologous RraA-like proteins identified minimal motifs, either a DX20-R-D or a G-X20-R-D-X2-E/D motif, required for metal binding and aldolase activity amongst
homologs. The EcRraA, which lacked sequence conservation to either motif, lacked detectable
C-C lyase activity. Upon restoration of the G-X20-R-D-X2-E/D motif, the EcRraA was able to
catalyze oxaloacetate decarboxylation. RraA-like gene products are found across all the domains
of life with a large proportion containing one of the sequence motifs, implying that the proteins
likely support a metal dependent enzyme function.
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The HMG/CHA aldolase is activated in the presence of inorganic phosphate (Pi),
increasing its turnover rate >10-fold, which is unique for a class II aldolase. The HMG/CHA
aldolases pyruvate methyl proton exchange rate was increased 300-fold in the presence of 1 mM
Pi. Docking studies revealed a potential Pi binding site close to the proposed general acid water
site. The residues which comprise the putative binding pocket were probed through mutagenesis
studies with substitution of either of the residues leading to a reduction in Pi activation,
supporting the mechanism of Pi activation through the general acid half reaction.

The CHM hydratase (GalB) from the gallate degradation pathway of Pseudomonas
putida KT2440 has only 12% sequence identity to a previously identified CHM hydratase (LigJ)
from Sphingomonas sp. SYK-6. The structure of GalB was determined and found to be a
member of the PIG-L N-acetyl glucosamine deacetylase family, and is structurally distinct from
the amidohydrolase fold of LigJ. LigJ has the same stereo-specificity as GalB, providing an
example of convergent evolution in bacterial aromatic degradation pathways.
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Chapter 1: Introduction
1.1 Aromatic compounds in the environment
1.1.1 Lignin
Lignin is a complex biopolymer produced in plants that is comprised of aromatic residues
connected through various chemical linkages (Figure 1.1). Lignin is biosynthesized in plants
from p-coumaryl, coniferyl, and sinapyl alcohols which when polymerized form phydroxybenzoate, guaiacyl, and syringyl residues, respectively (1, 2). Different plant species
have varying composition of lignin aromatics, with grasses having higher amounts of phydroxybenzoate moieties, gymnosperms having predominantly guaiacyl moieties, and
angiosperms having larger proportions of guaiacyl and syringyl moieties (2). Although there are
a wide variety of linkages connecting the aromatic moieties, they are predominantly polymerized
at the β-carbon of the alcohol through either strong ether linkages (aryl ethers and biphenyl
ethers) or through linkages which form new complexes such as phenylcourmaran, resinol, and
spirodienone moieties (1–3).

Lignin is found in the extracellular matrix of plant cells and provides a water
impermeable layer and structural support to the plant as a whole. The impermeability is
particularly crucial for xylem cells which transport water and nutrients throughout the plant (1).
Trees, which require both significant structural support and long distance xylem vasculatures,
have increased amounts of lignin that can represent up to 35% of the plant dry weight (4). Lignin
is therefore one of the most abundant polymers in the environment, with levels close to that of
cellulose and chitin. Lignin, therefore, represents a large renewable carbon source. However, due
to the complex chemical composition of lignin, the biopolymers are not easily broken down by
either natural or physical/chemical treatments.
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Figure 1.1: Lignin.
(A) Structures of the biosynthetic precursors of lignin. (B) A model of a lignin polymer structure showing linkages and the
formation of new moieties (adapted from (2, 5)).
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1.1.2 Aromatic pollutants
Aromatic compounds are also regularly found as environmental pollutants. These include
phthalates, bis- and bi-phenyls, and polycyclic aromatic hydrocarbon (PAH) compounds which
have adverse effects on human health (Figure 1.2). Aromatic pollutants are found contaminating
all areas of the environment and tend to persist for long periods presenting a need for
remediation strategies.

Figure 1.2: Structures of Organopollutants.
Chemical structures of: (A) phthalate and DEHP, the most commonly utilized phthalate
in industry, (B) the linked aromatics biphenyl and bisphenol A, and (C) two common
low molecular weight PAH compounds.

Phthalates are a large group of compounds formed through esterification of phthalic acid
(benzene-1,2-dicarboxylic acid). These compounds are utilized in a wide range of applications
but are mostly used as plasticizers, providing flexibility to plastics like polyvinyl chloride (PVC).
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Phthalates are high production volume chemicals and ~14 million kilograms of the most
common phthalate, di(2-ethylhexyl) phthalate (DEHP), was either manufactured or imported into
the United States in 2011 (6). Human exposure to phthalates is widespread with the most
prominent source coming from fatty foods such as dairy products, meats, and seafood (7, 8).
Phthalates, and their partially biotransformed metabolites, are known for a wide range of health
effects. The most prominent of these observed effects are their ability to act as endocrine
modulators resulting in developmental effects. Studies with rats suggest increased exposure in
females leads to an increased likelihood of delayed puberty onset and prolonged estrous cycles
(9–11), and in males leads to an increased probability of decreased genital development (12–15).

Bisphenol A (BPA) is another high production volume chemical, with ~1 million metric
tons predicted to be produced in the United States of America in 2004 alone, that is
predominantly utilized in the plastics industry (16). BPA has long been noted for its adverse
affects on human health acting as an endocrine modulator leading to effects on reproductive and
neurological development, and increased likelihood of obesity (reviewed in (17)).

PAH compounds are a large class of molecules that comprise multiple aromatic rings,
many of which contain fused rings with two rings sharing a carbon-carbon bond. The compounds
result from the incomplete combustion of petroleum products, forest fires, and erupting
volcanoes, with the predominant source coming from human activities (18). These compounds
are found ubiquitously contaminating the environment with routes of exposure from the air,
water and sediments, and land (reviewed in (19)). These compounds persist for long periods in
the environment and like other aromatic pollutants they can bioaccumulate and biomagnify in the
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food chain. Many PAH compounds are known carcinogens and are associated with other health
effects (reviewed in (20)).

1.2 Bacterial aromatic metabolism
Bacteria contain a wide array of metabolic processes which aid in the transformation and
mineralization of chemicals, from both xenobiotic and natural sources, and are important for
biogeochemical cycling (21). Bacteria commonly utilize catabolic pathways which converge at
key intermediates that are then further metabolized through common enzymes. Bacterial aerobic
catabolism of phthalic acid, BPA, PAH compounds such as fluorene and phenanthrene, and
diverse guaiacyl and biphenyl lignin metabolites lead to common metabolite 3,4dihydroxybenzoate (protocatechuate) (22–25) (Figure 1.3). The fate of protocatechuate is then
determined by ring cleaving dioxygenase enzymes. Cleavage at either the extradiol (either 2,3 or
4,5) or intradiol (3,4) positions lead to different products that are further processed through
different pathways for their complete catabolism (Figure 1.4). Lignin syringyl moieties are
generally metabolized to gallic acid which is cleaved by a 4,5-dioxygenase that has similarities
to the protocatechuate 4,5-dioxygenase (Figure 1.4). Both the protocatechuate 4,5-cleavage and
gallate 4,5-cleavage pathways produce 4-oxalomesaconate (OMA) and both pathways share
similar downstream enzymes.
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Figure 1.3: Bacterial catabolism of some aromatic compounds to protocatechuate.
Degradation pathways for phenanthrene (26), fluorene (23, 27–29), bisphenol A (30),
guaiacyl lignin metabolites (reviewed in (31)), and lignin biphenyl metabolites (32, 33)
are shown. All steps in the pathways are not shown as not all steps have been elucidated
and many have yet to be confirmed experimentally. The step/s required for bisphenol A
catabolism shown by the white arrow are not fully elucidated (30). Note that phthalate
can be converted to protocatechuate through two routes, seen in the phenanthrene and
fluorene pathways.
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Figure 1.4: Dioxygenase cleavage of protocatechuate and gallate.
Ring cleavage of protocatechuate (PCA) at different positions leads to unique products
that are further transformed through different pathways to lead to TCA cycle
metabolites. Cleavage at the 2,3 position leads to 5-carboxy-2-hydroxymuconate
semialdehyde (5CHMS) which is further degraded to succinate and acetyl-CoA (34,
35). Cleavage at the 3,4 position leads to 3-carboxy-cis,cis-muconate (3CM) which is
further metabolized through the β-ketoadipate pathway to pyruvate and acetyl-CoA (36,
37). Cleavage at the 4,5 position leads to 4-carboxy-2-hydroxymuconate semialdehyde
(4CHMS) which is further degraded to pyruvate and oxaloacetate (38). Syringyl lignin
metabolites are converted to gallate (GA) and ring cleavage is catalyzed through a 4,5dioxygenase leading to 4-oxalomesaconate (OMA) which is further degraded to
pyruvate and oxaloacetate (39).
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1.2.1 Protocatechuate 4,5-cleavage pathway
The protocatechuate 4,5-cleavage pathway elucidated in Sphingomonas paucimobilis
SYK-6 (also referred to as Sphingobium sp. SYK-6) is well studied and has served as the
prototype for homologous gene clusters (Figure 1.5). In S. paucimobilis SYK-6, cleavage of
protocatechuate is completed by a dioxygenase (LigAB) which adds molecular oxygen across the
4,5-position yielding 4-carboxy-2-hydroxymuconate-6-semialdehyde (CHMS) (40–42). The
open chain of CHMS is in equilibrium with its hemiacetal form which serves as the substrate for
the NADP+ dependent CHMS dehydrogenase (LigC) producing the lactone 2-pyrone-4,6dicarboxylate (PDC) (43–46). The PDC lactonase (LigI) hydrolyses and opens the lactone ring
producing either 4-oxalomesaconate (OMA) or its tautomer 4-carboxy-2-hydroxymuconate
(CHM); compounds which exists in equilibrium at physiological pH (47). Recently, an OMA
tautomerase (GalD) in P. putida KT2440 was identified and characterized that transforms OMA
into CHM. The fact that GalD homologs are found in protocatechuate 4,5-cleavage gene clusters,
including that of the prototypical pathway of S. paucimobilis SYK-6, suggest that the product of
LigI is OMA rather than CHM (39). The OMA tautomerase would also facilitate the correct
isomeric transformation of OMA into CHM as both the (2E, 4E)- and (2Z, 4E)- CHM isomers
would likely result from non-enzymatic tautomerization. CHM is subsequently hydrated to 4carboxy-4-hydroxy-2-oxoadipate (CHA) via a hydratase (LigJ) and CHA broken down into the
TCA cycle metabolites pyruvate and oxaloacetate by the aldolase (LigK). The aldolase is
commonly referred to as the 4-hydroxy-4-methyl-2-oxoglutarate (HMG)/CHA aldolase as the
first characterizations of the enzyme identified it as using HMG as a substrate, although to date
no enzymatic pathway for HMG production has been determined (48–50).
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Figure 1.5: The meta-cleavage pathways of protocatechuate, gallate, catechol, and 4hydroxyphenyl acetate.
(A) Protocatechuate (PCA) is transformed through the protocatechuate 4,5-cleavage
pathway to pyruvate (PYR) and oxaloacetate (OAA) by: LigAB, a 4,5-dioxygenase; 4carboxy-2-hydroxymuconate semialdehyde (CHMS) is converted to the hemiacetyl
form non-enzymatically; LigC, a CHMS dehydrogenase; LigI, a 2-pyrone-4,6dicarboxylate (PDC) lactonase which produces either 4-oxalomesaconate (OMA) or 4carboxy-2-hydroxymuconate (CHM); LigJ, a CHM hydratase; LigK, a 4-hydroxymethyl-2-oxoglutarate (HMG)/4-carboxy-4-hydroxy-2-oxoadipate (CHA) aldolase. (B)
Gallate (GA) is transformation to PYR and OAA by: GalA, a gallate dioxygenase;
GalD, a OMA tautomerase; GalB, a CHM hydratase; and GalC, a HMG/CHA aldolase.
(C) (C) Catechol (CAT) is transformed through the 2,3-cleavage pathway to PYR and
acetyl-CoA through a hydrolytic branch by: XylE, a CAT 2,3-dioxygenase; XylG, a 2hydroxymuconic semialdehyde (HMS) dehydrogenase; XylH, a 2-hydroxymuconate
(HM) tautomerase; XylI, a 2-oxohex-3-ene-1,6-dioate (OHD) decarboxylase; XylJ, a 2hydroxypentadienoate (HPD) hydratase; XylK, a 4-hydroxy-2-oxopentanoate (HOPA)
aldolase; XylQ, an acetylating acetaldehyde (ACE) dehydrogenase. The HMS can also
be directly decarboxylated to HPD through XylF, a HMS decarboxylase. (D) 4Hydroxyphenyl acetate (not shown) is first converted to homoprotocatechuate (HPC)
and is transformation to PYR and succinic semialdehyde (SSA) by: HpaD, a HPC 2,3dioxygenase;

HpaE,

a

5-carboxymethyl-2-hydroxy-mucononic

semialdehyde

(CMHMS) dehydrogenase; HpaF, a 5-carboxymethyl-2-hydroxymuconate (CMHM)
tautomerase; HpaG, a 5-oxo-pent-3-ene-1,2,5-tricarboxylate (OPET) decarboxylase;
HpaH, a 2-hydroxyhept-2,4-diene-1,7-dioate (HHDD) hydratase; HpaI, a 4-hydroxy-2oxoheptandioate (HOHD) aldolase.
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1.2.2 Gallate degradation pathway
A gene cluster responsible for utilization of gallate as a sole carbon source in
Pseudomonas putida KT2440 has recently been characterized (39). This gene cluster
(galDCBRPAT) encodes gene products responsible for catalyzing gallate catabolism, gallate
uptake, and transcriptional activators within P. putida KT2440 (Figure 1.5). In the metabolic
pathway, the aromatic ring of gallate is opened by a 4,5-like dioxygenase (GalA) which directly
produces OMA. As in the prototypical protocatechuate 4,5-cleavage pathway, OMA is then
transformed into CHM, CHA, and ultimately pyruvate and oxaloacetate by the OMA
tautomerase (GalD), CHM hydratase (GalB), and an HMG/CHA aldolase (GalC), respectively.
Also within this gene cluster is a non-essential outer membrane porin (GalP), a gallate and
protocatechuate specific inner membrane transporter (GalT) and a LysR transcriptional
regulatory gene (GalR).

1.2.3 Comparison with other aromatic meta-cleavage pathways
Both the protocatechuate 4,5-cleavage and gallate 4,5-cleavage pathways share similarity
to the lower portions of the aromatic meta-cleavage pathways for compounds such as
hydroxyphenyl acetate (utilizing the Hpa [also referred to as Hpc] genes) and catechol (utilizing
the Xyl genes) (51–53). In all of these pathways, transformation of the aromatic compound leads
to dienol that is hydrated to an aldol product to enable C-C cleavage by a subsequent aldolase
which produces central cellular metabolites (Figure 1.5B). Although catalyzing similar chemical
steps, the hydratase and aldolase enzymes amongst these pathways share no sequence homology
and are evolutionarily unrelated.
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1.3 Hydratases from bacterial aromatic cleavage pathways
Through the Hpa pathway, the dienol 2-hydroxy-2,4-heptadiene-1,7-dioate (HHDD) is
proposed to be the substrate for a hydratase (HpaH) leading to the formation of 4-hydroxy-2oxoheptane-1,7-dioate (HOHD). Similarly, through the Xyl pathway, the substrate 2hydroxypentadienoate (HPDA) is utilized by the hydratase (XylJ) that transforms it to 4hydroxy-2-oxopentanoate (HOPA). The XylJ and HpaH (also referred to as HpcG) hydratases
share ~47% sequence identity and are divalent metal ion dependent enzymes having preference
for Mn2+ or Mg2+ (54–56). These enzymes both comprise a fumarylacetoacetate hydrolase (FAH)
fold and are thought to have similar moieties defining their catalytic mechanism (54).

Both the protocatechuate 4,5-cleavage and gallate 4,5-cleavage pathways lead to the
dienol CHM that is converted to CHA by the CHM hydratase. CHM is similar to HHDD and
HPD with all comprising a conjugated diene with the enol at C2 and a terminal carboxylate.
However, CHM is distinct having a carboxylate substitution at C4 whereas HHDD and HPD lack
substituent groups. Neither the LigJ nor GalB share sequence homology to the HHDD and HPD
hydratases, indicating that key differences exist between the aromatic cleavage pathways.

1.3.1 The CHM hydratases (LigJ and GalB)
Both LigJ and GalB are divalent metal ion dependent enzymes that have a preference for
Zn2+ (39, 57). However, the LigJ and GalB CHM hydratases only share ~12% identity and are
unlikely to be evolutionarily related. A structure of LigJ from Rhodopseudomonas palustris
(PDB: 2GWG) has been determined to 1.8 Å resolution and it is a member of the
amidohydrolase II family (PF04909) comprising a (α/β)8 TIM barrel which is structurally distinct
from other characterized divalent metal dependent hydratases (51, 52, 54). The initial
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characterization of the gallate pathway identified the (2E, 4E)-CHM as the substrate for GalB,
whereas the (2Z, 4E)-CHM is the proposed substrate for LigJ (39, 47). The proposed differences
in substrate specificity between the two enzymes would give a biological rationale for the two
possibly distinct CHM hydratases. However, no structural or mechanistic investigations have
been reported in the literature to elucidate the mechanism of GalB and its relationship to LigJ
CHM hydratases.

1.4 Aldolases
1.4.1 Classes
Aldolases are carbon-carbon cleaving enzymes that are categorized into two independent
classes, dependent upon their reaction mechanism. Class I aldolases such as the bacterial 2-keto3-deoxy-6-phosphogluconate (KDPG) aldolase and the mammalian fructose-1,6-(bis)phosphate
(FBP) aldolase catalyze the cleavage of their substrates using a Schiff base mechanism via a
conserved lysine residue (58, 59). In the aldol cleavage direction, the conserved lysine residue
acts as a nucleophile attacking a carbonyl carbon and upon dehydration forms the stable imine
Schiff base intermediate. Subsequent deprotonation of a β-hydroxyl group results in carboncarbon bond cleavage and ketamine formation. Ketamine-imine tautomerization followed by
protonation of the newly formed carbanion and hydration of the imine leads to the aldol products
and regeneration of the lysine amine.

Class II aldolases do not utilize a Schiff mechanism described above, but rather catalyze
divalent metal ion dependent reactions that proceed through an enolate intermediate (60–66).
Similar to the class I aldolases, the deprotonation of a β-hydroxyl group in class II aldolases
initiates carbon-carbon bond cleavage. Activation of the carbonyl group by a Schiff base is not
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required in this class of enzymes as the product of bond cleavage is a negatively charged enolate
compound whose stabilization is supported by the divalent cation. The class II aldolases are
further subdivided into two groups based on their enol product which the retro-aldol reaction
produces. Dihydroxyacetone phosphate (DHAP) specific class II aldolases (such as fructose 1,6bisphosphate aldolase, tagatose 1,6-bisphosphate aldolase, rhamnulose-1-phosphate aldolase, and
fuculose-1-phosphate aldolase) add variable carbonyl containing compounds across a DHAP
enediolate intermediate in the aldol addition direction (60–63). Pyruvate specific class II
aldolases (such as 2-dehydro-3-deoxygalactarate (DDG) aldolase, HOHD aldolase, HOPA
aldolase, and the HMG/CHA aldolase) add variable carbonyl containing compounds across a
pyruvate enolate intermediate in the direction of aldol addition (64–66).

1.4.2 Pyruvate specific class II aldolases
The DDG, HOHD, and HOPA aldolases share ~35% sequence identity and are organized
as TIM-barrel folds and are all members of the TIM superfamily of enzymes (64, 65, 67, 68).
However, the DDG and HOHD aldolases are part of the isocitrate lyase and
phosphoenolpyruvate mutase (ICL:PEPM) sub-family of enzymes containing a (α/β)8 TIM barrel
structure whereas the HOPA aldolases are part of the DRE sub-family of enzymes (named after a
conserved putative catalytic triad of Asp-Arg-Glu) which is composed of two half-barrels, (α/β)14

and (α/β)5-8, separated by helical insertions (67, 68). Although they contain slight differences in

global structure, the DDG, HOHD, and HOPA aldolases utilize similar molecular determinates
in their respective chemical mechanisms (55, 65, 69). The first crystal structure of a HMG/CHA
aldolase was determined just prior to the beginning of the research reported in this thesis and the

15
enzyme contains a αββα sandwich fold that is distinct from the previously characterized class II
pyruvate aldolases and is unique for an aldolase (66).

1.5 The HMG/CHA aldolase
1.5.1 Enzyme structure
The protomer of the αββα sandwich fold is globular with a C-terminal helical region that
extends away from the main unit and aids in oligomerization (Figure 1.6A). Each protomer is
related by a 3-fold axis and forms a stable trimer with a “ring”-like appearance. Two trimer rings
pack against each other on their same face resulting in a biological unit of a hexamer (dimer of
trimers) which is consistent with size-exclusion chromatography experiments (Figure 1.6B). The
aldolase was co-crystallized in the presence of Mg2+ and pyruvate with both being found at the
bottom of a cleft formed at the interface of two protomers (66). The Mg2+ is coordinated in an
octahedral geometry with only one residue, Asp-124, directly coordinating with the metal ion
(Figure 1.7). The residues Glu-199, Asp-102, and Asp-124 position water molecules to
coordinate with the metal ion. Pyruvate is bound to the Mg2+ with the compound’s α-keto and
one of the carboxylate oxygens supplying the final coordinating groups. In addition to
coordinating the metal, the pyruvate α-keto group is also positioned by Arg-123 while the
pyruvate carboxylate is stabilized by interaction with N-terminal end of a helical dipole.
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Figure 1.6: Overall structure of the HMG/CHA aldolase from Pseudomonas putida F1.
(A) The HMG/CHA aldolase protomer is coloured from N to C terminus with blue to
red. The bound Mg2+ and pyruvate are shown as a green sphere and yellow sticks,
respectively. (B & C) The hexameric oligomer state with the protomer as in A. The
structural representations were generated in Pymol (version 1.7) using atomic
coordinates of the HMG/CHA aldolase (PDB ID: 3NOJ).
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Figure 1.7: Active site cleft of the HMG/CHA aldolase from Pseudomonas putida F1.
Key residues in the active site are shown in sticks with the bound pyruvate in yellow,
water molecules as red spheres, and the bound magnesium ion in green. The surface of
the cleft shown with coloured electrostatic potential. The structural representations were
generated in Pymol (version 1.7) using atomic coordinates of the HMG/CHA aldolase
(PDB ID: 3NOJ).
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1.5.2 Convergent pyruvate binding mode amongst class II pyruvate aldolases
Although different in sequence and structure, all of the pyruvate class II aldolases exhibit
a similar pyruvate binding mode, suggesting convergent evolution towards a common reaction
mechanism (64, 66–68). The residues which coordinate the divalent metal are not conserved but
all of the enzymes bind pyruvate with the compound’s carboxylate and α-keto oxygens
completing the ligated divalent metal ions octahedral coordination geometry (Figure 1.8). The
terminal carboxylate of pyruvate is further stabilized and positioned in the DDG aldolase, HOHD
aldolase, and HMG/CHA aldolase by interaction with main chain amino groups from the end of
a helical dipole entering the active site. In the HOPA aldolase, and DRE superfamily members,
the terminal carboxylate of pyruvate is positioned through bidentate interactions with a
conserved hydroxyl group from a serine or threonine residue (67). The α-keto group of pyruvate
is found in all the members of class II pyruvate specific aldolases to be further stabilized and
positioned by interaction with a spatially similar arginine residue. The arginine residues were
found to be important in these aldolases where their replacement with alanine in each of the
aldolases resulted in enzymes devoid of detectable aldolase activity (66, 69, 70). Retention of a
positively charged character at this site in BphI and the HMG/CHA aldolase with lysine variants
at these positions results in retained, but severely compromised, catalytic activity implying the
guanidinium of the arginine in these sites has evolved specific roles in catalysis of the enzymes
(66, 69). Further evidence through protein crystallography, oxalate inhibition, and pyruvate
methyl proton exchange experiments has implicated the conserved arginine in stabilizing the
pyruvate enolate transition state common amongst the aldolases (66, 69, 71). Outside of the
pyruvate binding site, the HMG/CHA aldolase lacks any conserved moieties which facilitate the
catalytic mechanism in the other class II aldolases.
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Figure 1.8: Comparison of the metal and pyruvate binding site amongst the known class
II pyruvate specific aldolase families.
A, HMG/CHA aldolase (Protein Data Bank code 3NOJ). B, HpaI (Protein Data Bank
code 2V5K). C, DmpG (Protein Data Bank code 1NVM). All three structures are
presented from the same perspective, taking the metal ion and pyruvate analog as
reference. The residues are labeled. For HpaI, the condensing aldehyde will approach
from the distal side of the pyruvate, for DmpG and HMG/CHA aldolase from the
proximal side. Note that Arg-123–Glu-36´ pair has a direct analog in both HpaI (Arg-70
to Asp-42) and DmpG (Arg-17 to Glu-48), although the nitrogen atom used to hydrogen
bond to the keto oxygen is different in each case. HpaI, like HMG/CHA aldolase, uses a
magnesium ion coordinated by acidic groups. The similarities with HpaI extend to the
αH region, which acts similarly to αD in HMG/CHA aldolase, providing a pair of
hydrogen bonds to the oxamate carboxylate group, as well as a metal ligand (here Asp175). The peptide bond of Gly-172 to Pro-173 acts similarly to the Phe-100 to Gly-101
peptide bond in HMG/CHA aldolase, packing against the side of pyruvate, albeit against
the opposite face. The correspondence with DmpG, which uses a manganese ion, is less
apparent. The oxalate carboxylate is coordinated by Ser-171 OH instead of using
backbone atoms, and Phe-139 packs against the oxalate rather than the backbone
immediately N-terminal to the α-helix. This figure was originally published in the
Journal of Biological Chemistry. Wang, W., et. al. J. Biol. Chem. 2010; 285: 3660836615. © the American Society for Biochemistry and Molecular Biology.
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1.5.3 Proposed catalytic mechanism
The chemical mechanism of the HMG/CHA aldolase is the same as that proposed for the
other class II pyruvate aldolases (66, 68, 72). A general base initiates the reaction by
deprotonating the C4-hydroxyl leading to bond scission at the C3-C4 bond, the production of a
keto product (pyruvate from HMG, and oxaloacetate from CHA), and the production of a
pyruvate enolate intermediate. Electron delocalization and donation of a proton from a general
acid leads to the final pyruvate product.

The pKa of the enzyme-substrate complex is 7.0 ± 0.1 for the HMG catalyzed reaction
(66). Modeling of the enzymes substrates in the active site consistent with bound pyruvate
observed in the crystal structure did not reveal any residues within proximity of the modeled
substrates which could fulfil the general base role leading to the observed pKa. A binding mode
of CHA has been proposed wherein a metal bound water molecule, positioned by the side chain
of Glu-199, could act as the general base with the abstracted proton subsequently lost to bulk
solvent. The active site arginine, Arg-123, is proposed to stabilize the pyruvate enolate transition
state, consistent with mechanistic proposals of the other class II pyruvate aldolases (66, 69, 70).
A water molecule in the crystal structure of the HMG/CHA aldolase, positioned by interaction
with the hydroxyl side chain of Thr145 and the backbone carbonyl of Gly-98, is observed
coordinating (within 2.8 Å) with the C3-methyl group of the bound pyruvate and is proposed to
act as the general acid protonating the C3 carbon. However, previous to this thesis no
biochemical investigations have been completed to support this proposal.
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1.5.4 Phosphate activation
Phosphate is a ubiquitous molecule in biology. Its presence is required for diverse
functions, from cell structures to energy currencies, to effectors molecules of cell signalling.
Interestingly, the HMG/CHA aldolase from Pseudomonas straminea has been observed to be
activated in the presence of Pi (73, 74). In the HMG/CHA aldolase, Pi is best described as an
uncompetitive activator where increasing Pi concentrations caused simultaneous increases in
both KM (~5 fold) and kcat (~70 fold) for the (-)-CHA cleavage reaction (74). No gross structural
changes are observed in the enzyme in the presence of Pi and the effects of Pi are not attributable
to metal complex formation. An alkaline shift in the optimum pH is observed for the P.
straminea enzyme when incubated with increasing concentrations of phosphate suggesting that
phosphate could be used catalytically in the enzyme.

Phosphate activation is not a common occurrence observed, or reported, amongst
enzymes. However, enzymes such as the glycerol dehydrogenase from Candida valida (75), the
aldehyde reductase from Ox brain (76), and the heterodisulfide oxidoreductase from
Methanobacterium thermoautotrophicum (77) are known to be activated in the presence of
phosphate. However, the activation by Pi in these enzymes is minimal, < 5-fold, and may be
attributable to changes in ionic strength. There are no clear physiological reasons for the
observed activation of HMG/CHA aldolases by phosphate. Neither of the enzymes from the
protocatechuate 4,5-cleavage or gallate 4,5-cleavage pathways are reported to be activated in the
presence of phosphate. Further, the turnover rate of the aldolase in the absence of phosphate is
substantial and is on par with, or faster than, the preceding enzymes of the cleavage pathways.
For example, in the gallate pathway the turnover rate of GalA ≈ 42 s-1, GalD = unknown, GalB ≈
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19 s-1, GalC [HMG/CHA aldolase] ≈ 70 s-1 (39, 66, 78). Neither of the other class II pyruvate
specific aldolases has been reported to be activated in the presence of Pi and the activation of the
HMG/CHA aldolase maybe unique amongst these enzymes.

The αββα sandwich fold of the HMG/CHA aldolases is structurally similar to His-domain
of enzyme I in phosphoenolpyruvate:sugar phosphotransferase (EI:PEP:PTS) and the Hisdomain of pyruvate phosphate dikinase (PPDK) (RMSD 2.8Å) (Figure 1.9). The PTS utilizes
PEP to phosphorylate sugar molecules mediating sugar uptake and metabolism in bacteria (79).
Similar to the PTS, PPDK utilizes PEP to synthesize ATP through phosphorylation of AMP and
pyrophosphate (80). Both of these enzymes function through a phospho-histidine intermediate,
found in the conserved αββα sandwich fold His-domain, with the phosphate from PEP substrate
ultimately transferred to sugar or nucleotide compounds (81, 82). The phospho-histidine in these
proteins is equivalent in position to the pyruvate enolate stabilizing Arg-123 of HMG/CHA
aldolase (82, 83). Further, the utilization of the same substrate/product molecule, pyruvate, in the
aldolase and the transferases may suggest either a common mode for phosphate binding, or a
consequence of similar folds and substrates, or a vestige resulting from evolutionary divergence.
However, no investigations into the phosphate activation of HMG/CHA aldolase and its
relationship to the phosphotransferase proteins have been completed.
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Figure 1.9: Structural comparison of the HMG/CHA aldolase with EI:PEP:PTS,
pyruvate phosphate dikinase (PPDK), and pyruvate kinase (PK).
Comparison of the HMG/CHA aldolase with the PT proteins. (A) Overall structural
comparison with the proteins oriented via structural alignment of the conserved domain
which is coloured white with arrows pointing out the aldolase Arg-123 and transferase
PH residue. The HMG/CHA aldolases Mg2+ and pyruvate are shown as a green sphere
and yellow sticks, respectively. EI:PTS from E. coli (PDB: 2HWG) is shown with its
PEP binding domain coloured red its and helical bundle, which supports HPr binding,
coloured green. The EI:PTS Mg2+ and oxalate are shown as a green sphere and yellow
sticks, respectively. Pyruvate kinase (PK) from Geobacillus strearothermophilus (PDB:
2E28) is shown with its kinase domain coloured magenta its and effector domain
coloured dark green. The PPDK from Maize (PDB: 1VBH) is shown with its nucleotide
binding domain, linker region, and PEP binding domain coloured in cyan, pink, and
brown, respectively. The PPDK Mg2+ is shown as a green sphere and its bound PEP as
yellow sticks.
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1.5.5 Relationship with the Regulators of RNase E activity A (RraA)
As mentioned before, the αββα sandwich fold is unique for an aldolase. The fold is
structurally related (RMSD between 1.5 to 2.8 Å) to the family of proteins known as the
Regulator of ribonuclease activity A (RraA). The RraA from E. coli (EcRraA) has been observed
to bind to and inhibit RNase E function in vitro (84). RNase E is the primary member of the
multi-protein complex known as the degradosome which is involved with the processing of
precursor rRNA and controls the stability of certain mRNA transcripts in vivo (85). The RNase E
from E. coli has two defined domains with the N-terminal domain being the catalytic
ribonuclease domain and the C-terminal domain, predicted to be predominantly unstructured,
serving as the scaffold for which the other components of the degradosome associate (86, 87).
The RNase E C-terminal domain from E. coli contains two RNA binding sites as well as sites for
interactions with many enzymes including enolase, polynucleotide phosphorylase and the ATPdependent DEAD-box RNA helicase B (RHB) (88). The EcRraA has been shown to bind to the
RNase E scaffold at three locations: the RHB binding site, and the two RNA binding sites (89).
Thus, although not binding directly to the catalytic N-terminal domain, binding of EcRraA to the
RNase E C-terminal scaffold has shown to inhibit RNase E and the degradosome function.

Structures of the EcRraA (PDB: 1Q5X) and proposed RraA proteins from several species
such as Mycobacterium tuberculosis (PDB: 1NXJ), Pseudomonas aeruginosa PAO1 (PDB:
3C8O), Saccharomyces cerevisiae (PDB: 2C5Q), and Thermus thermophilus (PDB: 1J3L) have
been determined and contain the same overall fold (four layered αββα sandwich) observed in the
HMG/CHA aldolase (66, 90–93). Interestingly, neither T. thermophilus nor S. cerevisiae contain
an RNase E homolog and neither M. tuberculosis nor P. aeruginosa PAO1 contain an RNase E
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homolog with a degradosome scaffold (91). Thus, the function of these RraA homologs in their
respective host is unknown. The most substantial difference between the EcRraA and the
HMG/CHA aldolase is the lack of the C-terminal helix which wraps around the upper part of the
adjacent monomers active site pocket observed in the HMG/CHA aldolase. The shorter chain
length has been the primary reasoning behind annotation of putative genes who share sequence
similarity with both RraA proteins and HMG/CHA aldolases as RraA family members. Many of
the HMG/CHA aldolase active site residues are conserved in the putatively annotated RraA
proteins, suggesting that the members of the RraA family may contain aldolase activity.

1.6 Thesis objectives & justification of research
This thesis focuses on the characterization of both the CHM hydratases and HMG/CHA
aldolases from the protocatechuate 4,5-cleavage and gallate 4,5-cleavage pathways. These
enzymes are important members of their associated pathways linking the bacterial catabolism of
lignin and aromatic pollutant compounds to central cellular metabolites. Little is known of the
structure and function of these enzymes which play an important part in the carbon cycling in the
environment. Advancements in our understanding of these enzymes may aid in the development
of bacterial remediation strategies, industrial lignin biotransformation technologies, or the
generation of enzymatic routes for organic synthesis of unique and important chemicals.

The first structure of an HMG/CHA aldolase was determined just prior to the beginning
of this thesis and has enabled investigations into the aldolase’s catalytic mechanism, moieties
involved in facilitating phosphate activation, and relationship with RraA proteins. Chapter 2
explores the relationship between the HMG/CHA aldolase and the RraA proteins. There are
several proteins which are putatively annotated as being an RraA whose similarilities to the
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HMG/CHA aldolase brings their annotation in doubt. This work sought to investigate the
potential aldolase activity in the EcRraA and the proteins putatively annotated as RraA from T.
Thermophilus and S. cerevisiae. In addition, the definition a minimal amino acid sequence motif
required for aldolase activity amongst these structurally similar proteins was inspected to aid in
validation of the proposed catalytic mechanism of the aldolase. Work presented in Chapter 3
examines the mode of phosphate activation in the HMG/CHA aldolase from P. putida F1.
Potential molecular determinants defining the phosphate activation in the aldolase were probed
and a comparison of the aldolase structures with the phospho-transferase proteins is presented.
Chapter 4 details the structure determination and enzyme characterization of the GalB CHM
hydratase. A comparison of the GalB and LigJ CHM hydratases was completed to determine the
physiological enantiomer/s of CHA produced through both the protocatechuate 4,5-cleavage and
gallate 4,5-cleavge pathways to address the biological rationale for the structurally distinct CHM
hydratases from the similar pathways. Lastly, a biological route to HMG production utilizing the
CHM hydratases is proposed. Chapter 5 summarizes the key findings, highlights questions that
remain with the systems investigated, and proposes future experiments to address these
questions.
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Chapter 2: Biochemical and structural analysis of RraA proteins to decipher their
relationships with 4-hydroxy-4-methyl-2-oxoglutarate/4-carboxy-4-hydroxy-2oxoadipate aldolases.

This chapter has been published in the journal Biochemistry under the same title (Mazurkewich
et al., 2014). Authors who contributed to this work included Weijun Wang and Stephen Y.K.
Seah.
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The primary author, Scott Mazurkewich, designed and conducted experiments, analyzed
the data, wrote the manuscript, and generated all of the figures. Weijun Wang created the initial
constructs of the genes which were studied and edited the manuscript. Stephen Y.K. Seah
initiated the project, helped design experiments, and edited the manuscript.
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2.1 Abstract
4-hydroxy-4-methyl-2oxoglutarate (HMG)/4-carboxy-4-hydroxy-2-oxoadipate (CHA)
aldolases are class II (divalent metal ion dependent) pyruvate aldolases from the 4,5-cleavage
pathways of protocatechuate and gallate. The enzyme from Pseudomonas putida F1 has
structural similarity 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’s activity in certain
bacteria. Analysis of homologous RraA-like proteins from varying species revealed that they
share sequence conservation within the active site of HMG/CHA aldolase. In particular, the P.
putida F1 HMG/CHA aldolase has a D-X20-R-D motif whereas a G-X20-R-D-X2-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. The TtRraA
and Yer010Cp were found to contain HMG aldolase and oxaloacetate decarboxylase activities.
Similar to the P. putida F1 HMG/CHA aldolase, both the TtRraA and Yer010Cp enzymes
required divalent metal ions for activity and were competitively inhibited by oxalate, a pyruvate
enolate analog, suggesting a common mechanism amongst the enzymes. The RraA from
Escherichia coli (EcRraA) lacked detectable C-C lyase activity. Upon restoration of the G-X20R-D-X2-E/D motif, by site-directed 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 which can likely support a
divalent metal ion dependent enzyme reaction either in addition to or in place of the putative
RraA function.
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2.2 Introduction
The

4-hydroxy-4-methyl-2-oxoglutarate

(HMG)/4-carboxy-4-hydroxy-2-oxoadipate

(CHA) aldolase is the final enzyme found in the both the protocatechuate and gallate metacleavage pathways of aromatic degrading bacteria such as Pseudomonas putida and
Sphingomonas paucimobilis (38, 39, 94). The enzyme is a class II, divalent metal ion dependent,
pyruvate aldolase which catalyzes the aldol cleavage of HMG and CHA into two molecules of
pyruvate in the former substrate and a molecule of each pyruvate and oxaloacetate (OAA) in the
later substrate (Figure 2.1) (73). The enzyme also contains a secondary OAA decarboxylase
activity due to the common pyruvate enolate transition state formed following carbon-carbon (CC) bond cleavage in the retro-aldol and decarboxylase reactions (66). The first structure of an
HMG/CHA aldolase (from Pseudomonas putida F1) was recently solved by X-ray
crystallography and was found to contain an αββα sandwich fold that is structurally distinct from
previously identified class II pyruvate aldolases such as DmpG, HsaF and HpaI (66–68, 95).
Instead, the HMG/CHA aldolase is structurally similar to a group of proteins named Regulators
of RNase E activity A (RraA).

30

Figure 2.1: Aldol cleavage catalyzed by the HMG/CHA aldolase.
For HMG the R group is -CH3 and is transformed into 2 moles of pyruvate. For CHA
the R group is -CH2COO- and is transformed into 1 mole of each pyruvate and
oxaloacetate. The identity of general base (B:) and general acid (H-A) have yet to be
elucidated.

First characterized in Escherichia coli, RraA binds to RNase E and inhibits its
ribonuclease activity (84). The RNase E is the principal component of the multi-protein complex
called the RNA degradosome and is the major endoribonuclease controlling mRNA stability in
E. coli (96). RNase E contains an N-terminal catalytic domain and a C-terminal regulatory
domain which acts as a binding scaffold for several proteins including ATP-dependent DEADbox RNA helicase (RhlB), enolase and polynucleotide phosphorylase. The E. coli RraA
(EcRraA) binds in two locations on the RNase E regulatory scaffold, the RNA binding domain
(RBD) and the arginine-rich domain 2 (AR2), preventing RNA transcripts from interacting with
the scaffold (89). The EcRraA can also interact directly with DEAD-box RNA helicases such as
RhlB, RhlE and SrmB resulting in inhibition of ATP turnover in the helicases (89, 97). RhlB is
required for processing of RNA containing secondary structural elements to allow for complete
degradation of transcripts by the degradosome (98). Thus the EcRraA affects RNA metabolism
by modulation of not only RNase E but through the RNA helicases as well.
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The EcRraA (PDB:1Q5X), although similar in structure to HMG/CHA aldolase, is
shorter at both the N and C-terminus by approximately 30 residues (92). The protein is therefore
missing one of the key ligands for metal cofactor binding found in the HMG/CHA aldolase (66,
92). Structures of homologous RraA-like proteins from Geobacillus kaustophilus HTA426
(PDB:2PCN), Mycobacterium tuberculosis H37Rv (PDB:1NXJ), Pseudomonas aeruginosa
PA01 (PDB:3C8O), Pseudomonas syringae pv. tomato str. DC3000 (PDB:3K4I), Vibrio cholera
(PDB:1VI4), Saccharomyces cerevisiae S288C (PDB:2C5Q) and Thermus thermophilus HB8
(PDB:1J3L) have all been deposited in the PDB database (90, 91, 93, 99). To date, only the
EcRraA and a RraA protein from Vibrio vulnificus have been determined to have RNase E
binding and inhibitory function although several gene records containing minimal sequence
identity to the EcRraA are annotated as being an RraA (89, 100). 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 the EcRraA, the putative
RraA from T. thermophilus HB8 (TtRraA) and the homolog from S. cerevisiae S288C
(Yer010Cp). We have shown that both the TtRraA 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
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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.
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2.3 Materials and methods
2.3.1 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, 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).

2.3.2 DNA Manipulations
The plasmid pET-11a harboring the TTHA1322 gene from Thermus thermophilus HB8
was obtained from the RIKEN Bioresource Centre (101). The pET-9a plasmid harboring the
Yer010c gene from Saccharomyces cerevisiae S288C was obtained from Nicolas Leulliot,
Université Paris-Sud, Orasay, France (91). This pET-9a-Yer010c construct was modified by the
introduction of a stop codon before the plasmids encoded C-terminal histidine tag by sitedirected mutagenesis to allow for expression of the untagged gene. The E. coli RraA was
amplified from genomic DNA and inserted into plasmid pT7-7 (102) using primers containing
NdeI and HindIII restriction sites at the 5’ and 3’ ends, respectively.

Gene mutations to create the EcRraA variant, D75G/A76G/E77N/Q98D, and the
HMG/CHA E199A variant were introduced by site-directed mutagenesis using the modified
Quikchange method (103). Primers utilized for mutagenesis are listed in Table 2.1. All modified
plasmids were transformed into E. coli DH5α for propagation and the gene mutations were
confirmed by DNA sequencing at the Guelph Molecular Supercenter (University of Guelph).
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Table 2.1: Primer sequences utilized in site-directed mutagenesis.
The mutated codons are underlined.
Protein-Mutation

Primer Sequences
GGTCGGTGCTGAACTGGCGC
EcRraA-D75G
CCAGTTCAGCACCGACCAGTG
GTCGGTGGTAATCTGGCGCGTCTGG
EcRraA-A76G/E77N
GCCAGATTACCACCGACCAGTGCGC
GTGCGTGATGTAGATGACCTGGAAG
EcRraA-Q98D
CATCTACATCACGCACCGCGC
GGTGATGTTAAAGTATTTCTTTAATACTGATCTTCGATCATTTT
Yer010c-StopCodon
GAAATACATTTAACATCACCATCACCATTAAGCGGCCG
HMG/CHA aldolase GCCTAGCAGAGGAAAAGCGTCTG
CCTCTGCTAGGCCAGCGCG
E199A

2.3.3 Expression and purification of the CHA aldolase, Yer010Cp, TtRraA and EcRraA
The expression and purification of the wild type and E199A variant of the HMG/CHA
aldolase was as previously described (66). Recombinant E. coli BL21 (λDE3) harboring a
plasmid encoding either TTHA1322 (TtRraA) from T. thermophilus HB8, ECU56082 (EcRraA)
from E. coli, or Yer010Cp from S. cerevisiae S288C was propagated in 1 L Luria-Bertani media
containing either 100 µg/mL ampicillin for EcRraA and TtRraA or 34 µg/mL kanamycin for
Yer010Cp at 37oC 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 15oC
overnight before being harvested by centrifugation at 5000 × g for 10 min.

Chromatography was performed on an ÄKTA Explorer 100 (GE Healthcare Life
Sciences, Mississauga, ON). Buffers containing 20 mM sodium HEPES, pH 7.5, were used
throughout each purification procedure unless indicated otherwise. Each cell pellet was
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resuspended in buffer and disrupted by French Press. The cell debris was removed by
centrifugation (17 500 × g, 15 min) and the supernatants were filtered through a 0.45 μm filter.

For purification of the EcRraA, the supernatant was loaded onto a SourceTM 15Q (GE
Healthcare Life Sciences) anion exchange column (2 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 the EcRraA were concentrated to about 2 mL by ultrafiltration with a
YM10 filter (Millipore, Nepean, ON). The concentrated protein was then loaded on a HiLoad
26/60 Superdex 200 prep gel filtration column (GE Healthcare Life Sciences) and eluted with
buffer containing 0.15 M NaCl. The purified protein was concentrated to 10 mg protein/mL as
before, aliquoted and stored at –80oC in 20 mM sodium HEPES buffer, pH 7.5.

For purification of the TtRraA, the crude extract was separated with an anion exchange
column as with the EcRraA, except a linear gradient of 0.10 to 0.30 M over 12 column volumes
was used. The TtRraA eluted with approximately 0.20 M NaCl. Active fractions were pooled,
concentrated to approximately 40 mL by ultrafiltration and the clear supernatant was heat treated
at 75ºC for 10 min with the denatured protein removed by centrifugation (17 500 × g, 10 min).
The extract was concentrated to about 2 mL by ultrafiltration and purified by gel filtration as
with the EcRraA. The purified enzyme was concentrated to 10 mg protein/mL ultrafiltration,
aliquoted and stored at –80oC in 20 mM sodium HEPES buffer, pH 7.5.
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For purification of the Yer010Cp, the crude extract was separated by anion exchange
column as with the 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, concentrated to approximately 5 mL by ultrafiltration and the clear supernatant and
loaded onto a Phenyl SepharoseTM hydrophobic interaction chromatography column (1 x 18.5
cm) and purified with a 6 column volumes 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 about 2 mL by ultrafiltration and purified by gel filtration as with the other proteins. The
purified enzyme was concentrated to 20 mg protein/mL by ultrafiltration, aliquoted and stored at
–80ºC in 20 mM sodium HEPES buffer, pH 7.5.

The resins used in the protein purifications were cleaned between uses to ensure there
was no cross contamination between protein preparations. After each run, the Source Q anion
exchange resin was 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 was washed with 4 column volumes of 20mM HEPES pH 7.5
and subsequently with 6 column volumes of 20% ethanol.

2.3.4 Determination of protein concentration, purity and molecular mass
Protein concentrations were determined by the Bradford assay using bovine serum
albumin as standards (104). SDS-PAGE was performed and stained with Coomassie Blue
according to established procedures (105). The molecular weight of the holoenzymes was
determined by gel filtration using a HiLoad 26/60 Superdex 200 prep column.
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2.3.5 Preparation of 4-hydroxy-4-methyl-2-oxoglutarate (HMG)
HMG was synthesized chemically as previously described (66). The substrate was
purified by anion exchange chromatography with Dowex Chloride 1X8 resin using a linear
gradient of 0 to 0.1 M HCl. Active fractions were pooled, neutralized with NaOH and
lyophilized. The resulting off white powder was resuspended in minimal dH2O and desalted by
passing through a P-2 Bio-Gel (Bio-Rad) column (1 x 15 cm) with active fractions pooled and
lyophilized to a yellow powder. Solutions of HMG were made fresh by resuspending dry product
in minimal dH2O with the resulting concentration determined by the amount of pyruvate
produced by the HMG/CHA aldolase (using 1.0 mM CoCl2 as cofactor) from coupling pyruvate
formation to NADH oxidation using L-lactate dehydrogenase (LDH).

2.3.6 Metal substitution
Metal free, apoenzymes, were prepared by adding 0.5 g Chelex 100 (Sigma) to 10 mg of
purified enzyme in 10 mL of 20 mM sodium HEPES (pH 7.5). After gentle stirring for 20
minutes, Chelex 100 was removed by filtering through a 0.20 µm filter. The apoenzymes were
preincubated with the stated metal ions for a minimum of 5 minutes prior to use in the kinetic
assays.

2.3.7 Enzyme assays
All kinetics assays were performed at least in duplicate at 25ºC 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
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the extinction coefficient of NADH was taken to be 6220 M-1cm-1. A standard activity assay
contained either 1.0 mM of HMG or 5.0 mM OAA, 0.4 mM NADH, 1.0 mM CoCl2 and 30 U of
LDH in 100 mM HEPES buffer (pH 8.0). Assay reactions were monitored for at least 2 minutes
in the absence of enzyme for determination of the background rate of degradation of the stated
substrate. Enzyme was then added to the reaction, using enzyme pre-equilibrated with the stated
metal ion, and monitored for at least 2 minutes. Enzyme concentrations were added in sufficient
quantity to ensure at least a 2 fold change in the rate of substrate turnover from the background
rate was observed. Enzyme reaction velocities were determined by subtraction of the background
degradation rate from the rate observed in the enzyme catalyzed reaction. All kinetic data fitting
was performed using non-linear regression in the program GraphPad Prism. All data was fitted to
the Michaelis-Menten equation. For inhibition assays, the concentration of sodium oxalate was
varied from 0.5 to 5 × Ki, and data was fitted to a competitive inhibition equation. All assays
utilized for the determination of kinetic parameters were replicated in at least technical duplicate
and at least a biological duplicate.

Discontinuous end point assays were utilized for the metal ion specificity of Zn2+ and
Cd2+ ions due to the inhibitory effects of these metal ions on LDH. Assays were completed in the
absence of LDH and were quenched after 1 minute 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.
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2.3.8 Melting temperature (Tm) determinations 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 ultrafiltration. Enzyme samples were degassed for 5 minutes before being
loaded into 0.508 mL cell and run against water in the reference cell. A scan rate of 90ºC per
hour was used for both protein samples. The temperature range used was from 10ºC to 90ºC for
the HMG/CHA aldolase and from 10ºC to 130ºC for the TtRraA. Profiles obtained were
subtracted from control runs containing only buffer.

2.3.9 Structural comparison and phylogenetic analysis
A search for structural homologs to the HMG/CHA aldolase from P. putida F1 was
completed in DALI and visualized in Pymol (106, 107). Protein structures containing an RMSD
< 3.0 and were of a similar overall size as the EcRraA and HMG/CHA aldolase. Sequence
conservation amongst the homologs was mapped on to the HMG/CHA aldolase structure using
Consurf and visualized in Pymol (107, 108). A comprehensive blast search of the NCBI
GENBANK database using either the HMG/CHA aldolase or TtRraA primary sequences was
performed (109). Representative 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 ClustalW2 using a Gonnet scoring matrix with alignments and
trees visualized in ESPript and FigTree, respectively (110, 111). Sequences from organisms
whose genomes have been sequenced were also searched for homologues of E. coli RNase E and
genes from the protocatechuate and gallate meta-cleavage pathways. Sequences that were found
as part of a multi-domain protein or merged with other gene records were omitted.
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2.4 Results
2.4.1 Bioinformatic analysis of HMG/CHA aldolase/RraA homologs
A DALI search using the P. putida F1 HMG/CHA aldolase revealed several proteins of
the RraA family as close structural homologs (Table 2.2). All of the proteins share a common
αββα sandwich fold although they share low sequence identities. Like the HMG/CHA aldolase,
the EcRraA and other RraA-like molecules form trimeric biological units through interactions
between adjacent protomers (90–92). The majority of these proteins are shorter than the
HMG/CHA aldolase by ~30 residues on both the N and C-terminus but have conservation in
sequences around the known active site of the HMG/CHA aldolase (Figures 2.2 A and B).

Table 2.2: Comparison of the P. putida F1 HMG/CHA aldolase with the RraA-like
proteins from the PDB database.

PDB Species
Pseudomonas syringae
3k4i
pv. tomato str. DC3000
Saccharomyces
2c5q
cerevisiae S288C
Geobacillus
2pcn
kaustophilus HTA426
Mycobacterium
1nxj
tuberculosis H37Rv
Pseudomonas
3c8o
aeruginosa PA01
1q5x Escherichia coli
1vi4 Vibrio cholera
Thermus thermophilus
1j3l
HB8

RMSD
(Å)

% Sequence
Identity
(Aligned
Region)

% Sequence
Identity
(Whole
Sequence)

% Sequence
Similarity
(Whole
Sequence)

Motif

1.7

24

17

33

1

1.9

19

13

25

2

2.0

28

17

26

1

2.0

28

16

28

1

2.1
2.1
2.3

25
21
24

15
13
15

29
23
29

1
NA
1

2.4

23

15

28

2
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Figure 2.2: Structural relationship of the HMG/CHA aldolase and RraA-like proteins.
The overall structure of the HMG/CHA aldolase (A), and the enzymes active site
organization (B), shown with residues colored based on their sequence conservation,
using a Consurf color scale (108), amongst the RraA-like proteins whose structures
have been determined to date. 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) An overlay of structures indicating the
different metal binding motifs found in the TtRraA (magenta) and Yer010Cp (cyan)
(Motif 2) than that found in the HMG/CHA aldolase (white) (Motif 1). (D) The EcRraA
(brown) contains residues different from that found in either active site motif found
amongst the RraA-like homologs which would be incompatible with metal and substrate
binding.
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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 II aldolase. In the structure of the P. putida
F1 HMG/CHA aldolase a magnesium ion is coordinated directly or indirectly by water through
interactions with Asp-102, Asp-124 and Glu-199 (Figure 2.2 B). The octahedral coordination
geometry is completed by interaction with the keto and carboxylate oxygen groups on the bound
pyruvate. The Asp-124 in HMG/CHA aldolase is the only residue observed to be making direct
interaction with bound metal in the aldolase structure and is conserved amongst the most of
RraA-like family members. This conserved aspartate residue is located beside an arginine
residue (Arg-123) 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 (66). The Glu-199 residue in HMG/CHA aldolase positions one water
molecule and in concert with the Asp-102 residue positions a second water molecule that
coordinates the bound magnesium ion. The Glu-199 residue is present in the S. cerevisiae S288C
Yer010Cp but is missing in several members of the RraA family, such as proteins from E. coli,
M. tuberculosis, and T. thermophilus, since they lack the C-terminal extension. An equivalent
residue to the Asp-102 is present in all of the RraA-like protein structures except in the
Yer010Cp and TtRraA. In both the TtRraA and Yer010Cp, a glycine residue is found in the
equivalent position as the Asp-102. In both the Yer010Cp and TtRraA structures the carboxylate
of a glutamate residue, found three residues from the equivalent of the HMG/CHA aldolase Asp124 residue, is observed to occupy a similar position as the carboxylate from the HMG/CHA
aldolase Asp-102 residue (Figure 2.2 C). The absence of a side chain in the glycine found at the
equivalent position as Asp-102 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
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distinct motifs can be observed in the RraA proteins: a D-X20-R-D motif, herein referred as motif
1, and a G-X20-R-D-X2-(D/E) motif, herein referred to as motif 2 (Figure 2.3).

Figure 2.3: Multiple sequence alignment of RraA-like homologs showing the metal
binding motifs.
Aligned sequences are described by their PDB ID and species name. Secondary
structural elements (coils as α-helices and arrow as β-strands) of the P. putida F1
HMG/CHA aldolase are shown above the alignment. Conserved residues in Motif 1 (the
D-X20-R-D motif) are highlighted in cyan and motif 2 (the G-X20-R-D-X2-(D/E) motif)
are highlighted in green. Sites of residue divergence in the EcRraA targeted for
mutagenesis are highlighted in yellow.

EcRraA appears to be distinct from the other RraA-like proteins in that it does not
contain either metal binding motif (Figure 2.2 D). The arginine residue found to be essential for
activity in the HMG/CHA aldolase (Arg-123) is conserved in EcRraA (Arg-97). However, the
equivalent residue to the conserved metal binding residue in the HMG/CHA aldolase (Asp-124)
is a glutamine (Gln-98) in the EcRraA which would likely not support metal binding. The
EcRraA is further distinguished from either metal binding motif described above by the presence
of an alanine residue (Ala-76) in the place of either an aspartate in the family containing motif 1
(Asp-102 in the HMG/CHA aldolase) or a glycine (Gly-75 in the TtRraA) in the family
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containing motif 2. The EcRraA protein contains an acidic residue (Asp-101) similarly found at
the end of motif 2, but the presence of a methyl group on the Ala-76 residue, which is a glycine
in motif 2 of the RraA-like homologs, could sterically restrict this acidic residue from interacting
with a metal ion. In addition, a conserved glycine residue amongst family members which lines
the bottom of the HMG/CHA aldolase active site pocket is an aspartate residue (Asp-75) in the
EcRraA. The presence of this aspartate in the EcRraA would likely sterically hinder the pyruvyl
moiety of a substrate from binding appropriately to the protein. Further, an acidic residue in the
EcRraA (Glu-77) 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.

2.4.2 Expression and purification
The EcRraA, TtRraA and Yer010Cp proteins were overexpressed in E. coli BL21 (λDE3)
and purified by chromatography to homogeneity with a typical yield of ~10 mg of purified
protein per litre of bacterial culture (Figure 2.4). The subunit molecular masses of the EcRraA,
TtRraA and Yer010Cp were determined by SDS–PAGE and were consistent with the predicted
molecular masses of 17.4 kDa, 17.0 kDa and 25.0 kDa, respectively (91–93).
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Figure 2.4: Coomassie blue stained SDS-PAGE gels of the purification of EcRraA,
TtRraA and Yer010c.
All gels are shown with a bench mark protein ladder (lane 1). (A) Purification of the
EcRraA with the crude extract (lane 2), sample after anion exchange chromatography
(lane 3), the final sample after gel filtration (lane 4), and the final sample of the EcRraA
variant purified similarly as the wild type (lane 5). (B) Purification of the TtRraA with
the crude extract containing (lane 2), sample after anion exchange chromatography (lane
3), after heat treatment at 75°C (lane 4), and the final sample after gel filtration (lane 5).
(C) Purification of the Yer010c with the crude extract containing (lane 2), sample after
anion exchange chromatography (lane 3), sample after hydrophobic interaction
chromatography (lane 4), and the final sample after gel filtration (lane 5).
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2.4.3 Metal specificity
The TtRraA and Yer010Cp contained both OAA decarboxylase and HMG aldolase
activities. The specific activities of the purified apoenzymes with 1 mM of metal ions were
determined using both 5 mM OAA and 1 mM HMG as substrates. For OAA decarboxylase
activity, the TtRraA had the highest specific activity for the Zn2+ ion whereas the Yer010Cp had
similar specific activities with Zn2+ and Co2+ ions (Table 2.3). For HMG aldolase activity,
however, both the TtRraA and Yer010Cp had preference for Ni2+ ions, with Co2+ ions being just
as effective for aldolase activity in the TtRraA (Table 2.4). The wild type EcRraA protein was
devoid of either HMG aldolase or OAA decarboxylase activity.

2.4.4 Steady state kinetics for OAA decarboxylase and HMG aldolase activities
Using 1 mM CoCl2 as a cofactor, the steady state kinetic parameters of both the TtRraA
and Yer010Cp for both OAA decarboxylase and HMG aldolase activities were determined
(Table 2.5). The TtRraA and Yer010Cp enzymes had similar kinetic parameters for OAA
decarboxylation as the P. putida F1 HMG/CHA aldolase. The Yer010Cp and TtRraA also had
similar KM values for the HMG substrate as the P. putida F1 enzyme. However, relative to the
HMG/CHA aldolase enzyme, the kcat was reduced in the Yer010Cp and TtRraA by 565-fold and
44-fold, respectively.
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Table 2.3: Relative activity of the HMG/CHA aldolase, TtRraA, Yer010Cp and the EcRraA variant towards OAA with
various metal ions.
The activity obtained with the metal resulting in the maximal activity is taken as 100%. Assays were performed with 5.0 mM
OAA, 1.0 mM of the respective metal chloride salts, 0.3 mM NADH, 30 U LDH in 100 mM sodium HEPES buffer, pH 8.0,
in a total volume of 1 mL. Enzyme activity assays with Zn2+ cofactor was determined by the discontinuous method as
described in the Materials and Methods.

Relative Activity with OAA (%)
TtRraA
EcRraA-Variant

HMG/CHA Aldolase
Ni

2+
2+

Co

Mg

2+

Mn2+
2+

Cd

2+

Zn

Ca2+
Apo
EDTA

100 ± 0.56
75.0 ± 3.3

2+

Zn

2+

Mn

39.6 ± 3.5

Co

2+

22.6 ± 0.17

Cd2+

4.06 ± 1.64

2+

3.89 ± 0.24
0.164 ± 0.019
0.067 ± 0.006
0.016 ± 0.002

Ni

2+

Mg

Ca2+
Apo
EDTA

100 ± 6.6
57.4 ± 1.6

2+

Co

2+

Mn

100 ± 1.2
83.2 ± 3.6

Yer010Cp
2+

100 ± 5.8

2+

84.4 ± 1.9

2+

57.9 ± 3.4
44.1 ± 1.0

Co
Zn

48.0 ± 1.9

Zn

2+

34.5 ± 3.8

Ni

38.2 ± 1.1

Ni2+

32.4 ± 3.9

Mg2+

17.8 ± 1.2

2+

19.2 ± 2.2

2+

40.8 ± 0.80

2+

18.1 ± 0.65

8.67 ± 0.7
0.978 ± 0.061
0.480 ± 0.046
0.119 ± 1.9

Cd

2+

Mg

8.70 ± 0.46

Ca2+
Apo
EDTA

2.86 ± 0.34
1.46 ± 0.21
0.443 ± 0.56

Mn
Cd

Ca2+
Apo
EDTA

3.78 ± 0.17
0.62 ± 0.0075
0.21 ± 0.0020
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Table 2.4: Relative activity of the HMG/CHA aldolase, TtRraA and Yer010Cp towards
HMG with various metal ions.
The activity obtained with the metal resulting in the maximal activity is taken as 100%.
Assays were performed with 1.0 mM HMG, 1.0 mM of the respective metal chloride
salts, 0.3 mM NADH, 30 U LDH in 100 mM sodium HEPES buffer, pH 8.0, in a total
volume of 1 mL. Values for the HMG/CHA aldolase are from previously reported (66).
Activity with Zn2+ and Cd2+ was determined by the discontinuous method as described
in the materials and methods. ND: No detectable activity.

Relative Activity with HMG (%)
HMG/CHA Aldolase
TtRraA
Mg2+
2+

Mn

2+

Co

100 ± 2.8

Ni2+

90.3 ± 5.7

2+

64.7 ± 3.6

Co

2+

Zn

100 ± 2.1

Ni2+

94.4 ± 4.0

2+

56.1 ± 0.31

2+

16.6 ± 1.3

2+

15.4 ± 4.9

64.3 ± 5.8

Co
Cd

100 ± 6.9

2+

49.6 ± 2.7

Cd

28.8 ± 3.8

Zn

Ni2+

28.2 ± 3.4

Mn2+

15.5 ± 0.62

Mg2+

7.45 ± 0.46

2.92 ± 0.14

2+

5.42 ± 0.25

2+

0.450 ± 0.043
0.342 ± 0.081
0.0720 ± 0.0010

Zn

2+

Cd

2+

Ca
Apo
EDTA

5.00 ± 0.20
ND
ND
ND

2+

Yer010Cp

2+

Mg

2+

Ca
Apo
EDTA

1.30 ± 1.8
0.201 ± 0.15
0.102 ± 0.051

Mn

Ca
Apo
EDTA
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Table 2.5: Steady state kinetic parameters of the CHA aldolase, Yer010Cp, TtRraA and EcRraA variant with HMG and
OAA.
Assays were completed using 1.0 mM MgCl2 as a cofactor for the wild type and E199A variant of the HMG/CHA aldolase
and 1.0 mM CoCl2 as cofactor for Yer010Cp, TtRraA and the EcRraA variant.

Enzyme

4-hydroxy-4-methyl-2-oxoglutarate (HMG)

Oxaloacetate (OAA)

KM (μM)

kcat (s-1)

kcat/KM (M-1·s-1)

KM (μM)

kcat (s-1)

kcat/KM (M-1·s-1)

WT HMG/CHA Aldolase

187.6 ± 11.0

15.6 ± 0.54

8.3 x 104

297.5 ± 39.6

1.86 ± 0.18

6.2 x 103

E199A HMG/CHA Aldolase

708.6 ± 51.9

0.061 ± 0.0026

8.6 x101

404.7 ± 50.3

0.00139 ± 0.000043

3.4

2

Yer010Cp

126.5 ± 13.1

0.0276 ± 0.0012

2.1 x 10

132.5 ± 9.58

3.91 ± 0.026

3.0 x 104

TtRraA

150.7 ± 14.1

0.356 ± 0.0085

2.4 x 103

211.4 ± 32.2

1.06 ± 0.0314

5.0 x 103

-

-

1.9 x 101

EcRraA Variant

No Activity Detected Above 0.0005 s-1
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2.4.5 Inhibition with oxalate
The P. putida F1 HMG/CHA aldolase is competitively inhibited by oxalate, a pyruvate
enolate analog (66). The HMG aldolase reaction catalyzed by TtRraA and Yer010Cp was also
competitively inhibited by sodium oxalate with Ki values of 37.7 ± 2.3 μM and 31.9 ± 5.3 μM,
respectively, supporting a common mechanism amongst the enzymes (Figure 2.5).

Figure 2.5: Lineweaver-Burk plots of oxalate inhibition to the HMG aldol cleavage
reaction catalyzed by TtRraA (A) and Yer010c (B). Reaction rates were determined
using A: 0 μM (•), 50 μM (■), 100 μM (♦), 175 μM (○), and 250 μM (□) oxalate. B: 0
μM (•), 10 μM (■), 33 μM (♦), 50 μM (○), 66 μM (◊), and 100 μM (□) oxalate.
Inhibition was calculated using the competitive inhibition equation in Leonora. Ki
values were determined to be 37.7 ± 2.3 μM for TtRraA and 31.9 ± 5.3μM for Yer010c.

2.4.6 Thermostability of the TtRraA
Since Thermus thermophilus is a thermophilic bacteria, an attempt to determine the
thermostability of TtRraA was tried by DSC. Due to limitations with the maximal temperature
range of the DSC instrument (130°C) a defined Tm for the TtRraA could not be obtained.
However, the Tm for the enzyme is likely close to 130°C as the progressions decline can just be
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observed near the instruments maximal temperature (Figure 2.6). Comparatively, the Tm for the
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P. putida F1 HMG/CHA aldolase was determined to be 46.5 ± 0.2°C.

-5

Figure 2.6: DSC profiles of the HMG/CHA aldolase and TtRraA.
Assays were completed in duplicate with 20 mg/ml of either the HMG/CHA aldolase
(blue) or TtRraA (red) in 20 mM HEPES buffer, pH 7.5, in a 0.508 ml cell on a VPDSC. Raw data was normalized by the concentration of enzyme present and profiles
were subtracted from background runs containing only buffer. The Tm for the
HMG/CHA aldolase (46.5 ± 0.2°C) was taken as the average of two individual runs. A
full profile for the unfolding of the TtRraA could not be reliably obtained by this
method due to a high Tm for the protein. The Tm of the TtRraA is likely close to the
maximal temperature of the instrument (130°C) as partial unfolding of the protein can
be observed as the maximal temperature is reached.

2.4.7 Kinetic analysis of the HMG/CHA aldolase E199A variant
The TtRraA, which lacks the C-terminal portion found on the P. putida F1 HMG/CHA
aldolase that contains the Glu-199 residue which indirectly interacts with the metal cofactor via
water molecules, has aldolase activity similar to that of the HMG/CHA aldolase. This suggests
that Glu-199 is not absolutely required for aldolase activity. To further demonstrate this, we
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replaced the HMG/CHA aldolase Glu-199 with an alanine by site-directed mutagenesis. Using 1
mM MgCl2 as a cofactor, the kcat of the E199A variant was reduced relative to the wild type
enzyme by 255- and 1338-fold for the HMG aldolase and OAA decarboxylase activities,
respectively (Table 2.5). Relative to the wild type enzyme, the KM for CoCl2 increased in the
E199A variant by 53-fold to a KM value similar to that observed with the Yer010Cp and TtRraA
(Table 2.6).

Table 2.6: KM values for Co2+ in the OAA decarboxylase reaction. Assays were
completed with 5 mM OAA in 0.1 M sodium HEPES buffer, pH 8.0, with 30 U LDH,
0.3 mM NADH and varying concentrations of CoCl2 in a total volume of 1mL.
Enzyme
WT-HMG/CHA Aldolase
E199A-HMG/CHA Aldolase
Yer010Cp
TtRraA
EcRraA-Variant

KM (μM)
8.38 ± 0.81
446 ± 49
113 ± 15
182 ± 24
374 ± 37

2.4.8 Kinetic analysis of EcRraA variant
An attempt to rescue activity in the EcRraA, by restoration of motif 2, was made by the
introduction of four residue substitutions (D75G/A76G/E77N/Q98D). This EcRraA variant was
capable of catalyzing the OAA decarboxylation but still lacked detectable HMG aldolase
activity. The enzyme had preference for both Co2+ and Mn2+ ions in the decarboxylase reaction
with all other divalent metals yielding less than 40% the activity observed with Co2+ (Table 2.3).
Due to a high KM for OAA, the EcRraA variant was not able to be saturated with substrate in the
conditions used and the kcat/KM was estimated by a linear plot of activity over substrate
concentration. The catalytic efficiency of the variant EcRraA for OAA is approximately two
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orders of magnitude lower relative to the other RraA proteins (Table 2.5). Using 5 mM OAA, the
enzymes KM for Co2+ was found to be 374 ± 37 μM and was higher, but similar, to the other
enzymes tested (Table 2.6).

2.4.9 Phylogenetic Analysis
A search in GENBANK reveals homologs of the RraA-like family found across all
domains of life (Figure 2.7 and Figure 2.8). Similarly, RNase E is an endoribonuclease with
homologs also found throughout all domains. The majority of the RNase E homologs, however,
lack the C-terminal regulatory domain found in the E. coli protein, the domain containing the site
of RraA binding (112–114). The lack of an RNase E gene, or an RNase E gene with 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 RNase E inhibitors.
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Figure 2.7: Phylogenetic cladogram of the HMG/CHA aldolase and RraA-like
homologs. Gene products from gram positive bacteria are shown in purple, gram
negative bacteria in pink, ungrouped bacteria blue, viridiplantae in green, fungi in
orange, stramenopiles in cyan and archaea in red. Gene products containing a Cterminal extension comprising an equivalent acidic residue to the HMG/CHA aldolase
Glu-199 metal binding residue 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 amongst the
gene products are indicated by background shading with members having the G-X20-RD-X2-(D/E) motif shown with yellow and members with the D-X20-R-D motif shown
with green. A black asterisk indicates gene products which, as observed with the
EcRraA, have residue substitutions within the motif which would hinder metal binding
and enzymatic activity. White asterisks indicate gene products characterized in this
study.
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Figure 2.8: Sequence alignment of HMG/CHA aldolase and RraA-like homologs. Fully
conserved residues shown in white text with red background and similar residues shown
in red text. Secondary structural elements (coils as α-helices and arrow as β-strands) of
the P. putida F1 HMG/CHA aldolase are shown above the alignment. The different
residues representing the metal binding motifs D-X20-R-D (cyan) and G-X20-R-D-X2(D/E) (green) are highlighted. The positions of the Arg-123 and Glu-199 residues from
the HMG/CHA aldolase are shown in bolded black lettering and highlighted in
magenta, respectively. Sites of residue divergence in the EcRraA targeted for
mutagenesis are highlighted in yellow. Aligned sequences are described by their species
name and GI numbers. *Denotes either residues located in the active site pocket of the
aldolase (blue) or residues on the EcRraA observed interacting with SrmB (red).

Approximately half of the RraA-like gene products surveyed contains a C-terminal
extension similar to that found on the P. putida F1 HMG/CHA aldolase which comprises the
metal binding Glu-199 residue. The other half of the gene products assessed, such as in the
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 the 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 which both contain motif 1 and in
T. thermophilus HB8 where the 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.
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2.5 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 conservation amongst the P.
putida F1 HMG/CHA aldolase and the RraA-like protein structures solved to date has suggested
that many members of 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 to
the homologous RraA-like structures has revealed the potential for a different metal binding
motif (motif 2) within some members of the family which differs from that observed in the
HMG/CHA aldolase. Sequence analysis indicates that, amongst 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 the 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 the Yer010Cp and TtRraA had similar
kinetic parameters for OAA decarboxylation as the P. putida F1 HMG/CHA aldolase, but they
had reduced catalytic efficiencies for their HMG aldolase activity, relative to the P. putida F1
enzyme (43- and 565-fold decreases in kcat, respectively). This reduction in kcat 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, that include the P. putida F1 HMG/CHA
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aldolase and Yer010Cp, contain ~230 residues and members of the short form, including the
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 the EcRraA and an RraA from Vibrio vulnificus
(RraAV1), both being members of the short form, have been characterized as containing RNase
E inhibitory function (84, 89, 100). The P. putida F1 HMG/CHA aldolase Glu-199 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. Amongst the RraAlike homologs which contain a C-terminal extension, an equivalent acidic residue to the
HMG/CHA aldolase Glu-199 residue is found to be conserved. When the Glu-199 was replaced
with alanine, the P. putida F1 enzyme was still capable of catalyzing both the aldolase and
decarboxylase reactions. However, the KM for Co2+ increased in the E199A variant relative to the
wild type for the OAA reaction indicating that although not essential for metal binding and
catalysis, the presence of the Glu-199 residue enhances the enzymes metal binding ability. The
presence of aldolase and decarboxylase activity in the 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 the TtRraA indicates that this terminal
portion found on the P. putida F1 enzyme, Yer010Cp and other long form RraA-like homologs
is not required for catalytic activity and its presence as a distinguishing feature to the RraA
family is insignificant.

Similar to HMG/CHA aldolase, the TtRraA and Yer010Cp required a divalent metal ion
for their activity and their aldolase reaction was competitively inhibited by oxalate, a pyruvate
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enolate analog, suggesting a common catalytic mechanism amongst the enzymes. The metal ion
specificity amongst the proteins was, however, different. The difference in metal ion specificity
is likely attributed to differences in the metal binding residues. However, the rationale as to 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 promoting a metal bound water to act as the general base
deprotonating the substrate C4-hydroxyl initiating the reaction (66). In this situation, it could be
rationalized that each coordinated metal would vary in its ability to promote water as a general
base. This mechanism contrasts to that proposed for the OAA decarboxylation reaction where no
general base is thought to be required and the metal would only facilitate polarization of the
pyruvyl moiety.

Unlike the TtRraA and Yer010Cp, the EcRraA was devoid of either HMG aldolase or
OAA decarboxylase activities. An attempt to rescue activity in the 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. The EcRraA contains several other residue
substitutions from what is conserved amongst the family members in the pyruvate binding
pocket (Figure 2.8). In particular, residue changes along the periphery of the binding pocket
including a conserved lysine (Lys-120 in TtRraA), either a serine or threonine (Ser118 in
TtRraA), and either an arginine or histidine residue (Arg-48 in TtRraA) are found to be a glycine,
alanine and tyrosine in the EcRraA, respectively (Figure 2.8). Although the role of these
conserved residues in the aldolase’s function has yet to be elucidated, it is possible that some of
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these residue changes in the EcRraA prevent the HMG aldol substrate from binding
appropriately.

The identification of the EcRraA as an inhibitor of RNase E has prompted the hypothesis
that the RraA-like homologs may contain this function in other species. Although many species
with an RraA-like gene contain an RNase E homolog, most of those homologs contain only the
catalytic domain of RNase E or contain a regulatory domain dissimilar to that of the E. coli
protein (112–114). Alternatively, in Pseudomonads and Sphingomonads, the RraA-like gene is
commonly found as part of an operon for the meta-cleavage of the aromatic substrates
protocatechuate or gallate (39, 94). Outside of the Pseudomonads and Sphingomonads, however,
the RraA-like genes are commonly found in species that don’t contain genes known for the metacleavage of protocatechuate or gallate. Some species such as E. coli, Burkholderia xenovorans
LB400 and M. tuberculosis H37Rv which contain RraA-like genes also contain genes for the
meta-cleavage of other aromatic and cyclic compounds such as hydoxyphenyl acetate, biphenyl
and cholesterol metabolites, respectively (115–117). The meta-cleavage pathway for these
compounds also leads to a 4-hydroxy-2-oxo acid compound which 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 (70, 72, 95). Further, HMG/CHA aldolases have been observed to contain substrate
specificity towards substrates containing a C4 carboxylate moiety which has only been observed
to be produced through the meta-cleavage pathways of protocatechuate and gallate (66, 73, 94).
Therefore, it is unlikely that the RraA-like gene is present in those species to act as a member of
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those meta-cleavage pathways already defined. The TtRraA from T. thermophilus HB8 and the
Yer010Cp from S. cerevisiae S288C, two species which 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 (66, 73). The
TtRraA was found to be thermostable (Tm ~130°C) and when heat treated at 95°C for an hour
maintained its specific activity for both the HMG and OAA substrates (data not shown). The
thermostability of the TtRraA suggests that the protein is adapted to environments inhabited by
T. thermophilus HB8 and should maintain enzymatic activity within the organism. The
enzymatic activity conserved in the TtRraA, Yer010Cp and possibly in the other RraA-like
family members may suggest that these genes are members of an as of yet described metabolic
pathway conserved across the domains of life.

It is interesting to note that while majority of HMG/CHA aldolase characterized have
been from bacterial species, the original identification and characterization of the HMG/CHA
aldolase enzyme was from extracts of germinating peanut cotyledons (49). Although the
complete genome of Arachis hypogaea has yet to be elucidated, the presence of RraA-like genes
within viridiplantae appears to be wide spread. In Arabidopsis thaliana three copies of an RraAlike gene containing greater than 40% identity to the EcRraA are found within its genome
(AT5G56260, AT5G16450, AT3G02770). The A. thaliana RraA-like gene products also contain
considerable sequence conservation to residues found within the active site pocket of the
HMG/CHA aldolase and thus may support an aldolase reaction with similar substrate
specificities as the P. putida F1 enzyme (Figure 2.8). All three copies, like the rest of gene copies
in viridiplantae, contain the metal binding motif 2 which would support metal binding and
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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 (118). Although individual knock-outs of these RraA-like genes exist in A.
thaliana, phenotypes resulting from their knock-outs have yet to be characterized (119). It is
unlikely that the individual knock-outs will produce a significant phenotype as the close
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 RNase E
regulatory domain have yet to be elucidated. However, the EcRraA has also been observed to
bind to and inhibit ATP dependent DEAD-box RNA helicases and recent co-crystal structures of
the EcRraA in complex with a fragment of RhlB (PDB: 2YJV) and the full length SrmB (PDB:
2YJT) have been submitted to the protein database. The sites of interaction with the EcRraA
overlap in the two co-crystal structures and the EcRraA Asp-50, Glu-53 and Asp-128 were
shown to be critical for forming salt bridges with arginine residues on the SrmB (97). Vibrio
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 (100). The RraAV1
contains sequence conservation to all three acidic residues conserved in the EcRraA that form the
interaction with SrmB (Figure 2.8). The RraAV2, on the other hand, has a serine and asparagine
substitutions at the equivalent EcRraA Glu-53 and Asp-128 positions, respectively. The EcRraA
is known to interact with RNase E through locations on the regulatory domain containing
stretches of mainly basic residues (89). It is possible that the interactions observed in the
EcRraA-SrmB may be conserved with interaction with RNase E and the residue substitutions
observed in the RraAV2 may hinder that interaction. Amongst the RraA-like homologs there is
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minimal sequence conservation at the sites of the EcRraA interacting residue locations. There is,
however, conservation of hydrophilic residues at these locations which may be a result species
specific interactions with their binding partners or a loss function. In both EcRraA co-crystal
structures, the site of protein-protein interaction between the 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 homologs that are enzymatically active. The EcRraA has been observed to bind
the RNase E in the absence of divalent metals (89). Several structures of RraA like proteins have
been solved which lack a bound divalent metal ion and here it was shown that the TtRraA,
Yer010c and EcRraA variant were stable in absence of a divalent metal and could be
reconstituted leading to 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 specific to the
potential class II aldolase activity.

2.6 Conclusions
Taken together, 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
referred to as aldolaseII/RraA to reflect the potential activities of a class II aldolase and an
inhibitor of RNA turnover.
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Chapter 3: Investigation into the mode of phosphate activation in the HMG/CHA
aldolase from Pseudomonas putida F1.

This chapter has been prepared in part as a manuscript that will be submitted to the journal
Biochemistry under the same title (Mazurkewich et al., 2016).
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3.1 Abstract
The

4-hydroxy-4-methyl-2-oxoglutarate

(HMG)/4-carboxy-4-hydroxy-2-oxoadipate

(CHA) aldolase is the last enzyme of both the gallate and protocatechuate 4,5-cleavage
pathways, linking aromatic catabolism to central cellular metabolism. The enzyme is a class II,
divalent metal dependent, aldolase which is activated in the presence of inorganic phosphate (Pi)
increasing its turnover rate >10-fold. This phosphate activation is unique for a class II aldolase.
The aldolase pyruvate methyl proton exchange rate, a probe of the general acid half reaction, was
increased 300-fold in the presence of 1 mM Pi and the rate enhancement followed saturation
kinetics giving rise to a KM of 397 ± 30 µM. Docking studies revealed a potential Pi binding site
close to, or overlapping with, the proposed general acid water site. Putative Pi binding residues
were substituted by site-directed mutagenesis which resulted in reductions of Pi activation.
Significantly, the active site residue Arg-123, known to be critical for the catalytic mechanism of
the enzyme, was also implicated in supporting Pi mediated activation. Together the results show
that Pi acts through activating the general acid half reaction which is facilitated by residues lining
the binding site and supports a mechanism of activation whereby the polyatomic ion acts directly
as the general acid via a proton switch mechanism.
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3.2 Introduction
Strains of Pseudomonas and Sphingomonas are well known for their capability to
degrade a wide range of aromatic compounds including organic pollutants and lignin
metabolites. In these species many aromatic compounds, such as phenanthrene (26), fluorene
(23, 27–29), and lignin metabolites (reviewed in (31)), are degraded to protocatechuate, a
common metabolite which is further catabolized through the protocatechuate 4,5-cleavage
pathway. The 4-hydroxy-4-methyl-2-oxoglutarate (HMG)/4-carboxy-4-hydroxy-2-oxoadipate
(CHA) aldolase is the final enzyme in this pathway and catalyzes an essential step that connects
the aromatic degradation pathway to central cellular metabolism (94). The enzyme is a class II,
divalent metal ion dependent, pyruvate aldolase which catalyzes the aldol cleavage of HMG and
CHA into two molecules of pyruvate in the case of the former substrate and a molecule each of
pyruvate and oxaloacetate (OAA) in the case of the later substrate. The HMG/CHA aldolase
from P. straminea (formerly Pseudomonas ochraceae) is activated in the presence of inorganic
phosphate (Pi) increasing its relatively high turnover rate of 5.1 s-1 for CHA and 6.5 s-1 for HMG
by 13- and 65-fold, respectively (74). The DDG aldolase, a class II pyruvate aldolase unrelated
to the HMG/CHA aldolase, was originally proposed to utilize Pi in its reaction mechanism based
on the presence of Pi in the crystal structure of the enzyme (64). However, kinetic analysis of a
DDG aldolase homolog, HpaI, demonstrated that Pi is not required for maximal activity (68, 70,
72, 120). Therefore, to date, HMG/CHA aldolase is the only known class II pyruvate aldolase
that is activated by Pi.

The presence of Pi shifted the optimum pH to more alkaline, but no gross structural
changes or changes to the oligomeric state of the P. straminea HMG/CHA aldolase were
detected through circular dichroism (74). Several enzymes such as malate dehydrogenase,
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heterodisulfide reductase, and dihydrodiol dehydrogenase, are known to be activated in the
presence of Pi (77, 121, 122). However, the activation by Pi in these enzymes is minimal, < 3fold, and may be attributable to changes in the ionic character of the solution. Defining how Pi
interacts with and mediates the activation of the HMG/CHA aldolase has previously been
impeded by a lack of structural information.

The first structure of an HMG/CHA aldolase was recently solved and the enzyme
contains an αββα sandwich fold which is structurally distinct from the previously identified class
II pyruvate aldolases of 4-hydroxy-2-oxoheptane-1,7-dioate aldolase (HpcH or HpaI), 4hydroxy-2-oxopentanoate aldolase (DmpG or BphI), and 2-dehydro-3-deoxy-galactarate aldolase
(64, 66, 67, 123). The mechanism of the HMG/CHA aldolase, and other class II pyruvate
aldolases, is proposed to proceed through a two step general acid/base mechanism with a
pyruvate enolate transition state (64, 66, 72, 124) (Figure 3.1A). Contrary to the other conserved
class II pyruvate aldolases, the active site of the HMG/CHA aldolase is quite large relative to its
substrate. Conserved water molecules are proposed to function as both the acid and base in the
enzyme mechanism (66). A metal ligated water (Wat1) is proposed to act as the general base and
a water molecule (Wat4) found coordinating to the methyl of the bound pyruvate is proposed to
act as the general acid (Figure 3.1B).
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Figure 3.1: The HMG/CHA aldolase cleavage reaction and active site.
(A) Aldol cleavage catalyzed by the HMG/CHA aldolase where for HMG the R group
is -CH3 which yields 2 moles of pyruvate and for CHA the R group is -CH2COOyielding 1 mole each of pyruvate and oxaloacetate. The identity of general base (B:) and
general acid (H-A) have yet to be elucidated. (B) Active site of the aldolase showing the
pyruvate carbon in yellow sticks, the bound magnesium ion as a green sphere, and key
water molecules as red spheres. The structural representation was generated in Pymol
(version 1.7) using atomic coordinates of the HMG/CHA aldolase (PDB ID: 3NOJ).

The αββα sandwich fold of the HMG/CHA aldolase is structurally similar to the regulator
of RNase E activity A (RraA) from Escherichia coli, a protein which binds to and modulates the
E. coli RNA degradosome (66). Gene copies of an HMG/CHA aldolase or RraA are found across
all kingdoms of life, even in those who lack canonical bacterial aromatic degradation genes or
RNase E. Most of the homologs contain one of two motifs required for metal binding and
catalysis observed in the aldolase and thus likely function as class II pyruvate aldolases (125).
The HMG/CHA aldolase is also structurally related to the phospho-histidine (PH) domain found
in both enzyme I of the phosphotransferase system (EI:PTS) and pyruvate phosphate dikinase
(PPDK) (82, 126). Both these phosphotransferase (PT) proteins transfers the phosphoryl group
from phosphoenolpyruvate to either a nucleotide in the case of PPDK or to a carrier protein in
the case of EI:PTS which initiates a Pi transfer cascade leading to phosphorylation of
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carbohydrates enabling cellular retention of the sugar in bacteria (reviewed in (127)). The
conserved structural fold between the PH domain and the HMG/CHA aldolase may suggest a
conserved Pi binding site amongst these proteins that is currently unexplored.

Herein we report on the characterization of Pi activation in the HMG/CHA aldolase from
Pseudomonas putida F1. Like the P. straminea enzyme, the P. putida F1 HMG/CHA aldolase is
uncompetitively activated in the presence Pi. Activation of the enzyme’s pyruvate methyl proton
exchange rate in the presence of Pi is consistent with the polyatomic ion activating the general
acid half reaction in aldolase mechanism. Pi was modelled in the active site of the HMG/CHA
aldolase leading to proposed roles for key residues in the enzymes active. Results from
mutagenesis and differential kinetic assays were consistent with the proposed model and support
Pi mediated activation through the general acid mechanism.
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3.3 Materials and Methods
3.3.1 Modelling of Pi in the HMG/CHA aldolase
Phosphoric acid ligand docking was completed with Rosetta Online (ROSIE) (128, 129).
The atomic coordinates of the solvent-free, holo-HMG/CHA aldolase (PDB ID: 3NOJ) was used
as the template and the bound magnesium ion was given a 2+ formal charge. A 7 Å search radius
from the center of the pocket (coordinates X = 11.7, Y = 21.0, and Z = 57.4) was utilized and
over 1500 structures were generated. All other search parameters were set to default conditions.
The top 100 poses containing the lowest interface delta score were chosen for clustering and
further analyses (128, 130). Structure figures were prepared using PyMol v1.7 (Schrödinger,
LLC).

3.3.2 Chemicals
Racemic HMG and CHA were synthesized and purified as described previously (125). Llactate dehydrogenase (LDH, rabbit muscle), L-malate dehydrogenase (MDH, porcine heart), and
oxaloacetic acid were from Sigma-Aldrich (Oakville, ON). Pfu polymerase was from Invitrogen
(Burlington, ON). All other chemicals were analytical grade and were obtained from either
Sigma-Aldrich or Fisher Scientific unless otherwise stated.

3.3.3 Molecular Biology
The HMG/CHA aldolase gene from the P. putida F1 was previously inserted into pT7-7
(66). Gene mutations for HMG/CHA aldolase variants were created using the QuikChange
method (103). Primers utilized for mutagenesis are listed in Table 3.1. All modified plasmids
were transformed into E. coli DH5α for propagation and the gene mutations were confirmed by
DNA sequencing at the Guelph Molecular Supercenter (University of Guelph). The expression
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and purification of the HMG/CHA aldolase, including the variants, were as previously described
(66). Enzymes were treated with chelex to remove exogenous and complexed metals with the
apo enzymes reconstituted with the 250 µM MgCl2 for at least 30 minutes prior to enzyme
assays (125). Protein concentrations were determined by the Bradford assay using bovine serum
albumin as standards (104). SDS-PAGE was performed and stained with Coomassie Blue to
assess protein purity according to established procedures (105).

Table 3.1: Primer sequences utilized in site-directed mutagenesis.
Enzyme Variant Primer Sequences
CAAAACGCGAAAGGTCTGTTGTC
R40A
CCTTTCGCGTTTTGAGCCTCATG
GGGTGTCCTTGACTCCTGCATCAACAATCAGGGCTCGTACTC
R123K
GGAGTCAAGGACACCCAGACGTTACGCGACATGGGGTTC
CACAAGTCACTGTCAAGGAAACACTC
G144V
CAGTGACTTGTGCATTGATGGCTC
CAAGGCGCTGTCAAGGAAACACTCGGCTC
T145A
CTTGACAGCGCCTTGTGCATTGATGGCTC
GGCCAGCGGCTTCGGCTGCAGCTACTAGAGTGC
R195A
GCAGCCGAAGCCGCTGGCCTAGAAGAGGAAAAGCG
GGCGACGCTTGGATGTTTCATGTAGCCGTAGAGC
N71A
CATCCAAGCGTCGCCAGGAGCTACGAGAAC
CTGTCGCGGAAACACTCGGCTC
K147A
GTGTTTCCGCGACAGTGCCTTGTG
CGGCTACAGCAAACATCCAATTGTCGCCAGGAGCTACGAGAACAG
H75A
GGATGTTTGCTGTAGCCGTAGAGCAGTGTCGG

3.3.4 Enzyme assays
All kinetics assays were performed at least in duplicate at 25ºC using a Varian Cary 3
spectrophotometer equipped with a thermostatted cuvette holder. The HMG aldol cleavage and
OAA decarboxylase activities were observed by coupling pyruvate formation to NADH
oxidation using L-lactate dehydrogenase (LDH). Similarly, the CHA aldol cleavage activity was
monitored by coupling oxaloacetate formation to NADH oxidation using L-malate
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dehydrogenase. NADH oxidation was monitored at 340 nm, and the extinction coefficient of
NADH was taken to be 6220 M-1cm-1. Assays of 1 mL were completed in 0.1 M HEPES pH 8.0
supplemented with 1 mM MgCl2. Reactions were monitored for at least 2 minutes in the absence
of enzyme for determination of the background rate of degradation. Enzyme was added in
sufficient quantities to ensure at least a 2-fold change in the rate of substrate turnover from the
background rate. Enzyme velocities were determined by subtraction of the rate background
degradation from the rate observed in the enzyme catalyzed reaction. Reactions with Pi,
Na3AsO4, Na3VO4, Na2SO4, or Na2MoO4 utilized stock solutions of the polyatomic ion prepared
at the assay pH. All enzyme velocities were determined in at least duplicate and the kinetic data
were fitted using non-linear regression in GraphPad Prism. All assays utilized for the
determination of kinetic parameters were replicated in at least technical duplicate and at least a
biological duplicate.

3.3.5 Pyruvate methyl proton exchange assays
Assays for the determination of the HMG/CHA aldolase catalyzed pyruvate methyl
proton exchange rate were determined similarly to those completed previously (66). Briefly,
assays of 600 μL were completed in D2O with 20 mM MOPS buffer at a pD of 8.0 (where pD =
pH + 0.4 and the pH was measured to 8.0) with 30 mM sodium pyruvate, 1 mM MgCl2. Standard
assays for Pi activation were completed with 1 mM sodium phosphate, at pD 8.0, and the rate
enhancement work was completed with increasing Pi concentrations. All reagents were
anhydrous and resuspended in 98% D2O from Cambridge Isotopes Laboratories Inc. (Andover,
MA). Reactions were initiated with the addition of enzyme which had been prepared in 20 mM
MOPS buffer pD of 8.0 with 1 mM MgCl2. The rate of pyruvate methyl proton exchange was
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detected with H1 NMR, in a Bruker Avance 600 MHz spectrometer at 25°C using a 5.0 mm
NMR tube, with measurements taken every 2 minutes for 20 minutes. The rate of decrease in the
pyruvate methyl proton signal (2.38 ppm) was determined by comparison to the MOPS
methylene proton signal (2.05 ppm) which did not change during the course of the assay. The
rate of decrease in the pyruvate methyl proton signal was fit by least squares regression of the
natural log of the decrease in signal over time. The resulting rate of decrease in the methyl proton
signal due to enzyme was determined by subtraction of the rate of observed in a no enzyme
control using Equation 3.1. The enzymatic methyl proton exchange rate was then determined
using Equation 3.2 where the concentration of pyruvate and enzyme are in units of mM, giving
Vexchange in units of s-1. For determination of the rate enhancement due to Pi, assays were
completed with increasing Pi concentrations with the rate of the enzyme catalyzed exchange in
the absence of Pi taken as zero and exchange rates determined in the presence of Pi fit to the
Michaelis-Menton equation in GraphPad Prism 5.

Equation 3.1: Rate of decrease in methyl proton signal as detected by NMR
𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 − 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
Equation 3.2: Pyruvate methyl proton exchange rate
𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒 ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =

3𝑘𝑘 𝑜𝑜𝑜𝑜𝑜𝑜 [pyruvate ]
[enzyme ]
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3.4 Results
3.4.1 Pi activation
The effect of Pi on the steady state kinetic parameters for the P. putida F1 HMG/CHA
aldolase catalyzed reactions was assessed. A ~10-fold increase in both the kcat and KM is
observed in the retro aldol reaction with CHA and HMG (Table 3.2). The aldolase also possesses
oxaloacetate (OAA) decarboxylase activity, owing to a common pyruvate enolate intermediate in
the decarboxylase reactions as that of the aldolase reaction. Only a ~2-fold increase in both kcat
and KM is observed in the OAA decarboxylase reaction in the presence of Pi. The results with
HMG and OAA are similar to those of the P. straminea HMG/CHA aldolase previously reported
(74). However, only a 10-fold increase in kcat observed with CHA in the P. putida F1 enzyme
opposed to the 55-fold activation observed with the P. straminea enzyme. Similar to the P.
straminea enzyme, the P. putida F1 displays uncompetitive activation with Pi whose presence
leads to increases in both kcat and KM values for the catalyzed reactions. Also similar to the P.
straminea enzyme, assays completed with 2 mM Na3AsO4 and Na3VO4 gave the same degree of
activation as that of Pi. Neither 2 mM Na2SO4 nor Na2MoO4 activated the enzyme (data not
shown). Further, activation assays with Na2SO4 up to 100 mM did not decrease the rate
enhancement resulting from 2 mM Pi indicating the enzymes specificity for Pi.
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Table 3.2: Pi activation with different substrates.
ND indicates data which were not detected under the conditions utilized. The substrates used were oxaloacetate (OAA), 4hydroxy-4-methyl-2-oxoglutarate (HMG), and 4-carboxy-4-hyroxy-2-oxoadipate (CHA).
Substrate

Without Pi

+ 2 mM Pi
-1

-1 -1

KM (µM)

Ksi (mM)

kcat (s )

kcat/KM (M s )

KM (µM)

Ksi (mM)

kcat (s-1)

kcat/KM (M-1s-1)

OAA

298 ± 30

0.360 ± 0.049

1.86 ± 0.18

(6.24 ± 0.87) x 103

741 ± 25

ND

3.16 ± 0.036

(4.26 ± 0.15) x 103

HMG

188 ± 11

1.80 ± 0.091

15.6 ± 0.54

(8.30 ± 0.56) x 104

1360 ± 110

ND

134 ± 8.1

(9.85 ± 1.0) x 104

CHA

15.0 ± 1.3

ND

13.4 ± 0.31

(8.93 ± 0.80) x 105

104 ± 9.9

ND

145 ± 1.3

(1.40 ± 0.13) x 106
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3.4.2 Proton exchange Pi titration
The aldolase second half reaction, the protonation of the pyruvate enolate, can be probed
through analysis of the enzyme’s ability to exchange the pyruvate methyl protons with bulk
solvent (Table 3.3). The exchange rate catalyzed by the aldolase is 2 s-1 which is slower than that
of the aldolase reaction (~13.5 s-1 for CHA and ~15.5 s-1 for HMG) but is comparable to the
OAA decarboxylase reaction (~2 s-1). Proton exchange assays in the presence of 1 mM Pi
resulted in an increase of 300-fold in the pyruvate methyl proton exchange rate indicating a role
for Pi to activate through the general acid half reaction (Figure 3.2). The fold increase in the
proton exchange rate due to increasing Pi concentrations was saturatable yielding a KM of 397 ±
30 µM with a maximal increase in activity of 402 ± 17-fold.

Table 3.3: The pyruvate methyl proton exchange rate of the wild type and variants of
the HMG/CHA aldolase in the absence and presence of Pi.
Enzyme

Without Pi

Binding

+ 1mM Pi

Site

Exchange Rate (s-1)

Fold Change from Wt

Exchange Rate (s-1)

Fold activation

Wt

-

2.02 ± 0.039

-

604 ± 8.2

298 ± 9.8

R40A

1

2.14 ± 0.078

0.946 ± 0.052

338 ± 11

158 ± 11

R123K

1

0.105 ± 0.024

-19.4 ± 4.8

1.24 ± 0.13

11.8 ± 4.1

G144V

1

2.54 ± 0.11

0.844 ± 0.051

19.6 ± 0.47

7.72 ± 0.84

T145A

1

1.39 ± 0.041

-1.45 ± 0.071

32.8 ± 1.3

23.6 ± 1.6

R195A

1

0.568 ± 0.026

-3.57 ± 0.23

31.1 ± 0.43

54.8 ± 3.3

N71A

1/2

0.325 ± 0.029

-6.23 ± 0.68

54.4 ± 1.2

167 ± 19

K147A

1/2

0.824 ± 0.053

-2.45 ± 0.21

33.6 ± 0.84

40.8 ± 3.7

H75A

2

1.98 ± 0.072

-0.980 ± 0.045

598 ± 12

302 ± 11
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Figure 3.2: The increase in the HMG/CHA aldolase catalyzed pyruvate methyl proton
exchange rate due to increasing Pi.
The fold increase in activity plotted is relative to the rate in the absence of Pi (2 s-1).

3.4.3 In silico docking studies
Attempts to cocrystallize the HMG/CHA aldolase with Pi in conditions described
previously (66) were not successful and new crystallization conditions with the enzyme in the
presence of Pi were not found. Ligand docking studies with Rosetta were performed to ascertain
potential Pi binding modes that could be evaluated by biochemical studies. Using this
methodology, both the protein and the phosphate ligand were needed to be fully protonated.
Although this methodology is not ideal to represent the binding mode and is not representative of
the true ionization states at physiological pH, the docking studies served as an initial framework
from which to identify potential binding sites that could be probed ascertained by other
experimental means. Thus, fully protonated phosphoric acid was used and 1500 poses were
generated around a 7 Å radius from the center of the pyruvate binding pocket. Of these poses
~1000 contained interface delta scores less than zero and could be clustered into 3 groups based
on the potential binding site (Figure 3.3A).
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Figure 3.3: Docking of Pi into the active site of the HMG/CHA aldolase.
The HMG/CHA aldolase is represented as in Figure 1. (A) The center of mass of each Pi
is shown as an orange sphere and the grouped putative binding sites are numbered. A
representative binding mode for sites 1 (B), 2 (C), and 3 (D) are shown with the native
structures residues as lines with significant positional changes indicated with arrows.
Potential hydrogen bonds between Pi and the protein, defined by distances between 2.8
and 3.2 Å, are indicated by dashes.

Site 1 is found close to, or overlapping, the proposed general acid water molecule. A
representative binding mode from this cluster indicates potential interactions with Nη1 of Arg123, Nδ of Asn71, backbone amide and the Oγ of Thr-145, the Nη1 of Arg-40, Nη1 of Arg-195,
and both the proposed general acid and general base water molecules (Figure 3.3B). Site 2 is
found ~4 Å from site 1 and is more central in the binding pocket. A representative pose indicates
potential electrostatic interactions of Pi with Nε of His-75, Nζ of Lys-147, and the proposed
general base metal ligated water (Figure 3.3C). Site 3 is found on the opposite side of the bound
magnesium ion from the pyruvate molecule. Binding of Pi at this site is only accomplished by
reorganization of the active site Arg-123 residue to a position out of line with the pyruvate
carbonyl (Figure 3.3D). The positioning of the Arg-123 guanidinium is essential for catalysis
through stabilization of the pyruvate enolate transition state (66). Further, binding of Pi at site 3
is also only accomplished through interactions of Pi with either one or both of the acidic metal
binding residues Asp-124 and Glu-199. Fully protonated phosphoric acid was used in the
docking studies and the protonation state at pH values where the enzyme is active and activated
(pH values > 7) suggest potential charge repulsion with the acidic residues thus Pi binding at site
3 is unlikely.
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3.4.4 Probing of potential Pi binding sites
The residues comprising the Pi binding sites defined by docking studies were investigated
through mutagenesis (Table 3.3 and Table 3.4). The residues Asn-71 and Lys-147 are centrally
located between the two proposed Pi binding sites 1 and 2. Enzyme variants of N71A and K147A
had significant effects on the steady state kinetics of the aldolase HMG reaction with both
variants decreasing the kcat by 1114-fold, suggesting a possible role for the residues in the
enzyme catalytic mechanism. Both of the substitutions reduced the degree of Pi activation of the
HMG cleavage reaction to less than 2-fold. The degree of Pi activation on the pyruvate methyl
proton exchange rate was reduced relative to the wild type in the N71A and K147A variants by
2- and 7-fold, respectively.

Binding of Pi at the proposed site 2 requires His-75 to stabilize the polyatomic ion. The
H75A variant had only a 2-fold increase in KM and a 1.4-fold increase in kcat for the HMG
catalyzed reaction and did not have a significant effect on the pyruvate methyl proton exchange
rate. The residue substitution resulted in only a 3.1-fold increase in kcat in the presence of the Pi,
which is modest relative to the effects seen from substitution of residues from site 1.
Furthermore, the H75A variant did not have an effect on the Pi activation of the pyruvate methyl
proton exchange rate. Together, the results indicate that His75, and the potential Pi binding at site
2, are not directly involved with Pi binding leading to enzyme activation.
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Table 3.4: Steady state kinetic parameters of HMG lyase activity of variants of the HMG/CHA aldolase in the presence or
absence of the Pi.
Reactions were completed in the presence or absence of 2 mM sodium phosphate in 0.1 M HEPES buffer at pH 8.0.

Enzyme

Site

Wt

Without Pi
KM (µM)
188 ± 11

kcat (s-1)
15.6 ± 0.54

+ 2 mM Pi
kcat/KM (M-1s-1)

KM (µM)
4

(8.30 ± 0.49) x 10

4

1360 ± 110

kcat (s-1)
134 ± 8.1

kcat/KM (M-1s-1)
4

(9.85 ± 1.0) x 10

4

Fold ↑ kcat

Fold ↑ KM

8.6

7.2

R40A

1

304 ± 27

6.70 ± 0.14

(2.20 ± 0.21) x 10

3260 ± 340

36.6 ± 1.0

(1.12 ± 0.12) x 10

5.5

11

R123K

1

3210 ± 210

0.0860 ± 0.0046

26.7 ± 2.3

3970 ± 25

0.0701 ± 0.0034

17.6 ± 0.86

0.82

1.2

G144V

1

1390 ± 160

0.215 ± 0.015

(1.55 ± 0.21) x 102

6830 ± 440

0.394 ± 0.0090

57.7 ± 3.9

1.8

4.9

T145A

1

1080 ± 88

0.889 ± 0.057

(8.23 ± 0.85) x 102

1780 ± 210

10.7 ± 0.33

(6.01 ± 0.73) x 103

12

1.7

R195A

1

1370 ± 58

6.72 ± 0.19

(4.91 ± 0.25) x 103

2890 ± 210

11.5 ± 0.67

(3.98 ± 0.37) x 103

1.7

2.1

N71A

1/2

796 ± 70

0.0140 ± 0.0011

17.6 ± 2.1

1110 ± 82.7

0.0184 ± 0.00034

16.5 ± 1.3

1.3

1.4

K147A

1/2

2010 ± 210

0.0140 ± 0.00039

6.97 ± 0.75

3720 ± 340

0.0224 ± 0.00055

6.45 ± 0.61

1.6

1.8

2.4

3.1

H75A

2

389 ± 22

22.3 ± 0.75

4

(5.73 ± 0.38) x 10

1210 ± 170

53.5 ± 1.7

4

(4.45 ± 0.64) x 10
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At site 1 two potential Pi binding modes are envisioned. In the first mode, Pi could bind
in place of the proposed general acid water molecule, with the ion acting directly as the general
acid. In the second mode, Pi could bind proximal to the proposed general acid water molecule
and facilitate proton transfer between the water and the pyruvate enolate methylene. Thr-145
coordinates the proposed general acid water and substitution of the residue with alanine results in
an 18-fold reduction in kcat for the HMG catalyzed reaction relative to the wild type enzyme. The
effect on the pyruvate methyl proton exchange rate, however, is minimal, only reducing the rate
by 1.5-fold. The T145A variant is activated in the presence of Pi resulting in a 12-fold increase in
kcat for the HMG catalyzed reaction but only a 24-fold increase in the pyruvate methyl proton
exchange rate. The lower enhancement of the pyruvate methyl proton exchange rate in the
T145A variant relative to the wild type could suggest that Pi is ideally positioned by Thr-145 to
act in lieu of the general acid water. However, this result is not conclusive and if Pi were
proximally bound at site 1 the polyatomic ion could interact with Thr-145 and account for the
decrease in activation by Pi.

Along the same face of the pocket as Thr-145 lies Arg-40, which may be rotated towards
the active site pocket and interact with the Pi at this potential site. The potential for the
interaction by Arg-40 was assessed by both a R40A variant and a G144V variant; the glycine
substitution to the larger valine side chain was thought to sterically restrict Arg-40 from
interacting in the pocket. The R40A variant had only a 2-fold decrease in kcat and was still
activated to a similar extent as the wild type enzyme in the HMG aldolase cleavage reaction. The
G144V variant, however, had a 10-fold increase in KM and a 73-fold decrease in kcat for the
HMG cleavage reaction and the kcat increased only 2-fold in the presence of Pi. Neither the R40A
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or G144V variants had a significant effect on the pyruvate methyl proton exchange rate, but the
rate enhancement by Pi was reduced relative to the wild type by 2- and 39-fold, respectively.
Together the results suggest the involvement of Arg-40 in Pi binding is minimal but inclusion of
a substantial side chain at the Gly-144 position restricts activation by Pi likely by reducing the
enzyme’s ability to bind the ion.

The guanidinium group of Arg-123 is proposed to stabilize the pyruvate enolate
intermediate. In accordance with this proposal, substitution of the Arg-123 with lysine,
maintaining the electropositive character but modifying the chemical structure at this site,
reduces the kcat of the HMG catalyzed reaction by 181-fold and reduces the pyruvate methyl
proton exchange rate by 20-fold. The proposed Pi binding at site 1 suggests that the Nη1 of Arg123 may interact with the Pi. There is no enhancement in kcat for the HMG catalyzed reaction in
the presence of Pi for the R123K variant and the Pi contributed enhancement of the pyruvate
methyl proton exchange rate is reduced by only 10-fold in the variant. Together the results
substantiate a role for Arg-123 in Pi binding leading to enzyme activation.

Arg-195 is close to the bound magnesium ion with its side chain projecting into the active
site close, but at a 90º angle, to Arg-123 and may contribute to Pi binding in site 1. The R195A
variant has a 7-fold increase in KM and a 2-fold decrease in kcat relative to the wild type enzyme
in the HMG cleavage reaction. The activation of kcat and the pyruvate methyl proton exchange
rate by Pi is each reduced by 5-fold in the R195A variant relative to the wild type enzyme,
consistent with the proposal of the residue contributing to Pi binding.
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Taken together, the results of the mutagenesis and kinetic investigations support the
proposal of Pi activating the general acid half reaction where the polyatomic ion is positioned by
residues comprising site 1.

3.4.5 Structural comparison with phosphotransferases
DALI was utilized to search for proteins containing similar structural fold as the αββα
fold the HMG/CHA aldolase (106). The aldolase shares structural similarity to the PH domain of
the PT proteins and a domain of unknown function in bacterial pyruvate kinase (PK) (Figure
3.4A) (131, 132). A threonine residue in plant PPDK proteins (Thr-456 in Maize PPDK) is
known to be reversibly phosphorylated and when phosphorylated the PPDK function is inhibited
(133). The HMG/CHA aldolase Arg-123, which is an essential residue for aldolase activity
acting to stabilize the pyruvate enolate transition state, structurally aligns between the conserved
PH and phospho-threonine in PT proteins (Figure 3.4B) (82, 126). All of these residues are found
in a loop region following a β-strand (β5 in the HMG/CHA aldolase) with the loop leading to an
α-helix (α5 in the HMG/CHA aldolase) (Figure 3.4C). From the β-strand, the loop leading to PH
in PT proteins wraps from the opposite direction to that of the aldolase which leads to the
threonine in PT proteins having its side chain projecting into the PT protein’s PEP binding site.
The PH in the PT proteins directly precedes the α-helix whereas the Arg-123 in the aldolase is
separated from the α-helix by the metal binding residue Asp-124. The aldolase Arg-123 is
parallel, and the guanidinium is inline with the helical dipole from α4. Whereas the PH is on the
opposite side of the helical dipole and in all structures of PT proteins the imidazole of PH
projects almost 180º away from the aldolase pyruvate binding site and into the characterized PT
PEP binding site. The aldolase Gly-101, which lines the pocket of the pyruvate binding site, is
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found as a threonine/serine (Thr-164 in EI:PTS from E. coli; Ser-432 in PPDK from Clostridium
symbiosum) in the PT proteins. The larger side chain in the PT enzymes would sterically restrict
the PH residue from projecting into an equivalent position as the Arg-123 in the aldolase
pyruvate binding site. Similarly, an additional loop region in the HMG/CHA aldolase (Arg-138
to Pro-156) would restrict the movement of Arg-123 preventing the residue from rotating into an
equivalent position to the PH seen in the PT proteins. Together, the analyses indicate that the
phosphorylatable residues of PT proteins and the aldolase Arg-123 are distinct, whose
functionalities operate on separate faces of a common fold. None of the residues of HMG/CHA
aldolase pyruvate binding pocket are conserved in the PT proteins and none of the residues of the
PT phosphoryl transfer pocket are conserved in the HMG/CHA aldolase. Thus although
phosphate binding and the reaction chemistries in these proteins are mediated through residues
that are close in sequence space, significant differences in the protein structures leads to
differences in the positions of the bound Pi among the proteins.

87

88
Figure 3.4: Comparison of the HMG/CHA aldolase with the PT proteins.
(A) Overall structural comparison with the proteins oriented via structural alignment of
the conserved domain which is coloured white with arrows pointing out the aldolase
Arg-123 and transferase PH residue. The HMG/CHA aldolases Mg2+ and pyruvate are
shown as a green sphere and yellow sticks, respectively. EI:PTS from E. coli (PDB:
2HWG) is shown with its PEP binding domain coloured red its and helical bundle,
which supports HPr binding, coloured green. The EI:PTS Mg2+ and oxalate are shown
as a green sphere and yellow sticks, respectively. PK from Geobacillus
strearothermophilus (PDB: 2E28) is shown with its kinase domain coloured magenta its
and effector domain coloured dark green. The PPDK from Maize (PDB: 1VBH) is
shown with its nucleotide binding domain, linker region, and PEP binding domain
coloured in cyan, pink, and brown, respectively. The PPDK Mg2+ is shown as a green
sphere and its bound PEP as yellow sticks. (B) Section of the primary sequences in the
structural alignment indicating the HMG/CHA aldolases essential Arg-123 in a magenta
box, the PH with an orange sphere, and the PPDK threonine observed as a site of
phosphorylation in plants as a green sphere. (C) Overlay of the HMG/CHA aldolase and
EI:PTS with comparison of key residues. The enzymes are coloured as in panel A
except, for clarity, the conserved domain in EI:PTS is coloured blue.

3.5 Discussion
Pi is found to activate the HMG/CHA aldolase reaction, increasing the kcat of the P.
putida F1 enzyme by >10-fold for the aldol substrates. The rate enhancement for CHA is slightly
lower than that of the P. straminae enzyme which was activated ~50-fold in the presence of Pi.
However, in both versions of the enzyme, Pi acts to increase both the kcat and KM to similar
degrees yielding similar catalytic efficiencies (74). The concomitant increase in kinetic
parameters is observed with all substrates and with both the aldolase and OAA decarboxylase
activities indicative of uncompetitive activation. Uncompetitive activation is not a common
occurrence amongst enzymes and the way the activators mediate activation appears to be varied.
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For example, the mouse alkaline phosphatase and bovine rod photoreceptor-specific ABC
transporter are uncompetitively activated by the molecules N-ethylaminoethanol and all-transretinal, respectively. They are thought to bind to allosteric sites that modulate the enzyme active
site and reaction kinetics (134, 135). In contrast myrosinase, an S-glycosidase that catalyzes the
cleavage of glucosinolates, utilizes its activator, ascorbate, directly in the reaction mechanism.
Ascorbate binds in the aglycon binding pocket and activates the rate limiting second half of the
ping-pong mechanism (136, 137).

The OAA decarboxylase activity does not require a general base but maintains the
pyruvate enolate transition state intermediate that requires protonation by a general acid to
complete the reaction cycle. The Pi activation of both the aldolase and OAA decarboxylase
activities suggests that the polyatomic ion contributes to the enzyme mechanism through
activating the general acid half reaction. The rate enhancement of the aldolase’s pyruvate methyl
proton exchange rate is in accordance with this reasoning where Pi enhances the rate > 300-fold.
The pyruvate methyl proton exchange rate is likely slower than that of the true general acid half
reaction as the exchange rate requires that the methyl proton be exchanged with the bulk solvent
and not returned to enolate, which likely occurs to some degree. Thus, the large exchange rate
enhancement by Pi is likely a result of Pi acting directly as the general acid which donates a
deuteron to the pyruvate enolate, enhancing a rate that is not fully observed by the pyruvate
methyl proton exchange assays. In the absence of Pi, the OAA decarboxylase turnover rate (2 s-1)
is slower than that of the aldolase reactions (> 10 s-1). The smaller rate enhancement in the OAA
turnover rate in the presence of Pi likely suggests that in the decarboxylase reaction that the
protonation of the pyruvate enolate is not the rate determining step, but rather it is the generation
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of the pyruvate enolate through decarboxylation that is rate limiting. Thus, it is likely that in the
aldolase reaction the general acid step is rate determining which changes in the presence of Pi to
the general base half reaction.

Docking studies suggested a binding site (site 1) close to, or overlapping, the proposed
general acid Wat4 binding site. The residues potentially involved in the proposed Pi binding site
were also shown to be important for the functioning of the aldolase. Significantly, substitution of
either Asn-71 or Lys-147 with alanine decreased the kcat of the HMG catalyzed reaction by >
1000-fold indicating important roles for these residues in the enzyme catalytic mechanism. The
proposed catalytic mechanism of the aldolase suggests that the Asn-71 and Lys-147 are involved
in binding of the C5-carboxylate on CHA, a moiety not present on the HMG substrate, and
whose residue substitutions were not hypothesized to make significant effects on the reactions
kinetics of HMG catalysis. Significant reductions in the Pi activation in the N71A, K147A and
other enzyme variants of residues comprising site 1 supports the role for these residues in
facilitating Pi binding leading to activation of the general acid.

Only Pi and its analogs AsO43- and VO43- could activate the aldolase. The lack of
activation by neither SO42- nor MoO42- indicates that the ion must also be in a suitable
protonation state to facilitate the activation. The P. straminea HMG/CHA aldolase optimum pH
increased from 6.6 to 8.2 where the dianion form of the Pi (pKa of values of Pi being 2.1, 7.2, and
12.7) would be the predominant and activating species (74). The Pi activation of the aldolase
through the general acid half reaction could be envisioned through a “proton switch” mechanism
where Pi acts directly as the general acid, donating a proton, and simultaneously abstracts a
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proton from a source in the active site pocket (138). In the structure of the HMG/CHA aldolase,
the proposed general acid Wat4 is 2.8 Å from the pyruvate methyl group and is in the plane of
the pyruvate molecule (66). The source of the proton for the general acid should be out of the
plane of pyruvate and may not be contributed from Wat04 but rather from bulk solvent. Thus,
should Pi act directly as the general acid then Wat4 may serve as a ready source of a proton for
the potential proton switch mechanism.

None of the other class II pyruvate aldolases are activated by Pi, or other molecules, and
the Pi activation appears to be unique to the HMG/CHA aldolase. Pi has also not been reported to
activate any of the other enzymes from either the gallate or protocatechuate 4, 5-cleavage
pathways. The intracellular concentration of Pi is likely to be in the low millimolar range and
would contribute to the aldolases normal physiological functioning (139). In the gallate
degradation pathway of Pseudomonas putida, the turnover rate of the enzymes are comparable to
that of the native HMG/CHA aldolase (GalA = 42 s-1 (78), GalD = unknown, and GalB = 2 to 14
s-1 depending on the metal utilized (Chapter 4)). Changes in cellular Pi content would likely not
affect gallate utilization. However, the turnover rate of the enzymes from the protocatechuate
4,5-cleavage

pathway

in

Sphingomonas

paucimobilis

SYK

through

degradation

of

protocatechuate are significantly higher than that of the aldolase in the absence of Pi (LigAB =
216 s-1 (42), LigC = 260 s-1 (46), LigI = 342 s-1 (47), and LigJ = 277 s-1 (57)). Changes in cellular
Pi content may be significant in controlling the flux through the protocatechuate pathway by
activation of the aldolase.
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The PH domain in PT proteins is similar in overall structure to the HMG/CHA aldolase
(RMSD ~ 3Å). The enzyme’s essential residues also map to similar positions in protein fold
making an enticing suggestion for a similar mode of Pi binding. However, close inspection of the
enzymes structures indicates that the PT and aldolase active sites are on opposite faces of the
protein fold. Further, there is little sequence conservation amongst the aldolase and PT proteins
in their respective phosphate binding pockets. Gene copies of the HMG/CHA aldolase are
commonly found in species of bacteria and plants which lack homologous genes to
protocatechuate and gallate gene clusters, and the functional role of these proteins in these
species unknown (125). Although the overall sequence identity amongst the HMG/CHA aldolase
homologs is low, the proteins contain significant sequence conservation to the residues of the
aldolase active site and likely support a class II pyruvate aldolase function. Thus, the presence of
an HMG/CHA aldolase maintained across these species likely suggests that the aldolase have not
recently evolved and that the PT proteins and HMG/CHA aldolase likely diverged in function a
significant time ago resulting in non-conserved ligand binding sites.
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Chapter 4: Structural

and

kinetic

characterization

of

the

4-carboxy-2-

hydroxymuconate hydratase from the gallate and protocatechuate 4,5-cleavage
pathways of Pseudomonas putida KT2440.
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4.1 Abstract
The bacterial catabolism of lignin and its breakdown products is of interest for
applications in industrial processing of lingocellulosic biomass. The gallate degradation pathway
of Pseudomonas putida KT2440 requires a 4-carboxy-2-hydroxymuconate (CHM) hydratase
(GalB), which has a 12% sequence identity to a previously identified CHM hydratase (LigJ)
from Sphingomonas sp. SYK-6. The structure of GalB was determined and found to be a
member of the PIG-L N-acetylglucosamine deacetylase family; GalB is structurally distinct from
the amidohydrolase fold of LigJ. LigJ has the same stereospecificity as GalB, providing an
example of convergent evolution for catalytic conversion of a common metabolite in bacterial
aromatic degradation pathways. Purified GalB contains a bound Zn2+ cofactor; however the
enzyme is capable of using Fe2+ and Co2+ with similar efficiency. The general base aspartate in
the PIG-L deacetylases is an alanine in GalB; replacement of the alanine with aspartate
decreased the GalB catalytic efficiency for CHM by 9.5 x 104 fold, and the variant enzyme did
not have any detectable hydrolase activity. Kinetic analyses and pH dependence studies of the
wild type and variant enzymes suggested roles for Glu-48 and His-164 in the catalytic
mechanism. A comparison with the PIG-L deacetylases led to a proposed mechanism for GalB
wherein Glu-48 positions and activates the metal-ligated water for the hydration reaction and
His-164 acts as a catalytic acid.

4.2 Introduction
Lignin, a complex biopolymer found in the plant cell wall, represents a large carbon
reservoir in the environment. The polymer is built from non-repeating aromatic units connected
via many different linkages. Bacterial species from the genera Pseudomonas, Comamonas, and
Sphingomonas utilize the aromatic metabolites produced from lignin depolymerization, and their
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catabolic capabilities can therefore be harnessed for industrial processing of biomass to produce
valuable products such as biofuels (reviewed in (4)).

Lignin is composed mainly of guaiacyl and syringyl units, which are connected through
ether and biphenyl linkages (2). In strains of Pseudomonas, Comamonas, and Sphingomonas,
diverse guaiacyl and biphenyl lignin derivatives are metabolized to vanillate (Figure 4.1).
Vanillate is subsequently demethylated into protocatechuate (PCA), 2 which in turn is
metabolized through the PCA 4,5-cleavage pathway (32, 33, 140, 141). Syringyl lignin
derivatives, however, are transformed into gallate, which is then metabolized through the gallate
pathway (142). Both the PCA 4,5-cleavage and gallate pathways lead to the production of 4oxalomesaconate (OMA) or its tautomer, 4-carboxy-2-hydroxy-muconate (CHM), with both
tautomers being in equilibrium at physiological pH (39, 47, 57). An OMA tautomerase (galD)
has been identified in a gallate utilization gene cluster of Pseudomonas putida KT2440, with
homologous gene copies found in the canonical PCA 4,5-cleavage pathway, which
enzymatically transforms OMA to CHM (39). In both the gallate and PCA 4,5-cleavage
pathways CHM is transformed by a hydratase to produce 4-carboxy-4-hydroxy-2-oxoadipate
(CHA), which is subsequently cleaved by an aldolase to produce the TCA cycle metabolites
pyruvate and oxaloacetate. The aldolase from these pathways is commonly referred to as the 4hydroxy-4-methyl-2-oxoglutarate (HMG)/CHA aldolase, as the first characterizations of the
enzyme identified it as using HMG as a physiological substrate, although to date no enzymatic
pathway to HMG production has been fully explicated (48, 49). Thus both the PCA 4,5-cleavage
and gallate pathways have the same last three chemical transformations using an OMA
tautomerase, CHM hydratase, and HMG/CHA aldolase. The OMA tautomerases and HMG/CHA
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aldolases found in the pathways share 50% sequence identities. However, the hydratases from
the pathways, LigJ and GalB, share only a 12% sequence identity and are unlikely to be
evolutionarily related.
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Figure 4.1: Metabolism of guaiacyl, syringyl, and biphenyl lignin metabolites by
Pseudomonas and Sphingomonas.
A, Guaiacyl metabolites are metabolized to vanillate (VAN) that is O-demethylated by
LigM to protocatechuate (PCA) which is subsequently transformed through the
protocatechuate 4,5-cleavage pathway. Sequential conversion of PCA to pyruvate
(PYR) and oxaloacetate (OAA) is catalyzed by: LigAB, a 4,5-dioxygenase; 4-carboxy2-hydroxymuconate semialdehyde (CHMS) is converted to the hemiacetyl form nonenzymatically; LigC, a CHMS dehydrogenase; LigI, a 2-pyrone-4,6-dicarboxylate
(PDC) lactonase which produces either 4-oxalomesaconate (OMA) or 4-carboxy-2hydroxymuconate (CHM); LigJ, a CHM hydratase; LigK, a 4-hydroxy-methyl-2oxoglutarate (HMG)/4-carboxy-4-hydroxy-2-oxoadipate (CHA) aldolase. Syringyl
metabolites are metabolized to gallate (GA) that is sequentially transformation to PYR
and OAA by: GalA, a gallate dioxygenase; GalD, a OMA tautomerase; GalB, a CHM
hydratase; and GalC, a HMG/CHA aldolase. B, The lignin biphenyl 5,5´dehydrodivanillate (DDVA) is transformed to VAN for utilization in the PCA 4,5cleavage pathway by: LigX; a DDVA O-demethylase; LigZ, a 2,2´,3-trihydroxy-3´methoxy-5,5´-dicarboxybiphenyl (HO-DDVA) dioxygenase; LigY, a HO-DDVA
hydrolase which produces both 5-carboxyvanillate (5CVA) and 4-carboxy-2hydroxypenta-2,4-dienoate (CHPD); LigW/LigW2, a 5CVA O-demethylase. Here, the
enzymatic conversion of CHPD to HMG by either GalB or LigJ hydratases is proposed.
HMG is a known substrate for the HMG/CHA aldolase (LigK or GalC) which would
produce 2 moles of PYR, connecting the CHPD metabolite to central cellular
metabolism.
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Both LigJ and GalB are divalent metal ion-dependent enzymes that have a preference for
Zn2+ (39, 57). A structure of LigJ from Rhodopseudomonas palustris (PDB code 2GWG) has
been determined and it is a member of the amidohydrolase II family (PF04909) comprising a
(α/β)8 triose-phosphate isomerase (TIM) barrel that is structurally distinct from other
characterized divalent metal-dependent hydratases (51, 52, 68). The regions in the substrate
binding pocket of LigJ are not modeled in the final structure, and accordingly, the catalytic
mechanism of this enzyme has not been elucidated. Like LigJ, GalB has no sequence similarity
to the previously characterized divalent metal-dependent hydratases. The initial characterization
of the gallate pathway identified (2E,4E)-CHM as the substrate for GalB, whereas (2Z,4E)-CHM
is the proposed substrate for LigJ (39, 47). The proposed differences in substrate specificity
between the two enzymes would give a biological rationale for the two possibly distinct CHM
hydratases. However, no structural or mechanistic investigations have been reported in the
literature to elucidate the mechanism of GalB and its relationship to LigJ CHM hydratases.

Herein we report the first structure and in-depth kinetic characterization of the GalB
CHM hydratase from Pseudomonas putida KT2440. GalB, unlike LigJ, adopts a α/β Rossmannlike fold that resembles the PIG-L deacetylase family of hydrolytic enzymes. A comparative
analysis of PmdE from Comamonas sp. strain E6 (herein referred to as LigJCsE6) and GalB
indicates that both enzymes in fact utilize the same CHM isomer leading to the same (-)-CHA
enantiomer product. LigJCsE6 shares 63 and 80% sequence identity to LigJ from Sphingomonas
sp. SYK-6 and R. palustris, respectively. We also show that both GalB and LigJCsE6 catalyze the
reversible hydration of 4-carboxy-2-hydroxypenta-2,4-dienoate (CHPD; a CHM analog lacking
the C5 carboxylate) to HMG and propose a previously undescribed route for HMG production

99
from the metabolism of the lignin metabolite 5,5´-dehydrodivanillate (DDVA). Together, our
findings shed light on the analogous enzymes GalB and LigJ, which have evolved convergently
to perform the same chemical reaction.

4.3 Materials and methods
4.2.1 Chemicals
L-lactate dehydrogenase (LDH, rabbit muscle), L-malate dehydrogenase (MDH, porcine

heart) 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).

4.2.2 DNA Manipulations
pET29a plasmids harbouring galA, galB, and galD from P. putida KT2440 were a
generous gift from E. Díaz, Biological Research Center-CSIC, Madrid, Spain (39). GalB variants
A16D, R21A, E48A, R67A, Y123A, H127A, H164A, and R216A were produced by sitedirected mutagenesis using the Quikchange method (103). A GalB variant, GalBNt, containing a
truncation of 4 residues from the N-terminal end of the gene product was created with primers to
amplify the region of interest with flanking NdeI and HindIII restriction sites. The amplified
galBNt was digested and ligated into pT7-7 (102). Primers utilized for mutagenesis are listed in
Table 4.1. For native over-expression of GalB in Pseudomonas putida KT2442, galB was
subcloned from pET-29a into pVLT-31 using the XbaI and HindIII sites (143). The gene
encoding PmdE (LigJCsE6) from Comamonas sp. strain E6 (GenBank: BAI50711.1) was codon
optimized for expression in E. coli and was synthesized by Biobasic Canada Inc (Markham, ON)
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(141). The sequence was designed with flanking NdeI and HindIII restriction sites and ligJCsE6
was subcloned into pET28a for expression with an N-terminal hexa-histidine tag. All plasmids
were transformed into E. coli DH5α for propagation with gene sequences and mutations were
confirmed by DNA sequencing at the Guelph Molecular Supercenter (University of Guelph,
ON).

Table 4.1: Primer sequences used for mutagenesis of galB.
GalB Variant
H14A/D17A
A16D
R21A
E48A
R67A
Y123A
H127A
H164A
R216A
GalBNt

Primer Sequences
CGCAGCTTCTGCAGCATTTGTCTGGCGTGCC
GACAAATGCTGCAGAAGCTGCGCTGACCACCAG
CATTCCGACGACTTTGTCTGGCGTGCCGGTG
CAAAGTCGTCGGAATGTGCGCTGACCACCAGG
CTTTGTCTGGGCTGCCGGTGGCGC
CCACCGGCAGCCCAGACAAAGTCGG
GAGCGTGGTGCCTCTGCCAAGCTGTG
GCAGAGGCACCACGCTCACCGAAAGAC
GGACGCAGCCCGTGAAGAAGCCATGGCG
CACGGGCTGCGTCCTTGACCTTGGCTTCG
GACCCTGCCAACTACGACCACC
CGTAGTTGGCAGGGTCTTTGAGG
CGACGCTCCGCTGGCCATGCACCTGG
GCCAGCGGAGCGTCGTAGTTGTAAGGGTCTTTGAG
GAGCCAGCCCAGCCCGAGCAGTGC
GGCTGTGCTGGCTCAAAGGCGTAGACCG
CACGTTAGCCTTGGCCTGCACGC
CAAGGCTAACGTGGGCATAACCAGCG
GCCCATATGAAATCCGCCCTGGTGGTCAGTGC
GCAAGCTTTCATGCCAGGTTCTCCGTCACGCG

4.2.3 Gene expressions
With the exception of the native expression of galB in Pseudomonas, all of the genes
utilized in this study were recombinantly overexpressed in Escherichia coli BL21 (λDE3). E.
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coli cells harbouring plasmids encoding either galA, galD, ligJCsE6, galB, or galB enzyme
variants were propagated in 1 L lysogeny broth (LB) containing the appropriate antibiotics for
their respective plasmid selection. Cells were grown at 37°C until an optical density of 0.5 at 600
nm wavelength was reached. For native expression of galB, P. putida KT2442 cells harbouring
pVLT31 encoding galB were grown in LB media supplemented with 15 μg/mL tetracycline at
30°C until an optical density of 0.5 at 600 nm was reached. In each case, protein expression was
induced by the addition of 0.75 mM IPTG with E. coli and P. putida cultures incubated
overnight at 15°C and 30°C, respectively, before both being harvested by centrifugation at 5000
x g for 10 min.

4.2.4 Protein purifications
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 by French Press at 12 000 psi. Cell debris was removed by centrifugation (17 500 x g,
15 min) and supernatants filtered through a 0.45 μm filter.

The purification of GalA, GalB, and GalB variants was carried out by chromatography on
an ÄKTA Explorer 100 (GE Healthcare Life Sciences). All column resins were from GE
Healthcare Life Sciences and column chromatography utilized a SourceTM 15Q anion exchange
column (2 x 13 cm), Phenyl SepharoseTM hydrophobic interaction column (1 x 18.5 cm), and a
HiLoad 26/60 Superdex 200 gel filtration column (2.6 x 60 cm).
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For purification of GalB and variants, crude extract was loaded onto the anion exchange
column and the column was washed with 2 column volumes of buffer followed by a linear
gradient of NaCl from 0.0 to 0.3 M over 12 column volumes. GalB was eluted with
approximately 0.15 M NaCl. Active fractions were pooled and concentrated to ~10 mL by
ultrafiltration using a YM10 filter (Millipore, Nepean, ON). Ammonium sulfate was added to the
concentrated protein extract to a final concentration of 1.0 M and was loaded onto the
hydrophobic interaction column which was pre-equilibrated with 1.0 M ammonium sulfate. A 12
column volume linear gradient from 1.0 to 0.0 M of ammonium sulfate was applied and GalB
was eluted in approximately 0.5 M ammonium sulfate. Active fractions were pooled and
concentrated to ~2 mL by ultrafiltration and loaded onto the gel filtration column. Protein was
eluted using an isocratic flow of buffer containing 0.15 M NaCl. Purified enzyme was dialyzed
in buffer to remove salt, concentrated to ~40 mg protein/mL by ultrafiltration, and stored at 80°C.

For purification of GalA, crude extract was loaded onto the anion exchange column and
the column was washed with 2 column volumes of the buffer containing 0.1 M NaCl followed by
a linear gradient of NaCl from 0.1 to 0.45 M over 12 column volumes. GalA was eluted with
approximately 0.25 M NaCl. Active fractions were pooled and concentrated to ~2 mL by
ultrafiltration. GalA did not bind sufficiently to the hydrophobic resin and the concentrated
sample was loaded onto the gel filtration column and the protein eluted with an isocratic flow of
buffer containing 0.15 M NaCl. The purified enzyme was dialyzed into 20 mM MES buffer pH
6.5 containing 50 μM (NH4)2Fe(SO4)2 with 250 μM DTT and concentrated to ~20 mg
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protein/mL by ultrafiltration. The GalA protein solution was flushed with N2 gas and degassed
before being flash frozen in liquid N2. The frozen protein was stored at -80°C.

For purification of His(6)-GalD and His(6)-LigJCsE6, crude extract was incubated with Ni2+nitrilotriacetic acid (NTA) affinity resin containing 10 mM imidazole at 4°C for 16 hours with
constant mixing. The mixture was then passed through a gravity column, retaining the Ni2+-NTA
beads. The Ni2+-NTA resin was washed with 20 mL of buffer containing 15 mM imidazole and
protein was eluted with buffer containing 250 mM imidazole. The poly-histidine tag on LigJCsE6
was removed by first changing the buffer to 50 mM sodium phosphate pH 8.0, containing 100
mM NaCl and 10% glycerol, by ultrafiltration using a YM10 filter. The His6-LigJCsE6 was diluted
to ~10 mg/mL and was incubated with 2 units of thrombin for 16 hours at 15°C. The thrombin
was removed by incubation with p-aminobenzimide-agarose for 1 hour at 15°C and the beads
were subsequently removed by filtration through a 0.2 μm filter. The cleaved His6 tags, and any
tagged protein remaining after the thrombin incubation, were removed by incubating with fresh
Ni2+-NTA for 1 hour at 15°C and subsequently passed through a 0.2 μm filter to removed Ni2+NTA beads. His(6)-GalD contains an internal thrombin cleavage site at residue 239 of the 361
residue protein and thus removal of the His6 tag was not attempted. Purified protein was
concentrated by ultrafiltration and stored at -80°C in 20 mM HEPES, pH 7.5.

The molecular mass of the GalA, GalB, His(6)-GalD, and LigJCsE6 subunits, as determined
by SDS-PAGE, was ~45 kDa, ~25 kDa, ~40 kDa, and ~40 kDa (data not shown) which is
consistent with the predicted molecular mass values of 47.6 kDa, 27.5 kDa, 37.6 kDa, and 38.2
kDa, respectively, and previous reports (39, 57, 78, 144).

104

4.2.5 Determination of protein concentration, purity and molecular mass
Protein concentrations were determined by the Bradford assay using bovine serum
albumin as standards (104). SDS-PAGE was performed and stained with Coomassie Blue
according to established procedures (105). The molecular weight of the GalB holoenzyme was
determined by gel filtration using a HiLoad 26/60 Superdex 200 prep column (2.6 x 60 cm).

4.2.6 Crystallization and structure determination of GalB
Wild type GalB was screened using a Qiagen Classic suite and yielded crystals whose
diffraction did not exceed 4.0 Å resolution. Secondary structural prediction using PHYRE 2.0
indicated the N-terminal 4 residues of the protein are likely to be unstructured and could be
contributing to disorder in the crystals (145). An enzyme variant lacking the 4 N-terminal
residues (GalBNt) was screened and conditions were optimized. The crystallization condition
contained 15% glycerol in the reservoir solution with 2 μl of the reservoir solution mixed with 2
μl of 80 mg/mL purified GalBNt. Cubic crystals grew within a month at 4°C and diffracted to
~3.0 Å resolution. Crystals were left for ~10 months to natively dehydrate at 4°C and were
soaked in 50% glycerol for 1 minute before being flash frozen in liquid nitrogen. More than 20
of these crystals were screened with few diffracting beyond 2.5 Å resolution and only one
diffracting to 2.1 Å resolution. The best diffracting crystal was utilized for both the native and
anomalous data collections.

Data were collected at the Canadian Light Source (CLS). A fluorescence scan revealed a
strong zinc signal and only minimal signals for other elements (data not shown). The zinc, iron,
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and cobalt K-edges were scanned; however, only the zinc K-edge showed scattering factors
consistent with the presence of the metal in the crystal. A data set was collected to 2.0 Å at a
wavelength of 0.97949 Å, on the CLS 08ID-1 beam line. An attempt to solve the structure by
molecular replacement using PIG-L deacetylase structures as search models was unsuccessful.
Thus, an anomalous data set for phasing was collected up to 2.2 Å on the same crystal at the
wavelength 1.2817 Å (Zn K-edge), on the CLS 08B1-1 beam line. The crystal was of the cubic
space group P 4132, with cell dimensions a = b = c = 201.66 Å. Diffraction data were processed
in XDS and the structure solved in Phenix (146, 147). The crystal had significant radiation
damage by the end of the native dataset collection, but Autosol was able to find two zinc sites in
the anomalous data set (148). An initial model was built and refined from the anomalous data in
Phenix using Autobuild and Refine (149, 150). The native structure was determined by
molecular replacement with Phaser using one protomer of the structure from the anomalous data
as the search model (151). The structure was rebuilt in Coot and further refinement was
completed in Phenix Refine (150, 152). NCS restraints were not used during refinement, but TLS
atomic displacement parameters (with the protein subdivided into five residue groups) were
utilized in the final stages of refinement (153). Table 4.1 lists data collection and final model
refinement statistics. Structure figures were prepared using PyMol v1.4.1 (Schrödinger, LLC).

4.2.7 Preparation of 4-carboxy-2-hydroxymuconate (CHM)
CHM was synthesized enzymatically from gallic acid using the gallate dioxygenase,
GalA and the OMA tautomerase His(6)-GalD. Reactions of 5 mL were set-up in 750 mM sodium
phosphate buffer, pH 7.0, containing 150 mM gallic acid. 300 μg of both GalA and His(6)-GalD
was added every 5 minutes for 50 minutes with the solution being mixed constantly. After the
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final addition, the reaction was further incubated with mixing for an additional 30 minutes.
Reactions took place in a closed cell and throughout the course of the reaction the solution was
kept oxygenated by bubbling oxygen through the solution. At the completion of the reaction the
enzymes were removed by ultrafiltration through a YM10 filter. The solution was treated with
Chelex, sodium form, for 10 minutes, which was subsequently removed by filtration through a
0.2 μm filter. By the end of the reaction >95% of the gallic acid was catabolized and >65% of the
product was CHM, as determined by kinetic assays. CHM was purified by HPLC on an ÄKTA
Explorer 100 (GE Healthcare Life Sciences) with 500 μl aliquots of the reaction applied to an
Aminex fast acid ion-exchange column, HPX-87H (100 mm x 7.8 mm), and was separated with
an isocratic elution using 100 mM H2SO4. Compounds were detected at 215 nm; using this
method CHM, OMA, and gallic acid could be resolved to retention volumes of 6.5, 8.0, and 22.5
mL, respectively. When purified CHM was incubated with GalB, converting the CHM to CHA,
both the CHA and CHM co-eluted from the column using the isocratic flow of 100 mM H2SO4.
Changing the procedure to an isocratic flow of 500 mM H2SO4 facilitated separation of CHA
from CHM, with the compounds having retention volumes of 6.7 and 9.8 mL, respectively.

4.2.8 Preparation of 4-carboxy-2-hydroxypenta-2,4-dienoate (CHPD)
CHPD was synthesized enzymatically with GalB. 5 mL reactions comprised 50 mM
(R/S)-HMG, 50 μM CoCl2 and 100 μg of GalB in 100 mM HEPES, pH 7.0. Reactions were
incubated at 15°C overnight with constant mixing. Reactions were stopped by removing the
enzyme by ultrafiltration through a YM10 filter. The reaction was subsequently treated with
Chelex, sodium form, for 1 hour to remove metals, with the beads removed by filtration through
a 0.2 μm filter. 500 μL samples of the reaction were separated by HPLC via the Aminex fast acid
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ion-exchange column using 100 mM H2SO4. HMG and CHPD were resolved to retention
volumes of 6.4 and 9.0 mL, respectively.

4.2.9 GalB metal analysis
To assess the metal utilized by the enzyme in vivo, GalB expressed in and purified from
P. putida KT2442 was analyzed by inductively coupled plasma mass spectrometry (ICP-MS).
The enzyme was purified as described previously, and the purified protein was washed with
Chelex (sodium form)-treated buffer several times in an ultra filtration stir cell using a YM10
filter to remove exogenous metals. The final protein sample was concentrated to 5 mL in buffer
before being diluted to 125 mL in HPLC grade water (Fisher Scientific) and sent for ICP-MS
analysis at ALS Global (Waterloo, ON). The final concentration of enzyme analyzed by ICP-MS
was 24.1 µM. The detection limit for iron (9.0 µM) with the ICP-MS methodology utilized was
too low relative to stoichiometric amounts of enzyme supplied to make conclusions about its
presence. Thus the iron content of the GalB purified proteins was assessed using the ferrozine
assay (154, 155).

4.2.10 Protein metal ion substitution
All buffers were treated with Chelex, sodium form, for 20 minutes to remove exogenous
metals, with the beads removed by filtration through a 0.45 μm filter. Metal-free apoenzymes
were prepared by treating 50 mg of purified enzyme in 50 mL of 100 mM sodium HEPES, pH
7.0, with 1 mM EDTA for 12 hours at 4°C with constant mixing. Using ultrafiltration with
YM10 filter, the EDTA was removed from the enzyme solution by successive washes with
buffer, and the final apoprotein was concentrated to ~10 mg/mL and stored at 4°C. Apoenzyme
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was preincubated with 50 μM of metal chlorides for a minimum of 1 hour at 15°C prior to use in
the kinetic assays. For incubation with Fe2+, a 200 μl solution comprising 0.92 μg/mL of
apoenzyme was transferred to a Baker Ruskinn Bugbox anaerobic chamber filled with nitrogen
and degassed for 5 minutes. The Fe2+ enzyme solutions were made up in the anaerobic chamber
to 50 μM (NH4)2Fe(SO4)2 from a freshly degassed stock of 5 mM (NH4)2Fe(SO4)2, prepared in
50 mM H2SO4, and incubated on ice for 1 hour. Less than 3% of the specific activity was lost
after uncapping and exposing the Fe2+ anaerobically incubated enzyme sample in air for 1 hour.

4.2.11 Zinc and Cobalt dissociation constant determination
Apoprotein of either the wild type or variants of GalB was incubated with varying
concentrations of either ZnSO4 or CoCl2 in a total volume of 600 μL of 100 mM HEPES, pH 7.0,
and was kept at 15°C for 1 hour with constant mixing. Binding reactions were then filtered by
ultrafiltration using an Amicon Microcon YM10 to remove enzyme from the solution. Samples
of the enzyme free solutions were mixed with 250 μM of freshly prepared 4-(2pyridylazo)resorcinol and made up to 1 mL with Chelex (sodium form)-treated buffer. The
amount of free Co2+ or Zn2+ present in the reaction was determined in at least duplicate
spectrophotometrically at 505 nm for Co2+ and 497 nm for Zn2+ using extinction coefficients
previously described (156). The concentration of enzyme bound Zn2+ or Co2+ was calculated
using Equation 4.1 and dissociation constants determined by non-linear regression in GraphPad
Prism with Equation 4.2 where [M2+] is the concentration of metal and C is the saturated
concentration of the metal.
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Equation 4.1: Determination of metal concentration bound to enzyme
[M 2+]bound = [M 2+]total − [M2+]free
Equation 4.2: Metal dissociation constant determination
[M 2+]bound =

𝐶𝐶 ∙[M 2+ ]free

K d + [M 2+ ]free

4.2.12 Enzyme assays
All of the kinetic assays were performed at least in duplicate at 25°C using a Varian Cary
3 spectrophotometer equipped with a thermostatted cuvette holder. Assays for CHM hydration
and CHA dehydration were completed similarly to that described previously (39). Briefly, the
hydration of CHM to CHA, or the dehydration of CHA to CHM, was monitored by detecting the
olefinic signal of CHM at 265 nm. The hydration of CHPD to HMG, or the dehydration of HMG
to CHPD, was similarly monitored at 260 nm, where UV scans indicate the max absorbance of
the CHPD olefinic signal. Standard assays were completed in 100 mM HEPES, pH 7.5, and the
utilized extinction coefficients of 9451 M-1cm-1 for CHM and 8221 M-1 cm-1 for CHPD were
determined experimentally. All assays were carried out with apoGalB that was pre-incubated for
at least 1 hour with 50 μM of the stated metal prior to the assay. Metal ion specificity assays
were completed in 100 mM HEPES, pH 7.0, with 50 μM CHM and 50 μM of metal chloride,
EDTA, or with enzyme before metal substitution. All assays utilized for the determination of
kinetic parameters were replicated in at least technical duplicate and at least a biological
duplicate.
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The efficiency of the removal of bound metals by EDTA was assessed using enzyme
activity assays. ApoGalB (1.5 µM) that had been preincubated with 50 µM ZnCl2 was incubated
either 250 µM or 1000 µM EDTA and the specific activity of the enzyme towards 50 µM CHM
under standard conditions was measured at successive time points. The loss of activity in the
enzyme solutions was fit to a single-phase exponential decay, Equation 4.3, where SA is the
specific activity, SA0 is the initial specific activity, k is the rate constant, and t is time.

Equation 4.3: Single-phase exponential decay of enzyme activity
SA = (SA0)*e(-k*t)

The pH dependence of CHM utilization kinetics was determined with pH varying
between pH 5.5 and 9.5 in a three-component constant ionic strength buffer containing 0.1 M
Tris, 0.05 M acetic acid, and 0.05 M MES. Enzyme was preincubated with 50 μM ZnCl2 or 50
μM CoCl2 in the stated pH buffer for a minimum of 30 minutes before assays were completed.
The extinction coefficient for CHM at each pH point was determined experimentally. All data
were fitted by non-linear regression in GraphPad Prism. The pH profile of kcat shows a single
ionization event and was fitted to Equation 4.4. The pH profile of pKM is bell shaped with slopes
of unity and was fitted to Equation 4.5. The pH profile of kcat/KM is bell shaped with the
ascending limb of the curve having a slope ≈ 2 and the descending slope of 1 which was fitted to
Equation 4.6.

Equation 4.4: Single ionization acid dissociation constant
𝑘𝑘cat =

(𝑘𝑘 cat )max
�H + �

�1+ 𝐾𝐾 �
a
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Equation 4.5: Bell-shaped acid dissociation constants
𝐾𝐾M =

(𝐾𝐾M )max
�H + �

𝐾𝐾

𝑏𝑏 �
�1+ 𝐾𝐾 + +
�H �
a

Equation 4.6: Bell-shaped acid dissociation constants with ascending limb slope ≈ 2
𝑘𝑘cat ⁄𝐾𝐾M =

(𝑘𝑘 cat /𝐾𝐾M )max
𝐾𝐾 𝑏𝑏
�H + �
�H + �
�1+ 𝐾𝐾 ��1+ 𝐾𝐾 + +
�
�H �
a
a

Polarimetry assays were completed in a Rudolph IV polarimeter using a 100 mm cuvette.
Reactions of 7 mL contained either 15 mM racemic CHA, 30 mM racemic HMG, or 5 mM CHM
in 100 mM HEPES, pH 7.5, and contained 0.62 µM, 8.7 µM, or 0.10 µM of GalB preincubated
with 50 μM CoCl2, respectively. Reactions were initiated with the addition of enzyme and the
solution was passed through a 0.2 μm filter before data acquisitions.

4.4 Results
4.4.1 Expression and purification of GalB
The gene for GalB from P. putida KT2440 was overexpressed both natively in P. putida
KT2442 and recombinantly in E. coli BL21 (λDE3) cells with typical yields of 15 and 22 mg of
purified protein/liter of bacterial culture, respectively. The subunit molecular mass of the enzyme
as determined by SDS-PAGE is 27 kDa, consistent with the predicted molecular mass (27,461
Da). GalB variants and the protein containing an N-terminal truncation were overexpressed and
purified from E. coli BL21 (λDE3) similarly to the wild type protein.

4.4.2 Overall structure of GalB
An initial substructure of GalBNt was determined by zinc single anomalous diffraction
(SAD) phasing to 2.2 Å resolution, which was then subsequently utilized as a model for
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molecular replacement of the native data set (2.1 Å) (Table 4.1). There are two protomers in the
asymmetric unit which can be superimposed with an RMSD of 0.087 Å, indicating only minor
differences. Each protomer has an overall fold similar to the PIG-L family of N-deacetylases,
described in more detail below, consisting of an α-β-α sandwich with the N-terminal portion
forming a five-stranded Rossmann fold (residues 1-160) leading to a mixed α/β C-terminal
region (residues 161-234) and a β-strand (β8, residues 237-240) (Figure 4.2A). The N-terminal
Rossmann fold is comprised of a β-sheet (β1-β5) wrapped by α4 and α5 on one face and α1 and α3
on the other. The C-terminal portion consists of two anti-parallel β strands (β6-β7) interspersed
with a helical hairpin (α7 and α8). The β8 from an adjacent monomer packs parallel to β6 making
a continuous β-sheet of β7-β6-β8´ with the β7 anti-parallel to the rest. The protomer is composed
of the Rossmann-fold, C-terminal region and contribution by α8' and β8' from adjacent units. The
bound zinc ion is found at the bottom of a ~22 Å deep, solvent accessible, pocket that has a total
volume of ~1060 Å3, as determined by DogSiteScorer (157).
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Table 4.2: GalBNt data collection and refinement statistics.
Data in brackets is for the highest resolution shell.

Space group
Unit Cell: a = b = c (Å)
Wavelength (Å)
Resolution (Å)
Number of observed reflections
Number of unique reflections
Redundancy
Data completeness (%)
<I/σI>
Rmerge (%)
Rpim (%)
CC(1/2) (%)
Wilson average atomic
displacement parameters (Å2)
Rwork/Rfree (%)
RMSD
Bond lengths (Å)
Bond angles (°)
Number of atoms
Protein
Water
Glycerol
Zinc
Ramachandran statistics (%)
Favored
Outliers
Atomic displacement
parameters (Å2)
Overall
Protein
Solvent
Ligands

Data collection
Native
P41 3 2
201.66
0.97949
48.83 - 2.10
(2.18 - 2.10)
638492 (63458)
81109 (7977)
7.9
99.8 (99.9)
17.9 (2.34)
8.31 (99.5)
3.1 (37.5)
99.9 (79.0)
35.5
Model refinement
15.01/17.09
0.007
1.01
3921
512
96
2
98
0
37.70
35.90
47.20
60.30

Zn-K Edge
P41 3 2
201.66
1.2817
9.84 - 2.20 (2.28 2.20)
1539423
(92226)
135263 (10008)
21.5
99.9 (99.9)
22.20 (2.17)
8.8 (103)
1.9 (24.3)
99.9 (75.5)
37.5
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Figure 4.2: Overall structure of the GalB CHM hydratase.
A, the GalB protomer colored from the N- to C- terminus with blue to red. The bound
zinc ion is shown as a black sphere and the secondary structural elements are indicated.
Note that the α1 is kinked at a diglycine (Gly-23 and Gly-24) separating α1a (residues
16-22) and α1b (residues 25-32). B, the GalB hexamer with one protomer colored as in
A, with the surface of the rest of the oligomer shown with each protomer differently
colored. The interfaces of the protomer within the oligomer are shown: C, the 3-fold
interface; D, the 2-fold β8-β6' interface; E, the 2-fold (α8/α6)2 packing. The interface
representations only show the most significant interacting residues.
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4.4.3 Oligomeric state
The interface between the two protomers in the asymmetric unit constitutes 125 Å2
(~1%) of each molecule’s surface area, as determined by PISA, and is likely not a
physiologically relevant interaction (158). Instead, each protomer acts as the asymmetric fraction
of a distinct hexamer, point group D3 (Figure 4.2B). The hexamer is assembled by interactions
along three distinct interfaces: dimerization through packing of β8 on β6´ of an adjacent protomer
along a 2-fold axis which buries ~13% of the total surface area (Figure 4.2C), dimerization
through packing of α8/α6with α6´/α8´ along a 2-fold axis which buries ~9% of total surface area
(Figure 4.2D), and packing of α5 and the loop between β5-α5 against α2´ and the loop region
between α3´-β3´ related by a 3-fold axis which buries ~6% of total surface area (Figure 4.2E).
Together with additional interactions, the hexameric oligomerization buries ~50% of total
surface area on the protomer, indicating that the hexamer is the biological unit. Analysis of the
GalB protein by gel filtration yields a mass of 156.2 kDa, consistent with a hexameric
organization (164.8 kDa; data not shown).

4.4.4 GalB metal binding site
Scans of the GalB crystal revealed fluorescence consistent with zinc being the only
transitional metal present in the crystal. The GalB zinc ion is coordinated in a skewed trigonal
bipyramidal fashion by His-14 Nδ, Asp-17 Oδ1, Glu-48 Oε1, His-127 Nε, and a water molecule
(Figure 4.3).
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Figure 4.3: The GalB metal binding site.
A, the zinc ion and ligating water are shown as spheres colored black and red,
respectively. The binding site is shown with electron density from a 2mFo-DFc omit
map (green) derived setting occupancies of the metal and all atoms in a 5 Å radius to
zero (contoured at 1σ). Density for zinc from the anomalous difference map (magenta)
is shown (contoured at 15σ). B, representation of the metal binding site showing
coordinate distances in angstroms (Å). The distance between Glu-48 and the water
(Wat) is shown in grey as the position of the Glu-48, as described in the results, is
unlikely to be occupied when water is present. C, comparison of the zinc binding site in
GalB and the PIG-L family of N-deacetylases. GalB in white with residues shown in
sticks overlaid with the putative or confirmed PIG-L deacetylases: BC1534 from
Bacillus cereus (PDB: 2IXD) in green, TT1542 from Thermus thermophilus HB8 (PDB:
1UAN) in cyan, N,N´-diacetylchitobiose deacetylase from Pyrococcus furiosus (PDB:
3WL4) in magenta, LnmX from Streptomyces atroolivaceus (PDB: 5BMO) in yellow,
Dbv21 from Actinoplanes teichomyceticus (PDB: 3DFI) in pink, and MshB from
Mycobacterium tuberculosis (PDB: 1Q74) in blue. The GalB bound zinc ion is shown
as a black sphere and the residues are numbered by the GalB sequence. Note that the
PIG-L N-deacetylases contain a general base aspartate that is found as an alanine (Ala16) in GalB, and that the PIG-L N-deacetylases lack an acidic residue equivalent to
GalB Glu-48.

Three conformers of the Glu-48 residue are seen amongst the two chains. The
predominant conformer, with occupancy of ~60%, is found in both chains with the Oε1 of Glu-48
coordinating the zinc ion. The alternate conformation of the residue is slightly different between
the two chains. In chain B the residue is flipped having the Oε2 coordinating the zinc ion and the
Oε1 positioned by interaction with Asn-124 Nδ and the Tyr-90 hydroxyl (Figure 4.3A). In chain
A the carboxylate rotated away from the metal ion with the Oε1 interacting with Asn-124 Nδ and
the hydroxyl of Tyr-90 while the Oε2 is projecting out of the metal binding site (Figure 4.3C).
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The average atomic displacement parameter for the Glu-48 is ~34.5 Å2 which is similar to the
atomic displacement parameter of the other metal binding residues, indicating the residue is well
ordered.

The coordinate distance of the water to the metal (2.3 Å in chain A and 2.8 Å in chain B)
is longer than that the protein ligands (~2.1 Å) to the metal (Figure 4.3B). The metal ligating
water is also positioned by interaction with the Oδ2 of Asp-17 (2.8 Å). The water is in close
proximity to the Oε1 Glu-48 (2.1Å), but the water is not in line with the atom for ideal interaction
suggesting that the Glu-48 does not directly interact with the water. The average atomic
displacement parameter for the metal ligating water is 51.7 Å2, indicating that the water is
possibly present at less than full occupancy whose presence may be modified by the different
conformers of the Glu-48.

Outside of the metal binding residues, the pocket is lined with hydrophilic residues with
several (such as Arg-21, Arg-67, His-164, and Arg-216´ from the α8´ on the adjacent protomer)
residues providing electro-positive character to the pocket and likely facilitating binding of the
tricarboxylic acid substrate CHM (Figure 4.4A).
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Figure 4.4: The GalB and LigJ active sites.
A, the active site pocket of GalB. One GalB protomer is shown in white and the other in
beige. The metal ligated water is shown as a red sphere and significant residues in the
binding pocket are shown as sticks. B, model of (2E, 4E)-CHM in the GalB active site.
The (2E, 4E)-CHM is shown in green and all of the coordinates shown are within 2.8 to
4.2 Å. The side chains of Arg-67, His-164, and His-198 are rotated from their original
locations which are shown as wire and indicated with arrows. The (2E, 4E)-CHM is
positioned with the C4 in line with the metal ligated water, which would be activated by
the Glu-48. His-164 and the protonated Glu-48 would act as a general acids protonating
the C5 and C3, respectively. C, zinc binding site of LigJ from R. palustris. The LigJ
protomer is shown in cyan with contribution from a second protomer shown in green.
The LigJ zinc ion is shown as a black sphere. Two regions in LigJ within proximity to
the active site were not modeled in the structure. The missing region between Ser-180
and Thr-190 is indicated by an orange dashed line and the missing region between Ala72 and Gly-80 is indicated by dashed lines in magenta. The dashed lines are only used
to highlight the approximate location of the missing regions.
4.4.5 Structurally Related Proteins
A search of structural homologs to GalB using DALI revealed members of the PIG-L
family of N-deacetylases as the closest structural homologs (106). There are currently 8
structures of unique PIG-L family members in the protein database and GalB aligns with these
proteins with RMSD values < 3.0 Å resulting in Z-scores > 20 and coverage of > 70% of the
deacetylase sequence. Members of this family, such as the N-acetyl-1-D-myo-inosityl-2-amino2-deoxy-α-D-glucopyranoside deacetylase from Mycobacterium tuberculosis (MshB), N,N'diacetylchitobiose

deacetylase

from

Pyrococcus

species,

and

N-acetyl-

glucosaminylpseudoaglycone deacetylase from Actinoplanesteichomyceticus, are divalent metal
dependent hydrolytic enzymes with preference for zinc or iron (II) ions (159–161).
Oligomerization differs across the PIG-L family of proteins with variability in the both GalB N-
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and C-terminal portions resulting in proteins predicted or observed to exist as hexamers, trimers,
or monomers (161–164). Common amongst all of the PIG-L deacetylases and GalB is the single
α/β domain with a Rossmann like fold containing a solvent accessible pocket. With the exception
of the Glu-48 residue, zinc binding in these structural homologs is facilitated by a His-X(2)-AspX(n)-His motif similarly found in GalB (for GalB: His-14/X(2)/Asp-17/X(n)/His-127) (Figure
4.3C). MshB is the only PIG-L family member for which the structure has been determined that
contains a glutamate in the primary sequence aligned to GalB Glu-48. However, the equivalent
MshB residue is found on a loop region which is rotated away from the bound zinc ion and
active site (164, 165). The bound zinc ion in GalB is exposed on one face to a solvent accessible
pocket which is similar to the PIG-L family, and is the substrate binding pocket in these
enzymes. Outside of the metal binding residues, only the GalB residues Arg-67 and Gln-196 are
conserved in the binding pocket amongst all PIG-L N-deacetylases.

In MshB (and other PIG-L deacetylases), the active site residues His-144, Asp-15, and
Tyr-142 are implicated as the general acid, general base, and oxyanion transition state stabilizer,
respectively (166). The equivalent residues in GalB are Asn-124, Ala-16, and Tyr-123,
respectively (Figure 4.4A), implying that the general base and acid roles of the PIG-L
deacetylases at least are not recapitulated by these residues. The hydration of CHM to CHA is
likely to proceed through deprotonation of the CHM enol, producing an enolate which is
analogous to the oxyanion transition state in the PIG-L deacetylases. The MshB oxyanion
stabilizing Tyr-142 residue is found in a glycine rich loop (Gly-140/Gly-141/Tyr-142/Gly-143)
which provides conformational flexibility to allow positioning of Tyr-142 with its side chain
projecting into the active site pocket. The GalB Tyr-123, however, is not found in as flexible a
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region (Asp-121/Pro-122/Tyr-123/Asn-124) and the phenol side chain is observed rotated away
from the active site pocket. The GalB Tyr-123 hydroxyl is stabilized by interaction with the Nε
and Oε of Gln-217 with the tyrosine π electrons interacting with the Nε of Gln-165. Although
some movement is likely to occur upon substrate binding, the lack of conformational freedom
and interactions made by the GalB Tyr-142 suggests that it is unlikely to rotate into the active
site pocket and fulfill the enolate stabilization role. Thus, although conserving the protein fold
and metal ion binding, GalB lacks key residues which in PIG-L enzymes facilitate hydrolase
activity in PIG-L enzymes, likely reflecting differences in the enzyme’s chemical reaction.

4.4.6 Metal and kinetic analysis of GalB
To ascertain the native metal ion utilized by GalB in vivo, protein purified from the native
host, P. putida KT2442, was analyzed. When overexpressed and purified, using three
chromatographic steps, the specific activity of the native protein is 1.02 µmol min-1µg-1. The
specific activity of the native protein increases 4-fold when 50 µM of exogenous Co2+ was
added, indicating that either the native enzyme is not fully saturated with metal during overexpression, or else the metal is lost during purification. ICP-MS analyses on the native purified
protein, without addition of any exogenous metals, revealed the presence of zinc, cobalt and
copper in relative stoichiometric quantities of 23%, 0.1%, and 0.1%, respectively. Because of
high background, amounts of iron could not be estimated by ICP-MS. Instead, iron content was
determined by the ferrozine assay and was found to be below 0.6%. Thus, zinc is the
predominant metal ion found with the enzyme through the aerobic purification methods utilized
here.

123
The GalB N-terminal truncation variant used for crystallization maintained the same
activity towards CHM as the wild type enzyme, indicating that the observed structure represents
the fully active zinc bound enzyme. A metal cofactor is required for enzyme activity and the
half-life of Zn2+-saturated GalB enzyme activity when treated with either 250 µM or 1 mM
EDTA was 32.3 minutes or 17.1 minutes, respectively. After treatment with 1 mM EDTA for 12
hours, the protein lacked detectable enzyme activity above the error of the assay conditions.
CHM hydratase activity could be restored by incubation of the apoenzyme with divalent metals
(Table 4.2). The enzyme had maximal activity with Fe2+ and Co2+. The presence of all other
metal ions, including Zn2+, resulted in less than 30% of the activity observed with Fe2+.

The metal-binding ligands observed in GalB are the same as those observed in PIG-L
deacetylase family except that Glu-48 in GalB represents a potential extra ligand; however, this
residue shows alternative orientations, implying that its interactions with the metal ion are
weaker than the other three ligating residues (Figure 4.3). Both Zn2+ and Co2+ bind strongly to
GalB with dissociation constants (Kd) of 0.63 ± 0.05 μM and 0.056 ± 0.009 μM, respectively
(Table 4.3). The H127A variant showed a 28- and 1625-fold increase in Kd for Zn2+ and Co2+,
respectively. The E48A variant, however, showed only a 5- and 26-fold increase in Kd for Zn2+
and Co2+, respectively. The effects of the Glu-48 substitution are less pronounced than that of the
substitution of His-127, a conserved metal ligand in the PIG-L family, and therefore suggest a
minimal role for Glu-48 in metal binding.
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Table 4.3: Relative activity of GalB catalyzed
CHM hydration with various metal ions. Maximal activity is observed with Fe2+ (11.9
µmol min-1µg-1) and was taken as 100%. The native activity is that of the purified
enzyme before treatment with EDTA. An increase in activity for the natively purified
enzyme was observed when it was incubated with exogenous 50 µM CoCl2 for 10
minutes, indicating that the enzyme is not fully saturated with metal.
Metal ion

Relative activity (%)

2+

100 ± 4.6

2+

79 ± 4.0

Fe

Co

Native + Co2+

30 ± 1.9

2+

17 ± 0.66

Mn
Zn

34 ± 1.5

2+

Fe3+
Ni

14 ± 2.2

2+

13 ± 0.33

2+

11 ± 1.0

Ca

Mg2+

9.8 ± 0.66

Native

8.6 ± 0.95

2+

Cd
Apo

7.4 ± 0.66
4.0 ± 0.33

Cu2+
EDTA

0.19 ± 0.10
0.030 ± 0.0033

Table 4.4: Dissociation constants (Kd) of the wild type and variants of GalB.
NS indicates that the protein could not be saturated with either ZnCl2 or CoCl2 up to 500
µM.
Protein

Zn2+ (μM)

Wild Type
A16D
E48A
H127A

0.63 ± 0.048
0.75 ± 0.095
3.2 ± 0.29
17.6 ± 1.4

Co2+ (μM)
0.056 ± 0.0085
0.071 ± 0.0043
1.5 ± 0.19
90 ± 10

H14A/D17A

NS

NS
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In the GalB CHM hydration steady state kinetics, the choice of metal ion (among Fe2+,
Co2+, and Zn2+) affected the specificity constant (kcat/KM) less than three-fold (Table 4.5).
However, reaction rates with the metals at high substrate concentrations diverged, with both kcat
and KM being ~7-fold higher for Fe2+ or Co2+ versus Zn2+; the highest catalytic activity is
therefore observed with Fe2+, but the increase in kcat is offset by a parallel increase in KM. GalB
specificity is >200-fold lower for CHPD, indicating an important role for the CHM C5carboxylate group in substrate binding. The enzymatic reaction is reversible, with the
dehydration of CHA and HMG being catalyzed with kinetic parameters similar to the hydration
reaction. Polarimetric analysis of the GalB-catalyzed hydration of CHM indicates that only the ()-enantiomer of CHA is produced (Figure 4.5). Similarly, the enzyme was found to dehydrate
only the (-)-enantiomers of both CHA and HMG in the reverse reaction, leaving the positive
enantiomers, when exposed to racemic mixtures of the substrates.
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Figure 4.5: Analysis of the GalB and LigJCsE6 enzyme catalyzed reactions by
polarimetry.
Hydration of CHM to CHA (solid lines) and dehydration of racemic CHA (dashed
lines) by GalB (blue) and LigJCsE6 (red). Dehydration reactions of racemic HMG
catalyzed by GalB (green) and LigJCsE6 (black) are shown in dashed line.
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Table 4.5: Steady state kinetic parameters of the GalB reversible reactions in the presence of 50 μM of either
(NH₄)₂Fe(SO₄)₂, CoCl2 or ZnCl2.
The A16D catalyzed reaction was not saturable (NS) up to 2 mM of CHM, and the kcat/KM was determined by the linear
regression of velocity over substrate concentration.
Enzyme

Metal

Substrate

KM(μM)

kcat(s-1)

kcat/KM(M-1·s-1)

Wild Type

Fe2+

CHM

11.8 ± 1.4

14.6 ± 0.54

1.23 x 106

Wild Type

Co2+

CHM

5.28 ± 0.37

12.9 ± 0.21

2.44 x 106

Wild Type

Zn2+

CHM

2.56 ± 0.27

2.08 ± 0.043

8.12 x 105

A16D

Zn2+

CHM

NS

R21A

Zn2+

CHM

860 ± 50

0.0347 ± 0.00088

4.03 x 101

E48A

Zn2+

CHM

24.3 ± 2.9

0.00274 ± 0.00013

1.13 x 102

R67A

Zn2+

CHM

72.5 ± 5.1

0.0927 ± 0.0019

1.28 x 103

Y123A

Zn2+

CHM

5.28 ± 0.42

1.78 ± 0.037

3.38 x 105

H164A

Zn2+

CHM

1.78 ± 0.13

0.0372 ± 0.00042

2.09 x 104

R216A

Zn2+

CHM

894 ± 93

0.0146 ± 0.00067

1.63 x 101

Wild Type

Zn2+

CHPD

22.6 ± 1.7

0.0898 ± 0.0016

3.97 x 103

R21A

Zn2+

CHPD

89.6 ± 12

0.000454 ± 0.000023

5.06

R67A

Zn

2+

CHPD

444 ± 49

0.00279 ± 0.00013

6.29

R216A

Zn2+

CHPD

81.1 ± 4.7

0.107 ± 0.023

1.32 x 103

Wild Type

Zn2+

CHA

6.80 ± 0.48

0.538 ± 0.0088

7.91 x 104

Wild Type

Zn2+

HMG

54.5 ± 5.6

0.0197 ± 0.00051

3.61 x 102

8.51
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4.4.7 CHM and GalB hydration pH profiles
The pH dependency of the GalB catalyzed hydration of CHM was assessed in a three
component buffer. The extinction coefficient of CHM increases sigmoidally with increasing pH,
likely due to the deprotonation of the enol group leading to increased electron delocalization and
chromogenicity. Fitting the increase in extinction coefficient to an acid titration results in a pKa
(pKaenol) of 7.3 ± 0.1 for the CHM substrate (Figure 4.6A).

The pKasubstrate values for the other ionizable groups of the CHM (the C2, C4, and C5
carboxylates) were determined by titration. CHM was isolated by chromatography in 100 mM
H2SO4 and could not be further purified, hampering the definition of pKa values that are close to
the second pKa of sulfuric acid (~2.0). Titration of the CHM in H2SO4 indicates two ionizable
groups with pKasubstrate values around 3.5 and two values of about 6 and 7 (data not shown).
Considering the pKaenol of 7.3 determined for CHM using absorption spectroscopy above, the
other ionizable group pKasubstrate value fitted to the titration curve is estimated to be ~6.3.

Kinetic parameters for the CHM hydration reaction could not be determined for pH
values below 5.5 and above 9.5 could not be determined due to high KM values for CHM. The
dependence of pH on the Zn2+ and Co2+ enzyme catalyzed reactions was assessed and the profiles
for each were similar (Table 4.5). In both cases, the pH profile of log(kcat) shows a single
ionization event in the enzyme-substrate complex with a pKaES value of 6.1 ± 0.1 and 6.2 ± 0.1
for the Zn2+ or Co2+ reactions, respectively (Figure 4.6C).
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Figure 4.6: pH profiles of the GalB CHM hydration reaction with Zn2+ or Co2+
cofactors.
A, the CHM extinction coefficients determined at each pH value. B-D, the pH
dependency of the CHM hydration reaction catalyzed utilizing the cofactors Co2+ (●)
and Zn2+ (∆). The profiles of log(kcat), B, pKM, C, and log(kcat/KM), D, are shown.
Assays were completed in a constant ionic strength buffer as described in the methods.
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Table 4.6: The pH dependent parameters of GalB and enzyme variants catalyzed
hydration of CHM.
The pKaE/S2 is determined from the ascending slope of 1 from pKM plots and the value
was fixed for the determination of the pKaE/S1 from plots of log (kcat/KM) which have
ascending slopes ≈ 2.
Enzyme

Metal

pKaE/S1

pKaE/S2

pKbE

pKaES

Wild Type

Co2+

6.4 ± 0.2

7.3 ± 0.2

8.3 ± 0.2

6.2 ± 0.05

6.2 ± 0.1

7.3 ± 0.2

8.6 ± 0.2

6.1 ± 0.03

6.4 ± 0.1

7.2 ± 0.1

9.1 ± 0.1

6.3 ± 0.07

5.6 ± 0.2

7.1 ± 0.2

8.3 ± 0.1

6.2 ± 0.04

Wild Type
H164A
E48A

Zn

2+

Zn

2+

Zn

2+

The pH profiles of pKM are bell-shaped with the ascending and descending limbs having
slopes of unity (Figure 4.6B). The ascending pKa values for both metal cofactor catalyzed
reactions is 7.3 ± 0.2 with the descending pKb values being 8.7 ± 0.2 for Zn2+ and 8.5 ± 0.3 for
the Co2+. The close proximity of the ascending pKa and the pKaenol, as well as the observation of
the same ascending pKa in both the Zn2+ and Co2+ dependencies, suggests that the pKa in the pKM
plot likely represents the free substrate rather than that of the free enzyme.

The pH profiles of log(kcat/KM) are also bell-shaped but have the ascending limb of the
curve having a slope ≈ 2 and the descending slope of unity (Figure 4.6D). For both metal ions,
fitting of the data to equation 3 gives rise to two pKa values on the ascending limb with each
being ~6.7 and one pKb descending limb being ~8.4. However, fixing one of the ascending pKa
values as pKaenol, as observed in the pKM, results in pKa values of 6.2 ± 0.2 and 8.6 ± 0.1 for the
Zn2+ cofactor profile, and 6.4 ± 0.2 and 8.3 ± 0.2 for the Co2+ cofactor profile. For both cofactorsupported reactions, the ascending pKa values are the same, and the descending pKb values are
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close to each other, suggesting conserved groups contribute to these ionization values which are
only moderately affected by the metal cofactor. The two pKasubstrate values of ~7.3 and ~6.3 may
correspond to the two pKa values observed in the ascending slope of the pH profile of
log(kcat/KM). However, the proximity of the lower pKa from the log(kcat/KM) profile (~6.3) to the
pKaES from the pH profile of log(kcat) (~6.2) may suggest that the value represents an ionizable
group on the free enzyme, rather than the free substrate.

The lack of an ionizable group on the free substrate above pH 8 suggests the pKb of the
descending curves observed in the pH profile of pKM (~8.7 for Zn2+ and ~8.5 for Co2+) and
log(kcat/KM) (~8.6 for Zn2+ and ~8.3 for Co2+) represents an ionizable group on the free enzyme
(pKbE).

4.4.8 GalB mutagenesis investigation
The PIG-L family of enzymes relies on a conserved aspartic acid residue to act as general
base in their deacetylase reactions. The equivalently positioned residue in the GalB is Ala-16 and
replacement of the residue with aspartate (A16D) had a significantly increased KM value for
CHM and the enzyme variant could not be saturated with up to 2 mM of substrate (Table 4.4).
The catalytic efficiency for the substrate was reduced 105 fold relative to the wild type enzyme
indicating the importance of a small, non-polar residue at this position for hydratase function.
Neither the wild type GalB nor the A16D variant exhibited inhibition by glucosamine or N-acetyl
glucosamine up to 1 mM in the CHM hydration reaction. In the PIG-L deacetylase MshB, Tyr142 is proposed to act as an oxyanion stabilizing residue. As described previously, the GalB Tyr123 aligns with Tyr-142 of MshB in primary sequence, but the GalB residue is differently
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positioned with the phenolic side chain rotated away from the active site pocket (159, 165).
Accordingly, the GalB Y123A variant resulted in no significant change in CHM utilization
relative to the wild type protein (Table 4.4). Together the results indicate that the catalytic
mechanism and substrate binding mode of GalB is distinct from the PIG-L N-deacetylases.

The putative active site of GalB encompasses several hydrophilic residues which may
support substrate binding and catalysis. Three arginine residues (Arg-21, Arg-67, Arg-216´) are
found within 12 Å of the bound zinc ion and are candidates for ionic interaction with the three
carboxylates on CHM (Figure 4.4A). Each of the residues was separately substituted with
alanine and their activities measured with both CHM and CHPD (Table 4.4). Each variant had
decreased specific activities relative to the wild type enzyme for both CHM and CHPD
hydration. The GalB R216A variant had a 142-fold decrease in kcat for CHM, but a 1.2-fold
increase in kcat for CHPD; this indicates that Arg-216 may be interacting with the C5 carboxylate
moiety of CHM.

As described previously, the E48A substitution has minimal effect on the metal binding
capacity of the enzyme. The effect of E48A substitution, however, resulted in a >7000-fold
decrease in the enzymes catalytic efficiency for CHM, largely due to a >760-fold decrease in kcat
(Table 4.4). The pH dependence of the E48A catalyzed hydration of CHM showed no significant
change on the pKa of the enzyme substrate complex or on the descending limb of log kcat/KM
(Figure 4.7). However, the substitution causes the pKa of the ascending limb of kcat/KM to shift
from 6.2 ± 0.2 observed in the wild type to 5.7 ± 0.1 in the enzyme variant (Table 4.5). Together,
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the E48A investigations suggest a minimal role for Glu-48 in metal binding, but that the residue
is important to the enzyme catalytic mechanism, likely by supporting proton transfer.

Figure 4.7: pH profiles of the E48A and H164A GalB variants with Zn2+ cofactor.
The pH dependency on log(kcat), A, and log(kcat/KM), B, of the CHM hydration reaction
catalyzed by the H164A (□) and E48A (♦) enzyme variants.

A histidine residue, His-164, is found in the GalB active site with the Cβ 8.6 Å from the
zinc ion (Figure 4.4). Substitution of His-164 with alanine resulted in no significant change in
KM for the CHM hydration under standard assay conditions, but resulted in a 56-fold decrease in
kcat (Table 4.4). The pH dependence of the H164A variant catalyzed hydration of CHM showed
no significant change on the pKa of the enzyme substrate complex or the ascending limb of
kcat/KM profile (Figure 4.7). However, the pKa of the descending limb of the kcat/KM profile is
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shifted up 0.6 pH units in the H164A variant to 9.2 ± 0.1 suggesting a role for the residue in
proton transfer (Table 4.5).

4.4.9 Comparative analysis of GalB and LigJCsE6
Degradation of gallic acid through the gallate pathway can be monitored by coupling
production of oxaloacetate from GalA-GalD-GalB-GalC to NADH oxidation by MDH. When
GalB is omitted from the coupled reaction CHM is not hydrated to CHA and the NADH is not
oxidized (data not shown). Substitution of LigJCsE6 for GalB in the coupled reaction leads to the
oxidation of NADH in a 1:1 stoichiometric ratio to the amount of gallic acid originally present
indicating that LigJCsE6 utilizes the same CHM isomer as GalB. When the tautomerase GalD is
omitted from either the GalB or LigJCsE6 coupled reactions, only a very slow NADH oxidation is
observed and the rate is independent of hydratase concentration, demonstrating that only the enol
form (CHM) and not the keto form (OMA) of the compound is utilized as the substrate by both
hydratases; the slow rate is then attributable to the rate-limiting spontaneous tautomerization of
the OMA to CHM in the absence of GalD. Polarimetric analysis of the LigJCsE6 catalyzed
reactions confirms that the enzyme has the same substrate stereo requirement as the GalB
enzyme producing and utilizing only the (-)-CHA and (-)-HMG enantiomers (Figure 4.5).

4.4.10 Comparison of GalB and LigJ active sites
Although exhibiting different folds, GalB and LigJ share some similarities in their active
site organization. In the LigJ structure from R. palustris (PDB: 2GWG) the bound zinc ion is
ligated in a tetrahedral fashion by residues His-6, His-8, His-178, and Glu-248 (Figure 4.4C).
Analogous to the GalB Glu-48 residue, the LigJ metal ligating Glu-248 is found coordinating the
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zinc ion on the solvent accessible face of the metal ion separating the metal from the remainder
of the active site pocket. GalB Glu-48 is critical to enzyme function and may be functionally
convergent on Glu-248 in LigJ. There are two missing regions not modeled in the final R.
palustris structure which map close to the active site. The cysteine residues of the LigJ from P.
ochraceae NGJ1, including the Cys-183 and Cys-186 from the Thr-181 to Gly-191 missing
region of the R. palustris enzyme, are not involved in CHM catalysis but may be involved with
substrate binding (57, 167). Similar to GalB, the LigJ active site pocket is lined with several
hydrophilic residues which could support substrate binding and catalysis. However, to date no
investigations of the LigJ active site residues have been completed and the role of these residues
remains unknown.

4.4.11 Operon organizations
Multi-gene Blast was utilized to identify species and gene clusters containing homologs
to the gal and lig operons. Clusters for both gal and lig genes were found across proteo- (alpha,
beta, and gamma) and actino- bacteria (Figure 4.8). In general, gene clusters containing a galB
homolog were less prevalent in β-proteobacteria, while those with a ligJ were found throughout
all bacterial clades. The galB gene is not found to replace ligJ in any of the canonical Lig
pathway gene clusters. In contrast, a galD homolog is frequently found in lig operons and is
found in the same gene cluster as the canonical protocatechuate 4,5-cleavage pathway of
Sphingobium sp. SYK-6 (31, 39). The presence of a GalD homolog in the Lig pathways suggest
that the product of the 2-pyrone-4,6-dicarboxylate (PDC) lactonase, LigI, is OMA rather than
(2Z,4E)-CHM, that is subsequently tautomerized to (2E,4E)-CHM by the GalD homolog to be
used by either GalB or LigJ (Figure 4.1). Thus, the genetic organization is consistent with our
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experimental data suggesting that both GalB and LigJ utilize the same isomer of CHM produced
by GalD. It is, however, unclear why two evolutionarily distinct hydratases are recruited to
perform the same reaction in these related pathways.

Figure 4.8: Gene clusters containing GalB and LigJ CHM hydratases in α-proteo, βproteo, γ-proteo and actinobacteria.
Gene clusters comprising known members of aromatic metabolism and either GalB, A,
or LigJ, B, were identified using multigene blast and a small sample of the hits are
shown. Genes homologous to the GalB CHM hydratase are shown in cyan and genes
homologous to the LigJ CHM hydratase are shown in purple. Further homologous genes
shown are: dioxygenase genes (GalA, LigAB or LigZ) in red; OMA tautomerase (GalD)
in

green;

HMG/CHA

aldolase

(GalC

or

LigK)

in

yellow;

4-carboxy-2-

hydroxymuconate-6-semialdehyde dehydrogenase (LigC) in blue; and PDC lactonase
(LigI) in brown.

4.5 Discussion
The metabolism of gallic acid by P. putida through the gallate pathway is similar to the
metabolism of other aromatic compounds such as hydroxyphenyl acetate (through the Hpa/Hpc
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pathway) and catechol (through the Xyl 2,3-cleavage pathway). In all of these pathways a dienol
or dienolate compound is produced (either as a substrate or transition state intermediate) which is
then hydrated to an aldol product to enable C-C cleavage by a subsequent aldolase that connects
the products to central cellular metabolism (54, 56, 168). GalB is structurally distinct from the
previously characterized hydratases, including the CHM hydratase LigJ, and is instead related to
the PIG-L family of deacetylases.

In common with the PIG-L deacetylases, GalB has a single α/β domain with a Rossmannlike fold containing a His-X(2)-Asp-X(n)-His divalent metal binding motif found at the bottom of
a solvent accessible pocket. As with members of the PIG-L family, GalB was initially described
as a Zn2+ dependent enzyme (39). Kinetic analyses of the PIG-L family protein MshB identified
that the enzyme activity is maximal when utilizing Fe2+ as a cofactor, and Fe2+ was found to be
the predominant ion found when the gene is expressed and the product purified through
anaerobic conditions (169). When expressed and purified aerobically, however, MshB is found
to switch metals, resulting in predominantly Zn2+ being found in the purified enzyme. Unlike
previous reports of GalB (39), here we showed that enzymatic activity in GalB could be rescued
when the apoenzyme was incubated for at least 1 hour with the exogenous metal ions. GalB
exhibits the same trend as MshB in metal ion activity, with highest turnover catalyzed by
cofactors Fe2+> Co2+>> Zn2+ (169). Only small changes in CHM specificity are seen when GalB
utilizes either Fe2+, Co2+, or Zn2+ as cofactors and the increase in kcat for Fe2+ relative to Zn2+
supported reactions is tempered by a simultaneous increase KM. Zinc is found as the predominant
metal ion when GalB is overexpressed in the native strain of Pseudomonas and aerobically
purified, with iron and cobalt each found in less than 1% of the total enzyme. The identity of the
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metal utilized by the enzyme in vivo may not be zinc, however, as the lengthy and aerobic
protein isolation strategies utilized here may have resulted in a loss of iron similarly seen in
MshB and other iron dependent enzymes (169). GalB is able to bind both Zn2+ and Co2+
efficiently with submicromolar Kd values. As expected, enzyme variants of the metal ligating
residues, except for the Glu-48 residue, resulted in substantial increases in the proteins Kd for
metal ion. The Glu-48 residue is not observed to coordinate the metal ion in any of the known
PIG-L N-deacetylases which contain an equivalent glutamate residue, and its inclusion in GalB is
likely to fulfill more of functional role than as a metal ligand.

There is some uncertainty as to the isomeric form of CHM utilized by LigJ and GalB (39,
47). The initial characterization of the gal operon identified (2E, 4E)-CHM as the product of
GalD catalyzed reaction, describing the compound as the 2E isomer on the basis of the chemical
shift of the C3 olefinic proton (δ 6.73 ppm) being lower than would expected if it was the 2Z
isomer (δ 7.38 ppm) (39). However, a recent crystal structure of the PDC hydrolase LigI, that
catalyzes the production of an unknown tautomer of OMA or CHM in the Lig pathway, was
solved and found to contain (2Z, 4E)-CHM bound to the enzyme. The potential difference in the
isomeric forms of CHM produced through the two different pathways was initially hypothesized
to be a result of differences in the substrate stereospecificity of the two hydratases, GalB and
LigJ, from the distinct pathways. However, here we showed that both GalB and LigJCsE6 can
indeed utilize the same CHM isomer produced from GalD and this utilization leads to the same lenantiomer of CHA. Similarly, when reactions with either GalB or LigJCsE6 were incubated with
racemic CHA, only the l-enantiomer was consumed by both hydratase enzymes. A galD
homolog is commonly found in the protocatechuate 4,5-cleavage pathways and previous studies
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have shown that GalB can rescue growth of a Sphingomonas sp. SYK-6 derivative species
(Sphingomonas sp. DLJ) which lacks ligJ when grown on vanillate or syringate, further
indicating that the GalB and LigJ enzymes act on the same (2E, 4E)-CHM isomer
physiologically produced by GalD (39, 57). The assumed CHM product observed in the LigI
structure may therefore be an artefact of crystallization arising from utilization of CHM/OMA
prepared at pH 10 but when co-crystallized at pH 6.5, OMA underwent non-enzymatic
tautomerization to (2Z,4E)-CHM which may not be the physiological substrate for the enzyme
(47).

Previous characterizations of the GalC/LigK gene product have identified both CHA and
HMG as substrates for the aldolase enzyme, with the enzyme having stereo preference for the
(R)-HMG and (-)-CHA enantiomers (48, 66, 73, 170). Physiological routes leading to CHA
production, through both the gallate and PCA 4,5-cleavage pathways, have been identified for
some time. However, there has yet to be the definition of a physiological route leading to HMG
production. Characterizations of DDVA metabolism in Sphingomonas sp. SYK-6 have identified
the genes LigXa and LigZ which transforms DDVA into a meta-cleavage product (4-[2-(5carboxy-2-hydroxy-3-methoxyphenyl)-2-oxoethylidene]-2-hydroxypent-2-enedioic acid) that is
hydrolyzed by LigY into 5-carboxyvanillate and CHPD (33, 171, 172) (Figure 4.1). The 5carboxyvanillate is further metabolized to vanillate and then degraded through the
protocatechuate 4,5-cleavge pathway. However, the subsequent metabolism of the CHPD has yet
to be defined. Here we have shown that both GalB and LigJCsE6 utilize the (R)-HMG enantiomer
from a racemic HMG mixture and that the dehydration reaction is reversible. GalB had a 10-fold
increase and a 23-fold decrease in KM and kcat, respectively, for CHPD hydration relative to the
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CHM substrate. Although the kinetic parameters for CHPD are less ideal relative to the CHM
substrate, it is reasonable to assign CHPD hydratase roles to both GalB and LigJ homologs in the
LigXa/LigZ/LigY pathway which gives a route to HMG production for the HMG/CHA aldolase
that has yet to be identified.

Attempts to cocrystallize GalB or the E48A variant with either CHM or CHA did not
yield new crystallization conditions from crystallization screens used and yielded only poorly
diffracting crystals in the holoenzyme condition. Soaking crystals with its substrates or products
resulted in cracking of the crystals and was not successful. Also, attempts to model the substrates
and/or products of GalB into the active site by computational docking methods did not yield
productive models that would support catalysis. The kinetic investigations carried out here lead
to a proposal for key residues in the GalB active site and have facilitated the generation of a
proposed model for substrate binding and catalysis (Figure 4.4B). Binding of the substrate is
facilitated by: the C1 carboxyl positioned by interaction with Nε of His-198, the C2 enolate
positioned by interaction with the Nη1 and Nη2 of Arg-67 and the Nε of Gln-196, the C4
carboxylate positioned by interaction with Nη1 of Arg-21 and the hydroxyl of Tyr-203, and the
C5 carboxylate positioned by interaction with the Nη1 of Arg-216. The R216A variant has a
~50,000-fold decrease in specificity constant for CHM, but only an 3-fold decrease in specificity
constant for CHPD which is consistent with residue facilitating (2E, 4E)-CHM binding through
the C5 carboxylate. In the proposed mechanism the (2E, 4E)-CHM enolate serves as the
substrate for the enzyme and Glu-48 activates the metal ligated water for addition at the C4 with
protonation by His-164 at the C5 (Figure 4.9). Tautomerization of the enolate leads to abstraction
of the proton from Glu-48 to the C3 position, thus completing the reaction cycle.
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Figure 4.9: Proposed catalytic mechanism of GalB.
A, the (2E, 4E)-CHM enolate is positioned in the active site by interaction of the
molecules C2, C4, and C5 carboxylates with His-198, Arg-21, and Arg-216,
respectively. Glu-48 activates the metal ligated water leading to the addition of the
activated water at the C4 with subsequent protonation of the C5 by His-164. B,
tautomerization of the enolate and protonation of the C3 by the protonated Glu-48
completes the reaction cycle. C, the CHA product found as the (S)-enantiomer. Note
that the GalB is stereo-specific for only the (-)-CHA enantiomer and that, although the
absolute configuration of the (-)-CHA is not known, only the (S)-CHA product could be
modeled consistent the biochemical data presented.
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The enol form (CHM), and not the keto form (OMA), acts as the substrate for GalB,
indicating that either the enol proton contributes to the catalytic mechanism or the enolate serves
as the substrate. The CHM has a pKa at 7.3, which leads to an increase in extinction coefficient
for the substrate with increasing pH. This is consistent with the enol deprotonation leading to an
increase in chromogenicity of the compound, which would not arise from deprotonation of the
carboxylate moieties of CHM. The enol pKa is observed in the enzyme pH dependency with the
deprotonation leading to increased GalB hydration activity, indicating that the substrate for the
enzyme is in fact the enolate and that the enol proton is not likely to be involved in the catalytic
mechanism.

The single ionization in the enzyme-substrate complex (pKaES of 6.1 ± 0.1) of GalB is
analogous to the pKa observed in carbonic anhydrases, where the zinc metal cofactor in the
carbonic anhydrases facilitates the decrease in the pKa of water, leading to a hydroxide primed
for nucleophilic attack at physiological pH values (reviewed in (173)). In the PIG-L Ndeacetylases and some members of the metalloprotease family (such as carboxypeptidase A and
thermolysin which are structurally distinct from the PIG-L N-deacetylases but contain a similar
metal ligation and act on similar chemical linkages), a similar Lewis acid mechanism is also
proposed (159, 174, 175). In these enzymes an acidic residue (an aspartate in PIG-L and
glutamate in the metalloproteases) in close proximity to the metal ligand is proposed to
deprotonate the metal-ligated water to act as a nucleophile (166, 176–178). In both cases, after
bond scission the protonated acidic residues relinquish the proton either to solvent or to the
newly formed terminal atom. Similar to what is observed with the PIG-L N-deacetylases and
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metalloproteases, the GalB Glu-48 carboxylate ligates the metal ion and is in close proximity to
the metal-ligated water. The GalB E48A variant has a 760-fold decrease in kcat for the CHM
hydration reaction, and the pKa of the free enzyme in the variant catalyzed reaction shifts down
0.6 units (from ~6.3 in the wild type to ~5.7 in the variant) supporting the role of Glu-48 in
proton transfer and acting as a general base. The abstracted proton from the metal ligated water
could be utilized to protonate the C3 during tautomerization or could be lost to solvent, with the
solvent donating the proton to complete the reaction cycle.

His-164 is located in the active site with the imidazole ring facing the pocket and its Nδ
making a hydrogen bond to the phenolic hydroxyl of Tyr-203. Rotation of the imidazole group of
His-164 such that Nδ is projecting toward the active site results in the Nδ being 6.6 Å from the
metal ligated water (Figure 4.4B). The H164A substitution results in 56-fold decrease in kcat with
a relatively negligible effect on the KM of the CHM hydration reaction. The pKa of the free
enzyme in the H164A variant increases ~0.6 units, from 8.6 in the wild type to 9.2 in the variant,
consistent with the proposal that the residue functions as a general acid in the reaction
mechanism.

The effect of either Zn2+ or Co2+ as a cofactor on the pH dependence of the enzyme is
minimal. The GalB pKa values for both the enzyme-substrate complex and the free
enzyme/substrate are unaffected by the metal cofactor utilized. Bell-shaped profiles for pH
dependence on kcat/KM for Zn2+ cofactor reactions are observed with the PIG-L deacetylases
MshB (pKa values 7.3 and 10.5) and BshB (pKa values 6.5 and 8.5), which are similar to GalB
(166, 179). In both MshB and BshB, minimal or no effects are observed on either pKa when
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utilizing Co2+ as the cofactor and in MshB neither Fe2+, Ni2+, or Mn2+ affected the pKa values
(166, 179). In the proposed GalB and PIG-L deacetylase reactions, the metal contributes to the
mechanism by positioning and likely lowering the pKa of the catalytic water. However, it appears
that in both GalB and the PIG-L deacetylases the metal doesn’t significantly affect the pKa of the
catalyzed reaction, possibly the result of key residues in enzymes having a more significant
effect on the pKa.

GalB is a hydratase from the gallic acid utilization pathway that is structurally distinct
from previously characterized hydratase enzymes from other aromatic catabolic gene clusters,
including the CHM hydratase LigJ. A comparison of the GalB and LigJ active site organizations
indicates similar residues that may facilitate a common mechanism between the convergently
evolved enzymes. The structure and kinetic characterization of GalB presented here will help
guide future investigations into both the LigJ and GalB CHM hydratases.
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Chapter 5: Summary and future work
This thesis describes enzymes from the protocatechuate and gallate 4,5-cleavage
pathways with new work presented on the characterization of the HMG/CHA aldolase and CHM
hydratases. The pathways are important for carbon cycling in the environment facilitating the
conversion of lignin metabolites and man-made aromatics into central cellular metabolites.

5.1 The HMG/CHA aldolase and RraA proteins
5.1.1 Role of HMG/CHA aldolase in species lacking aromatic degrading genes
Work presented in Chapter 2 identified genes encoding HMG/CHA aldolases that are
found across many diverse species, including species which lack other genes homologous to the
protocatechuate and gallate 4,5-cleavage pathways. Some of these species also lack genes
homologous to RNase E making their annotation as RraA proteins unlikely. Most of the genes
have a minimal motif that would facilitate divalent metal binding and aldolase activity. We
showed that putatively annotated RraA proteins from T. thermophilus and S. cerevisiae, although
lacking other known protocatechuate or gallate genes, do contain aldolase activity. However,
what substrate(s) they utilize and what aspect of physiology they are involved in, if any, remains
unknown.

Particularly interesting is that in certain plant species, such as Arabidopsis, three copies
of the HMG/CHA aldolase genes are found. Gene expression studies have identified that at least
one of the HMG/CHA aldolase homologous genes is expressed in A. thaliana and is found in
many tissue type across many life stages (118). To further our understanding of both the
HMG/CHA aldolase and its role in species which lack known aromatic gene clusters the
HMG/CHA aldolase activity of these gene products should be tested. It is highly likely that
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HMG/CHA aldolase is not essential in A. thaliana and an easily observable phenotype resulting
from a knock out strain is therefore unlikely. In A. thaliana, and other species, the HMG/CHA
aldolase may play a role in a secondary metabolism pathway which has yet to be defined. To
investigate this possibility, comparative analysis of the global metabolism of a knock out strain
to the wild type can be performed. Should results identify the build-up or the absence of a
metabolite then the identity of the compound/s could be sought and results put into context of the
A. thaliana metabolome.

5.1.2 Potential HMG/CHA aldolase-degradosome interaction in P. putida F1
The EcRraA contains the same overall fold as the HMG/CHA aldolase and the EcRraA is
known to bind to and inhibit both RNase E and members of the DEAD-box RNA helicases
family (84, 97). Work in this thesis showed that many of the putatively annotated RraA genes
found across diverse species contain HMG/CHA aldolase activities. Structures of EcRraA bound
to the DEAD-box RNA helicases SrmB and RhlB revealed that both helicases bind EcRraA
through the same face of the protein (97). Sequence alignments of the HMG/CHA aldolase,
EcRraA, and homologous proteins show conservation of some of the EcRraA residues that
interact with the helicases suggesting that these proteins may have helicase binding ability in
addition to their aldolase activity. RNA stability and metabolism are often linked in bacteria. For
example, the degradosomes involved in RNA degradation from E. coli and Caulobacter
crescentus also interact with the metabolic enzymes enolase and aconitase, respectively (180,
181). The role of these metabolic enzymes within the degradosome, however, is not well defined.
P. putida F1, the host species studied in this thesis, contains a full length RNase E with ~50%
sequence identity to RNAse E of E. coli. P. putida F1 also contains several putative DEAD-box
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RNA helicases with ~50% sequence identity to SrmB RNA helicase of E. coli, and contains four
HMG/CHA aldolase or RraA genes. The P. putida F1 HMG/CHA aldolase Pput_1361 and
Pput_1367 (~80% sequence identity to Pput_1361) are found in a cluster of genes with high
sequence identity to the protocatechuate 4,5-cleavage pathway (Pput_1359 to Pput_1369).
Whereas, Pput_3204 (>90% sequence identity to Pput_1361) is in a gene cluster that is similar to
that of the gallate degradation pathway gene cluster of P. putida KT2440. The last HMG/CHA
aldolase homolog in P. putida F1, Pput_3656, is not found within any known aromatic
degradation gene cluster. Investigations into the aldolase activity of these homologs and the
potential interactions with members of the putative degradosome in P. putida F1 would shed
light on the possible link between aromatic metabolism and RNA stability in bacteria.

5.2 Phosphate activation and the catalytic mechanism of the HMG/CHA aldolase
5.2.1 Validation of Pi acting through general acid
Work presented in Chapter 3 details the mechanism of phosphate activation in the
HMG/CHA aldolase. We showed that Pi increases the aldolase’s pyruvate methyl proton
exchange rate consistent with the polyatomic ion activating the general acid half reaction. We
identified potential aldolase Pi binding sites through docking studies and the residues making up
those sites were probed through mutagenesis studies. The results support site 1 as a Pi binding
site that aids in the ion’s ability to activate the aldolase through the general acid half reaction.
Although the biochemical evidence supporting this mode of binding is substantial, it would be of
benefit to validate this proposal through structural studies. Co-crystallization trials of the
HMG/CHA aldolase with Pi, in the presence or absence of pyruvate, were attempted but,
unfortunately, yielded crystals that did not have Pi bound. This may have been the result of the
pH of the crystallization condition utilized, which are buffered in sodium acetate pH 4.5,
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yielding a monobasic form of Pi that is not conducive to binding to the aldolase. Future
endeavours may look towards developing new crystallization conditions at a higher pH amenable
for Pi binding.

5.2.2 Catalytic mechanism of the HMG/CHA aldolase
Results from HMG/CHA aldolase mutagenesis studies completed as part of aldolase Pi
activation investigation conflicts with the proposed catalytic mechanism of the enzyme described
previously (66). It is likely that the catalytic mechanism is different and future investigations
should look to define the catalytic mechanism.

The HMG/CHA aldolase is not stereospecific for its substrates but is known to contain a
stereo preference for both (-)-CHA and (-)-HMG (73). Work presented in Chapter 4 shows that ()-CHA is the physiological enantiomer produced through both the protocatechuate and gallate
4,5-cleavage pathways. Methods for the purification of all of the metabolites from the gallate
4,5-cleavage pathway were generated as part of this thesis and provides a simple approach to the
synthesis and purification of enantiomerically pure (-)-CHA. However, the absolute
configuration of the (-)-CHA enantiomer (R- or S-) at this point is unknown. Defining the
absolute configuration of the (-)-CHA enantiomers could be approached in the future through
either small molecule crystallization, NMR structure determination of an (-)-CHA conjugate, or
conversion of (-)-CHA to another enantiomeric compound whose configuration is known. Once
the absolute configuration of (-)-CHA is known, docking studies can be performed with the
structure of HMG/CHA aldolase and to identify residues involved in substrate binding and
catalysis.
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Alternatively, structural investigations of the HMG/CHA aldolase with inhibitor
compounds would aid in implicating key residues in the aldolase active site required for substrate
binding and catalysis. However, we have yet to find a good inhibitor of the enzyme. 2oxoglutarate and 2-oxoadipate are α-keto compounds that mimick the C4 carboxylate and C4
methylene carboxylate of CHA and are competitive inhibitors with large Ki values of 2 mM and
1 mM, respectively (data not shown). Attempts to co-crystallize the HMG/CHA aldolase with
either 2-oxoglutarate or 2-oxoadipate did not yield structures with bound inhibitors which may
have been a result of weak binding. Citrate and citramalate, similar to CHA and HMG but lack
an α-keto functional group, do not act as inhibitors of the enzyme in concentrations up to 10 mM.
An ideal inhibitor compound may be 4‐oxobutane‐1,2,4‐tricarboxylic acid, a CHA analog which
only lacks the C4-hydroxyl. However, the compound is not commercially available and to our
knowledge there are no methods for its synthesis described in the literature. It may be possible to
synthesize the compound through a two step process of dehydration of CHA and subsequent
hydrogenation as shown in Figure 5.1. The similarity of the compound to CHA, relative to that
of 2-oxoglutarate and 2-oxoadipate, suggests that it would be a good inhibitor and cocrystallization with the compound could provide insights into the binding mode of CHA in the
enzyme.
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Figure 5.1: Proposed conversion CHA to 4-oxobutane-1,2,4-tricarboxylic acid.

5.3 The CHM hydratase GalB
5.3.1 Substrate and mechanism of the CHM hydratases
Chapter 4 presents the first structure of a GalB type CHM hydratase which is found to be
structurally distinct from previously characterized hydratases, including the analogous LigJ
CHM hydratase. We identified that the GalB Glu-48 and His-164 residues are key residues in the
enzyme that support proton transfers and likely function as the general base and general acid in
the catalytic mechanism, respectively. However, this proposal needs validation. A co-crystal
structure of GalB with either CHA or CHM would provide important details about substrate
binding and the enzyme’s mechanism. Furthermore, co-crystal structures of LigJ with either
CHA or CHM would provide insight into that enzymes mechanism and allow for a greater
understanding of the convergently evolved CHM hydratases.

We identified that the structurally distinct hydratases GalB and LigJ utilize the same
CHM isomer leading to the formation of the (-)-CHA enantiomer. However, the absolute
configuration of the CHM isomer utilized by the enzymes (2E- or 2Z-) still needs validation (39,
47). Identification of the isomer of CHM utilized is required for a full elucidation of the catalytic
mechanisms utilized by the hydratases. Attempts to elucidate the configuration of the CHM
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isomer by NMR experiments were unsuccessful largely due to low yields of CHM purified
relative to the elution buffer (100 mM H2SO4) which could not be removed without resulting in
side reactions of the CHM that produced an unknown product. Alternative purification strategies
should be sought to produce a CHM product of higher yield and purity which could then be
utilized for absolute configuration determination of the isomer.
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