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ABSTRACT

Lignin is the most abundant renewable aromatic in the world that has great
potential as a sustainable source of monomeric units for the production of bioplastics.
However, the chemical and biological processing of lignin in industry is difficult due to
the heterogeneity of the polymer structure. The natural recycling of lignin occurs
through depolymerization by oxidoreductases secreted by fungi. Many bacterial
pathways metabolize these lignin oligomers into small carbon fragments which are used
in the TCA cycle. Many of the known enzymatic pathways funnel to protocatechuate
(PCA) that can be further metabolized by three cleavage pathways. Our goal is to
decipher the mechanistic details of the PCA 4,5-cleavage pathway from the
Sphingomonas sp. SYK-6.

The enzymes LigU, LigJ, and LigK play an important role in the degradation, but
have not been structurally or mechanistically characterized. Using NMR spectroscopy,
LigU was shown to function as a 1,3-allylic isomerase where the double bond between
C5-C4 of (4E)-oxalomesaconate (OMA) migrates to C4-C3 forming (32)-2-keto-4-
carboxy-3-hexenedioate (KCH). LigU was further characterized to show that the
stereospecific proton transfer at C5 of KCH is proS and that Lys-66 and Cys-100 are
critical catalytic residues. We recently determined the structure of wild-type LigU and
the ligand-bound complex of the mutant LigU K66M by X-ray crystallography. The
ligand-bound structure also shows that the two catalytic residues are on the same face of

the ligand to support a syn-fashion reaction. We also determined the three-dimensional
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structures of the LigJ hydratase. The structure of the product bound complex shows that
CHA, 4-carboxy-4-hydroxy-2-oxoadipate is formed in the S-configuration. The mutant
E284Q has no observable catalytic activity and this mutant was used to co-crystallize the
substrate, KCH with LigJ. Based on the kinetic parameters and the structure of the
bound substrate in the active site, we propose that Glu-284 acts as both the catalytic base
and acid in an overall syn-addition. My future work will focus on characterizing the C-C
cleavage of LigK aldolase by site-directed mutagenesis and monitoring changes in
activity. Also, attempts at co-crystallization of mutants with substrate and substrate

analogs are ongoing to determine the active site chemistry.
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1. INTRODUCTION: ENZYMATIC DEGRADATION OF LIGNIN

1.1. Lignin Introduction

Lignin is a crucial global carbon sink constituting the second largest source of
biopolymer after cellulose (1). The etymology of the word lignin originates from the
Latin word /ignum, which means “wood”. The existence of lignin first appeared when
aqueous plants evolved into land plants ca. 450 million years ago (mya) based on fossil
records (2). The main adaptation that made this possible was the biosynthesis of lignin
material. The plant phylum called tracheophyta that arranged lignin monomers into
polymers within the cell walls for rigidity to help increase length and strength first
appeared in the late Silurian period (443 to 416 mya) and diversified and covered the
land into the early Devonian period (416 to 358 mya) (3). Ancestral analysis of similar
genetic pathways in aqueous and terrestrial plants show the recruitment of enzymes able
to synthesize precursors to lignin monomers, the phenylpropanoid molecules. There is a
core of eight enzymes that were duplicated to make these aromatic structures that could
absorb harmful UV radiation to prevent cell damage (2). Along with UV-radiation
stress, land plants had to overcome the medium change from water to air. This required
rigidity and a pumping system that could work against gravity to transport water and
nutrients. In addition, plants needed to survive new threats of pathogens and viruses, so
they needed a hard surface to withstand such threats. Ultimately, lignin was the answer

to all of these new environmental threats. Lignin is a structural property of vascular



plants and some algae that distinguishes it from water based plants. Lignin is found in

the walls of secondary thickened plant cells (2).

1.1.1. Chemical Structure

Lignin is composed of three phenylpropanoid monomers (guaiacyl (G), syringyl
(S), and p-hydroxyphenyl (H)) which turn into monolignol precursors (Figure 1) (4).
These basic building blocks are methoxylated derivatives of benzene (R-O-CH3) (4).
They are linked either by ether (C-O) or carbon-carbon bonds. Some common bonds
include B-O-4 (B-aryl ether), a-O-4 (a-aryl ether), 4-O-5 (diaryl ether), 5-5-O-4
(dibenzodioxocin), benzodioxane, f—1 (spirodienone), B—f (resonol), B—5
(phenylcoumaran), and 5—5° bonds to form many different complex heteropolymers
(Figure 2) (4). The 3-O-4 linkage is the most abundant at 40-60% levels in softwood
and hardwood (5). The distribution and pattern of monomers in lignin is randomly
determined as it is radical coupling of peroxidases and laccases that joins the units
together (1). The heterogeneity of lignin is the foremost reason limiting its usefulness in

a biosustainable economy.
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1.1.2. Significance and Broader Impact

The removal of lignin from wood used in industrial settings has been advancing
since the 1950s in scientific articles (6). Lignin removal originated in the paper industry
and was regarded as a waste. Traditionally, the focus was to extract cellulose from the
lignocellulosic biomass, and lignin was just burned as a heating source for processing
cellulose. However, the pressure of limited fossil fuels and the concern of greenhouse
emission from using coal and petroleum, has incentivized industry and the government
to support fundamental research in alternative and renewable energy (7). Therefore, to
increase the competitive cost of wood as a source, lignin has been the topic of extensive
research for decades (7). There are many challenges of using lignin versus petroleum as
a raw source. The main challenge is the heterogeneity of lignin monomers and bond
types. Cellulose has only one major bond type to break, whereas lignin is composed of
more than ten types of bonds with different ratios of the three monomers and their
derivatives in different plant species (8). Secondly, compared to fossil fuels, lignin has a
high oxygen and moisture content that lowers the energy burning value thus making it
less competitive (9). Third, since it has many oxygen bonds that are broken, these
fragments are highly unstable and tend to re-polymerize and form different polymers
(10). To overcome the high oxygen content and stability, hydrodeoxygenation and fast
pyrolysis research has been improving the purity and stability of the fragments (11).
This research has been investigating different types of catalysts to remove oxygen,
which carries its own challenges, such as feasible environmental pressures that can be

scaled-up and developing catalysts that do not use expensive metals but more



economically ones without comprising the cost to be competitive with nonrenewable
fuels (11).

Another avenue of interest has been to use microbial engineering to develop
novel bacterial strains that can depolymerized lignin fragments to a valuable
intermediate via genetically modified enzymatic pathways (12). This intermediate can
then be converted into a precursor for the basic units for industrial polymers like nylon,
resins, lubricants, and plastics (13-15). This is known as lignin valorization for the

production of value-added chemicals.

1.2. Lignin Degradation Overview

The enzymes responsible for lignin depolymerization appeared in fungi ca. 295
mya based on comparative genomics and molecular clock analyses (16). In nature, the
degradation of a fallen tree to the surrounding soil typically takes between 46 to 124
years with the time dependent on many factors, like tree type and climate (17). The
initial decomposition starts with breaking wood into small particles and the
depolymerization of lignin, which is initiated by termites, other wood-eating arthropods,
and fungi (18). The termites mechanically grind through the lignin to consume the
cellulose with most of the lignin still intact (18). Fungi will generate radical species
using several types of enzymes to depolymerize lignin. This allows the fungi to get
access to cellulose to use as their energy source. Once lignin is broken down into

individual monomers or small lignin substructures, in general, soil bacteria and animal



gut microbiota will further metabolize the aromatic compounds into short carbon chains
that are then shuttled into the tricarboxylic acid (TCA) cycle, as shown in Figure 3 (16).

Termites initiates the degradation of lignocellulose by mechanical breakdown of
wood by the mouth. In the foregut, the wood particles mix with endogenous cellulases
produced in the salivary glands and midgut of the termite (18). This releases
monosaccharides that are absorbed in the midgut (18). The digested wood particles are
then hydrolyzed by flagellates in the hindgut by cellulases and hemicellulases (18). The
short chain fatty acids are resorbed, and the lignin-rich particles are excreted (18). A
study from 2017 has shown that the termite does more pretreatment to lignocellulose
than previously shown, especially the young termite workers (19). The subfamily of
termites Macrotermitinae have a specific fungi called Termitomyces spp. in their nests,
which together they are able to almost completely decompose lignocellulose (19). The
Termitomyces sp. is a basidiomycete fungi. Termites over long periods of time have
developed mutualistic relationships with multiple microbial symbionts, including the gut
microbiota and the bacterial community that is part of the fungus comb (19). Current
studies are identifying genes within termites and their symbiotic fungal and bacterial
species that have oxidative properties. There are early reports that termites have laccase
genes that code for oxidative enzymes (19).

Other animals are beneficial to the degradation of lignin including different
species of arthropods, like beetles, millipedes, ants, and terrestrial isopods (20). The
insect species, fungi, and soil microbiome together form a holobiont to efficiently

sequester all of the energy from wood (21). The current paradigm is that the digestive



tract microbiome of arthropods allows the insects to degrade lignin in a mutualistic
symbioses. However, the capabilities of omics technology and the growing interest in
sustainable energy is motivating the discovery of new lignolytic genes in many diverse
species. The many microbiomes around the degradation of wood, like soil and insect
microbiomes, have not been isolated and many functions still remain unknown (22).
The largest wood-degrading fungal group belongs to the phylum Basidiomycota,
generally known as white-rot fungi, with characterized enzymes from genes in the
representative genera of Pleurotus, Phanerochaete, and Ceriporiopsis (23). In general,
fungi secrete intra- and extracellular enzymes with cofactors and mediators that generate
products able to perform radical decoupling. Since the wood cell walls are too small for
the enzymes to penetrate, these high electron-potential mediators are responsible for the
initial depolymerization of the large lignin structure. Recent studies have also
discovered bacterial genes encoding ligninolytic enzymes, mostly dye-decolorizing
peroxidases (DyPs) and laccases that belong to both actinobacteria and proteobacteria
phylums (24). In the next sections, a general description will be given on different
classes of peroxidases and laccases. This will be followed by a biphenyl and aromatic

catabolic pathways review.
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1.2.1. Peroxidases

The role of peroxidases is to depolymerize the lignin heteropolymer by cleaving
the bonds shown in Figure 2 to lignin oligomers, dimers, and monomers that can then be
mineralized by bacteria into small carbon chains. The types of substrates oxidized can
be generalized to different classes of lignolytic enzymes. The main contrast is whether
the substrate is a phenolic or nonphenolic compound where nonphenolic substrates
require a higher redox potential for bond cleavage. Heme peroxidases are one
significant class of enzymes that has the function of lignin degradation. Heme
peroxidases are classified into two groups based on protein sequence and structure: those
that are only found in animals and those that are found in plants, fungi, and prokaryotes
(25). The plant superfamily has been additionally divided into three classes based upon
sequencing. Class I includes intracellular enzymes such as cytochrome c peroxidase
(CcP). Class II includes the secretory fungal peroxidases whose main function is lignin
degradation. Class III includes the secretory plant peroxidases like horseradish
peroxidase, tobacco peroxidase, and peanut peroxidase. Class Il enzymes are different
from class I by post-translational modifications of glycosylation, the presence of two
calcium ions in the structure, and four conserved disulfide bridges (26). The three main
types of peroxidases found in fungal degradation are lignin peroxidase (LiP), manganese
peroxidase (MnP), and versatile peroxidase (VP). The most recently identified class is
the dye-decolorizing peroxidase (DyP) (27). There are many characteristics common to
all of these peroxidases. First, they all contain a heme cofactor located in an internal

cavity that is activated by hydrogen peroxide (28). Hydrogen peroxide is generated via
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lignin-degrading auxiliary (LDA) enzymes like glyoxal oxidase, a member of the copper
radical oxidase class, that reduces Oz to H>O: by coupling to the oxidation of aldehydes
to the corresponding carboxylic acids (29). Other LDA enzymes identified are aryl
alcohol oxidase, pyranose 2-oxidase, cellobiose dehydrogenase, and glucose oxidase
(30).

The proposed catalytic mechanism of action begins with hydrogen peroxide
traveling through a large channel to the heme center to oxidize via two electrons the
resting ferric iron [Fe (III)] to form oxo-ferryl radical cation intermediate Compound I
[Fe (IV) =0°*'] and water (Figure 4) (31). Compound I is in an activated two electron
enzyme form that can now oxidize the substrate through a one electron transfer step
placing the radical cation onto the substrate (31). This reduces Compound I to
Compound II [Fe (IV) =0O]. The substrate binding site is at the opening of the large
channel (31). This one electron reduction occurs again when the same or a second
substrate enters causing the iron to return to its ferric resting state (31). The small
channel leads to the heme propionate substrate where the manganese ion is oxidized and

can diffuse out of the cell to oxidize phenolic lignin (31).
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Figure 4. The general catalytic cycle of heme peroxidases (31).
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1.2.1.1. Lignin Peroxidases

Lignin Peroxidase (LiP), first discovered in 1983, is a globular, monomeric
glycoprotein that contains a heme prosthetic group buried in the enzyme that oxidizes
phenolic and non-phenolic aromatics via heme H>O; activation (Scheme 1). The heme
is composed of one mole of iron protoporphyrin IX per mole of protein. The varying
amount of glycosylation, which gives the ability to be extracellular, gives rise to many
isozymes with pl range of 3.2 to 4.0 (32). The glycosylation includes the oligomannose
sugar and both N- and O-glycosylation (33). LiPs use a high reduction potential (E° =
1400 mV) to oxidize nonphenolic structures to cation radical intermediates that
nonenzymatically cleave Co-Cp bonds (34). To date, most characterized LiPs are from
the fungal species Pleurotus eryngiii, Pleurotus ostreatus, Phanerochaete
chrysosporium, and Arthromyces ramosus (25).

In 1993, the first structure of LiP was determined in the white-rot fungi
Phanerochaete chrysosporium to a resolution of 2.0 A (PDB entry 11ga) (35). The
monomer is mostly helical composed of eight major and eight minor a-helices and three
short antiparallel 3-sheets made of two residues per strand. It is divided into two
domains by the heme plane that creates a proximal and distal side. The structural fold is
similar to the intracellular class I cytochrome c peroxidase (CcP) except for an additional
67 residues on the C-terminus (residue 276 to 343) that forms an extended chain with
little contact to the rest of the protein that ends at an opening to the heme active site.

The RMSD between Cq-atoms of LiP and CcP (residues 15 to 275) is 1.8 A with 18%
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sequence identity. The eight cysteine residues all form disulfide bridges in LiP, where in
CcP there are no bridges (Figure 5).

In addition to the tetradentate ligand of the porphyrin, there are two axial ligands,
His-176 on the proximal side and a water molecule on the distal side. The peroxide
replaces the water molecule that is further stabilized by Arg-43. The distal His-47 acts
as a proton acceptor for the bound peroxide (28). Compared to other peroxidases, the
iron in the heme of LiP is more electron-deficient and consequently a higher oxidation-
reduction potential (36). The structure determined in 1999 to a resolution of 1.7 A from
the same species, but isozyme H2 with pl 4.15, elucidated significant structural
properties about radical formation on the surface with residue Trp-171 (PDB entry 1llp)
(26). The strong oxidation capabilities of LiP toward hard to cleave nonphenolic bonds
of lignin come from its ability to perform chemistry on the surface of the enzyme via
long-range electron transfer (LRET). The surface residue was identified as Trp-171 in
the recombinant LiP isoenzyme HS8 by using site-directed mutagenesis where Trp-171
was mutated to a phenylalanine and serine (Figure 5) (37). These two factors allows

LiP to oxidize a variety of mildly activated aromatic substrates in lignin.
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Scheme 1. Lignin Peroxidase Three Step Reaction. Step 1. The activation of the ferric
porphyrin ring by hydrogen peroxide. Step 2. The one electron transfer activating lignin
substrate. Step 3. The one electron transfer activating a second lignin substrate and
enzyme returning to resting ferric state.

[LiP]Por-Fe** + H,O, = [LiP]Por** [Fe*" = O] + H,O

[LiP]Por*" [Fe*" = O] + Sub. = [LiP]Por [Fe*" = O] + Sub.ox"*

[LiP]Por [Fe*" = O] + Sub. + 2H" = [LiP]Por-Fe** + Sub.ox"" + H,0

(Adapted from Hofrichter, M. et al. (2010) (25))
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Figure 5. Ribbon model of lignin peroxidase (isozyme H2) active site from PDB
entry 11lp in the species P. chrysosporium at 1.7 A resolution. The a-helices are
colored sky blue, the -strands are purple, the loops are gray, and the additional C-
terminus chain (residues 276 to 343) is dark blue. The porphyrin ligand is green, the
iron is a bronze sphere, the residues are yellow, and the cysteine disulfide bonds are
salmon color (26).
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1.2.1.2. Manganese Peroxidases (MnP)

Manganese Peroxidase (MnP) is a glyosylated peroxidase that oxidizes primarily
phenolic aromatic units with a redox potential of 800-900 mV (4). MnP is similar in
structure to LiP in that both have one mole of iron protoporhyrin IX ring per mole of
enzyme with similar properties (4). MnP has five disulfide bonds, so one more than LiP
(4). The additional bridge is between Cys-341 and Cys-348, and it helps to form the
Mn?* binding site (Figure 6) (4). The Mn?" is located in a cation-binding site at the
surface of the protein and coordinates to Glu-35, Glu-39, Asp-179, the heme propionate
oxygen, and two water molecules (4). The catalytic cycle oxidizes Mn(II) to Mn(III) by
Compound I and Compound II. Then Mn(III) is the high potential intermediate that
oxidizes a variety of phenolic substrates in lignin while subsequently being reduced to its
resting state (4). Like LiP, the heme center of MnP is activated by H,O» where it is
reduced to two water molecules. Depolymerization occurs by the ability of the Mn(III)
one-electron carrier to diffuse into lignin to produce phenoxy radical products. These
products then randomly rearrange, cleave bonds, and nonenzymatically degrade into

smaller substructures.
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Figure 6. Ribbon model of manganese peroxidase (PDB entry 1yyd) from P.
chrysosporium at 1.45 A resolution (38). The a-helices are colored sky blue, the -
strands are purple, and the loops are gray. The porphyrin ligand is green, the iron ion is
a bronze sphere, the calcium ions are green spheres, and the manganese ion is a pink
sphere. The residues are yellow, and the cysteine disulfide bonds are salmon color.
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1.2.1.3. Versatile Peroxidases (VP)

Versatile peroxidases are a hybrid between the LiP and MnP enzymes that allows
a broad spectrum of substrates to be oxidized. This includes both phenolic and
nonphenolic compounds and low and high redox potential substrates. It also has the
ability to oxidize high redox potential dyes, specifically known for azo dye Reactive
Black 5 that requires an electron potential of ~1500 mV (39). They were identified in
the late 1990s, and they were first mistakenly identified as MnPs (40). It has been
isolated in the following white-rot fungi species: Pleurotus erynigii, Pleurotos ostreatus,
Pleurotus pulomaius, Bjerkandera fumosa, and Bjerkandera adusta (40). It has the
ability to use two modes of oxidation. First, like LiP it has an exposed tryptophan (Trp-
164) on the surface of the enzyme that creates a long-range electron transfer (LRET)
pathway to the heme center to oxidize large substrates on the surface that have steric
hindrance to reach the heme active site independently of a manganese cofactor (40).
However, the substrate specificity for the LiP substrate veratryl alcohol, is 30-fold lower
than the ability by LiP, which its value is 3 x 10* M! 57! (40). The surface environment
around the tryptophan is positively-charged by basic residues that favors anionic
substrates, whereas the surface of LRET for LiP is negatively-charged by acidic residues
(39). This requires LiP to use mediators; thus making VP a more attractive peroxidase
in an industrial setting (39). The second mode of action is like MnP where it oxidizes
manganese from +2 to +3 oxidation state in a coordination sphere composed of three
tricarboxylate groups from glutamate and aspartate residues near the propionate units of

the heme (39). Site-directed mutagenesis studies have shown that the coordination in
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VP is more stable than in MnP (41). These reaction details were elucidated based on the
structure of VP from P. eryngii (PDB entry 2boq), which was determined to a resolution

of 1.3 A (41).

1.2.1.4. Dye-Decolorizing Peroxidases

Dye-decolorizing peroxidase (DyP) were first identified in Bjerkandera adusta in
1999 and has since been widely observed in bacterial species (42). It is a highly stable
glycosylated heme protein and has been divided into four classes. Like the other
peroxidases, it is activated by H»O» to catalyze the oxidation of substrate even though
the structure and sequence of DyPs are different from other peroxidases (27).
Structurally, it is different from other peroxidases because the distal histidine residue at
the heme is an aspartate residue (27). This location is responsible for H>O: binding;
therefore, it is suggested that it now proceeds through an unique mechanism for
activation (27). Recent studies have shown that it can oxidize substrates with molecular
oxygen in the absence of hydrogen peroxide (43). Also, some types of DyPs don’t need

Mn (II) as a mediator (44).

1.2.2. Laccases

Laccases (Lac) contain four copper ions that perform oxidation reactions in the
presence of molecular oxygen by four one-electron abstraction from phenolic substrates
to produce phenolic radicals and two molecules of water as a byproduct (Figures 7 and

8) (28). Laccases belong to the Cupredoxin Superfamily (IPR008972), which is a large
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and broad family with more than 240,000 proteins in the InterPro database (45). The
signature character of the Cupredoxin Superfamily is containing a mononuclear type one
copper site causing the protein to have an intense blue color (45). Structurally, the
superfamily has a B-sandwich composed of seven B-strands that form two 3-sheets
arranged in a Greek-key [-barrel (Figure 9) (45). The B-strands are adjacent in space
but not in sequence. Within this superfamily, laccases are part of the multi-domain
family. This family has members identified with two to six domains (45). They are
glycoproteins that vary in molecular weight (50-97 kDa), oligomeric state (monomeric,
dimeric, and tetrameric), and isoforms (23). The carbohydrates, generally mannose,
cause the enzyme to be stable (46). They are covalently linked and compose 10-45% of
the molecular weight (4). They have been identified in plants, fungi, bacteria, and
insects, but most studies have been on fungal laccases with over 100 fungal enzymes
characterized. Bacterial laccases were first described in 1995 in Azospirillum lipoferum,
a bacterium associated with plant root (47). It now has been identified in a number of
other bacteria, which includes Escherichia coli, Bacillus subtilis, and Pseudomonas
syringae. One of the best studied bacterial laccases is the protein CotA from Bacillus
subtilis (48). In fungal species the enzymes are both intra- and extracellular, but in
bacterial laccases, they are mostly intracellular (4).

Laccases are also identified into the multicopper oxidases (MCO) type two
domain (IPRO11706) (49). In this domain all enzymes have a conserved architecture of
the two active sites composed of four copper ions for both bacterial and fungal laccases.
There are three types of spectroscopically different copper ions. The type one (T1) blue
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copper forms the mononuclear site that is near the surface, but not solvent exposed (50).
The bacterial laccases at T1 has three conserved equatorial ligands (His-419, Cys-492,
and His-497 (numbering based on PDB entry 1w6w from Bacillus subtilis)) with
coordination distances of ~2.0 A (51). One of the axial positions is vacant and the other
one is Met-502 that does not participate in the coordination at a longer distance of ~3.7
A. T1 copper therefore has a distorted bipyramidal trigonal geometry (48). The fungal
laccases have the same conserved ligands that are coordinated (His-394, Cys-450, and
His-455, numbering based on PDB entry 2hrg from Trametes trogii) to the copper ion
with coordination distances of ~2.0 A (50). In this species, the axial ligand is Ile-452 at
a distance of 3.6 A. The fungal laccases have variable residues for this position in which
leucine and phenylalanine have also been identified (52). The blue color is due to the
intense electronic absorption at ~600 nm due to a ligand-to-metal (Cys S = Cu?*)
charge-transfer transition (53). The T1 copper is also paramagnetic based on a small
copper hyperfine coupling constant (4 = 4-10 mT) in electron paramagnetic resonance
(EPR) (53). The type two (T2) copper has no strong absorption, but it is paramagnetic
based on a copper hyperfine coupling constant (4 = 20 mT) in EPR (53). Itis
coordinated to two histidine residues (His-105 and His-422 in B. subtilis) and one water
molecule. The other two copper ions are classified as T3 coppers where they form a
dinuclear center bridged by a hydroxy group in a linear arrangement. They are
characterized by an electronic absorption at 330 nm, and they are EPR silent due to
antiferromagnetic coupling between the ion pair (53). The T2 and T3 copper ions form

the trinuclear cluster for the second active site. Most laccases have three domains;
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however, in 2009 the first two-domain laccase structure was determined (54). Currently,
there are 31 structures deposited onto PDB database, with 30 being from bacterial
species (55). Within the three domain monomer, domain three contains the mononuclear
copper site. The trinuclear copper site is between domains one and three. For B. subtilis
(PDB entry 1w6w and 1w8e and 1gsk) domain one is residues 2-176, connection one is
residues 177-182, domain two is residues 183-340, connection two is residues 341-368,
and domain three is residues 369-501 (Figure 9) (48, 51).

The proposed reaction mechanism for laccases is initiated by oxidation of the
phenolic substrate at the T1 site where an electron is transferred to the copper center to
generate the phenolic radical product (45). The oxidation state of the copper changes
from a +2 to +1 state. The electron is transferred from the T1 site to the T2/T3 site by an
internal His/Cys pathway where the three coppers at this site are also reduced to a +1
oxidation state. In 7. trogii, the electron transfer pathway is composed of the T1 Cys-
450 and two T3 ligands, His-449 and His-451 (50). This monoelectronic oxidation
occurs a total of four times to produce at the T2/T3 site the activation and reduction of
molecular oxygen to two molecules of water. The coppers then return to the resting state
with a +2 oxidation state to repeat the cycle. The electrons travel ~13 A between the
two active sites (50). The T2/T3 site has two solvent channels where one channel is for
molecular oxygen to enter (closer to the T3 coppers) and the other channel is for water to
exit (near the T2 coppers) (51).

Laccases can easily oxidize aromatic substrates that have electron-withdrawing

groups like phenols and anilines that require a mild redox potential (56). The substrate
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specificity of laccases includes more substrates by employing mediators in a laccase-
mediator system (LMS) (52). Mediators are low molecular weight compounds that are
oxidized at the T1 site to stable high potential electron carriers (52). Mediators are then
able to diffuse into lignin to oxidize compounds with an electron potential greater than
~1100 mV while subsequently being reduced by the substrate via radical coupling (57).
Normally, at the T1 site, the electron potential maximum is ~760 mV and ~455 mV for
fungal and bacterial laccases, respectively (52, 58, 59). Now over 100 phenolic and non-
phenolic compounds of various weights are considered substrates for laccases (60).
Both natural and synthetic mediators have been identified, with the synthetic mediator
typically having a higher redox potential (60). However, desired properties of mediators
include being non-toxic, economic, efficient, and able to maintain the redox cycle
without inactivating the enzyme. Therefore, natural mediators with lower redox
potential are typically more attractive since they have no unfavorable properties. The
most popular synthetic mediators include 2,2’-azinbobis(3-ethylbenzthiazoline-6-
sulfonate) (ABTS), 1-hydroxybenzotriazole (HBT), and the stable 2,2,6,6-tetramethyl-1-
piperidinyloxy free radical (TEMPO) (Figure 10) (60). These mediators use different
mechanism to oxidize the substrates: ABTS (E°: 1090 mV) uses electron transfer, HBT
(E°: 1100 mV) uses hydrogen atom transfer, and TEMPO (E°: >1000 mV) uses ionic
oxidation (60). Natural mediators produced by the fungi and bacteria include
acetosyringone, acetovanillone, syringaldehyde, vanillin, p-coumaric acid, sinapic acid,

and ferulic acid (Figure 10) (60).
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Laccases are very attractive green biocatalyst when compared to other oxidases.
First, they don’t require added cofactors and the byproduct is water compared to lignin
delignification peroxidases which require hydrogen peroxide. Also, there are bacterial
laccases that can be exploited instead of fungal species, which on an industrial scale, are
easier to grow due to greater pH range tolerance, more thermostable, and faster growth
rates (60).

The utilization of these oxidases (peroxidases and laccases) in industrial
applications are highly desirable with each class of enzyme having both advantages and
disadvantages when compared to each other (Table 1). LiP has the broadest range of
substrates and the largest redox potential, but maintaining the environment necessary for
optimal fungal activity is challenging and costly. MnP has the advantage as being the
most prominent enzyme found in fungal species genome and so using more efficient
species is something that can be explored. VP is attractive in that it has natural abilities
to perform both LiP and MnP reactions. DyP and Lac are naturally found in bacterial
species, and so it eliminates the troubles of growing fungi on a large-scale, but their
abilities to completely depolymerize lignin alone doesn’t compete with fungal
peroxidases (61). Therefore, the current field is actively identifying new species to
hopefully find more efficient chemistry pathways and engineering current enzymes to

improve abilities to find a suitable system that can be industrially scaled.
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Figure 7. The active site of laccase with catalytic cycle shown (50).
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Figure 8. The model of the bacterial active site of laccase (PDB entry 1w6w)
(51).



with the three domains ¢

Figure 9. The model of the bacterial laccase
differently (PDB entry 1w6w) (51).
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Figure 10. Synthetic and natural mediators for laccases. (60)
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Table 1. Comparison of the properties of lignin peroxidase (LiP), manganese
peroxidase (MnP), versatile peroxidase (VP), dye-decolorizing peroxidase (DyP), and

laccase (Lac).

LiP MnP VP DyP Laccase
Glyoprotein | yes yes yes yes yes
Active Site | heme heme heme heme 4 copper atoms
Mn binding site | Mn binding
site
Reaction H20z H>02 H>02 H>02 (0))
Activator (0))
Mediators none Mn Mn Mn phenolic
compounds
Substrate phenols, phenols Phenols, Phenols, phenols
nonphenolic nonphenolic nonphenolic,
aromatics aromatics veratryl
alcohol
Active Site | LRET Mn binding site | Mn binding heme T1 copper site
Location site and
LRET
pH range 2.0-5.0 2-6 3.5-6.5 3.2 2.0-8.5
(dependent on
substrate)
Redox 1500 mV 900 mV 1500 mV 1200 mV 400 mV
Potential (bacterial)
Maximum 1000 mV
(fungal)
1100 V
(mediators)
Species fungi fungi fungi bacteria bacteria
fungi
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1.2.3. The Catabolic Pathway of Biphenyl (LigX, LigZ, and LigY)

Once lignin has been depolymerized by mostly white-rot fungi peroxidases and
some bacterial laccases, an assortment of bacterial pathways have evolved to metabolize
these lignin oligomers. One example is the biphenyl catabolic pathway of soil bacterium
Sphingobium sp. SYK-6 (62).

Referring to Figures 1 and 3, the oxidation of lignin by fungal enzymes
decomposes the polymer into three general types of aromatic monomers: syringyl,
guaiacyl, and p-hydroxyphenyl units. Now there is some ambiguity in the process of
degradation in substructures of lignin mainly composed of dimer units of these
monomers. There are both fungal and bacterial species that have been shown to cleave
these dimer bonds; however, a full characterization of these enzymatic processes have
not been completely performed. These aromatic units are metabolized through different
pathways with different cleavage sites. Some of these enzymatic reactions overlap in the
different pathways, especially for the last few steps before the final products are made.
To illustrate one of many metabolic degradation pathways of dimer cleavage, the
biphenyl catabolic pathway from the bacterium Sphingobium sp. will be described
(Scheme 2) (62).

The biphenyl catabolism in an a-proteobacterium, Sphingobium sp. SYK-6
occurs through the enzymatic reaction of LigX, LigZ, and LigY. These reactions require

a C-C bond to be cleaved in a meta-fashion (62).
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Scheme 2. Biphenyl Catabolic pathway in Sphingobium sp. SYK-6.
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LigX is a three-component monooxygenase that requires Fe (II) to catalyze the
O-demethylation of 5,5’-dehydrodivanillate (DDVA) to 2,2’,3-trihydroxy-3’-methoxy-
5,5’-dicarboxybiphenyl (OH-DDVA) (63). The genes encoding it are /igXa, ligXc, and
ligXd (64). The conversion occurs in the presence of NADH. LigXa is the oxygenase
component, LigXc is the ferredoxin, and LigXd is a ferredoxin reductase, which requires
NADH (64). LigXa has a molecular weight of 49.7 kDa and is a homotrimer; LigXc has
a molecular weight of 18 kDa and is a monomer; and LigXd has a molecular weight of
54 kDa and is a monomer (64). LigXd contains a FAD binding domain and indeed FAD
is the prosthetic group that has one to one stoichiometry with the monomer of LigXd.
Several substrates were assayed, but the enzymes showed specificity for DDVA O-
demethylation with kinetic values of ~60 uM and 6 s™!, for Km and kcar, respectively with
optimal mixing ratios of LigXa, LigXc, and LigXd at 1:30:2 (64).

LigZ is a meta-ring cleavage extradiol dioxygenase from the Sphingobium sp.
SYK-6 that transforms 2,2’,3-trihydroxy-3’-methoxy-5,5’-dicarboxybiphenyl (OH-
DDVA) into 4,11-dicarboxy-8-hydroxy-9-methoxy-2-hydroxy-6-oxo-6-phenylhexa-2,4-
dienoate (DCHM-HOPDA) in the presence of molecular oxygen (65, 66). Itis a 39 kDa
type Il extradiol dioxygenase that is Fe(Il) dependent, which includes the downstream
enzyme, LigB protocatechuate 4,5-dioxygenase homolog (~20% sequence identity). The
substrate specificity for OH-DDVA is 2.2 x 107 s M! at pH 7.5 (66).

LigY catalyzes the meta-cleavage hydrolysis of OH-DDVA to 5-
carboxyvanillate (5CV) and 4-carboxy-2-hydroxypenta-2,4-dienoate (CHPD) (67, 68).

It is a members of the amidohydrolase superfamily (AHS) with a mononuclear zinc ion
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in the active site coordinated to the conserved residues His-6, His-8, His-179, and Glu-
282 (68). Several other enzymes in this pathway (LigW decarboxylase, Ligl hydrolase,
and LigJ hydratase) are also members of the prominent superfamily that has over
100,000 unique protein sequences. It is a 37 kDa protein that contains one mole of zinc
per protomer and is a hexamer in solution (68). The apo-structure of LigY was
determined to a resolution of 1.9 A and is characterized as a trimer of dimers (68). It has
the significant structural fold of the AHS with a distorted (B/a)s-barrel fold. It was

structural similar to LigJ] hydratase with a RMSD of 1.6 A over 309 C-a. atoms; the

major difference is that LigY has five additional a-helices (68). The kinetic parameters
of LigY hydrolase at pH 7.5 was 9 s!, 0.38 uM, and 25 s™! uM"! for kcat, Km, and kcat/Km,
respectively (68). The proposed reaction mechanism is an enol-keto tautomerization
followed by gem-diol intermediate and C-C bond fission (68). Docking studies suggest
that the C1 carboxylate of the substrate coordinates to the zinc ion and Arg-234 (68). It
is proposed that the Arg-234 induces strain on the dienolate during the tautomerization
(68). The residue Arg-72 is predicted to interact with the 4-carboxylate of the substrate
and stabilizes the oxyanion hole during the tetrahedral intermediate (68). The proposed
catalytic base is Glu-282, which directly aligns with other mechanisms in the AHS. It
deprotonates the C2-hydroxyl of DCHM-HOPDA in the first half of the reaction and
donates a proton to the dienoate leaving group in the second half of the reaction (68).
The role of the conserved His-223 is to stabilize the intermediate via hydrogen bonding

(68).
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1.2.4. Prerequisite Reactions to Ring-Cleavage (LigW and LigM)

LigW catalyzes the nonoxidative decarboxylation of 5-carboxyvanillate (SCV) to
vanillate in the presence of Mn (II) (69). Vanillate is formed by the cleavage of a
carbon-carboxylate bond and the formation of a new carbon-hydrogen bond (69). LigW
is a 38 kDa protein that is a 32-mer in solution with 1 mole of Mn(II) per subunit for
Sphingobium sp. SYK-6 and exists as a tetramer for Novosphingobium aromaticivorans
(69). The kinetic constants for the decarboxylation of 5CV by LigW were 2 s°!, 55 uM,
and 4 x 10* M! s! for kcat, Km, and kca/Km, respectively (69). The proposed mechanism
is initiated by the binding of substrate in the active site, which displaces two water
molecules from the Mn (IT) center (69). The substrate coordinates in a bidentate fashion
with a hydroxyl group and carboxylate group (69). This facilitates an out-of-plane
bending of the substrate by the enzyme with structural evidence to a resolution to 0.96 A
in N. aromaticivorans (69). The proton from the hydroxyl group is subsequently
transferred to Asp-314 or directly to C5 (69). The last step is the decarboxylation that
follows the protonation of C5 of the substrate (69).

The substrate protocatechuate is primed for 4,5-cleavage pathway of
Sphingobium sp. SYK-6 by the O-demethylation of vanillate by LigM in the presence of
the cofactor tetrahydrofolate (Hafolate) (70). The reaction is dependent on a tyrosine
residue that is responsible for the binding of folate in the active site (71). LigM is also
able to transfer the methyl group from 3-O-methylgallate to Hafolate to produce 5-
methyl-tetrahydrofolate (5-methyl-Hafolate) (71). The substrate binding site is deep

within the enzyme where the substrate and Hsfolate are close to each other (71). Both
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the substrate and cofactor enter through the same solvent channel (71). It is proposed
that the substrate enters first and then Hafolate binds, which blocks the substrate until the
product is made (71). This gives an ordered, sequential kinetic model (71). This
reaction is dependent upon the hydroxyl group of Tyr-247 to stabilize the substrate
during methyl removal by interaction with the oxygen of vanillate while Hsfolate-Ns
nucleophilically attacks the methyl group (71). Following the transfer, Tyr-247 donates
a proton to the demethylated substrate (71). GIn-57 aids in proton donation to Tyr-247
(71). This catalytic tyrosine-dependent demethylase is unique to demethylases (71).

The O-demethylation of vanillate by LigM has a kcat and kca/Km of ~5 st and 9 s mM!,

respectively at pH 8.0 (71).

Scheme 3. The reaction of LigW decarboxylase and LigM O-demethylase.
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LigwW LigM
# —_—
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1.2.5. PCA 4,5-Cleavage Pathway

The PCA degradation pathway includes three different cleavage sites, 2,3-
cleavage; 3,4-cleavage; and 4,5-cleavage (62). In the 4,5-cleavage pathway in the
bacterium Sphingobium sp. SYK-6, protocatechuate is converted to pyruvate and
oxaloacetate by the combined actions of LigAB, LigC, Ligl, LigU, LigJ, and LigK (62).
LigAB dioxygenase converts protocatechuate (PCA) into 4-carboxy-2-
hydroxymuconate-6-semialdehyde (CHMS) in the presence of molecular oxygen (72).
LigC dehydrogenase converts CHMS into 2-pyrone-4,6-dicarboxylate (PDC) while
subsequently reducing NADP+ to NADPH (73). Ligl hydrolase catalyzes the ring-
opening of the lactone PDC to (4E)-oxalomesaconate (OMA) (74). Our recent findings
have determined the role of LigU as an isomerization in the conversion of OMA into
(32)-2-keto-4-carboxy-3-hexendioate (KCH) (75, 76). We also propose the catalytic
mechanism of LigJ hydratase in the conversion of KCH into (§)-4-carboxy-4-hydroxy-2-
oxoadipate (CHA) (77). The last enzymatic step is the retro-aldol cleavage of CHA into
pyruvate and oxaloacetate by LigK aldolase (78-80).

LigAB protocatechuate (PCA) 4,5-dioxygenase catalyzes the extradiol aromatic
ring cleavage of PCA by insertion of molecular oxygen across the C4-C5 bond of the
aromatic ring to form 4-carboxy-2-hydroymuconate-6-semialdehyde (CHMS) (72). It is
a member of the dioxygen-activating mononuclear non-heme iron (II) superfamily that
contains a 2-His-1-carboxylate facial triad (81). It is further classified into the largely
uncharacterized family of extradiol-cleaving catechol dioxygenases (81). A major

distinction between the reaction being extradiol or intradiol is the oxidation state of the
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iron center with Fe (II) and Fe (III), respectively. Its activity is optimum at pH 7.5 (82).
LigAB has an of32 subunit composition with the motif HX4sHX30E and molecular
weight of 97 kDa (81, 83). The a subunit is small (139 residues) and plate-like while
the B subunit is large (302 residues) with an o/B11 structural fold (83). The active site is
in a deep cleft in the 3 subunit (83). The iron (I) ion is coordinated to the conserved
residues His-12, His-61, Glu-242 in a distorted trigonal pyramid that stabilizes the ion to
the active site (83). It has weak interactions with Asn-59, which is not a conserved
residue (83). It is suggested that the different subunit compositions of extradiol
dioxygenases contributes to the different substrate specificities for enzymes in this class
(83). The mechanism of action initiates when substrate binds to the Fe (II) center in a
bidentate fashion with the adjacent hydroxyl groups displacing water molecules bound to
the Fe (II) center in the apo form (81, 84). Once ligand is bound in the active site, a lid
composed of helices from the a subunit form over the pocket making it inaccessible to
solvent (83). The hydrophobic pocket makes contact with the aromatic ring of the
substrate, thus aiding in the stabilization (83). Other substrates lacking the carboxylate
substituent of PCA (like catechol) have little activity with LigAB (82). Therefore, the
ionic interactions that the carboxylate group has with nearby residues (Ser-269 and Asn-
270) seems to be essential for substrate binding (82, 83). The two Fe-O coordination
with PCA have asymmetric binding, which gives different oxygen states (83). It is
predicted that the longer distance is a hydroxyl oxygen while the shorter distance is an
oxyanion (83). Once substrate is bound, then the molecular oxygen can coordinate to

the metal center opposite to any of the amino acid ligands (83). An electron transfer
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from Fe (II) to O; forms the Fe (III) oxygen radical species (83). An electron is then
transferred from the substrate to the metal ion reforming Fe (II) and now a radical
substrate (83). The radical substrate and radical oxygen form a C-O bond, followed by
Creigee rearrangement, and O-O bond cleavage to give a lactone intermediate and a
hydroxide ion on the metal ion (85). This hydroxide ion hydrolyzes the lactone to yield
CHMS. The chemistry is stabilized by hydrogen bond interactions with two histidine
residues and a tyrosine residue (83). The CHMS is in equilibrium between the chain and
cyclic hemiacetal form. It is the hemiacetal form of CHMS that is predicted to be used
in the next enzymatic reaction of LigC dehydrogenase (73).

LigC dehydrogenase converts CHMS into PDC while reducing NADP+ to
NADPH (73). It is a homodimer with a molecular weight of 34.6 kDa with optimum
activity at pH 8.0 (73). It belongs to clusters of orthologous group 673 (COG673),
which is a cog of predicted dehydrogenases. Its closest homolog with structural data is
WIbA from Bordetella pertussis with 22% sequence identity (86) and with genetic
identification is i0lU from Bacillus subtilis with 26% sequence id (87). It has an
approximate K of 25 uM for NADP*, which is 10 times lower than for NAD" and for
CHMS in the presence of NADP™ it is 26 uM (73). When the /igC gene was inactivated
in the Sphingobium sp. SYK-6 cells growth on vanillate was prevented (73). PCA did
accumulate in the cells with this deletion which indicated inactivity of LigAB
dioxygenase (73). Therefore, it seems that PDC is an inducer for /igd B gene expression
(73). To date, only the gene has been characterized; there is not elucidation of the

structural and mechanistic details of LigC dehydrogenase.
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Ligl hydrolase catalyzes the ring opening of PDC by converting it to (4E)-
oxalomesaconate (OMA) (74, 75). Ligl is the first identified member of the
amidohydrolase superfamily that requires no metal cofactor for catalysis (74). Ligl has a
molecular weight of 34 kDa and is a member of cog3618 (74). The kinetic constants for
the hydrolysis of PDC at pH 8.25 are 340 s™' and 9.8 x 10% M! s”! for kcar and kcat/Km,
respectively (74). At pH 8.5 there is an equal mixture of substrate and product (74).

The activity is monitored by the decrease in the absorption maximum of PDC at 312 nm
(74). The mechanism of action of Ligl hydrolase is initiated by the activation of a water
molecule by conserved residue Asp-248 (74). The carbonyl carbon of PDC is the
location of nucleophilic attack by the activated water molecule (74). The carbonyl group
is stabilized during the reaction by interactions with His-180, His-31, and His33 (74).
The cleaving of the carbon-oxygen bond opens the lactone ring to (4£)-OMA (74, 75).

LigU isomerase was recently identified and characterized to convert (4E)-OMA
into (32)-2-keto-4-carboxy-3-hexendioate (KCH) (75). It was previously annotated as a
tautomerase (88, 89). Results from 'H and '3C NMR spectroscopy clearly show the
migration of the double bond between C4-C5 migrating to C3-C4 via a 1,3-allylic
isomerization while identifying the configuration around the double bond (75). Further
studies that include site-specific mutagenesis and X-ray crystallography identified Lys-
66 and Cys-100 as critical residues for catalysis in a syn-fashion (76). The kinetic
constants in the isomerization of OMA to KCH by LigU at pH 8.0 were 1300 s™! and 7.7
x 106 M s7! for kcat and kcar/Km, respectively (75). LigU has a molecular weight of 37

kDa and is a homodimer (75). Structurally, each monomer has two domains that
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contains the diaminopimelate (DAP) epimerase fold (75). This fold has a central a-helix
that is wrapped by antiparallel 3-strands that form a -barrel (75).

LigJ hydratase catalyzes the hydration of KCH to (S)-4-carboxy-4-hydroxy-2-
oxoadipate (CHA) (77). It is the first member of the amidohydrolase superfamily
characterized with a hydration reaction (77). It has the signature AHS structural fold,
which is a distorted (3/a)s-barrel, and the catalytic base (Glu-284) is from the end of [3-
strand 8 (77). The mechanism of action begins with Glu-284 acting as the base to
activate the water molecule for nucleophilic attack at C4 (77). The structure of wild-
type LigJ with product CHA shows electron density for this addition in the S-
configuration by X-ray crystallography (77). Kinetic analysis of the mutant E284Q
showed no activity was monitored (77). Using this mutant, co-crystallization with
substrate was successful, which suggested that Glu-284 was also the catalytic acid that
protonated position C3 in the second half of the reaction to give a syn-addition reaction
(77). The kinetic constants for the hydration of KCH to CHA by LigJ at pH 8.0 are 25 s
Pand 2.6 x 10 M! s7! for kear and kca/Km, respectively (77). LigJ has a molecular weight
of 38 kDa and is a homodimer (77).

LigK aldolase catalyzes the final reaction in the PCA 4,5-cleavage pathway of
Sphingobium sp. SYK-6 by the retro-aldol cleavage of CHA into pyruvate and
oxaloacetate (78-80). It is a member of the regulator of ribonuclease activity A (RraA)-
like superfamily (80). It is named after the first member of this family was identified in
Escherichia coli where the protein RraA binds and modulates the RNA degradosome

and inhibits RNase E activity (80). This family has an affa sandwich fold (80). LigK
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has a molecular weight of 24 kDa and is a hexamer or dimer of trimers (80). LigK isa
member of the Class II pyruvate aldolases where a divalent metal ion is used to stabilize
an enolate intermediate as opposed to the Class I family that utilizes a Schiff base
mechanism to stabilize a carbanion intermediate (80). Class II belongs to cog0684.

Based upon previous studies on a homolog with 60% sequence identity from
Pseudomonas putida F1, the proposed mechanism shows the second half of the reaction
using a water to donate a proton to the pyruvate enolate (80). This water is charge-
stabilized by Thr-145. The proposed reaction mechanism leaves a hydroxide stabilized
by this threonine. Previous studies also suggest that the cleavage is activated 10-fold in
the presence of inorganic phosphate (90). Current and future work is ongoing with

deciphering the mechanism of action for LigK aldolase.
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Scheme 4. The PCA 4,5-Cleavage Pathway of Sphingobium sp. SYK-6.

ngAB LigC Ligl Coy O
NADP" H,0
—_— CcO,
OH 4— ~

co,
protocatechuate 4-carboxy-2- 2-pyrone-4,6- (4E)-oxalomesaconate
(PCA) hydroxymuconate-6- dicarboxylate (PDC)
semialdehyde
(CHMS)

I

o] . o] Coy O LigJ Co, O
-ozc\)l\ )J\ Ligk H,0 S
CO, CO;y -— CO, <-—— CO,
—_— OH e
CO, CO,
oxaloacetate pyruvate (S)-4-carboxy-4- (32)-2-keto-4-
hydroxy-2-oxoadipate carboxy-3-hexendioate
(CHA) (KCH)

1.2.6. LigU and LigJ Mechanistic Elucidation

In this dissertation, the function of LigU was discovered to be a isomerization
reaction that catalyzed the preferred substrate for LigJ hydratase. The next chapter will
show in detail the supporting evidence. This evidence then allowed the elucidation of
the mechanism of action of LigJ hydratase by site-directed mutagenesis and X-ray
crystallography. The next chapter will describe structural and mechanistic details of
LigU isomerase. Future work will be on the elucidation of the LigK aldolase

mechanism.
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2. FUNCTIONAL ANNOTATION OF LIGU AS A 1,3-ALLYLIC ISOMERASE
DURING THE DEGRADATION OF LIGNIN IN THE PROTOCATECHUATE 4,5-
CLEAVAGE PATHWAY FROM THE SOIL BACTERIUM SPHINGOBIUM SP.

SYK-6"

2.1. Introduction

Lignin, the woody part of plants, provides structural integrity and protection and
is the second most abundant renewable carbon source that is readily available (1).
Chemically, it is a complex aromatic heteropolymer connected by ether and biphenyl
linkages. The biodegradation of lignin is initiated by basidiomycete fungi that secrete
oxidoreductases that are used for the enzymatic cleavage of the connecting linkages (2).
Soil bacteria subsequently metabolize these larger polymeric units into smaller
fragments. One of these smaller fragments, vanillate, is demethylated to protocatechuate
(PCA) and can be further metabolized via three catabolic pathways. In the 4,5-cleavage
pathway, pyruvate and oxaloacetate are the ultimate products formed by the combined
actions of the enzymes LigAB, LigC, Ligl, LigU, LigJ, and LigK (3).

In the protocatechuate 4,5-cleavage pathway, we have previously determined the
three-dimensional crystal structure of Ligl [Protein Data Bank (PDB) entry 4D8L] from

Sphingobium sp. SYK-6 and have demonstrated that this enzyme catalyzes the

* Reprinted with permission from “Functional Annotation of LigU as a 1,3-Allylic Isomerase during the
Degradation of Lignin in the Protocatechuate 4,5-Cleavage Pathway from the Soil Bacterium Sphingobium
sp. SYK-6” by Tessily N. Hogancamp and Frank M. Raushel, Biochemistry, 2018, 57 (19), pp 2837-2845,
Copyright 2018 American Chemical Society
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hydrolysis of 2-pyrone-4,6-dicarboxylate (PDC, 1) to oxalomesaconate (OMA, 2) as
shown in Scheme 5a (4). This metabolite is also formed from the oxidation of gallic
acid (3) by GalA in the gallate pathway from Pseudomonas putida KT2440 (5) In the
gallate pathway, it has been proposed that OMA is subsequently tautomerized to

(2E AE)-4-carboxy- 2-hydroxymuconate (CHM, 4) by the action of GalD, before being
hydrated to 4-carboxy-4-hydroxy-2-oxoadipate (CHA, 5) by GalB (Scheme 5b) (6,7)
The structure of GalB from P. putida has been determined (PDB entry 5CGZ), and a
chemical mechanism has been proposed for the hydration of (2E,4E)-CHM (4) to CHA
(5) (7). In the PCA 4,5-cleavage pathway from Sphingobium sp. SYK-6, the formation
of CHA (5) is catalyzed by LigJ, and the enzyme homologous to GalD is LigU with 61%
sequence identity (6).

A similar set of transformations has been demonstrated in the biphenyl
degradation pathway with the initial formation of 4-carboxy-2-hydroxypenta-2,4-
dienoate (CHPD, 6) (7). In the proposed pathway, CHPD (6) is reversibly hydrated by
GalB to 4-hydroxy-4-methyl-2-oxoglutarate (HMG, 7) before a retro-aldol cleavage
catalyzed by GalC that forms two molecules of pyruvate (8) as illustrated in Scheme 5S¢
(7). However, unlike the enol tautomer of CHM (4) or the corresponding keto tautomer
of OMA (2), the double bond between C4 and C5 of CHPD (6) is not sufficiently
activated for the addition of hydroxide to C4 and a proton to C5 (or the reverse
dehydration reaction). Chemically, it is far more likely that the dehydration of HMG (7)
by GalB or LigJ will occur via the initial abstraction of a proton at C3 with formation of

the double bond between C3 and C4 rather than between C4 and C5. If this were the
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case, then it is also be highly likely that the two putative isomerase enzymes (GalD and
LigU) would actually catalyze a 1,3-allylic isomerization of the double bond between C4
and C5 in OMA (2) to a product with a double bond between C3 and C4 and thus form
either stereoisomer of 2-keto-4-carboxy-3-hexene-dioate (KCH, 9 or 10) as illustrated in
Scheme 5d.

In this paper, we have demonstrated via nuclear magnetic resonance (NMR)
spectroscopy that LigU from Sphingobium sp. SYK-6 catalyzes the isomerization of
(4E)-OMA (2) to (32)-KCH (9). We have also shown that the preferred substrate for the
LigJ hydratase is (3Z)-KCH (9) rather than (4E)-OMA (2) or (3Z,4E)-CHM (4), as

previously proposed (6,7).
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Scheme 5. (a) Proposed Degradation Pathway for 2-Pyrone-4,6-dicarboxylate (1), (b)
Proposed Degradation Pathway for Gallate (3), (c) Proposed Reactions Catalyzed by
GalB and GalC, (d) Potential Reaction Products for the Isomerization of OMA (2)
Catalyzed by LigU, and (e) Reactions Catalyzed by LigK and LigJ
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2.2. Material and Methods

2.2.1. Materials
All chemicals and buffers were purchased from Sigma-Aldrich unless otherwise
specified. The synthesis of 2- pyrone-4,6-dicarboxylate (PDC, 1) was conducted

according to published procedures (8).

2.2.2. Cloning, Expression, and Purification of Ligl, LigU, LigJ, and LigK from
Sphingobium sp. SYK-6

The gene for Ligl from Sphingobium sp. SYK-6 was obtained as previously
described (4). The genes for Sphingobium sp. SYK-6 LigU (UniProt entry QOKJL4),
LigJ (UniProt entry Q9KW16), and LigK (UniProt entry QSRQWO0) were synthesized via
codon optimization for expression in Escherichia coli by GenScript. The genes were
subsequently subcloned from a pUCS57 vector into a pET-30a (+) (EMD Millipore)
expression vector using Ndel as the forward restriction enzyme and Xhol as the reverse
restriction enzyme. The forward primer for the subcloning of LigU was
ATATATTCATATGCCGCGTCGTGATCGTAATATGGACAGCGCG, and the
reverse primer was
ACATCTCGAGCACGAACACAACGCCATCCATCAGTTTACGCG (Integrated
DNA Technologies, IDT). The forward primer for Lig] was
ATATATTCATATGATGATGATTATTGATTGTCACGGTCACTACAC, and the
reverse primer was ACATCTCGAGCAGACCACGGGCTTTCAGTTTCGC (IDT).
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The forward primer for the subcloning of LigK was
ATATATTCATATGATGCGTGGTGCCGCTATGGGTGTGAG, and the reverse primer
was ACATCTCGAGCACATATTTCAGACCTTCTTTTTCCAGACGTTCACG (IDT).
All of the modified genes included a C-terminal linker and a His tag as Leu-Glu-Hise.
The plasmids were transformed into BL21(DE3) competent cells (EMD
Millipore). Single colonies were used to inoculate 6 mL cultures of LB, which were
grown for 12 h at 37 °C. The 6 mL culture was used to inoculate 1 L of LB containing
1.0 mM kanamycin at 37 °C. At an ODsoo of ~0.6, 1.0 mM isopropyl B- D-
thiogalactopyranoside (IPTG) was added and the cells were grown overnight at 22 °C.
The cells were harvested by centrifugation for 10 min at 10000 rpm. Cell pellets were
resuspended in ~100 mL of binding buffer [20 mM HEPES/ KOH or 20 mM
phosphate/KOH (pH 7.9), 0.50 M NacCl, and 10 mM imidazole] and lysed by sonication
using a Branson Sonifier 450 with six complete cycles of on and off for 5 min of each
cycle. The cells were cooled externally with ice. The cellular debris was removed by
centrifugation at 13000 rpm for 30 min. The supernatant solution was collected and
passed through a 0.45 um syringe filter (VWR). The filtrate was loaded onto a 5 mL
HisTrap HP column (GE Healthcare) attached to an NGC liquid chromatography system
(Bio-Rad Laboratories, Inc.) equilibrated with binding buffer. The His-tagged proteins
were eluted with a 0 to 40% gradient of elution buffer [20 mM HEPES/KOH or
phosphate/KOH (pH 7.9), 0.25 M NacCl, and 0.50 M imidazole]. The fractions
containing the purified protein were dialyzed overnight in 50 mM phosphate/KOH

buffer (pH 7.9). The protein was dispensed into Eppendorf tubes and flash-frozen using
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liquid nitrogen before being stored at —80 °C. The final yields were ~50 mg of LigU,
~30 mg of LigJ, and ~15 mg of LigK per liter of growth medium. Protein purity was

determined using sodium dodecyl sulfate—polyacrylamide gel electrophoresis.

2.2.3. Measurement of the Reaction Catalyzed by Ligl

The reaction catalyzed by Ligl was initially measured using anion-exchange
chromatography by monitoring the absorbance at 255 nm. Each reaction mixture
contained 1.0 mM PDC (1), 100 nM Ligl, and 125 mM triethanolamine (TEA)/KOH
(pH 8.25) in a volume of 1-3 mL. After an initial incubation period of ~5 min, 100 uL
samples were loaded onto the column and eluted with a gradient from 0 to 2 M KCI. For
certain experiments, Ligl was removed from the reaction mixture via filtration through a
PALL Nanosep 10 kDa filter. All chromatography experiments used a 5 mL HiTrap Q
HP anion-exchange chromatography column. The gradient flow rate was 4 mL/min with
an equilibration, a column wash, an elution, and a second column wash phase

programmed into the method.

2.2.4. Structural Analysis of the Ligl-Catalyzed Hydrolysis Product

The product of the Ligl-catalyzed reaction was characterized using NMR
spectroscopy with a Bruker Avance III 500 MHz spectrometer equipped with an H-C-N
cryoprobe at 305 K. The Ligl-catalyzed reaction product was characterized by 'H NMR
spectroscopy in a solution that initially contained 100 mM NaHCO,/HCI (pH 9.5), 0.5

uM Ligl, 10% D,0, and 10 mM PDC. The reaction mixture was incubated for 7 min
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before acquisition of the NMR signal. After the data were collected, the pH of the
reaction mixture was 9.22. The acquisition parameters used a Watergate W5 zggpw5
pulse sequence with gradients using double echo to suppress the water resonance
calibrated at 4.653 ppm (9). The deuterium-exchange reaction was characterized by 'H
NMR spectroscopy by incubating 5.0 mM PDC with 250 nM Ligl and 50 mM sodium
bicarbonate/DCI (pD 9.8) in ~100% D,0. Watergate suppression using a zggpwS5 pulse
sequence was used with a relaxation delay of 5 s. A control reaction was arranged
similarly in 10% D,O with the same collection parameters.

To stabilize the Ligl reaction product, 3-5 equiv of either NaBH, or NaBD, was
added to the reaction mixture to reduce the carbonyl group at C2 of OMA (2). Aftera5
min incubation of Ligl with PDC, 1 equiv of either NaBH, or NaBD, was added to the
reaction mixture every 10 min until a total of 3-5 equiv of the reducing agent had been
added. The samples were centrifuged for 10 min at 10000 rpm in an Eppendorf
microcentrifuge and then lyophilized to dryness and resuspended in 600 pL of D,0.
After the NMR data were collected, the pH values of the reaction mixtures were pH 9.82
and 9.86 for the samples reduced with NaBH, and NaBD,, respectively. The NMR
acquisition used a 1D pulse with an f1 presaturation zgpr pulse sequence with the water
resonance calibrated at 4.701 ppm for the sample reduced with NaBH, and 4.703 ppm
for the sample reduced with NaBD,.

The “C NMR experiments required a higher concentration of product to be
formed compared to that for the 'H NMR experiments; therefore, 40 mM PDC was used

in a solution containing 100 mM phosphate/KOH (pH 8.0), 10 uM Ligl, 10% D,0, and a
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total of 3 equiv of NaBD,. Afterward, the pH measured 8.56. The *C NMR-decoupled
experiment used the 1D zgpg pulse sequence with power-gated decoupling. The "*C
NMR coupled experiments used the 1D zggd30 pulse sequence with gated proton

decoupling using a 30° flip angle.

2.2.5. Measurement of Nonenzymatic Isomerization of OMA

The nonenzymatic conversion of OMA (2) to KCH (9) was monitored at 255 nm
by anion-exchange chromatography. The reaction mixture contained 1.0 mM PDC, 125
mM TEA/KOH (pH 8.2), and 100 nM Ligl in a volume of 2.0 mL. The reaction mixture
was incubated for 10 min before Ligl was removed with two PALL Nanosep 10 kDa
filters. A series of 100 pL aliquots were removed every 27 min, loaded onto the column,
and eluted with a gradient from 0 to 2 M KCI. The nonenzymatic rate of isomerization

at pH 8.0 was determined by fitting the area of the product to a single exponential.

2.2.6. Measurement of the LigU-Catalyzed Reaction

The catalytic activity of LigU was measured at pH 7.0 and 7.5 in 75 mM
MOPS/KOH and at pH 8.0 in 75 mM TEA/KOH. The reaction mixture contained 1.0
mM PDC, 100 nM Ligl, 75 mM buffer, and various concentrations of LigU (1.0 nM to
1.0 uM). The binding buffer was 20 mM MOPS/KOH (pH 7.0 and 7.5) or 20 mM
TEA/KOH (pH 8.0). The elution buffer contained 2.0 M KCI. A 100 pL sample was
injected onto the column at ~25 min intervals to observe the change in product

formation at 255 nm using anion-exchange chromatography.
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2.2.7. Structural Analysis of the LigU Isomerase Product

The product of the LigU-catalyzed reaction was characterized using 'H and "*C
NMR spectroscopy with a Bruker Avance II1 500 MHz spectrometer equipped with an
H-C-N cryoprobe at 305 K. The reaction mixture contained 10 mM PDC in 100 mM
sodium bicarbonate/HCI (pH 9.5) with 0.5 uM Ligl and 0.5 pM LigU with 10% D,0O
with an 8 min incubation period prior to the start of data collection. The acquisition
parameter used a 1D zggpw5 Watergate W5 pulse sequence with gradients using double
echo to suppress the water resonance calibrated to 4.653 ppm (9). The LigU product
was reduced with NaBH, and NaBD, in the same manner that was used for the Ligl
product. The "H NMR spectrum was acquired using the 1D zg30 pulse sequence using a
30° flip angle for both reactions. The '*C NMR experiments required a higher
concentration of product to be formed compared to the "H NMR experiments; therefore,
40 mM PDC was used in a solution containing 100 mM phosphate/KOH (pH 8.0), 10
uM Ligl, 10 uM LigU, 10% D,0, and 3 equivalents of NaBD,added in 0.5 equiv
increments over ~45 min. The *C NMR-decoupled experiment used the 1D zgpg
sequence with power-gated decoupling. The *C NMR coupled experiments used the 1D

zggd30 sequence with gated decoupling using a 30° flip angle.

2.2.8. Identification of the Preferred Substrate for LigJ
The reaction mixture contained 2.0 mM PDC, 100 nM Ligl, and 100 nM LigU in
125 mM TEA/KOH (pH 8.0) in a volume of 500 pL and was incubated for 15 min. Ligl

and LigU were removed by filtration using two PALL Nanosep 10 kDa filter and one 3
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kDa filter. LigJ (0.8 pM) was added to the reaction mixture, and a 100 pL aliquot was
loaded onto an anion-exchange column and monitored at 255 nm for the decrease in
absorbance for Ligl or LigU products. The elution buffer was a gradient from 0 to 22%

10 mM TEA/KOH (pH 8.0) with 2 M KCl.

2.2.9. Measurement of the Catalytic Activity of LigU

The initial velocity of the reaction catalyzed by LigU was determined
spectrophotometrically by monitoring the change in absorbance at 265 nm. The
substrate was made in situ by the addition of 0.5 uM Ligl to variable concentrations of
PDC (from 0 to 0.6 mM) in 100 mM potassium phosphate/KOH (pH 8.0) in a volume of
1.0 mL. The reaction catalyzed by Ligl was monitored at 312 nm until the reaction was
complete. LigU (400 pM) was added and the reaction monitored at 265 nm. The change
in the concentration of the substrate was determined using a differential extinction
coefficient (Agyss) of 5980 M~'em™'. The initial concentration of the OMA (2) was
determined from the concentration of the remaining PDC (1) at 265 nm. The kinetic

parameters were determined from a fit of the data to eq 1

V/Et = kcat[A]/(Ka + [A])

Equation 1

where v is the initial velocity, kcat is the turnover number, [A] is the concentration, and

K. is the Michaelis constant.
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2.2.10. Dehydration of HMG (7) by LigJ

The retro-aldol condensation by LigK converts 2 mol of pyruvate to HMG (7),
and then LigJ dehydrates HMG. The reaction was monitored by '"H NMR spectroscopy
with a Bruker Avance I1I 500 MHz spectrometer equipped with an H-C-N cryoprobe at
305 K. The initial reaction mixture contained 20 mM pyruvate, 200 mM potassium
phosphate/KOH (pH 8.0), 200 nM LigK, and 5 mM MgCl, and was incubated for 3 h.
LigK was removed using two PALL Nanosep 10 kDa filters and one 3 kDa filter, and
then the filtrate was lyophilized to dryness. One sample was resuspended in 200 mM
potassium phosphate/KOD (pD 7.2) to a volume of 600 uL of D,O. The second sample
included 0.5 pM LigJ in the resuspension reaction mixture. Both samples were analyzed
by NMR spectroscopy using the zggpw5 pulse program for water suppression with a

relaxation delay of 5 s (9). The data were processed using a line broadening of 0.2 Hz.

2.2.11. Structure of the LigJ Substrate

Experimental support for the location of the double bond in the LigJ substrate
was provided by monitoring the reaction catalyzed by LigJ in D,O with CHA (5) using
"H NMR spectroscopy. CHA was prepared by incubating 10 mM PDC with 100 nM
Ligl, 100 nM LigU, and 100 nM LigJ in 100 mM potassium phosphate/KOH (pHS8.0) in
10% D>O to a final volume of 600 pL. CHA was also prepared in D,O by incubating 20
mM PDC with 100 nM Ligl, 100 nM LigU, and 100 nM LigJ in 200 mM potassium
phosphate/KOH (pH 8.0). The enzymes were removed using two PALL Nanosep 10

kDa filters and one 3 kDa filter. The filtrate was lyophilized to dryness and then
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resuspended in 600 pL of D,0 containing 100 mM potassium phosphate/KOD (pD 7.2)

with 0.5 uM LigJ. The reaction was measured by '"H NMR spectroscopy.

2.3. Results

2.3.1. Enzyme-Catalyzed Hydrolysis of PDC by Ligl

The hydrolysis of PDC (1) catalyzed by Ligl from Sphingobium sp. SYK-6
forms one product enzymatically at pH 7.7, which was monitored by the decrease in the
absorbance for PDC and the appearance of a new peak for OMA by anion-exchange
chromatography at 255 nm (Figure 11a). PDC and the OMA (2) product elute as
separate peaks with PDC having a retention time of 11.1 min and OMA eluting later at
14.4 min. The longer retention time for OMA is consistent with the increase in the

number of carboxylate groups relative to that for PDC.
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Figure 11. Anion-exchange separation of reaction products after hydrolysis of PDC (1).
(a) PDC has a retention time of 11.1 min (black line). Hydrolysis of PDC with Ligl
illustrates the formation of the hydrolysis product (OMA, 2) at 14.4 min (blue line). (b)
At pH 7.7, OMA nonenzymatically forms a new product as a function of time with a
retention time of 13.0 min (black to light blue lines). (c) The reaction products formed
immediately after PDC is incubated with 100 nM Ligl and 100 nM LigU. PDC, KCH
(9), and OMA appear at 11.1, 13.0, and 14.4 min, respectively (blue line), at pH 7.7.
The reaction mixture of PDC with 100 nM LigU shows no product formation (black
line). (d) Reaction mixture after PDC is incubated with Ligl and LigU (blue line) at pH
7.7. Reaction mixture after PDC was incubated with Ligl, LigU, and 0.8 uM LigJ
(orange line) at pH 7.7.
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2.3.2. NMR Analysis of the Ligl Hydrolysis Product

NMR spectroscopy was used to confirm the structure of the OMA (2) product
formed from the enzymatic hydrolysis of PDC (1) by Ligl. The 'H NMR spectrum of
PDC exhibits two resonances at 7.24 and 6.75 ppm with a small *J coupling constant of
1.4 Hz (Figure 12). The resonance at 7.24 ppm originates from the hydrogen at C3,
whereas the resonance at 6.75 ppm is from the hydrogen at C5. After Ligl is added to a
solution of PDC in H,O at pH 10, the two resonances for the substrate disappear and are
replaced by two new resonances at 6.69 and 4.02 ppm, with an intensity ratio of ~1:2
(Figure 13a and 14a). These two resonances originate from the hydrogens at C5 and
C3, respectively. When the Ligl-catalyzed hydrolysis of PDC is conducted in D0, the
resonances for the two hydrogens at C3 disappear for OMA and the one hydrogen at C3

for PDC also disappears. (Figure 15).
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Figure 12. 'H NMR spectrum of PDC (1) in 10% D20 has two resonances at 7.24 and
6.75 ppm with a small *J coupling constant of 1.4 Hz measured at pH 7.2. The
resonance at 7.24 ppm originates from the hydrogen at C3, whereas the resonance at
6.75 ppm is from the hydrogen at C5. The data were collected using a WATERGATE
zggpw5 pulse program with 128 scans with a relaxation delay of 5 seconds.
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Figure 13. (a) 'H NMR spectrum of OMA (2) formed enzymatically by the hydrolysis
of PDC (1) with Ligl. (b) NMR spectrum of the hydrolysis product after reduction with
NaBH4 (11). (c) NMR spectrum of the hydrolysis product after reduction with NaBD4
(12).
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Figure 14. The full width spectra of Figure 13.
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Figure 15. (a) 'H NMR spectrum of PDC (1) and OMA (2) in 10% D,O at pH measured
8.1. PDC (1) is represented by the resonance at 7.24 ppm that originates from the
hydrogen at C3 and the resonance at 6.75 ppm from the hydrogen at C5 with a small 4J
coupling constant of 1.4 Hz. OMA (2) is represented by the resonances at 6.69 and 4.02
ppm that originates from the hydrogen at C5 and C3, respectively. (b) 'H NMR
spectrum of PDC (1) and OMA (2) in ~100% D-O at pH 8.0 with a total incubation time
of 23 minutes. The resonances for the hydrogens at C3 have exchanged with the solvent
while the hydrogens at C5 are fixed. The data were collected using a WATERGATE
zggpw5 pulse program with 128 scans with a relaxation delay of 5 seconds.

76



The OMA reaction product was further characterized by reduction of the
carbonyl group at C2 with NaBH4 (compound 11 in Scheme 6). After reduction, the
downfield resonance of OMA shifts to 6.57 ppm for the hydrogen at C5 (Figures 13b
and 14b). The resonances for the two hydrogens at C3 shift to 2.85 ppm (doublet of
doublets, 2J = 13.6 Hz and *J = 3.0 Hz) and 2.71 ppm (doublet of doublets, 2J = 13.6 Hz
and 3J = 11.1 Hz). The resonance for the hydrogen at C2 is at 3.95 ppm (doublet of
doublets, 3J = 11.1 and 3.0 Hz). When the reaction product is reduced by NaBD4
(compound 12), the resonance at 3.95 ppm disappears and the two resonances at 2.85
and 2.71 ppm are each now doublets with a 2J geminal coupling constant of 13.6 Hz
(Figures 13¢ and 14¢). These results are fully consistent with the location of the double
bond between C4 and C5 in the original OMA product (2). The configuration of the
double bond between C4 and C5 was confirmed by measuring the coupling constant
between the hydrogen at C5 and C3 in OMA that had been reduced with NaBD4. The
proton-decoupled '*C resonance for C3 of 12 is a singlet at 34.1 ppm (Figure 16a). In
the proton coupled spectrum (Figure 16b), the resonance for C3 is a doublet of triplets
(}]J=8.2Hzand 'J = 138.7 Hz). The 8.2 Hz coupling constant between the hydrogen at
C5 and C3 is fully consistent with an £ configuration for the double bond between C4

and C5, (10—12) as expected from the structure of the substrate PDC (1).
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Scheme 6. The reduced products of Ligl and LigU products with NaBH4 and NaBDs.
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Figure 16. (a) 1*C proton-decoupled NMR spectrum for C3 of the Ligl-catalyzed
hydrolysis product after reduction with NaBD4 (12). (b) '3C proton-coupled NMR
spectrum of the Ligl-catalyzed hydrolysis product after reduction with the NaBD4
product (12). (c) *C proton-decoupled NMR spectrum for C3 of the Ligl-catalyzed
hydrolysis product and for C5 of the LigU-catalyzed isomerization product after
reduction with NaBD4 (14). (d) '*C proton-coupled NMR spectrum of the Ligl-
catalyzed hydrolysis product and for C5 of the LigU-catalyzed isomerization product
after reduction with NaBD4 (14).
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2.3.3. Nonenzymatic Isomerization of the Ligl Reaction Product

PDC (1) can be separated from the OMA (2) hydrolysis product by anion-
exchange chromatography (Figure 11a). If the hydrolyzed reaction mixture is allowed
to further incubate after removal of Ligl, a second product begins to appear with a
retention time of 13.0 min (Figure 11b). The apparent first-order rate constant for the
appearance of the new product at pH 8.0 is 0.71 £ 0.02 h™'. The "H NMR spectrum of
the reaction mixture shows the appearance of two new resonances for the isomerized
reaction product at 6.39 ppm (1H, triplet, *] = 1.5 Hz) and a doublet at 3.20 ppm (2H, 4] =

1.5 Hz) with an intensity ratio of ~1:2 (Figure 17).
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Figure 17. 'H NMR spectrum of OMA (2) and the nonenzymatic conversion of OMA
(2) to KCH (9) in 10% D>0O at pH 9.7 in the presence of 0.5 uM Ligl. OMA (2) is
represented by the resonance at 6.69 and 4.02 ppm that originates from the hydrogens at
C5 and C3, respectively. The spectrum was taken after ~6 hour incubation and shows
the nonenzymatic conversion of OMA (2) to KCH (9) by the appearance of two new
resonances at 6.39 (triplet) and 3.20 (doublet) ppm that originates from C3 and C5,
respectively, with ~1:2 ratio. KCH resonances have a small *J coupling constant of 1.5
Hz. The water resonance appears at 4.69 ppm and a resonance from an unknown origin
appears at 3.60 ppm.
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2.3.4. LigU Catalyzes the Isomerization of the Ligl Reaction Product

The addition of LigU to the hydrolyzed reaction mixture formed by the
incubation of Ligl and PDC (1) accelerates the rate of formation of the isomerized
reaction product. Ligl and PDC were added together at pH 7.7 and the reaction products
separated by high-performance liquid chromatography (HPLC) (Figure 11a). Under
these conditions, the formation of the isomerized product is barely detectable. However,
if Ligl and LigU are incubated together at pH 7.7 with PDC, the isomerized reaction
product rapidly forms (Figure 11¢). No reaction was detectable in the absence of Ligl at

pH 7.7 (Figure 11c¢).

2.3.5. Characterization of the LigU-Isomerized Reaction Product by NMR
Spectroscopy

At pH 9.5, the NMR spectrum of the reaction mixture that was formed after the
incubation of Ligl, LigU, and PDC (1) in H,O exhibited two additional resonances for
the LigU-isomerized product (9) at 6.39 ppm (triplet, ] = 1.5 Hz) for the hydrogen at C3
and a doublet at 3.20 ppm (*] = 1.3 Hz for the two hydrogens at C5) (Figures 18a and
19a). These are the same two resonances that are observed after the nonenzymatic
isomerization of the Ligl reaction product (Figure 17). The solution containing the Ligl
and LigU reaction products was reduced with NaBH,, lyophilized, and then resuspended
in D,0. New resonances (Figures 18b and 19b) were observed for the chemically
reduced LigU product (13) at 5.47 ppm (doublet of triplets, °] = 9.1 Hz and *] = 1.1 Hz)

for the hydrogen at C3, 4.84 ppm (doublet, *] = 9.0 Hz) for the hydrogen at C2, and 3.11
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ppm (two doublets of doublets, ] = 15.6 Hz and *] = 1.1 Hz) for the two hydrogens at C5
at pH 8.21. When the reaction mixture was reduced with NaBD, (14), the resonance at
4.83 ppm disappeared because the hydrogen at C2 in 14 was replaced with deuterium
(Figures 18c and 19¢). The resonance at 5.47 ppm for the hydrogen at C3 was then a
broad singlet due to coupling with the deuterium at C2. The resonance at 3.11 ppm for
the two hydrogens at C5 appeared as a pair of doublets due to a %] geminal coupling
constant of 15.6 Hz. The coupling constants and chemical shift values for the
chemically reduced product of the LigU-catalyzed reaction product are consistent with
only the isomerization of the double bond in OMA (2) from C5/C4 to C4/C3 as in 2-
keto-4-carboxy-3-hexenedioic acid (KCH, 9 or 10).

In an attempt to determine the stereochemistry of the double bond between C4
and C3 in the LigU-catalyzed reaction product (9 or 10), the coupling constant between
the hydrogen at C3 and C5 was determined for the NaBDs-reduced product (14). The
proton-decoupled carbon resonances for the methylene carbon at C5 of 14 and the
methylene carbon at C3 of 12 are illustrated in Figure 16¢. The proton-coupled carbon
spectrum in Figure 16d shows C5 of 14 at 33.6 ppm with a 3Jcsus of ~2.7 Hz and a
Ucsus of 129 Hz. The size of the 3J coupling constant is consistent with a Z configuration
about the double bond between C3 and C4 of 14, (10—12) and thus, LigU catalyzes the

isomerization of OMA (2) to the Z isomer of KCH (9).
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Figure 18. (a) 'H NMR spectrum of reaction products 2 and 9 formed enzymatically by
the hydrolysis of PDC (1) with Ligl and LigU at pH 9.2. (b) NMR spectrum of the
hydrolysis and isomerization products after reduction with NaBHy at pH 8.2 (13). (c)
NMR spectrum of the hydrolysis and isomerization products after reduction with NaBD4
at pH 8.4 (14).
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Figure 19. The full width "H NMR spectra of Figure 18.
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2.3.6. Determination of the Equilibrium Constant for the LigU-Catalyzed Reaction
The equilibrium constant for the LigU-catalyzed isomerase reaction was
measured using NMR spectroscopy. The initial reaction mixture contained 5.0 mM
PDC, 0.4 uM Ligl, 0.4 uM LigU, 10% D,0, and 200 mM buffer. Potassium
phosphate/KOH was used for pH 7.7, potassium carbonate/KOH for pH 8.9, and sodium
bicarbonate/HCI for pH 10.1 in a volume of 600 pL. The reaction mixture was
incubated for ~30 min before the relative concentrations of the OMA (2) and KCH (9)
for the LigU- catalyzed reaction were determined by integration of the NMR signals for
the hydrogens at C3 and C5. The equilibrium constants at pH 7.7, 8.9, and 10.1 were

determined to be 0.27, 0.29, and 0.35, respectively, with an average value of 0.30 * 0.03.

2.3.7. Determination of Extinction Coefficients for OMA and KCH

To measure the kinetic constants for the reaction catalyzed by LigU
spectrophotometrically, the extinction coefficient for OMA (2) was determined at the
isosbestic point (265 nm) relative to that of PDC (1) by allowing various amounts of
PDC (from 0 to 0.5 mM) to be enzymatically hydrolyzed to equilibrium using Ligl in
100 mM NaHCO,/KCl buffer at pH 9.2 (Figure 20). An extinction coefficient of 1290
M cm™ for OMA was determined from a plot of the absorbance at 265 nm and the
initial concentration of PDC. The extinction coefficient at 265 nm for KCH (9) was
obtained using reaction mixtures that initially contained PDC (from 0 to 0.5 mM), 0.5
uM Ligl, and 0.5 pM LigU, in 100 mM NaHCOs/HCI (pH 9.2). The equilibrium

concentration of PDC (PDC,,) was determined from the absorbance at 312 nm using an
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extinction coefficient of 6250 M~'cm™ (4). The sum of the equilibrium concentrations
of OMA and KCH (OMA,, + KCH,q) was obtained by subtraction of the equilibrium
concentration of PDC from the initial concentration of PDC (PDC, — PDC¢q). The
equilibrium concentrations of OMA (OMA.y) and KCH (KCHq) were subsequently
obtained using the equilibrium ratio of OMA to KCH (KCHeq / OMAcq = 0.30). The
extinction coefficient for KCH of 7190 M cm™! was determined from a plot of the net
absorbance at 265 nm (after correcting for the amount of OMA.q and PDC¢q) versus the

equilibrium concentration of KCH.
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Figure 20. UV-visible absorbance spectrum of 0.3 mM PDC (red) and OMA (blue) at
pH 10. The isosbestic point is at 265 nm. The assay was prepared by incubation of 0.3
mM PDC with 1.0 uM Ligl in 150 mM sodium bicarbonate/HCI pH 10 to a volume total

of 250 pL and measuring the absorbance at 30 °C.
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2.3.8. LigU Kinetic Parameters

The kinetic constants for the LigU-catalyzed reaction were determined by
following the formation of KCH (9) at 265 nm using a differential extinction coefficient
of 5900 M'ecm ™ (7190—-1290 M'em ™). The kinetic parameters for the LigU-catalyzed
reaction at pH 8.0 are 170 =30 uM, 1300 + 120 s', and (7.7 = 1.5) x 10°M ' s™! for k.,

K., and k. /K, respectively.

2.3.9. Preferred Substrate for the Reaction Catalyzed by LigJ

The preferred substrate for the LigJ-catalyzed reaction was initially determined
using anion-exchange chromatography. The reaction mixture for the control experiment
contained 100 nM Ligl and 1 nM LigU with 1.0 mM PDC (1) in 125 mM TEA/KOH
(pH 7.7) in a total volume of 500 pL. The enzymes were removed by filtration by being
passed through a PALL Nanosep 10 kDa filter after an incubation period of 15 min. The
filtrate was collected, and a 100 pL aliquot was loaded onto the HPLC column; the
elution profiles of PDC, OMA, and KCH are shown in Figure 11d. LigJ (0.8 pM) was
mixed with the filtrate solution; a 100 pL aliquot was loaded onto the column, and the
reaction products were assessed by HPLC immediately (Figure 11d). The only notable
change in the chromatogram is the significant decrease in the concentration of the LigU-

catalyzed reaction product, KCH.
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2.3.10. Hydrogen-Deuterium Exchange Catalyzed by LigJ

LigJ enzymatically hydrates KCH (9) into CHA (5) via the addition of water
across the double bond between C3 and C4. The '"H NMR spectrum of CHA exhibits
two sets of doublets of doublets for the protons at C3 and C5, due to the new chiral
center at C4. The resonances for C5 are centered at 2.51 ppm (?] = 14.9 Hz), and those
for C3 are centered at 3.23 ppm (*}] = 17.6 Hz) as shown in Figure 21a. If the CHA
product is lyophilized and subsequently resuspended in ~100% D,O in the presence of
0.5 uM LigJ, then the doublet of doublets centered at 3.23 ppm rapidly becomes a
broadened singlet at 3.18 ppm due to the exchange of one of the two hydrogens at C3
with the solvent (Figure 21b). There is no noticeable exchange of the protons at C5.
These results further support the conclusion that the double bond of the substrate

hydrated by LigJ is located between C3 and C4 rather than between C4 and C5.
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Figure 21. (a) 'H NMR spectrum of a mixture of CHA (5) and KCH (9) in 10% DO at
pH 7.2 after the addition of LigJ. (b) 'H NMR spectrum of CHA and KCH at pH 7.2
after LigJ was added to the solution in ~100% D>O.
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2.3.11. LigK-Catalyzed Formation of HMG and Dehydration by LigJ

It has been shown previously that LigK catalyzes the formation of HMG (7) from
two molecules of pyruvate (13,14), and that LigJ catalyzes the hydration of CHPD (6)
(or an isomerized product) to HMG (7). To further support the proposal that the
preferred substrate for Ligl is KCH (9), where the double bond is between C3 and C4,
rather than between C4 and C5, we incubated HMG (made enzymatically by LigK from
pyruvate) with LigJ. The '"H NMR spectrum of the reaction mixture formed after the
addition of LigK to 10 mM pyruvate at pH 8.0 is presented in Figures 22a and 23a. The
three hydrogens from the C5 methyl group of HMG (7) resonate at 1.31 ppm, and the
two hydrogens at C3 form a doublet of doublets centered at 3.19 ppm. After the addition
of LigJ to this reaction mixture, a new quartet appears at 6.39 ppm and a doublet appears
at 2.02 ppm with a relative integration of ~1:3 and a coupling constant of 1.6 Hz
(Figures 22b and 23b) that was verified by a 'H-'H COSY experiment. These
resonances support a structure for the dehydrated product with a conjugated double bond
between C3 and C4 (compound 15) rather than between C4 and C5 as shown in Scheme

Se.
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Figure 22. (a) 'H NMR spectrum for the formation of HMG (7) after the addition of
LigK to pyruvate at pH 7.3. (b) '"H NMR spectrum of the reaction mixture after the
addition of LigJ to HMG formed by the condensation of pyruvate by LigK. Insets show
the formation of compound 15 via the dehydration at C3 and C4 by LigJ at pH 7.3.
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Figure 23. 'H NMR full width spectra of Figure 22. The water resonance is suppressed
at 4.70 ppm.
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2.4. Discussion

2.4.1. Functional Annotation of LigU

It has been shown previously that Ligl from Sphingobium sp. SYK-6 catalyzes
the hydrolysis of PDC (1) to OMA (2) (4). Using 'H and *C NMR spectroscopy, we
have confirmed the structure of the OMA product and have demonstrated that the double
bond between C4 and CS5 is of the E configuration. We have also shown by ultraviolet
(UV) and NMR spectroscopy that the OMA product is somewhat unstable and
isomerizes to KCH (9) where the double bond has migrated from between C4 and C5 to
between C3 and C4. The nonenzymatic isomerization reaction is relatively slow at pH
8.0 (t;,= 59 min) but is rapidly catalyzed by the action of LigU with a value of k, that is
greater than 1000 s™'. LigU thus catalyzes the isomerization of OMA (2) to the Z isomer
of KCH (9), presumably via a 1,3- proton transfer reaction. KCH has previously been
suggested as an intermediate in the bacterial degradation of 3,4,5- trimethoxycinnamic
acid(15) and gallic acid (8).

LigJ has previously been shown to catalyze the formation of CHA (5) via the
addition of hydroxide to C4 of the substrate (16). We have now demonstrated that the
actual substrate for the catalytic activity of LigJ is the Z isomer of KCH (9) rather than
OMA (2) or its enol tautomer. Thus, water is added to the double bond between C3 and
C4 of KCH (9) rather than the double bond between C4 and C5 of OMA (2). This
conclusion is supported by the preferential loss of KCH (9), relative to that of OMA,

when LigJ is added to a mixture of KCH and OMA (Figure 11d). This conclusion is
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also supported by the preferential exchange with solvent of the hydrogens at C3, relative
to the C5 hydrogens, when CHA (5) is incubated with LigJ in D,O (Figure 21b). The

reactions catalyzed by LigU and LigJ are summarized in Scheme 7.

Scheme 7. The reactions catalyzed by LigU and LigJ.
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. H,O0 OH
CO, 2 CO,

2.4.2. Functional Homologues of the LigU Isomerase

The amino acid sequence of LigU is similar to the sequences of those enzymes
that have been shown previously to have the diaminopimelate epimerase protein fold
(17). The enzymes with a verified substrate profile and a protein sequence identity of
>35% include methylaconitate isomerase (PrpF) from Shewanella oneidensis (35%),
methylitaconate-A-isomerase (Mii) from Eubacterium barkeri (41%), and GalD from P.

putida KT2440 (61%) (6, 18-20). The three-dimensional structure of the ligand-free
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form of PrpF has been determined (PDB entry 2PVZ) in addition to that with malonate
(PDB entry 5K87) or trans-aconitate bound in the active site (PDB entry 2PWO0) (18,

19). The crystal structure of Mii has been determined (PDB entry 3G7K) (20), but the
structure of GalD from P. putida KT2440 has not (6). Of interest are the fully conserved
residues within the active site cleft between the two structural domains of these proteins
that are postulated to be the general acid/base pair for the proton transfer step(s), which
include Lys66 and Cys100 [numbering based on the LigU sequence (Figure 24)]. PrpF
catalyzes the isomerization of (45,2)-4-methylaconitate to (Z)-2-methylaconitate through
a base-catalyzed allylic rearrangement (18, 19). Mii catalyzes the isomerization of (R)-
3-methylitaconate to dimethylmaleate (20). The structural similarities of the substrates
for Mii, PrpF, and LigU are illustrated in Scheme 8.

LigU has previously been proposed to function as an OMA tautomerase that
enzymatically converts (4E)-OMA (2) to (2E,4E)-CHM (4) based on 'H NMR studies
using the GalD homologue from P. putida KT2440 (6, 7). In that investigation, the
addition of GalD to OMA results in the appearance of a new resonance at 6.73 ppm,
which was subsequently thought to be the hydrogen attached to C3 of CHM (6, 7). The
resonance for the hydrogen at C5 of CHM is suggested to appear at 6.63 ppm but is not
visible because of the presence of the hydrogen from C5 of unreacted OMA that also
resonates at 6.63 ppm. Unfortunately, the quality of the published NMR spectra for this
experiment is insufficient to support the formation of CHM (4) or KCH (9) by the
catalytic activity of GalD. In contrast, here we have clearly demonstrated that LigU

catalyzes the interconversion of OMA to KCH (9) with the isomerization of the double
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bond between C5 and C4 to that between C4 and C3. We have further demonstrated that

LigJ catalyzes the hydration of KCH to CHA (5).
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Figure 24. Sequence alignment of LigU and related proteins. LigU (UniProt entry:
QOKJLA4) aligned with PrpF (UniProt entry: Q8EJW4.1), Mii (UniProt entry:
QOQLE®6.1), and GalD (UniProt entry: Q88JY0.1). The black highlighted residues are
identical and the gray highlighted residues are 50 to 75% identical. The sequence
alignment was created using ExXPASy BOXSHADE version 3.21, https://embnet.vital-
it.ch/software/BOX form.html.
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Scheme 8. The structural similarities of the substrates for Mii, PrpF, and LigU.
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3. STRUCTURE AND REACTION MECHANISM OF THE LIGJ HYDRATASE: AN
ENZYME CRITICAL FOR THE BACTERIAL DEGRADATION OF LIGNIN IN THE

PROTOCATECHUATE 4,5-CLEAVAGE PATHWAY"™

3.1. Introduction

The degradation of lignin, the complex polymer that provides the structural
rigidity to vascular plants, is not fully understood (1, 2). In the soil bacterium
Sphingobium sp. SYK- 6, guaiacyl, one of the monomeric units of lignin, is converted to
vanillate and then demethylated to form protocatechuate by LigM, where it is further
metabolized through the protocatechuate (PCA) 4,5-cleavage pathway (3, 4). LigAB
(protocatechuate 4,5-dioxygenase) converts PCA, in the presence of O, into 4-carboxy-
2-hydroxymuconate-6-semialdehyde (CHMS) (5). LigC (CHMS dehydrogenase)
oxidizes CHMS with NADP" to form 2-pyrone-4,6-dicarboxylate (PDC, 1) (6). Ligl
(PDC hydrolase) converts PDC into (4E)-oxalomesaconate (OMA, 2) (7). Recently, we
have shown that LigU (OMA isomerase) transforms OMA into (32)-2-keto-4-carboxy-3-
hexenedioate (KCH, 3) (8). LigJ (KCH hydratase) adds water across the C4=C3 bond of
KCH to form 4-carboxy-4-hydroxy-2-oxoadipate (CHA, 4) (9-11). However, the stereo-
chemistry for the addition of water to CHA has not previously been determined for the

reaction catalyzed by LigJ. In the final step, LigK catalyzes the retro-aldol cleavage of

* Reprinted with permission from “Structure and Reaction Mechanism of the LigJ] Hydratase: An Enzyme
Critical for the Bacterial Degradation of Lignin in the Protocatechuate 4,5-Cleavage Pathway” by Tessily
N. Hogancamp, Mark F. Mabanglo, and Frank M. Raushel, Biochemistry, 2018, 57 (40), pp 5841-5850,
Copyright 2018 American Chemical Society
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CHA to form pyruvate and oxaloacetate, and these products are ultimately consumed via
the TCA cycle (Scheme 9) (10, 12-14).

The LigJ hydratase from Sphingobium sp. SYK-6 is a member of the
amidohydrolase superfamily (AHS) (15). This large and prominent enzyme superfamily
is currently composed of more than 100,000 unique protein sequences from both
eukaryotic and prokaryotic organisms (16). The hallmark of the AHS is a distorted
(B/a)s-barrel structural fold that houses a metal center at the C-terminal end of the -
barrel (17). In most cases, one or two divalent cations bind within the active site;
however, a small number of examples bind up to three divalent cations, and certain
enzymes, such as Ligl, do not bind any divalent cations in the active site (7, 18). Nearly
all enzymes in the AHS use the metal center in the active site to activate a water
molecule for nucleophilic attack on an electrophilic substrate and catalyze the hydrolysis
of ester and amide functional groups, including the deamination of aromatic bases.
However, a small number of examples catalyze the decarboxylation of ortho-substituted
benzoic acids (LigW) and the isomerization of uronate sugars (UxaC) (19, 20).

LigJ catalyzes the hydration of a double bond, and currently, no member of the
amidohydrolase superfamily whose primary catalytic function is the hydration of a
double bond has been structurally or mechanistically interrogated. The AHS is
subdivided into 24 clusters of orthologous groups (COG), and LigJ is a member of
cog2159 (21, 22). This COG also includes enzymes that catalyze decarboxylation
reactions (LigW) and the hydrolysis of B-unsaturated ketones (LigY) (19, 23). Here we

have determined the three-dimensional crystal structure of LigJ in the presence and
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absence of bound ligands. With wild-type (WT) LigJ, we have succeeded in crystallizing
the bound product, CHA. This has enabled the determination of the absolute
stereochemistry at C4 of the product and the identification of critical residues contained
within the active site. Crystallization and structure elucidation of an active site mutant
have enabled the determination of the three-dimensional structure of the substrate-bound
complex (KCH, 4) and a proposal for the mechanism of action of this most interesting

enzyme in the AHS.

Scheme 9. The PCA 4,5-cleavage pathway in Sphingobium sp. SYK-6.

COy COy COy co,
LigM LigAB LigC Ligl co, O
0, = NADP* Z H,0 .
e —_— | —_— — > 5 ~ )
- e C02
H3;CO HO HO (0] CO, o o co, con 3
OH OH 2
vanillate protocatechuate CHMS PDC OMA
0] 2
T l Ligu
CO, O LigJ 4C02' (o}
0 o Ligk 4l , H,0 S
+ 5 - 5 .
0 c\)j\ )J\ ~ coy —=—— M
2 coz_ coz- D CO,‘,O'H —_— coz-
oxaloacetate pyruvate CHA KCH

107



3.2. Material and Methods

3.2.1. Materials

All commercial chemicals used in this investigation were obtained from Sigma-
Aldrich, unless otherwise stated. 2-Pyrone-4,6-dicarboxylate (PDC, 1) was synthesized
according to a previously published protocol (24). Racemic 4-carboxy-4-hydroxy-2-
oxoadipate (CHA, 4) was synthesized as previously described (25). Briefly, OAA was
dissolved in a 3 M NaOH solution at 0 °C, and the pH adjusted to 7.5. The solution was
incubated at 4 °C for 4 days and then lyophilized, yielding a mixture of the trisodium salt
of 4 and NaHCOs3. The enzymes Ligl (UniProt entry O87170), LigU (UniProt entry
QOKJLA4), and LigK (UniProt entry G21QQS8) were isolated and purified as previously

described (7,8).

3.2.2. Expression and Isolation of LigJ

The open reading frame encoding LigJ from Sphingobium sp. SYK-6 (UniProt
entry G2IQQ5) was synthesized by GenScript and ligated into a pET-30a (+) (EMD
Millipore) vector and expressed in Escherichia coli BL21(DE3) competent cells (EMD
Millipore) as described previously (8). Wild-type and mutant enzymes were purified
using a C-terminal His tag and passed through a 5 mL HisTrap HP column (GE
Healthcare) using an NGC liquid chromatography system (Bio-Rad Laboratories, Inc.)
equilibrated with binding buffer. The binding buffer included 5 mM imidazole, 0.5 M

KCl, and 20 mM HEPES/KOH (pH 7.9). The protein was eluted using a 0 to 40%
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gradient of elution buffer that contained 500 mM imidazole, 0.25 M KCl, and 20 mM
HEPES/KOH (pH 7.9) at a flow rate of 3 mL/min. The purity of the fractions collected
was determined by sodium dodecyl sulfate—polyacrylamide gel electrophoresis. The
appropriate fractions were combined and dialyzed against 3 L of 20 mM HEPES/KOH
(pH 7.9) overnight at 4 °C. The dialysis membrane had a molecular weight cutoff of
3500 Da (Spectra/Por Laboratories). For wild-type LigJ, approximately 30 mg/L

purified protein was obtained.

3.2.3. Mutation of LigJ

Four site-directed mutants of LigJ (E284Q, Y194F, T190A, and H223N) were
constructed using the QuikChange protocol according to the manufacturer’s instructions
(Agilent). The forward primer for mutant E284Q (with the mutation underlined) was
TCCTGTTCGGCAGCCAAATGGTTGGTGCAGTCC, and the reverse primer was
GGACTGCACCAACCATTTGGCTGCCGAACAGGA (Integrated DNA technologies,
IDT). The forward primer for mutant Y194F was GCGACCGGTGCCTATTTCCTGG
CGGCCGACACG, and the reverse primer was CGTGTCG
GCCGCCAGGAAATAGGCACCGGTCGC (IDT). The forward primer for mutant
T190A was GGCTATGCACGCGGCCGGTGCCTATTACC, and the reverse primer
was GGTAATAGGCACCGGCCGCGTGCATAGCC (IDT). The forward primer for
mutant H223N was GCGTTTTATTATCCCGAATGGTGGCGGTGCAG, and the
reverse primer was CTGCACCGCCACCATTCGGGATAATAAAACGC (IDT). The

corresponding genes for each of the four mutant enzymes were sequenced to verify that
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the appropriate changes to the DNA sequence were made. The four mutant enzymes
were purified as described for the wild-type enzyme (8). The approximate yields of
purified enzyme per liter of growth medium for each of the mutant enzymes were as

follows: 4 mg for E284Q, 17 mg for Y194F, 15 mg for T190A, and 18 mg for H223N.

3.2.4. Molecular Weight Determination

The oligomeric state of LigJ was determined by size exclusion chromatography
(SEC) using a 10/300 GL Superdex 200 column from GE Healthcare. The calibration of
the column was conducted using the following molecular weight standards: carbonic
anhydrase (29 kDa), albumin (66 kDa), alcohol dehydrogenase (150 kDa), -amylase
(200 kDa), and apoferritin (443 kDa). The elution buffer in all cases was 50 mM

HEPES/KOH (pH 8.0) at a flow rate of 0.75 mL/min.

3.2.5. Determination of the Extinction Coefficient for CHA

To measure the kinetic constants for the LigJ-catalyzed reaction
spectrophotometrically, the extinction coefficient for the product CHA (4) was
determined at 265 nm from a plot of the absorbance at 265 nm relative to the
concentration of CHA that had been synthesized chemically. At 265 nm, the extinction

coefficient for CHA was determined to be 60 M ! cm™!.
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3.2.6. Determination of the Equilibrium Constant for the LigJ Reaction

The equilibrium constant for the LigJ-catalyzed hydration reaction was measured
using 'H nuclear magnetic resonance (NMR) spectroscopy. A solution of 5 mM PDC
was incubated with Ligl, LigU, and LigJ (0.5 uM each) in 100 mM phosphate/KOH
buffer (pH 8.0) until equilibrium was reached. To measure the equilibrium constant, the
resonances at C3 of CHA and C5 of KCH were integrated and used to obtain the

[CHAJ/[KCH] ratio.

3.2.7. Measurement of Hydratase Activity

The initial velocity for the hydration of KCH to CHA by LigJ and the LigJ
mutants was determined spectrophotometrically by monitoring the change in absorbance
at 265 nm and 30 °C in a 96-well plate. The concentrations of LigJ used in the assays
were as follows: wild type (4.0 nM), Y194F (5.0 nM), H223N (250 nM), T190A (4.0
nM), and E284Q (500 nM). The substrate KCH (3) was made in situ by the combined
enzymatic activities of Ligl (0.5 uM) and LigU (0.2 uM) to variable concentrations of
PDC (from 0 to 1.4 mM) in 100 mM HEPES/KOH (pH 8.0) in a volume of 250 pL. The
initial concentration of KCH was determined using the equilibrium constant for the
LigU-catalyzed reaction ([KCH]/[OMA] = 0.30) after subtracting the equilibrium
concentration of PDC (determined at 312 nm using an extinction coefficient & of 6250
M cm™) from the initial concentration of PDC (7, 8). The change in the concentration
of the substrate after the addition of Lig] was determined using a differential extinction

coefficient (Agxes) of 2173 M ! em™!. This value was determined from the weighted
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average of the extinction coefficients for KCH (16%; ¢ = 7190 M~! em ™), PDC (31%; ¢
=1290 M ! cm™!), and OMA (53%; € = 1290 M ! cm™!) 0f 2233 M ! cm ™! and the
extinction coefficient of 60 M~! cm™! for CHA (4) at 265 nm. The kinetic parameters

were determined from a fit of the data to eq 2

V/Et = kcat(A)/(Ka + A)

Equation 2

where v is the initial velocity, E is the total enzyme concentration, kca is the turnover

number, 4 is the substrate concentration, and K, is the Michaelis constant.

3.2.8. Metal Analysis

The metal content of Lig] was determined with a PerkinElmer NexION 300D
ICP-MS instrument. The detector was set to acquire data in analog mode with 20
sweeps, a 50 ms dwell time for each mass, and three replicates per reading. The internal
standard used was **Sc from ICPMS- 71D (Inorganic Ventures). A five-point external
calibration curve was used from a 10 ug/mL mixture of Cd, Co, Cu, Fe, Mn, Ni, and Zn
in 2% HNO; to prepare serial dilutions of 10, 25, 50, 100, and 200 ppb. Metal-free
solutions were prepared by filtering deionized water (Thermo Scientific Barnstead E-

Pure Ultrapure Water Purification Systems, 120 V, 18.2 MQ) with GD/X sterile 0.22 um
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PES Filter Media (Whatman GE Healthcare) and then through a column of Chelex 100
resin (Bio-Rad). The LigJ samples were prepared by changing the buffer from 20 mM
HEPES/KOH (pH 7.9) to 50 mM metal-free MES/KOH (pH 6.1) by centrifugation
through a Vivaspin 10 kDa molecular weight cutoff filter (GE Healthcare) at 4000 rpm
until the concentration was approximately 1.0 mg/mL. In a final volume of 6 mL, 1, 2,
and 3 uM solutions of LigJ were prepared in 1% HNO3. The samples were vortexed
and heated to 100 °C to completely digest and solubilize the protein. The effect of added
zinc on the catalytic activity of the E284Q mutant was determined by adding 0—1 mM

Zn*" directly to the mixture used for measuring the catalytic activity of LigJ.

3.2.9. Sequence Similarity Networks

Using the UniProt database, the sequences belonging to cog2159 were retrieved
by searching “COG2159”. This procedure identified 1299 unique protein sequences that
were subsequently submitted to the Enzyme Function Initiative (EFI) Enzyme Similarity
Tool (EST) (https://efi.igb.illinois.edu/efi-est) to generate a sequence similarity network
(SSN) (26, 27). The alignment score parameter was set at 35, 40, 45, 50, 55, 60, 65, 70,
75, and 80 to generate networks at different stringencies. The SSN was viewed using

Cytoscape (http://cytoscape.org) (28).

3.2.10. Crystallization and Structure Determination
The crystallization conditions for LigJ were identified from a sparse matrix

screen using commercial reagents from Hampton Research. Purified LigJ (10 mg/mL)
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was incubated with an equilibrium mixture of 1.3 mM OMA/KCH and then mixed in a
1:1 ratio with various screening solutions on 96-3 LVR Intelliplates using a Mosquito
crystallization robot. Crystal plates were incubated at 18 °C, and crystal formation
occurred within a week. The best diffracting crystals grew in a well containing 0.1 M
sodium malonate (pH 5.0) and 12% (w/v) poly(ethylene glycol) 3350. Subsequent
crystals of LigJ, including the E284Q mutant with the bound substrate (KCH), were
obtained using the same conditions.

Well-diffracting crystals were prepared for data collection by being briefly
soaked in a cryoprotectant solution containing the reservoir solution supplemented with
20% ethylene glycol and then flash-frozen in liquid nitrogen. Diffraction data were
collected either in house using X-rays from a rotating anode generator (Rigaku HF-700)
or from Stanford Synchrotron Radiation Lightsource (SSRL) beamline 11-1 (Table 1).
Diffraction data were indexed, integrated, and scaled using HKL.2000 (29). The
structure of LigJ, in complex with the product CHA, was determined by molecular
replacement using as a search model the 1.8 A structure of Rhodopseudomonas palustris
(strain ATCC BAA-98) LigJ [Protein Data Bank (PDB) entry 2GWG] that shares 62%
sequence identity (30). The Sphingobium sp. SYK-6 LigJ structure was built using
PHENIX Autobuild (31) with its amino acid sequence as a guide. Initial refinement was
performed in PHENIX (31) with coordinate shaking and simulated annealing to remove
model bias. Subsequent model building was performed in COOT (32), while the
structures of the bound small molecules were generated using PHENIX eLBOW (31).

Further refinement was performed in PHENIX with coordinate, B factor, occupancy, and
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TLS parameter optimization. The refined structure of the LigJl-KCH substrate complex
was then used as a search model in the structure determination of subsequent LigJ
complexes using molecular replacement. The crystallographic data collection and

refinement statistics for the LigJ structures are listed in Table 2.
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| LigJ WT | E284Q LigJ WT
Data collection
Wavelength (A) 1.54 0.98 1.54
Resolution (A) 70.30-2.20 50.00-1.65 50.00-2.02
(2.32-2.20) (1.68-1.65) (2.05-2.02)
Space group P2 P2 P2
a, b, c(A) 82.2,78.2,135.7 82.7,78.3, 136.2 82.5,78.3,135.6
o, B,y (®) 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0
Z (molecules/ASU) 4 4 4
Ligand identity Zn** Zn*', KCH Zn*', CHA
Total/unique 320,543/87,452 815,126/205,636 379,312/112,743
reflections
Multiplicity 3.7(3.5) 4.0(3.4) 3.4 (2.5)
Completeness (%) 99.8 (99.1) 98.5 (93.8) 99.4 (96.0)
Mean I/cl 4.9 (1.6) 23.3 (1.5) 10.7 (2.2)
Rmerge 0.178 (0.862) 0.074 (0.867) 0.184 (0.463)
CC 12y (%) 98.3 (55.6) 99.9 (64.9) 99.4 (77.1)
Refinement
Rwork/Rfree 0.2057/0.2702 0.2020/0.2661 0.1895/0.2279
No. of TLS groups 1 1 1
RMSD bonds (A) 0.009 0.008 0.007
RMSD angles (°) 1.126 0.968 0.897
Ramachandran 93.77 92.50 95.25
favored (%)
Ramachandran 5.12 6.70 4.22
allowed (%)
Ramachandran 1.11 0.80 0.53
outliers (%)
Average B, all 31.2 24.5 47.0
atoms (A?)
Average B, ligands Zn (32.2) Zn (27.2) Zn (18.8)
(A?) KCH (29.6) CHA (28.5)
PDB id 6DWV 6DXS 6DXQ

Table 2. Crystallographic data and refinement statistics.
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3.3. Results

3.3.1. Isolation and Purification of LigJ

The open reading frame encoding LigJ was chemically synthesized and
subsequently subcloned into a pET-30a (+) vector. The plasmid was expressed in E. coli
and purified using the C- terminal His tag. The molecular mass of LigJ, based on the
elution volume from a calibrated size exclusion column, was 84.8 kDa. The expressed
protein consists of 349 amino acids, which includes the His-tag linker, and a calculated
monomeric molecular mass of 39.1 kDa (excluding any bound divalent cations). The
protein therefore associates as a dimer in solution. On the basis of ICP-MS, the zinc

content of the purified enzyme, relative to the subunit concentration, was 0.72 (Table 3).
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enzyme Keat (s'1) Km (uM) keat/Km (M-1s1)  Zn?* Content

wild-type 25.6+16 9831 (2.6+0.8)x10 0.72
E284Q <0.2 - - 0.48
Y194F  33+02 32+08 (1.0%03)x10 0.74
TI90A 10.5+09 11.9+47 (88+3.6)x10 0.70
H223N 0284006 310£110 (89+3.6)x10 0.71

Table 3. Kinetic Constants for Lig] and Selected Mutants
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3.3.2. Three-Dimensional Structure of LigJ

The three-dimensional crystal structure of WT LigJ was determined with Zn?* in
the active site at a resolution of 2.2 A (PDB entry 6DWV). The dimeric protein has a
distorted (P/a)s-barrel structural fold in which the single zinc ion binds in the active site
at the C-terminal end of the central B-barrel (Figure 25). Each subunit consists of 15
helices that surround the central barrel structure, which is composed of eight parallel -
strands (Figure 26). The dimer interface of 2252 A? is formed from multiple hydrogen
bonds and electrostatic interactions from a-helices 5 (A189— Q207), 3’ (G226—V228), 6

(P229-M241), and 7 (Q264— V273) (Figures 25 and 26) (33).
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Figure 25. Ribbon structure of the dimeric form of wild-type LigJ (PDB entry 6DWYV)
in the absence of added ligands. One monomer is depicted with the B-strands colored
gold, the a-helices green, and the loops light green. The second monomer is depicted
with the B-strands colored gold, the a-helices purple, and the loops pink. The zinc ion in
each active site is displayed as a black sphere. This figure was constructed using
Chimera (34).
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Figure 26. Schematic representation of the a-helices and -strands that comprise the
overall structure of LigJ. The metal that binds at the C- terminal end of the B-barrel is
depicted as a gray sphere, and the residues that coordinate the metal ion to the protein

are depicted with dashed lines. This figure was made using Affinity Designer 1.6.1 from
Serif (Europe) Ltd.
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3.3.3. Structure of the Metal Center

Wild-type LigJ coordinates a single zinc ion in the active site by His-8, His- 10,
His-178, and one water molecule (Figure 27). His-8 and His-10 originate from B-strand
1, and His-178 originates from B-strand 5. The coordination geometry is that of a
distorted tetrahedron. Residues Glu-284 from B-strand 8 and His-223 from B-strand 6
also interact with the bound water molecule. Each of the four subunits in the
asymmetric unit has modest variations in the distances between the ligand and the metal
ion. The distance from the bound water molecule to the zinc varies from 2.0 to 3.3 A
(Figure 28). This flexibility in the coordination geometry and structure of the
mononuclear metal center in the active site of LigJ is presumably caused by the lone

water molecule being displaced from the metal center by the binding of the substrate.

122



Figure 27. Mononuclear metal center in the active site of LigJ (subunit B in PDB entry
6DWYV). The zinc ion is shown as a gray sphere where it is coordinated to His-8, His-
10, His-178, and one water molecule in a distorted tetrahedral geometry. His-223 is a
conserved residue within cog2159 and is positioned 3.0 A from the bound water
molecule and 5.5 A from Glu-284. Glu-284 is 4.6 A from the zinc ion and 3.1 A from
the bound water molecule. There are slight variations in the distances from the
coordinating ligands to the zinc ion for the other subunits, which are shown in Figure 29.
This figure was made using Chimera (34).

123



H223

H223

Figure 28. Mononuclear metal center in the active site of Lig] (subunits A through D
in PDB id: 6DWV). The zinc ion is shown as a gray sphere where it is coordinated to
His-8, His-10, His-178, and one water molecule. (a) Lig] subunit A; (b) Lig] subunit
B; (c) Lig] subunit C; (d) Lig] subunit d. Each subunit has slight variations in the

distances between the residues near the active site. Subunit B was used in Figure
28 and in Figure 36.
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3.3.4. Structure of the Product-Bound Complex

The structure of the product-bound complex was determined by co-crystallization
of wild-type LigJ in the presence of added OMA (2), the product from the enzyme-
catalyzed hydrolysis of PDC (1). We have shown previously that OMA (2) non-
enzymatically isomerizes to KCH (3), the true substrate for LigJ (8). In the product-
bound complex of Lig], CHA (4) is coordinated to the zinc in the active site in a
bidentate fashion by the C1 carboxylate and the carbonyl oxygen from C2 (Figure 29
a—c). The product in the active site of LigJ has thus displaced the water molecule from
the metal center (Figure 27). In this structure, CHA is further coordinated to the active
site by interactions between the C6 carboxylate and the side chain guanidinium groups
of Arg-71 and Arg-290. His-223 also forms an apparent hydrogen bond to the C1
carboxylate group of CHA. The carboxylate group attached to C4 of CHA is hydrogen
bonded to Ser-73 and to the phenolic oxygen of Tyr- 194. Arg-234' (from the adjacent
subunit) interacts with the C1 carboxylate of CHA (Figure 29¢). In the product-bound
complex with CHA, the side chain carboxylate of Glu-284 is 2.2 A from the hydroxyl
group attached to C4. The stereochemistry of the enzymatically produced CHA is of the
S configuration. In this structure, the pro-S hydrogen at C3 is 2.8 A from the carboxylate
group of Glu-284, whereas the pro-R hydrogen attached to C3 is 3.8 A from the phenolic
oxygen of Tyr-194 (Figure 29b). To test the importance of those residues found in the
active site of LigJ that interact directly with the substrate, Glu-284, His-223, Tyr- 194,
and Thr-190 were substituted to give mutants E284Q, H223N, Y194F, and T190A,

respectively.
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Figure 29. Model of CHA (yellow) bound in the active site of Lig] (PDB entry 6DXQ).
The zinc is colored gray, and the associated distances are given in angstroms. For the
sake of clarity, the three histidine residues that coordinate the zinc are not shown. (a)
Simulated annealing composite omit map (2F, — F.) contoured at 1.5 ¢ (subunit A). (b)
Orientation of Glu-284 and Tyr-194 relative to the bound substrate (subunit A). (c)
Orientation of residues that contribute to the binding of the product in the active site of
Ligl. Arg- 234’ is from the adjacent subunit in the dimeric complex (subunit A). This
figure was made using Chimera (34).
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3.3.5. Kinetic Constants for Hydration of KCH by LigJ

The hydration of KCH (3) catalyzed by LigJ to CHA (4) was monitored
spectrophotometrically at pH 8 and 30 °C by following the decrease in absorbance at
265 nm in a reaction mixture that contained KCH formed from the hydrolysis of PDC
(1) by Ligl and the isomerization of OMA (2) by LigU. The kinetic constants for the
wild-type enzyme and the mutants for those residues that were shown to interact with the
bound product (E284Q, H223N, Y194F, and T190A) are listed in Table 3. The value of
keat for the wild-type enzyme is 26 s™!, and for the T190A and Y 194F mutants, it is
reduced it by ~2.4- and 7.8-fold, respectively. An 85-fold decrease is observed with
H223N, and no activity could be obtained with E284Q. The values for kca/Km follow the
same trend, where those of mutants Y194F and T190A decrease slightly from that of the
wild-type enzyme while that of mutant H223N decreases by >1000-fold. The
equilibrium constant for the hydration of KCH to CHA (the [CHA]/[KCH] ratio for LigJ
at pH 8.0 was determined to be 3.4). This value was determined by 'H NMR
spectroscopy by measuring the relative concentration of CHA (from the integrated areas
for the protons at C5 and C3) to KCH (from the integrated areas for the protons at C5
and C3) (Figure 30 and Table 4). The zinc content changed only for mutant E284Q
relative to that of the wild type (Table 3). The activity of E284Q was measured in the

presence of added ZnCl, (0—1 mM), but no enzymatic activity could be observed.
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H5-(2) H3-(4) H5-(4)
H5-(3)

H3-(1) H5-(1)

N 6 ? 4 3 ppml
b
H3-(4) H5-(3)
co, O co, O
4 ;3 4 \
5 Ccoy 5 co,
OH 3
CcOo, Ccoy
3.30 3.28 3.26 3.24 3.22 3.20 318 [ppm]

Figure 30. (a) 'H NMR spectrum of the equilibrium mixture of PDC (1), OMA (2),
KCH (3), and CHA (4) in 10% DO at pH 8.0 after the addition of 0.5 uM Ligl
hydrolase, LigU isomerase, and LigJ hydratase to 5 mM PDC. (b) 'H NMR spectrum of
(a) focused on the doublet of doublets centered at 3.24 ppm that are resonances for the
two protons at C3 for CHA, and the doublet centered at 3.19 ppm is for the two protons
at C5 for KCH. The equilibrium constant ((CHA]/[KCH]) is 3.4.
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Chemical shift Integration Chemical Proton
(ppm) Area

7.24 0.8190 PDC H3
6.75 0.8391 PDC H5
6.68 1.6111 OMA H5
6.46 0.5028 KCH H3
469 |- water suppression | --
4.01 2.7474 OMA H3
3.24 3.2772 CHA H3
3.19 1.0000 KCH H5
2.93 0.1352 unknown --
2.50 3.5712 CHA H5

Table 4. Integration of the resonances from the '"H NMR spectrum in Figure 31 for
PDC, OMA, CHA, and KCH catalyzed by Ligl, LigU, and LigJ at equilibrium at pH 8.0.
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3.3.6. Structure of the Substrate-Bound Complex

The E284Q mutant was shown to be catalytically inactive for the hydration of
KCH to OMA. This mutant was therefore chosen in an attempt to trap the substrate in
the active site of Lig]. The mutant was successfully crystallized, and the substrate KCH
was found in the active site (Figure 31). Similar to the molecular interactions exhibited
by the product-bound complex (Figure 29), the carbonyl oxygen at C2 and the C1
carboxylate are ligated to the zinc bound in the active site at distances of 2.8 and 2.2 A,
respectively. In addition, the ionic interactions between the C6 carboxylate and the side
chain guanidino groups of Arg-71 and Arg-290 are also preserved. The imidazole side
chain of His-223 interacts with the C1 carboxylate of the bound KCH, which is similar
to its interaction with the product OMA (Figures 29¢ and 31c¢). In this structure, there is
a single water molecule that is positioned for nucleophilic attack at C4 of the substrate
KCH. This water molecule is 2.7 A from the re face of C4, consistent with the
stereochemistry for the product-bound complex (Figure 31b). This water molecule is
hydrogen bonded to the side chain amide from the glutamine residue that has replaced
Glu-284 in the mutant enzyme. The positioning of this interaction in the substrate-
bound complex (Figure 31) is consistent with a proton abstraction of the water molecule
by Glu-284 for nucleophilic attack at C4 of the substrate. In addition, the positioning of
Glu-284 in the product-bound complex is consistent with the delivery of this proton to
C3 during the hydration reaction with an overall syn addition of water to the double bond

between C4 and C3 of the substrate KCH.
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Figure 31. Model of KCH in the active site of the E284Q mutant of LigJ (subunit B of
PDB entry 6DXS). The zinc is colored gray, and the associated distances are given in
angstroms. For the sake of clarity, the three histidine residues that coordinate the zinc
are not shown. (a) Simulated annealing composite omit map (2F, — F.) contoured at
1.0c. (b) Orientation of GIn-284 and the bound water molecule relative to the
orientation of C4 from KCH. Orientation of residues that contribute to the binding of
the substrate in the active site of Lig]. Arg-234'is from the adjacent subunit in the
dimeric complex. This figure was made using Chimera and Affinity Designer 1.6.1
from Serif (Europe) Ltd (34).
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3.4. Discussion

3.4.1. Role of LigJ in the PCA 4,5-Cleavage Pathway

The role of LigJ as a hydratase in the bacterial degradation of lignin has been
known for more than 35 years (9). LigJ has since been identified in a number of other
bacterial species with a >60% sequence identity with the enzyme from Sphingobium sp.
SYK-6 (35). This enzyme catalyzes the penultimate step in the PCA 4,5-cleavage
pathway before the product of this reaction is ultimately cleaved by LigK to pyruvate
and oxaloacetate as precursors to the TCA cycle. Unlike the isomerization of OMA to
KCH by LigU, which can occur non-enzymatically (8), the conversion of KCH to CHA
does not occur in the absence of LigJ. This was shown by disruption of the /igJ gene in
Sphingomonas paucimobilis sp. SYK-6 and incubation of whole cells of the mutant
strain with either vanillate or syringate (11). The metabolites that were produced
showed an accumulation of OMA, PDC, and an unknown product that is likely to be

KCH (8, 11).

3.4.2. Structure and Reaction Mechanism of LigJ

The three-dimensional crystal structure of Lig] was determined in the presence
and absence of the substrate (KCH) and product (CHA). The protein folds as a distorted
(B/a)s-barrel with a single divalent cation perched at the C-terminal end of the B-barrel.

The zinc in the active site is coordinated by two histidines from the end of B-strand 1 and
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another histidine from the end of B-strand 5. A single water molecule completes the
coordination scaffold in an overall tetrahedral geometry.

In the product-bound complex, the C1 carboxylate and the carbonyl oxygen
attached to C2 of CHA have displaced the lone water molecule from the coordination
shell of the zinc in the active site of the apo-enzyme. The coordination changes from
four to five ligands now giving a distorted trigonal bipyramidal geometry. The product
further interacts with the protein by ionic interactions of the guanidino groups of Arg-71
and Arg-290 with the C6 carboxylate of CHA. The C7 carboxylate hydrogen bonds with
Ser-73, and the C1 carboxylate interacts with Arg-234’ from the adjacent subunit and
His-223 from the end of B-strand 6. The structure of the product-bound complex has
revealed that the hydroxyl group is added to C4 in the S configuration. The absolute
configuration of the enzymatically formed CHA has not previously been determined, but
the relative stereochemistry is consistent with the previously reported determination of
the hydration of 4-carboxy-2-hydroxymuconate (CHM) by the enzyme GalB from
Pseudomonas putida KT2440, the sequence of which is 12% identical to the LigJ
hydratase from Sphingobium sp. SYK-6 (36).

The product-bound complex of LigJ with CHA illustrates the hydrogen bond
interaction of Glu-284 with the hydroxyl group attached to C4. This structure suggests
that Glu-284 functions as a general base in the activation of the water molecule for
nucleophilic attack. In the reverse reaction, where CHA is dehydrated to KCH, a proton
must be abstracted from C3. In the product-bound complex of CHA, the side chain

carboxylate of Glu-284 is 2.8 A from the pro-S hydrogen and the phenolic oxygen of
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Tyr-194 is 3.8 A from the pro-R hydrogen attached to C3. If the pro-S hydrogen is
abstracted, then the addition of water to KCH is consistent with a syn addition, whereas
if the pro-R hydrogen is abstracted, then the addition is anti. Mutation of Tyr-194 and
Glu-284 clearly demonstrates the absolute importance of Glu-284 and the relative
unimportance of Tyr-194. In the product-bound complex, H223 is not positioned to
interact with either the hydroxyl group at C4 or either of the two hydrogens attached to
C3. However, when H223 is mutated to an asparagine, there is a 100-fold decrease in
kear and a 30-fold increase in K for the substrate KCH. These changes are most likely
due to the loss of the ionic interaction of H233 with the C1 carboxylate group of the
substrate and product (Figures 29¢ and 31c¢). These results are fully consistent with the
conclusion that in the forward reaction Glu-284 functions as a general base in the
abstraction of a proton from water, concurrent with the nucleophilic attack at C4 of the
substrate. The nucleophilic attack is facilitated by delocalization of the negative charge
to the carbonyl oxygen that interacts with the zinc in the active site. In the final step of
the reaction, C3 is protonated by the protonated form of Glu- 284, now acting as a

general acid. The proposed mechanism is presented in Scheme 10.
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Scheme 10. The proposed reaction mechanism for LigJ hydratase.
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The proposed reaction mechanism for Lig]J is fully supported by the crystal
structure of LigJ determined in the presence of the substrate KCH. In this structure, the
closest water molecule to C4 is hydrogen bonded to the side chain carboxylate of Glu-
284. The positioning of this water molecule and the orientation of Glu-284 are fully
consistent with the syn addition of water to C4/C3 and the role of Glu-284 as both the
general acid and the general base in this transformation.

The proposed reaction mechanism for LigJ, with a syn addition of water and the
utilization of a single catalytic residue that functions as both the general acid and the
general base, has been previously proposed for the reaction mechanism of (3.5)-
methylglutaconyl-CoA hydratase (MGCH) from Pseudomonas putida, where (E)-3-
methylglutaconyl-CoA is converted to (35)-hydroxymethyl-glutaryl-CoA (37). This
enzyme is a member of the crotonase superfamily, where related hydratases often require
two glutamate residues to facilitate the overall hydration reaction. However, substrates
that have a carbonyl group conjugated to the double bond to be hydrated tend to function
with syn addition, whereas those substrates where the double bond is conjugated to a
carboxylate group, such as fumarase and aconitase, tend to occur with an anti addition of

water (38).

3.4.3. The Amidohydrolase Superfamily and cog2159
LigJ belongs to cog2159 and is a member of the AHS of enzymes. Most of the
functionally characterized enzymes contained within the amidohydrolase superfamily

catalyze the hydrolysis of phosphate and carboxylate esters and amides (17, 39).
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Notable enzymes in this superfamily include phosphotriesterase (40), dihydroorotase
(41), urease (42), and cytosine deaminase (43). In general, most of the structurally
characterized enzymes in the AHS contain one or two divalent cations in the active site,
and the mononuclear and binuclear metal centers are utilized to facilitate the activation
of the bound water/hydroxide for nucleophilic attack on the substrate (17). However,
some enzyme examples in this superfamily have been shown to contain three divalent
cations in the active site such as that found in histidinol phosphate phosphatase from
cogl387 (44). Another outlier in this regard is Ligl from cog3618, an enzyme that
catalyzes the hydrolysis of PDC (1) during the bacterial degradation of lignin (7). This
enzyme does not bind divalent cations, but it uses the conserved aspartate from the end
of B-strand 8 to activate the water molecule for nucleophilic attack. The conserved
histidine residues from the ends of B-strands 1 and 5 function as Lewis acids for the
activation of the lactone substrate (7).

Although most of the enzymes contained within the AHS are hydrolases, those
enzymes of cog2159 catalyze a much more diverse set of reactions. The sequence
similarity network (SSN) for cog2159 at an E value cutoff of 1075 illustrates the
sequence relationships among the 1299 nonredundant protein sequences (Figure 32). A
total of 14 of these proteins have been experimentally characterized or have a three-
dimensional crystal structure (Table 5). In the case presented here, LigJ catalyzes the
hydration of a conjugated double bond. Moreover, as we have now shown, the
mononuclear metal center contained within the active site of LigJ is not used to activate

the water molecule. It is, however, utilized to activate the substrate via polarization of
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the carbonyl oxygen. In another example from cog2159, LigW (and other closely
related decarboxylation enzymes) catalyzes the decarboxylation of o-hydroxy benzoate
substrates (Scheme 11) (19). LigW contains a single divalent cation in the active site,
and the substrate is activated by coordination of the carboxylate group and the adjacent
phenolic oxygen by the single divalent cation (Figures 33 and 35). Distortion of the
substrate facilitates the protonation of the carbon bearing the carboxylate group by the
active site aspartate residue that originates from the end of B-strand 8. Water is not
involved in any phase of the reaction. Other characterized enzymes within cog2159 that
also catalyze decarboxylation reactions to similar aromatic structures decorated with
carboxylate and hydroxyl substituents include y-resorcylate decarboxylase (y-RSD) and
6-methylsalicylate decarboxylase (MSD) (45,46). The identification of 5-carboxy-uracil
decarboxylase (IDC) from the fungal species Cordyceps militaris and Metarhizium
anisopliae greatly diversifies the reactions of cog2159 to include a reaction step that is
important for DNA methylation (47). The sequence of the LigJ hydratase is 24%
identical to that of a-amino-f-carboxymuconate-e-semialdehyde decarboxylase

(ACMSD) (48-50).
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Figure 32. Cytoscape-generated sequence similarity network (SSN) of cog2159 at a
BLAST E value cutoff of 10°% contains 1,299 nonredundant protein sequences. The
magenta diamonds represent enzymes with crystal structures deposited in the PDB. The
gold diamond represents 6-methylsalicylic decarboxylase (MSD). The green diamond
represents LigJ from this study. The description of each numbered node is presented in
Table 5.
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SSN

Name

D Function Organism PDB id Uniprot ID
5-carboxyvanillate Novosphingobium aromaticivorans 4INF, 4QRN,
1 LigW2 decarboxylase (strain ATCC 700278 / DSM 12444 / 4QSs5, 4QsS6, Q2GA79
CIP105152 / NBRC 16084 / F199) 4QTG
5-carboxyvanillate
2 LigW decarboxylase Sphingobium sp. SYK-6. 4I1CM G2IN12
gamma-resorcylate Polaromonas sp. (strain JS666 /
3S4T, 4QR 12BV1
3 YRSD decarboxylase ATCC BAA-500) S4T, 4QRO Q
taphyloc X s (strain Mu50
4 uncharacterized protein Staphy owf_?ézu;zg;g); ain Mu30/ 3NUR AO0AOH3K164
2-amino-3-carb te- 2WM1, 4IGM
ACMS amino-J-carboxymuconate Homo sapiens » 41GM, Q8TDX5
5 D 6-semialdehyde Pseudomonas fluorescens 4I1GN, 41H3, Q83V25
decarboxylase ’ ’ T 40FC, 2HBV
. (32)-2-keto-4-carboxy-3- . . .
L . SYK-6. Th KWL
6 igl] hexenedioate hydratase Sphingobium sp. S 6 is study QI9KWL6
. annotated 4-oxalomesaconate Rhodopseudomonas palustris (strain
L 2GW 6NOR4
7 ig) hydratase ATCC BAA-98 / CGA009) GWG Q
4,11-dicarboxy-8-hydroxy-9-
. meth- oxy-2-hydroxy-6-oxo- . .
8 LigY hingob . SYK-6. 5VN5 2IN02
% 6-phenyl-hexa-2,4-dienoate Sphingobium sp. S G
hydrolase
Lactobacillus plantarum (strain ATCC
9 tal-d t hydrol 2F6K F9US96
metal-dependent hydrolase BAA-793 / NCIMB 8826 / WCFS1) Us
. . Clostridium acetobutylicum (strain
dict hodrol
10 p(r;ﬂllc ji)zr::t‘:;e (;arrsﬂas)e ATCC 824/ DSM 792 / JCM 1419 / 3CIP Q97DY3
Y Y LMG5710 / VKM B-1787)
4HKS5, 4HK6,
dyceps militaris (strain CMO01 4HK7, 4LAN
5-carboxyl-uracil Cor y.ce‘pv i arzs- _(S ra ¢ ) 7 ’ G3J531
11 IDC decarboxvlase Metarhizium robertsii (strain ARSEF 4LAO, 4LAK, E9FOX0
Y 23/ ATCC MYA-3075) 4LAM, 4LAL
4HIW
putative 4-oxalomesaconate Lactobacillus acidophilus (strain
12 316 SFK79
hydratase ATCC 700396 / NCK56 / N2 / NCFM) : Q5FK7
6-methylsalicyli
13 MSD tmethylsatiey e Aspergillus clavatus T1PRE6
decarboxylase
Bordetella bronchiseptica (strain
14 uncharacterized protein ATCC BAA-588 /NCTC 13252/ 3IRS, 3K4W AO0AOH3MO034

RB50)

Table 5. Characterized Enzymes for Sequence Similarity Network of cog2159.
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Scheme 11. Reactions Catalyzed by Enzymes in cog2159.
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Figure 33. Active site coordination with ligands bound in the active site from
enzymes of cog2159. (a) IDC decarboxylase, subunit A (PDB entry 4HK®6); (b)
v-RSD decarboxylase, subunit D (PDB entry 4QRO) (c) LigJ hydratase, subunit
D (PDB entry 6DXQ); (d) ACMSD decarboxylase, subunit A (PDB entry 41H3),
and (e) LigW decarboxylase, subunit B (PDB entry 4QRN).

142



Of particular interest to LigJ is the reaction catalyzed by LigY. LigY is also a
member of cog2159 and catalyzes the hydrolysis of 4,1 1-dicarboxy-8-hydroxy-9-
methoxy-2-hydroxy- 6-oxo-6-phenylhexa-2,4-dienoate (DCHM-HOPDA) to 5-
carboxyvanillate (SCVA) and 4-carboxy-2-hydroxypenta-2,4-dienoate (CHPD) as
illustrated in Scheme 11 (23). The sequence of the enzyme from Sphingobium sp. SYK-
6 is 37% identical to that of LigJ (Figure 34). The structure of LigY from Sphingobium
sp. SYK-6 has been determined in the absence of a bound substrate or product (PDB
entry SVNS5). The enzyme binds a single divalent cation in a fashion quite similar to that
of LigJ (Figure 35). It would be of interest to determine the structure of LigY in the
presence of substrates or products and to evaluate the evolutionary relationship of the
catalytic reaction mechanisms for the two enzymes that are essential for the bacterial

degradation of lignin to common metabolites.
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B-strand 1

LigW T--FQPVVDALRAHSR-————————— -~

RSD FA--TE---- -—

ACMSD IL--PK---——- ——

LigJd TVLPKAHDEWR-EQQK--——- -

LigY SA-PVEL--WA-YKAS---- -—

IDC MY--PPSYIAML-EKRQTIPLVRTFPQADEPRLILLSSELAALDAA
MSD FY--PQAMREAL-ERAG-———————————mmmmmmmm oo —
LigW 34 LVRDVYGDEPA--RPAMIGRL--——————————————_ SD-———————mmmmm oo VTGE-
RSD 19 ---DSAGFVPDKDWPELRSRL-------mmeeeeee o LD--mmmmmmmmme e IQDR-
ACMSD ---WPDLKKRFGYGGWVQLQHHSKGEAKLLKDGKVF-RVVRENCWDPEV-
LigJd PAPPYPE-ISDDEI------ RET-IEAN-
LigY --HGRGGVK-VTDEQIIAAAHHKET-WPDG-
IDC -DPAAKL-PGRPLSTHFA S--LAQ-
MSD 24 ———————G--mmmmm—m———— DPSGW-----— YIPPWTL D--LDKE
LigW 59 RLAEMDSNGVDMHLLELTAPGVQM-F-DAET-GTRLARIAJDLMAQTVAANPTRFAGLGT
RSD 43 RVRLMDEHGIETMILELNAPAVQA-IADSTR-ANETARRANDFLAEQVAKQPTRFRGFAA
ACMSD 59 RIREMDQKGVTVQALETVPVMFSY-WAKPED-TLNLCQLLUNDLASTVVSYPRRFVGLGT
LigJd 54 QLRLIKERGADMTIFEPRASAMAPHVGDQSV-AVPWAQACHNLIARVVDLFPETFAGVCM
LigY 55 HIELLHNHGTDMQLIFPRPFOMM-NSAKPARVVHWFCEEV) TLIHRQCTLIPEMFIPVAG
IDC 80 KMHFMDTNGIRVSVIFLANPWFDF--LAPDE-APGIADAVNAEFSDMCAQHVGRLFFFAA
MSD 42 ISRVL---KVQTTILEVTAPGPGI-ETDPGK-AAALARLCREEAAAIRDAHPLQYGFFAS
LigW 116 FAPQD--P-ASAAREIERVATQLRLNELVINSHTND------- LYYDDPFFHGVFEAIEA
RSD 101 LPMQD--P-ELAARELERCVKELGFVGALVNGFSQDN-RSAVPLYYDMAQYWIJFWETVQA
ACMSD 117 LPMQA--P-ELAVKEMERCVKELGFPEVQIGTHVNE-—————— WDLNAQELF|JVYAAAER

LigJd 113 LPQSPEADMTSSIAELERCVNELGFIECNLNPDPGGG-HFKH-PPLTDRFWY|JFYEKMVE
LigY 114 LPQVAGEPIENVFAEMDRCVS-MGFKEFLLNPDPYENGAEEA-PPLGDRYWY|JLYEKLCE

IDC 137 LPLSA--PVDAVKASIERVKNLKYCREIILGTSGLG------- KGLDDPHLL|JVFEAVAD
MSD 97 VPSLF--DTAAVLAEIEHAFTNLHAD[VTLYTRYGAG----H-SYLGDERFR|JVWAELSK
B-strand 5

LigW 166 SGLALYI RAPSKQIDR---AFRD--Y--GMNSAIWGYGIETSTNAVRMILSGLFDRFP
RSD 157 LDVPFY RNPLP-SDA---RIYDGHA--WLLGPTWAFGQETAVHALRLMGSGLFDKYP
ACMSD 167 LKCSLF WDMQ--MDG---RMAK--Y--WLP-WLVGMPAETTIAICSMIMGGVFEKFP
LigJd 171 LDVPAMI SGSCNP-AM- -HA-TGAYYLAADTIAFMOLLOGNLFADFP

LigY 172 LDLPAHIHATGSQSE-R------cc—-ce—-e-- SP-YSLHFINEETIATYNLCTSSVFDDFP

IDcC 188 AKLLVF HYGLPN-EVYGPRSEE--YGHVLP-LALGFPMETTIAVARMYMAGVFDHVR

MSD 150 RRAVVFIHPTHAVDT-QL----- IN--S--WMPQPMFDYPHETGRTAMDLLTRGVIRDYP
B-strand 6

LigW 219 RLKIVL

RSD 211 ALKIIL
ACMSD 217 KLKVCFA
LigJd 216 TLRFIIP
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MEEGL|JY SMWIIIDHRNAW IKTTPKYPA-KRKIVDYFNENFYLTTSGNF -
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B-strand 8
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MSD 296 MSEETRRLVEREAALELFPRLRGQSTRACL

Figure 34. Sequence Alignment of LigJ (UniProt: Q9KW16) to other characterized
members of cog2159 have the following sequence identity to LigJ: LigW (UniProt:
Q2GA7T9) is 18%; RSD (UniProt: Q12BV1) is 23%; ACMSD (UniProt: Q8TDXS) is
22%; LigY (UniProt: G2IN02) is 37%; IDC (Uniprot: G3J531) is 15%; and MSD
(UniProt: TIPRE®G) is 20%. These sequence identity percentages were calculated using
Clustal 1.2.4 (https://www.ebi.ac.uk/Tools/msa/clustalo/). The sequence alignment was
created using ExXPASy BOXSHADE version 3.21, https://embnet.vital-
it.ch/software/BOX form.html.
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Figure 35. Active site coordination of metal ions with no other ligands bound in the
active site from members of cog2159. (a) IDC decarboxylase, subunit C (PDB entry:
4HKS); (b) LigY hydrolase, subunit A (PDB entry: 5VNSY); (c¢) LigJ hydratase, subunit B

(PDB entry 6DXQ); (d) ACMSD decarboxylase, subunit A (PDB entry: 40FC), and (e)
LigW decarboxylase, subunit A (PDB entry: 4QTG).
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4. STRUCTURE AND CHEMICAL REACTION MECHANISM OF LIGU, AN
ENZYME THAT CATALYZES AN ALLYLIC ISOMERIZATION IN THE

BACTERIAL DEGRADATION OF LIGNIN*

4.1. Introduction

Lignin, the most abundant renewable aromatic compound in the world, is
currently being pursued as a viable starting material for biopolymers. However, it is an
underutilized renewable resource due to its recalcitrant nature as a complex
heteropolymer. Lignin is comprised of phenylpropanoid units (guaiacyl, syringyl, and p-
hydroxyphenyl precursors) that couple to one another through C-C and C-O bonds (1, 2).
The natural recycling of lignin occurs through the combined actions of eukarya, archaea,
and bacteria (3). In general, fungi are responsible for the depolymerization of lignin, and
bacteria further metabolize the monomeric units into viable carbon sources. Many of the
known enzymatic pathways funnel to the intermediate protocatechuate (PCA) where it is
further metabolized by three cleavage pathways (4). In the PCA 4,5-cleavage pathway,
the LigAB complex converts PCA and O; into 4-carboxy-2-hydroxymuconate-6-
semialdehyde (CHMS) (5). LigC then oxidizes CHMS with NADP* to form 2-pyrone-
4,6-dicarboxylate (PDC, 1) (6). Ligl hydrolyzes PDC into (4E)-oxalomesaconate

(OMA, 2) (7). LigU isomerizes OMA into (3Z)-2-keto-4-carboxy- 3-hexendioate (KCH,

* Reprinted with permission from “Structure and Chemical Reaction Mechanism of LigU, an Enzyme That
Catalyzes an Allylic Isomerization in the Bacterial Degradation of Lignin” by Tessily N. Hogancamp, Seth
A. Cory, David P. Barondeau, and Frank M. Raushel, Biochemistry, 2019, 58 (33), pp 3494-3503,
Copyright 2019 American Chemical Society

154



3) (8). LigJ hydrates KCH to (S)-4-carboxy-4-hydroxy-2-oxoadipate (CHA, 4) (9).
Finally, LigK cleaves CHA into pyruvate (PYR, 5) and oxaloacetate (OAA, 6), which

are then shuttled into the TCA cycle (Scheme 12) (10, 11).

Scheme 12. Reactions catalyzed by Ligl, LigU, LigJ and LigK.
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Previously, we demonstrated that LigU isomerase catalyzes the conversion of
OMA to KCH via a 1,3-allylic isomerization of the double bond from C4/C5 to C3/C4.
The structural characterization of LigJ hydratase complexed with the substrate KCH (3)
provided evidence supporting the migration of the double bond from C4/C5 to C3/C4
prior to the addition of water to C4 of KCH (8).

LigU belongs to cog2828, which is also known as the PrpF superfamily. PrpF is
reported to catalyze the isomerization of 4-methyl-cis-aconitate to 2-methyl-cis-
aconitate, an intermediate in the 2-methylcitric acid cycle (12, 13). Structurally, this
family shares a common protein fold, which was first discovered for diaminopimelate
epimerase (14), where there is an apparent domain duplication event and the active site
is at the junction of the two domains (15, 16). The sequence similarity network (SSN)
for cog2828 at an E value cutoff of 10-% illustrates the sequence relationship among the

158 nonredundant protein sequences using a 40% identity threshold (Figure 36).
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Figure 36. Sequence Similarity Network (SSN) of cog2828 at a BLAST E value cutoff
of 10-%° contains 1,457 edges and 158 nodes generated using Cytoscape
(http://cytoscape.org) (17). The list of proteins was generated using EFI-EST using a
40% identity threshold (18, 19). Cog2828 proteins were obtained from UniProt (20).
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Several aspects of the reaction mechanism for LigU and the PrpF enzyme family
remain unknown. To provide mechanistic details of the LigU catalyzed isomerization
reaction, we have determined the three-dimensional crystal structure of LigU in the
presence and absence of bound ligands. These structures, and the catalytic properties of
mutant enzymes, have led to the identification of active site residues that are required for
the abstraction/donation of protons at C3 and C5 of the substrate and product. The
stereochemistry of the proton abstracted from C5 was determined by 'H NMR
spectroscopy of the reaction products when the reaction was conducted in D,O. Based
on these findings a detailed chemical reaction mechanism has been proposed for the
reaction catalyzed by LigU. In this mechanism, Cys-100 abstracts the pro-S hydrogen
from C3 of OMA, and Lys-66 donates a proton to the si-face of the double bond at C5

for a net suprafacial hydrogen transfer.

4.2. Materials and Methods

4.2.1. Materials

All commercial chemicals used in this investigation were obtained from
Millipore Sigma, unless otherwise stated. 2-Pyrone-4,6-dicarboxylate (PDC, 1) was
synthesized as previously described (21). The Ligl hydrolase (UniProt entry: O87170),
LigJ hydratase (UniProt entry: G2IQQ5), and LigK aldolase (UniProt entry: G2IQQS)

were isolated and purified as previously described (7-9).
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4.2.2. Cloning, Expression, and Isolation of LigU

The open reading frame encoding LigU from Novosphingobium sp. strain KA1
(Sphingomonas sp. strain KA1) (UniProt entry: QOKJL4) was chemically synthesized by
GenScript and subsequently ligated into a pET- 30a(+) vector (EMD Millipore). The
protein is 357 residues long plus a C-terminal linker and His tag added as Leu-Glu-His6.
The gene was expressed in Escherichia coli BL21(DE3) (EMD Millipore) and the
protein purified as previously described (8). The mutants S21A, K66Q, K66M, C100S,
S254A, K257M, and H281N were constructed using the Agilent QuikChange protocol
and the primers are listed in Table 6. The mutant enzymes were purified as described
previously for the wild-type enzyme (8). To improve the purity of the enzymes used in
the crystallization trials, size-exclusion chromatography was added to the purification
protocol of LigU (8). Protein was injected onto a HiLLoad 16/600 Superdex 200 size
exclusion chromatography column (GE Healthcare) equilibrated in 20 mM
HEPES/KOH, pH 7.9 and eluted using a flow rate of 0.8 mL/min. The fractions were
checked for purity by Mini-PROTEAN TGX stain-free SDS-PAGE (BIO-RAD).
Selected fractions were combined and concentrated to ~25 mg/mL. The combined

fractions were estimated to be >95% pure.
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Forward Primer
Mutant
Reverse Primer
CGTGGCGGTACCGCCAAAGGTGGCTAC
S21A

GTAGCCACCTTTGGCGGTACCGCCACG

GACCCGCTGACCAGCCAGGTGGCGGTGGTTAG
K66Q

CTAACCACCGCCACCTGGCTGGTCAGCGGGTC

GACCCGCTGACCAGCATGGTGGCGGTGGTTAG
K66M

CTAACCACCGCCACCATGCTGGTCAGCGGGTC

CCGATGCGCAGAACAGCGGTAACATCCTGGC
C100S

GCCAGGATGTTACCGCTGTTCTGCGCATCGG

GGCGACGTGACCGAAAAGGCCGTTCCGAAAATGATG
S254A

CATCATTTTCGGAACGGCCTTTTCGGTCACGTCGCC

GAGCGTTCCGATGATGATGCTGGTTGCGCCGCCG
K257M

CGGCGGCGCAACCAGCATCATCATCGGAACGCTC

CGCACCGTGCGAATGCGACCATTGGTGTTC
H281N

GAACACCAATGGTCGCATTCGCACGGTGCG

Table 6. The forward and reverse primers constructed for LigU mutants. The change to
the primary sequence in underlined.
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4.2.3. Measurement of Catalytic Activity

The initial velocity for the isomerization of OMA (2) to KCH (3) by LigU was
determined spectrophotometrically by monitoring the change in absorbance at 265 nm
and 30 °C in a 96-well UV-STAR (Greiner Bio-One) plate in a volume of 250 pL.
OMA was made in situ by the addition of 1.0 uM Ligl hydrolase to variable
concentrations of PDC (0 to 1.2 mM) in 200 mM HEPES/KOH (pH 8.0). Control
reactions were conducted in parallel using the same variable concentrations of PDC to
obtain the nonenzymatic conversion of OMA to KCH. The reaction catalyzed by Ligl
was monitored at 312 nm until the reaction was complete. Aliquots of 10 uL of an
appropriately diluted LigU solution were subsequently added and the reaction was
monitored by changes in absorbance at 265 nm. The concentrations of the LigU mutants
used for measurement of the catalytic properties were as follows: K66Q (1.0 uM),
K66M (2.0 uM), C100S (50 nM), H28IN (25 nM), S21A (0.5 nM), K257M (1.0 uM),
and S254A (250 pM). The change in the concentration of OMA was determined using a
differential extinction coefficient (Agzes) of 5900 M cm! (8). The kinetic constants
were determined using an iterative non-linear least square regression fit to eq 3 where v
is the initial velocity, E; is the total enzyme concentration, kca is the turnover number, 4
is the substrate concentration, and K, is the Michaelis constant. SigmaPlot 11.0 was

used to calculate the kinetic constants and standard errors.

VIE: = keat (A)/(Km + A)

Equation 3
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4.2.4. Stereospecific Hydrogen Exchange at C5 of KCH

The stereospecific exchange of protons at C5 of KCH was determined using 'H
NMR spectroscopy with a Bruker Avance III 500 MHz spectrometer equipped with an
H-C-N cryoprobe at 305 K. The reaction was conducted in 200 mM KH>PO4/KOD (pD
6.9), containing 5.0 mM MgCl,, 6.0 mM NADH, 5.0 mM PDC, and a lyophilized
enzyme cocktail of 1.0 uM each Ligl, LigU, LigJ, LigK and malate dehydrogenase in a
volume of 600 uL of D>O. Collectively, these enzymes convert the initial substrate PDC
(1) to malate. The reaction was monitored by 'H NMR spectroscopy using the water
suppression pulse program Watergate zggpw5 pulse sequence (18).

The deuterated L-malate, made from the combined activities of Ligl, LigU, LigJ,
LigK, and malate dehydrogenase was compared to the deuterated L-malate formed from
the action of fumarase with fumarate in D,O and also with [2,3-?H]-fumarate in H>O.
The control reaction was conducted in 200 mM KH>PO4/KOD (pD 6.6), 5.0 mM
fumaric acid, and 1.0 uM fumarase from porcine heart (Sigma-Aldrich) in a final
volume of 600 puL in D,O. The zggpw5 pulse program with water suppression was
calibrated at 4.675 ppm. A fully protonated sample of 5.0 mM malate was prepared in

200 mM KH>PO4+/KOD (pD 7.02) in a final volume of 600 pL in ~100% D>O.

4.2.5. Hydrogen-Deuterium Exchange Experiments
The proton exchange at C5 of KCH (3) with solvent D>O in the presence of LigU
was performed in 200 mM potassium phosphate/KOD (pD 7.0) in a volume of 600 pL.

The reaction was monitored by 'H NMR spectroscopy with a Bruker Avance IIT 500
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MHz spectrometer equipped with an H-C-N cryoprobe at 305 K. KCH was prepared by
mixing 20 mM PDC (1) with 200 mM NaHCO3/KCl, pH 9.6, in the presence of 1.0 uM
Ligl hydrolase and subsequent titration to pH 9.5 with KOH. The reaction was
incubated for 2 h at room temperature, and then Ligl was removed using PALL Nanosep
10 kDa and 3 kDa filters with an Eppendorf centrifuge. The flow-through was collected
and aliquoted (150 pL) into 1.7 mL sterile microcentrifuge tubes. The samples were
lyophilized to dryness and stored at -20°C until needed.

The hydrogen-deuterium exchange reactions were initiated by adding 580 pL of
D>0 containing 200 mM KH>PO4/KOD (pD 6.6 to 7.0) to a lyophilized sample of KCH.
A total of 1.0 nM LigU and 66 nM bovine serum albumin (BSA) was added to the
reaction mixture and the reaction followed by 'H NMR spectroscopy. The hydrogen-
deuterium exchange reaction was monitored for ~6.4 h using the Watergate zggpwS5
pulse program with water suppression (/8). The mutants K66M, C100S, and H281N
were also tested in a similar fashion. A 16 scan acquisition was collected before any
enzyme was added to calibrate the instrument for each of the reactions with the three
mutant proteins. The total concentration of LigU K66M, C100S, and H281N added to

each reaction was 111 nM, 11 nM, and 102 nM, respectively.

4.2.6. Crystallization of LigU Wild-Type and Mutants
Crystals of LigU wild-type were prepared by sitting drop vapor diffusion (Intelli-
Plate 24-4 by Hampton Research) with a drop and reservoir volume of 4 pLL and 500 pL,

respectively. The reservoir contained 200 mM CacCl, dihydrate, 100 mM HEPES/KOH,
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pH 6.5, and 35% pentaerythritol ethoxylate (Molecular Dimensions). The drop was 2.0
pL enzyme (22.3 mg/mL in 20 mM HEPES/KOH, pH 7.5) and 2.0 pL reservoir
solution. Precipitation was observed after ~24 h. Crystals were observed after
incubation at 17 °C for approximately 6 months. These crystals were supplemented with
5.0 pL of reservoir solution and harvested by a nylon loop (Hampton Research) prior to
flash freezing in liquid nitrogen. Crystals of LigU C100S were prepared by sitting drop
vapor diffusion with a drop and reservoir volume of 4.0 pL. and 500 pL, respectively.
The reservoir contained 200 mM MgCl, hexahydrate, 100 mM HEPES/KOH, pH 7.5,
and 25 % (w/v) PEG 3350 (Hampton Research). The drop was 2.0 uL enzyme (10
mg/mL in 20 mM HEPES/KOH, pH 7.9) and 2.0 uL reservoir solution. Crystals with
the morphology of glass plates were observed after a ~2 week incubation at 17 °C. Flash
freezing of crystals was conducted in a similar fashion to wild-type crystals. Sparse
matrix screening of LigU K66M in the presence of OMA was performed at 17 °C using a
Mosquito robot (TTP Labtech). Initial crystallization conditions were identified within
the Wizard Classic 1/2 screen (Rigaku) containing 1000 mM sodium citrate tribasic, 100
mM sodium cacodylate/HCI, pH 6.5 with a total volume of 100 uL. The drop was 200
nL enzyme (20.4 mg/mL in 20 mM HEPES/KOH, pH 7.9), 100 nL ligand (40 mM
OMA, pH 8.2), and 500 nL reservoir solution. OMA was made by incubating 40 mM
PDC with ~4 uM of Ligl hydrolase in 200 mM HEPES/KOH, pH 8.2 using KOH to
adjust the pH of the reaction solution to pH 8.2. Ligl was removed by centrifugation
using PALL Nanosep 10 KDa and 3 KDa filters and the flow-through was collected.
These crystals were incubated at 17°C for approximately 1 week, harvested directly
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from the drop using a nylon loop, and frozen directly in liquid nitrogen. Initial LigU
C100S (2.5 A) crystals were prepared by the hanging drop vapor diffusion method. The
reservoir solution contained 0.20 M MgCl,, 0.10 M HEPES/KOH, pH 7.5, and 25%
(w/v) PEG 3350. LigU C100S was concentrated to 10 mg/mL in 10 mM HEPES/KOH,
pH 7.5, and then 2.0 pL of the protein solution was mixed with 2.0 pL of the well
solution and 1.0 pL of a 10 mM solution of OMA. The crystals were stored at 17 °C and
incubated for ~3 months before being submerged in reservoir solution, harvested, and

plunged into liquid nitrogen.

4.2.7. Data Collection and Processing

Diffraction data was collected at Stanford Synchrotron Radiation Lightsource
(SSRL) BL 14-1 on an Eiger 16M detector at 100 K. Data was integrated in either
HKL2000 or iMosflm (23, 24). Scaling and merging was conducted in either HKL2000
or Aimless (23, 25). Merged observed intensities were then imported into Phenix
reflection file editor where an R-free set was assigned using the default settings (2000

reflections) (26).

4.2.8. Structure Determination

Using a lower resolution dataset, initial phases for LigU (C100S) were
determined by molecular replacement using chain A of PDB entry: 3G7K
(methylitaconate-A-isomerase, Eubacterium barkeri with 41% sequence identity) as a
search model in the Phaser-MR module of Phenix (27, 28). Several rounds of model
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building and refinement were conducted using AutoBuild. Additional rounds of manual
rebuilding were then conducted in Coot and refinement of the coordinates performed in
phenix.refine (29, 30). A monomer from this model was used for molecular replacement
against the wild type and LigU(K66M) + OMA datasets. For the high resolution
LigU(C100S) dataset, the original R-free flags were transferred and extended to the
higher resolution for further refinement. In the LigU (K66M) + OMA dataset,
translational NCS was identified by Phenix Xtriage (26). However, the translational
NCS did not appear to have an impact on molecular replacement or refinement. OMA
was built in JLigand and optimized in REEL (31, 32). Non-crystallographic symmetry
restraints were utilized in the early stages of refinement but were released toward the
ending stages. Final refinement of coordinates was conducted in phenix.refine with the
following settings enabled: xyz (reciprocal and real), individual b-factors, TLS,
occupancies, X-ray/stereochemistry weights, and X-ray/ADP weights. Real space xyz
refinement was disabled during the last cycle of refinement for LigU due to significant
disorder in chain B of the structure. Model validation was conducted in Phenix and
Molprobity prior to deposition (33). Data collection and refinement statistics can be
found in Table 7. The RMSD calculations were determined using Chimera to align the
residue pairs with refitting iterations until full population convergence with a 5.0 A

cutoff for the maximum Ca-Ca pairwise distance (34).
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Structure LigU LigU (C100S) LigU (K66M) + OMA
PDB entry 6P3] 6P3K 6P3H
Data Collection Parameters
Beamline SSRL BL14-1 SSRL BL14-1 SSRL BL14-1
Wavelength (A) 1.1271 1.1271 1.1271
Resolution (A) 50.00 - 2.02 50.00 - 1.88 39.53-1.62
Space Group P212124 C2 P2.2:2
a,b,c(A) 62.78,67.36,161.07 97.42,142.33, 60.35 84.88, 134.00, 168.37
a, B,y (0 90.00, 90.00, 90.00 90.00,111.73,90.00 90.00, 90.00, 90.00

Completeness (%)2
Unique reflections

I/o2

CCy/; last shell (%)
Redundancy?

Rmergea

Rpima

Refinement

resolution (A)a

no. of reflections (free)?

Rworka

Rfree;’l

Molecules in asymmetric unit

TLS groups

No. of atoms
protein
lons
Ligand
Water

B-factors
All
Protein
Ions
Ligand
Water

Validation

Ramachandran preferred (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
RMSD for bond lengths (A)
RMSD for bond angles (°)
Rotamer outliers (%)

Clash score

97.8 (86.5)
45,097
30.2 (1.1)
59.3
5.2 (2.8)
5.7 (59.7)
2.6 (38.8)

42.00 - 2.02 (2.07 - 2.02)
44,713 (2,003)
18.6 (30.1)

21.2 (31.1)

2
5

5,144
12
NA

224

61.3
61.8
59.9

50.0

96.8
3.2
0.0

0.003
0.596
0.9
2.9

87.3 (47.1)
53,939
22.1(2.1)
915
2.9 (1.8)
46 (24.2)
3.0 (20.0)

42.03-1.88 (1.92 - 1.88)
53,866 (2,597)
17.3 (23.2)
21.5(29.8)
2
4

5,140

NA
388

43.0
43.1
37.7

41.9

96.7
3.3
0.0

0.014
1.249
0.6
5.6

97.5 (94.2)
236,378
8.8 (2.6)

44.6
5.1 (5.2)
9.1 (59.7)
44 (27.6)

39.47 - 1.62 (1.66 - 1.62)
236,265 (2,000)
15.7 (28.7)

18.7 (28.3)

4
8

10,505

56
1,516

29.4
28.2
35.8
23.8
38.4

98.0
1.9
0.1

0.017
1.394
0.8
4.0

Table 7. Data collection and refinement statistics for LigU isomerase crystals.
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4.3. Results

4.3.1. Stereochemistry of Proton Transfer at C5 by LigU

During the allylic isomerization catalyzed by LigU, a proton is abstracted from
C3 of OMA (2) and another proton (or perhaps the same proton) is added to C5 to form
KCH (3) (Scheme 12). To determine whether the proton transfer at C5 of KCH occurs
with either the pro-R or pro-S hydrogen, the isomerization reaction was conducted in
D,O0 in the presence of LigU, LigJ, and LigK to drive the reaction forward toward the
formation of oxaloacetate (6). Simultaneously, the oxaloacetate was reduced to L-malate
(7) using NADH with malate dehydrogenase (MDH) (Scheme 13). C3 of the
enzymatically formed r-malate corresponds with C5 of KCH, and it will be bonded to

one hydrogen and one deuterium (from solvent).
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Scheme 13. Stereochemistry of the LigU-Catalyzed Isomerization Reaction.
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Proton NMR spectroscopy was used to determine the specific stereochemical
arrangement of the hydrogen and deuterium at C3 of L-malate (7) formed from PDC in
the presence of Ligl, LigU, LigJ, LigK, and MDH when the reactions were conducted in
D>0. In the 'H NMR spectrum of unlabeled L-malate, the pro-R and pro-S hydrogens at
C3 are separated by 0.31 ppm (Figure 38a). The chemical shift assignments for these
two hydrogens were determined by catalyzing the formation of L-[3-?H]malate by the
addition of D0 to fumarate with fumarase (Figure 38b). It is known that fumarase
catalyzes the abstraction of the pro-R hydrogen of L-malate at C3, and thus, the pair of
partially resolved triplets at 2.309 ppm in Figure 38b is due to the pro-S hydrogen (35,
36). The L-malate formed from the LigU-catalyzed reaction in D>O exhibits an
unresolved triplet at 2.605 ppm, and thus, LigU catalyzes the exchange of the pro-S
hydrogen from C5 of KCH (Figure 38¢). The stereochemical transformations are

summarized in Scheme 13.
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Figure 37. 'H NMR spectra of L-malate for the hydrogen(s) attached to C3. (a) L-
Malate purchased commercially with Hr from C3 a doublet of doublets centered at 2.629
ppm with a 2J of 15.3 Hz and a 3J of 3.1 Hz and Hs from C3 a doublet of doublets
centered at 2.323 ppm with a 2J of 15.3 Hz and a *J of 10.1 Hz. (b) L-Malate formed
from the enzymatic hydration of fumarate with fumarase in DO with Hs from C3 a
doublet of triplets centered at 2.309 ppm with a 3J of 10.2 Hz. (c) L-Malate formed
enzymatically from PDC (1) in the presence of Ligl, LigU, LigJ, LigK, and L-malate
dehydrogenase in DO with Hr from C3 an unresolved triplet centered at 2.605 ppm.
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4.3.2. Mutation of Active Site Residues

The kinetic constants for the isomerization of OMA to KCH were determined for
wild-type LigU and seven single-site mutant enzymes (Table 8). The residues Lys-66
and Cys-100 were mutated on the basis of previous studies, suggesting they were
catalytic residues in homologous enzymes. The other four residues (Ser-21, Ser-254,
Lys-257, and His-281) were chosen on the basis of homology models to be in the active
site pocket. The wild-type enzyme is quite active with kcat and kca/Km values of 1300 s™!
and 7.7 x 10 M ! s7!, respectively. No activity (kca/ Km < 14 M ! s71) was observed
with the K66Q, K66M, and K257M mutants, and significant losses in activity were

observed for the C100S and H28 1N mutants.
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wild-type 1300+ 120 170+30 (8x2)x10°

S21A 605  120£30 (5+1)x105
K66Q - - <4
K66M - - <4

C100S  1.6+0.2 14050 (12+3)x103

S254A 150+ 10 100+20 (14+2) x10°

K257M - - <(14£3)

H281N 43+06 380+x110 (11+2)x103

Table 8. Kinetic Constants for [somerization of OMA to KCH by LigU*.

“ At 30 °C, pH 8.0, and OMA concentrations from 0 to 0.8 mM. The kinetic parameters
were calculated using an iterative nonlinear least-squares regression fitting analysis, and

standard errors were obtained by the matrix inversion method using Sigmaplot 11.0.

173



4.3.3. Hydrogen-Deuterium Exchange at C5 of KCH

In the LigU-catalyzed isomerization of OMA, a proton from C3 must be
abstracted and a proton must subsequently be added to C5 to form KCH. 'H NMR
spectroscopy was used to monitor the exchange of hydrogens at C5 of KCH in D,O
during the LigU-catalyzed reaction in an attempt to determine which residues are
responsible for these protons transfers (Scheme 14). In the '"H NMR spectrum of KCH
(3a in Scheme 14), the two hydrogens at C5 of KCH resonate as a doublet at 3.209 ppm.
These two hydrogens are spin coupled to the hydrogen at C3 (6.862 ppm) with a 4] of
1.4 Hz (Figure 39a). After the addition of wild-type LigU, the intensity of the doublet
at 3.209 ppm decreases and is gradually replaced by an unresolved triplet at 3.191 ppm
with an apparent coupling constant of ~1.9 Hz. The new triplet originates from the pro-
R hydrogen at C5 that is spin coupled to the geminal pro-S deuterium of KCH (3b and
3d). Also observed is the formation of a new singlet at 3.207 ppm that partially overlaps
with the original doublet centered at 3.209 ppm. This new resonance must be due to the
exchange of the hydrogen at C3 (3¢) of KCH with solvent deuterium and the
accompanying absence of the "H-'H spin coupling. The loss of the original hydrogen at
C3 is possible only via the transient enzymatic formation of OMA and the subsequent
non-enzymatic exchange of the labile hydrogens adjacent with the carbonyl group at C2.

The hydrogen—deuterium exchange reactions were similarly conducted with the
K66M, C100S, and H281N mutants of LigU. When the K66M mutant of LigU was
added to KCH, there was no observable change in the intensity of the 'H NMR spectrum

for the C5 protons of KCH (Figure 39b). However, significant exchange of a proton
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attached to C5 of KCH was observed when the C100S mutant was utilized (Figure 39c).
The intensity of the doublet for the protons attached to C5 at 3.211 ppm decreases, while
the intensity of the unresolved triplet at 3.194 ppm increases until the doublet completely
vanishes. There was no indication of the appearance of a new singlet slightly upfield
from the doublet at 3.207 ppm as was observed with wild-type LigU. The solvent
exchange reaction for the H28 1N mutant of LigU was similar to that of the wild-type
LigU except that higher enzyme concentrations were required to observe the changes in

the NMR spectrum of KCH (Figure 39d).

Scheme 14. Hydrogen-deuterium exchange at C5 of KCH catalyzed by LigU isomerase.
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Figure 38. 'H NMR spectra of 1.0 mM KCH showing the exchange of hydrogen at C5
with solvent deuterium after the addition of wild-type LigU or one of the mutant
enzymes: (a) wild-type LigU (1.0 nM) before the addition of enzyme (black), after 10
min (red), and after 160 min (blue), (b) K66M (111 nM) before the addition of enzyme
(black) and after 60 min (red), (c) C100S (11 nM) before the addition of enzyme (black),
after 25 min (red), and after 350 min (blue), and (d) H281N (113 nM) before the
addition of enzyme (black), after 20 min (red), and after 320 min (blue). Additional
details are provided in the text.
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4.3.4. Three-Dimensional Structure of LigU

The structure of wild-type LigU was determined to a resolution of 2.0 A. LigU
crystallized in space group P2,2,2, and contains two monomers per asymmetric unit with
an RMSD of 0.7 A over the 344 fully populated residue pairs (Figure 40). Each of the
two subunits is composed of an N-terminal domain (residues 1-171) and a C-terminal
domain (residues 172-357). The two monomers interact with one another near the N-
terminal domain via residues that originate from the last -strand (Ala-347-Phe-356)
from the C-terminal domain. The protein fold of each monomer consists of 16 (3-strands
and 10 a-helices (Figure 41). Each of the two domains has a central a-helix that is

wrapped by antiparallel $-strands that form a 3-barrel.
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Figure 39. (a) Ribbon model of the homodimer of wild-type LigU (PDB entry 6P3J) at
2.0 A resolution. One of the two monomers is colored silver, and the second is colored
purple for the N-terminal a-helices, sea green for the N-terminal B-strands, orange for
the C-terminal a-helices, and pink for the C-terminal B-strands. -Strand 16 from chain
A is colored black, and B-strand 16 from chain B is colored yellow. (b) Ribbon model
rotated 90° to show the interactions from the last B-strands of each monomer. The
figures were made using Chimera (37).

N-domain C-domain

Figure 40. Topology model for the two domains of LigU chain A where the a-helices
and B-strands of the N-domain are depicted as purple cylinders and sea green arrows,
respectively. The a-helices and B-strands of the C-terminal domain are depicted as
orange cylinders and pink arrows, respectively. B-Strand 16 is shown as a black arrow.
The figure was made using Affinity Designer 1.6.1.
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The N- and C-terminal domains that compose each monomeric unit are
structurally similar to one another with an average RMSD of 2.1 A over the 118 fully
populated residue pairs, but the level of amino acid sequence identity between the two
domains is only 10% (Figures 42 and 43). This value was calculated using chain A
where the N-terminal domain (residues 8—171) was compared with residues from the C-
terminal domain (residues 172—345). In addition to the central a-helices, a2 and o4,
there are also external a-helices in each domain (Figure 41). These external a-helices
and nearby loops create a solvent channel that leads to the active site. The active site is
located at the junction of these two domains where the internal a-helices contact one
another at their N- terminal ends. The putative catalytic residues, Lys-66 and Cys- 100,
are located on loops within the N-terminal domain, whereas other highly conserved
residues (Lys-257 and His- 281) that interact with the substrate (see below) are from the

C-terminal domain.
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Figure 41. (a) Structural alignment of the N- and C-terminal domains of LigU. The N-
terminal domain (residues 8—171) is colored pink, and the C-terminal domain (residues
172-345) is colored light blue from chain A. (b) Ribbon model rotated 90°. The figures
were made using Chimera (37) and Affinity Designer 1.6.1.
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Sequence alignment of the N-terminal (residues 8-171) and C-terminal

JI

(residues 172-345) domains of wild-type LigU, chain A (PDB entry: 6P3J and UniProt
entry: QOKJL4). B-Strand 16 (Ala-347 through Phe-356) was omitted from the
alignment calculation. The sequence alignment was created using Chimera 1.12 (37)
and Affinity Designer 1.6.1.
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4.3.5. Structure of the C100S Mutant of LigU

The structure of the C100S mutant of LigU was determined to a resolution of 1.9
A by molecular replacement (PDB entry 6P3K). This mutant crystallized in space group
C2 with two monomers per asymmetric unit and the following unit cell dimensions: a =
97.42 A, b=142.33 A, and c = 60.35 A (Table 7). The RMSD between wild-type LigU
and C100S is 0.5 A for chain A over the 351 fully populated residue pairs. There are no
significant changes between the wild-type and mutant enzymes except for the orientation
of the hydroxyl group in C100S, relative to the thiol group in the wild-type enzyme. The
thiol of Cys-100 is hydrogen bonded to Lys-66 at a distance of 3.2 A in the wild-type
enzyme, whereas the distance between Ser-100 and Lys- 66 is 5.0 A in the mutant

enzyme (Figure 44).
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Figure 43. (a) Superposition of wild-type LigU and the C100S mutant. The wild-type
enzyme is colored tan, the C100S mutant is colored in purple. (b) Inset of the active site
showing the orientation change of the hydroxyl group in C100S, relative to the thiol
group in the wild-type enzyme.
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4.3.6. Structure of the Ligand-Bound Complex with the K66M Mutant of LigU

The K66M mutant of LigU was crystallized in the presence of 10 mM OMA (2).
The protein crystallized in space group P2,2,2 with four monomers per asymmetric unit
and the following unit cell dimensions: a = 84.88 A, b=134.00 A, and c = 168.37 A
(Table 7). The simulated annealing omit map contoured to 3¢ has defined electron
density for the orientation of all functional groups of the substrate in each monomer
(Figure 45a). Even though the electron density shows the high occupancy of the ligand,
a resolution of 1.6 A does not provide discrete peaks for individual atoms. Thus, we
were unable to distinguish the double bond location and have modeled the substrate,
OMA, in the active site. The modeling is supported by both functional data showing
K66M has no observable activity and the equilibrium constant of 0.3 favoring OMA
over the product KCH in solution (8). In the ligand-bound complex, there is a large
network of hydrogen bond interactions with the backbone and side chains of nearby
residues to the carboxylate and carbonyl groups of the substrate (Figure 45b). The C1
carboxylate group is within hydrogen bonding distance of a water molecule and the
amide backbone of Gly-288, Leu-287, Val-286, and Gly-101. Additional hydrogen
bonds to the C2 carbonyl oxygen are formed via interactions with the backbone
nitrogens of Asn-102, Val-286, and Gly-101. The C6 carboxylate forms hydrogen bonds
with two water molecules, GIn-98, and Lys-257. Lastly, the C7 carboxylate forms
hydrogen bonds with a water molecule, His-281, Asn-102, and Ser-21. Overall, the

substrate forms a substantial number of hydrogen bonds within the active site.
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Figure 44. Model representations of LigU K66M co-crystallized with the substrate
(PDB entry 6P3H, chain A) where the ligand is colored yellow. (a) Simulated annealing
omit mF, — DF. map (black mesh) contoured at 3.0 o showing unbiased electron density
for substrate OMA (2) in the active site. (b) Model showing hydrogen bonding and ionic
interactions between the substrate and protein.
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4.3.7. Conformational Changes in LigU Complexed with the Substrate

A conformational change between apo and ligand-bound complexes is observed.
Chains A and B from wild-type LigU were aligned with chains A and C, respectively, of
the K66M mutant. The RMSD across 695 a-carbon atoms of the dimer was 3.8 A. The
majority of this difference comes from the C-terminal domain, specifically a-helices a5’
(Arg- 221-Asp-225) and a3 (Ala-228-Val-241). Arg-221 from a5’ changes orientation
to be more fully extended in the active site channel to occlude the opening with
movements of 6.3-7.0 A in each subunit (Figure 46a). Arg-279 on the loop after -
strand 12 also moves inward, helping to block the channel by moving distances of
5.2-7.9 A in each subunit. The apo form of LigU has a large solvent channel for
binding of the substrate. In the bound structure, the solvent channel disappears as the a-
helices and loops from the flexible C-terminus move inward to give a closed
conformation (Figure 46b,c). An overlay of the monomeric units is shown in Figure
47. The conformational differences between wild-type LigU and the K66M mutant are
most likely due to the presence of the substrate bound in the active site of the K66M

mutant rather than any differences caused by the mutation of Lys-66 to methionine.
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Figure 45. Model representations of LigU K66M co-crystallized with the substrate
(PDB entry 6P3H, chain A) where the ligand is colored yellow. (a) Simulated annealing
omit mF, — DF. map (black mesh) contoured at 3.0 o showing unbiased electron density
for substrate OMA (2) in the active site. (b) Model showing hydrogen bonding and ionic
interactions between the substrate and protein.
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Figure 46. Superposition of wild-type LigU (chains A and B) and the K66 M mutant
(chains A and C) homodimers. The wild-type enzyme is colored tan with the residues
colored pink, and the K66M mutant is colored sky blue with OMA colored medium blue
and the residues colored yellow. The residues most responsible for closing the solvent
channel are shown with ionic interactions measured in angstrom. They are Asp-61, Arg-
221, Arg-279, and Asp-225.
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4.4. Discussion

4.4.1. Chemical Reaction Mechanism

The mechanism of action for the 1,3-allylic isomerization of OMA (2) to KCH
(3) catalyzed by LigU was addressed using NMR spectroscopy, site-directed
mutagenesis, and X-ray crystallography. Six residues contained within the active site of
LigU were mutated to residues that cannot function as general acid/base catalysts for the
transfer of protons between C3 and C5 of OMA and KCH. Of the mutants made for this
investigation, the most significant reductions in catalytic activity were obtained for Lys-
66, Cys-100, Lys-257, and His-281 (Table 8). In the substrate-bound complex of the
K66M mutant, the e-amino group of Lys-257 makes a hydrogen bond to the C6
carboxylate and is positioned too far from either C3 or C5 to be involved in a proton
transfer (Figure 45b). Mutants of the three remaining residues (K66, C100, and H281)
were subsequently interrogated for their ability to catalyze hydrogen-deuterium
exchange reactions between KCH and the solvent.

The wild-type enzyme catalyzes the exchange of one of the two prochiral
hydrogens at C5 of KCH with the solvent and also facilitates the exchange of the proton
at C3 via the transient formation of OMA (Figure 39a). The exchange pattern for the
H281N mutant was identical to that observed for the wild-type enzyme. The K66M
mutant, however, was unable to catalyze the exchange of the hydrogen at C5 with
deuterium from the solvent (Figure 39b). The C100S mutant was functionally able to
catalyze hydrogen—deuterium exchange at C5 but was unable to facilitate the exchange

189



at C3 (Figure 39¢). These results support the conclusion that Cys-100 functions to
catalyze the removal of a proton from C3 and that Lys-66 functions to donate a proton to
C5 during the conversion of OMA to KCH.

The stereochemical outcomes for the proton transfers at C3 and C5 of OMA (2)
were determined by the positioning of the active site residues in the three-dimensional
structure of LigU complexed with the substrate and isotopic labeling of the product KCH
(3). When the LigU-catalyzed reaction is conducted in D>0, deuterium is found
exclusively in the pro-S position at C5 (Figure 38). This result is fully consistent with
the presumptive positioning of Lys-66 in the active site of the K66M mutant of LigU
where the terminal methyl group of the methionine is 3.8 A from the si-face of the
double bond at C5 (Figure 48). The stereochemical outcome for the proton transfer at
C3 could not be determined directly, but the only residue in the active site that is
positioned to abstract a proton from C3 of OMA is Cys-100. The thiol group of Cys-100
is 3.4 A from the pro-S hydrogen at C3. Because Lys-66 and Cys-100 are on the same
face of the bound substrate, the 1,3-allylic isomerization catalyzed by LigU is
suprafacial (Scheme 15). In the proposed reaction mechanism, the thiolate of Cys-100
abstracts the pro-S hydrogen from C3 of OMA in a reaction that is stabilized by charge
delocalization to the C2 carbonyl. KCH is formed by the protonation of C5 via proton

transfer from the side chain of Lys-66.
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Figure 47. Model representation of the K66M mutant of LigU co-crystallized with
OMA (PDB entry 6P3H, chain A) where OMA is colored yellow.
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Scheme 15. Proposed Reaction Mechanism of LigU.
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4.4.2. Comparisons between LigU and PrpF

PrpF and aconitate isomerase catalyze the allylic rearrangement of cis-aconitate
to trans-aconitate (12, 38, 39). PrpF from Shewanella oneidensis MR-1 has also been
reported to catalyze the isomerization of (S)-4-methyl-cis-aconitate to 2-methyl-cis-
aconitate (13). Klinman and Rose demonstrated that aconitate isomerase from
Pseudomonas putida catalyzes the 1,3-allylic isomerization of cis-aconitate via the
abstraction of the pro-S hydrogen from C4 and suprafacial donation of a proton to C2
(39). These results are fully in accord with the results obtained with LigU (Scheme 15).
The three-dimensional structure of PrpF has been determined with trans-aconitate bound
in the active site (PDB entry 2PWO0) (12). A structural comparison of the bound ligands
in the active sites of these two enzymes is illustrated in Figures 49 and 50. The C1
carboxylate group of trans-aconitate is positioned like the C7 carboxylate group of
OMA and interacts with the side chain of His-317. The C5 carboxylate of trans-
aconitate overlays quite closely with the C6 carboxylate of OMA. The side chains of the
proposed catalytic residues (Lys-73 and Cys-107) are aligned quite closely with those
for LigU and are positioned on the same face of the ligand. The C1 and C2 functional
groups of OMA are situated deeper within the active site pocket where backbone

interactions occur.
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Figure 48. Superimposed models of PrpF (tan) complexed with frans-aconitate (blue)
(PDB entry 2PWO, chain a) and LigU (green) complexed with ligand (OMA or KCH)
(pink) (PDB entry 6P3H, chain a).
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Figure 49. Superimposed ribbon model of the monomers of LigU K66M and
PrpF with ligand bound. LigU K66M (PDB entry: 6P3H, chain A) is depicted in
green with OMA colored pink, and PrpF (PDB entry: 2PW0, chain A) (6) is
depicted in tan with trans- aconitate colored blue.
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4.5. Conclusions

We have determined the three-dimensional structure of LigU in the presence and
absence of a bound substrate. Solvent-deuterium exchange experiments and kinetic
analysis of site-directed mutants have demonstrated that LigU catalyzes the
isomerization of OMA (2) to KCH (3) via the abstraction of the pro-S hydrogen from C3
by Cys-100 and donation of a proton to C5 to the same face of the enolate intermediate

by Lys-66 (Scheme 15).
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5. CONCLUSIONS

5.1. LigU Isomerase Function

Sphingobium sp. SYK-6 is a Gram-negative soil bacterium that contributes to the
degradation of lignin. Lignin provides structural support and protection to plants as a
complex aromatic heteropolymer. The lignin degradation pathway of guaiacyl moieties
leads to the intermediate, protocatechuate (PCA), which is further degraded via the 4,5-
cleavage pathway in which PCA is ultimately metabolized to pyruvate and oxaloacetate.
In this pathway, Ligl has been shown to catalyze the hydrolysis of 2-pyrone-4,6-
dicarboxylate to (4E)-oxalomesaconate (OMA). Here we have demonstrated, using 'H
and 3C nuclear magnetic resonance spectroscopy, that LigU from Novosphingobium sp.
strain KA1 catalyzes the isomerization of the double bond between C4 and C5 in (4E)-
OMA to (3Z)-2-keto-4-carboxy-3-hexenedioate (KCH), where the double bond has
migrated to be between C3 and C4 via a 1,3-allylic isomerization. LigU is most closely
related in amino acid sequence to methylaconitate isomerase (PrpF) from Shewanella
oneidensis and methylitaconate-A-isomerase (Mii) from Eubacterium barkeri. The
kinetic constants for the isomerization of OMA to KCH by LigU at pH 8.0 were
determined to be 1300 = 120 s and (7.7 £ 1.5) x 10 M~ s7! for kcat and kcat/ K,
respectively. We have also shown that the product of the LigU-catalyzed reaction is the
preferred substrate for the LigJ hydratase. In this reaction, LigJ catalyzes the hydration

of KCH to 4-carboxy-4-hydroxy-2-oxoadipate (CHA).
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5.2. LigJ Hydratase Proposed Mechanism

LigJ from the soil bacterium Sphingobium sp. SYK-6 catalyzes the reversible
hydration of KCH to CHA in the degradation of lignin in the PCA 4,5-cleavage
pathway. LigJ is a member of the amidohydrolase superfamily and an enzyme in
cog2159. The three-dimensional crystal structure of wild-type Lig] was determined in
the presence [Protein Data Bank (PDB) entry 6DXQ] and absence of the product CHA
(PDB entry 6DWYV). The protein folds as a distorted (p/a)s-barrel, and a single zinc ion
is bound in the active site at the C-terminal end of the central B-barrel. The product CHA
is ligated to the zinc ion in the active site via the displacement of a single water molecule
from the coordination shell of the metal center in LigJ. The product-bound structure
reveals that the enzyme catalyzes the hydration of KCH with the formation of a chiral
center at C4 with S stereochemistry. The E284Q) mutant was unable to catalyze the
hydration of KCH to CHA, and the structure of this mutant was determined in the
presence of the substrate KCH (PDB entry 6DXS). On the basis of the structure of LigJ
in the presence of KCH and CHA, it is proposed that the side chain carboxylate of Glu-
284 functions as a general base in the abstraction of a proton from a bound water
molecule for nucleophilic attack at C4 of the substrate. The reaction is facilitated by the
delocalization of the negative charge to the metal center via the carbonyl group at C2 of
the substrate. C3 of the substrate is subsequently protonated by Glu-284 functioning as a
general acid. The overall reaction occurs by the syn-addition of water to the double bond
between C4 and C3 of the substrate KCH. The kinetic constants for the hydration of

KCH to CHA by LigJ at pH 8.0 are 25 s7! (kcat) and 2.6 x 10° M s7! (kcat/Km).
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5.3. LigU Isomerase Proposed Mechanism

LigU from Novosphingobium sp. strain KA1 catalyzes the isomerization of OMA
to KCH as part of the PCA 4,5-cleavage pathway during the degradation of lignin. The
three-dimensional structure of the apo form of the wild-type enzyme was determined by
X-ray crystallography, and the structure of the K66M mutant enzyme was determined in
the presence of the substrate OMA. LigU is a homodimer requiring no cofactors or metal
ions with a diaminopimelate epimerase structural fold, consisting of two domains with
similar topologies. Each domain has a central a-helix surrounded by a B-barrel
composed of antiparallel B-strands. The active site is at the cleft of the two domains. 'H
nuclear magnetic resonance spectroscopy demonstrated that the enzyme catalyzes the
exchange of the pro-$ hydrogen at C5 of KCH with D>O during the isomerization
reaction. Solvent—deuterium exchange experiments demonstrated that mutation of Lys-
66 eliminated the isotope exchange at C5 and that mutation of C100 abolished exchange
at C3. The positioning of these two residues in the active site of LigU is consistent with
a reaction mechanism that is initiated by the abstraction of the pro-S hydrogen at C3 of
OMA by the thiolate anion of Cys-100 and the donation of a proton at C5 of the
proposed enolate anion intermediate by the side chain of Lys-66 to form the product

KCH. The 1,3-proton transfer is suprafacial.

5.4. LigK Aldolase Future Work
Future work is to elucidate the mechanism of action of LigK from Sphingobium

sp. SYK-6 that catalyzes the retro-aldol cleavage of CHA to oxaloacetate and pyruvate.
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LigK belongs to cog0684, termed as the Regulator of ribonuclease activity A (RraA)
protein family. Structurally, these proteins have a affa sandwich fold. Based on the
proposed mechanism of action, it is characterized as a Class Il pyruvate aldolase in
where a divalent metal ion is utilized to stabilize an enolate intermediate. Recent studies
have shown pyruvate aldolases have a significant rate enhancement in the presence of
inorganic phosphate. Chemically how the phosphate anion is enhancing the rate is
unclear; ongoing efforts are being made to co-crystallize phosphate inside the active site
of LigK. In addition to phosphate, substrate-bound crystals are also being pursued by
site-directed mutagenesis, substrate analogs, and X-ray crystallography. The following
mutants are being constructed based on studies from homologous proteins: E197Q,
DIOON, D122N, R121N, T143A, T143S, K145Q, and K145M. By deciphering the
mechanism of LigK, the biochemical characterization of the last four enzymes of the
PCA 4,5-cleavage pathway, specifically Ligl hydrolase, LigU isomerase, LigJ hydratase,

and LigK aldolase will be known.
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