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Abstract

Investigating Gas Migration in Enzymes:
Dioxygen Channels inside of Soybean Lipoxygenase 1

by
Lara Patricia Collazo
Doctor of Philosophy in Molecular and Cell Biology
University of California, Berkeley

Professor Judith P. Klinman, Chair

Enzymes are complex systems that contain a variety of pockets, clefts, and channels throughout
the protein matrix. These gaps and tunnels represent potential transport pathways for gases, ions,
and other small molecules, and can play a critical role in tuning enzyme function. In this work,
the functional role of gas migration pathways was examined in soybean lipoxygenase 1 (SLO-1),
a prototypical lipoxygenase that catalyzes the regio- and stereospecific peroxidation of linoleic
acid to 13S hydroperoxyoctadecadienoic acid (13S HPOD). Two computational techniques—
implicit ligand sampling and CAVER—were employed to evaluate pathways for oxygen
migration in the enzyme. Both approaches converged on a single channel deemed most
competent for oxygen delivery. Interestingly, this channel is consistent with a cavity originally
detected in the crystal structure of SLO-1 and previously proposed as a pathway for oxygen.
Site-directed mutagenesis was used to assess the impact of introducing bulk at the channel’s
bottleneck residues. Introducing tryptophan into the pathway at positions 553 and 496 resulted
in increased Michaelis constants for oxygen and disrupted reaction regio- and stereospecificity,
supporting a functional role for the tunnel in oxygen trafficking. Intriguingly, mutations at Ile’>
and Leu™* appear to influence oxygen migration in distinct ways. Introducing tryptophan at 553
dramatically reduces O, access to the active site, as evidenced by a markedly increased
Km(02)—744 uM O, compared to 38 uM O, for wild-type—together with an increase in the
proportion of 13R, 9S, and 9R HPOD isomers generated. Introducing bulk at 496, by contrast,
appears to ungate an alternate pathway for O, access, as evidenced by an increased proportion of
9S and 9R HPOD isomers generated. The divergent behavior of the [1e553Trp and Leu496Trp
mutants provides striking evidence for the plasticity of oxygen pathways, which can be
manipulated via single site mutations. Taken together, our computational and mutagenesis
studies point to a single delivery channel that shuttles oxygen to the active site of SLO-1 and
tunes the regio- and stereospecificity of oxygen insertion into linoleic acid. Our results speak to
the vital role that the protein matrix plays in regulating catalysis and lay the framework for future
protein engineering efforts in oxygen-dependent enzymes.
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Chapter 1

Introduction



1.1 Soybean Lipoxygenase 1

Introduction

Oxygenase and oxidase chemistry is common in aerobic cells, making access of oxygen to
enzyme active sites critical. Previously it had been believed that gases diffuse unhindered
throughout the protein matrix thanks to its inherent breathing and flexibility; channels were
thought to be exclusively for substrate use. (/) Such a diffusion-based model presents immediate
challenges for oxygen-dependent enzymes. If oxygen is randomly distributed within proteins,
how is its insertion subject to regio- and stereocontrol during active site chemistry—as in
lipoxygenases, for example?

Lipoxygenases (LOXs) catalyze the regio- and stereoselective insertion of dioxygen into achiral
polyunsaturated fatty acids to yield chiral hydroperoxides. Although a putatively delocalized
carbon radical is formed during catalysis, its reaction with dioxygen occurs with immaculate
regio- and stereospecificity. (2) Lipoxygenases are an excellent system in which to examine
oxygen migration because product positional and stereochemistry can report on oxygen targeting
to the active site. Furthermore, the hydroperoxy products of mammalian lipoxygenases are both
physiologically and medically relevant. Many serve as precursors for signaling molecules
involved in cellular homeostasis, differentiation, and proliferation. Aberrant LOX activity is
implicated in anaphylaxis, inflammation, and atherosclerosis; inhibitors of mammalian 5-LOXs
are currently being prescribed as anti-asthmatic drugs. (2, 3)

Soybean lipoxygenase 1 (SLO-1) is a prototypical non-heme iron-containing lipoxygenase that
displays high sequence identity with all mammalian LOXs. (4) SLO-1 also displays the regio-
and stereospecificity characteristic of LOXs when it converts linoleic acid to 13S-
hydroperoxyoctadecadienoic acid (13S HPOD). By contrast, the analogous autoxidation yields a
mixture of 13S, 13R, 9S, and 9R HPOD. The availability of two high-resolution x-ray crystal
structures and a high-yield bacterial expression and purification system further recommend SLO-
1 as a suitable model for LOX study. (5-7) Paralleling their mammalian counterparts, plant LOX
pathway products are involved in immunity, growth, regulation, and germination. Some
products, including jasmonic acid, are volatile and can play a role in inter-plant signaling. (8)

Catalytic Mechanism of SLO-1

A simplified scheme for the SLO-1-catalyzed reaction is depicted in Scheme 1-1. The reaction
occurs in three chemical steps. The first is hydrogen atom abstraction from the bis-allylic
methylene of linoleic acid by the active site Fe’"-OH; this rate-limiting step yields Fe*"-OH, and
a carbon-based linoleyl radical. The linoleyl radical then reacts rapidly with oxygen to yield a
13S peroxyl radical. Finally, the peroxyl radical is reduced, generating 13S HPOD and re-
generating the active site Fe’-OH. (7) Based on autoxidation chemistry, there is effectively no
energy barrier for the formation of a peroxyl radical by oxygen insertion into the linoleyl
pentadienyl radical. (9) Consequently, a targeted mechanism for oxygen delivery seems
necessary to ensure regio- and stereospecificity. Without such a mechanism, dioxygen would
likely attack non-specifically at multiple carbons and faces of the linoleic acid radical
intermediate—Ileading to loss of stereocontrol and production of 13R, 9R, and 9S HPOD (also
depicted in Scheme 1-1) in addition to the 13S isomer.



Regio- and Stereospecificity of SLO-1 Reaction

At least three theories that are distinct from gas channeling have been proposed to explain LOX
product regio- and stereospecificity. In the first, LOX distorts the substrate structure so that the
radical cannot be delocalized over the 5 pentadienyl carbons. The radical character and resulting
oxygen reactivity are focused on a single carbon. This mechanism, however, would demand a
large energy input and significant protein movement during catalysis for which there is no
evidence. A second hypothesis proposes peroxyl radical trapping and assumes reversible
addition of oxygen to the linoleyl radical at multiple carbons. Stereocontrol is achieved because
the enzyme chooses a single peroxyl radical to reduce into product. Given the stability of
conjugated peroxyls and SLO-1’s 3 millisecond catalytic cycle, however, it is unlikely that
multiple on-off cycles can occur before product formation. (2) A third hypothesis proposes that
SLO-1 actively binds oxygen in order to control substrate oxidation like P450 monooxygenases.
P450s bind oxygen using a heme iron and present an activated ferryl oxygen to bound substrate.
(10) There is no direct evidence for Fe-O, or Fe-OOH species in SLO-1, however, making such
a mechanism of stereocontrol unlikely. (2) The alternate theories described cannot definitively
explain how SLO-1 achieves regio- and stereospecificity. This work investigates the hypothesis
that a gas channel within SLO-1 shuttles oxygen to the active site, thereby ensuring its targeted
insertion into linoleic acid.



1.2 Intra-enzyme Gas Migration

Introduction

Early work on gas channeling within proteins was performed with myoglobin using techniques
that include time-resolved x-ray crystallography, molecular dynamics simulations, and
spectroscopy of the geminate recombination process. (//) Although these experiments certainly
pointed to the existence of gas binding pockets, conclusive identification of specific dioxygen
channels within proteins has remained a challenge. X-ray crystallography, in particular, has
struggled to detect oxygen pathways since dioxygen is rarely able to generate a robust signal in
electron-density difference maps. (/2) How then can the gas permeability of proteins be
demystified?

A synergistic multi-technique and multi-enzyme approach has recently been employed in many
laboratories. Significant evidence has been collected using a creative combination of noble gas
pressurization, implicit ligand sampling, explicit gas diffusion simulations, and site-directed
mutagenesis. The application of these techniques to enzymes with diverse functional roles in
different species has been key in assessing the ubiquity of gas channels. Investigated proteins
include photosystem II, lipoxygenases, hydrogenases, copper-containing amine oxidases, heme-
copper oxidases, and, of course, the globins. Gradually, a model for gas migration within
proteins has emerged. It seems probable that dioxygen neither diffuses freely throughout the
protein matrix nor travels through a single, rigid and permanent tube of empty space toward the
buried site of catalysis. In reality, the gas seems to be accessing a network of transient
hydrophobic pathways that form and disappear as a function of the protein’s thermal
fluctuations. (/3)

While a variety of techniques have contributed to our current understanding of gas migration
within enzymes, the following discussion will focus on three—noble gas pressurization, implicit
ligand sampling, and site-directed mutagenesis.

Noble Gas Pressurization

The location of gas migration pathways in enzymes can rarely be inferred by locating oxygen in
crystal structures. This is because oxygen’s low electron density makes it challenging to detect
by x-rays. Consequently, experimentalists often perform x-ray crystallography on proteins
pressurized with dioxygen mimics like xenon or krypton. With Van der Waals diameters of 4.3
and 4.0 angstroms respectively, xenon and krypton match the dioxygen bond length of 4.2
angstroms. Like dioxygen, both of these noble gases also prefer hydrophobic environments and
populate the cavities created by packing defects in the interiors of folded proteins. The
advantage conferred by the noble gases is an increased electron density that is more amenable to
x-ray crystallography. Xenon is actually more frequently employed, as krypton displays a
slightly reduced affinity and decreased binding. Importantly, no movements of the side chains or
peptide backbone are typically detected upon noble gas binding in difference fourier maps
following rigid-body refinement. This suggests that xenon-pressurized and native protein
crystals are isomorphous, and therefore, that dioxygen channels so discovered are
physiologically relevant. (/4)



Some of the most informative x-ray crystallographic work with xenon-pressurized crystals
involves an overlay of the xenon binding sites in copper amine oxidases (CAOs) from Hansenula
polymorpha (HPAO), Arthrobacter globiformis (AGAQO), Pichia pastoris (PPLO), and Pisum
sativum (PSAQO), pictured in Figure 1-1. One can visualize a chain of non-coincident Xe atoms
revealing a pathway lined by hydrophobic and bulky amino acid residues. The mobility and
flexibility of such side chains lend themselves to dynamic packing defects that could permit
dioxygen to pass. The overlay strongly supports oxygen entry on either side of the catalytic beta
sandwich and subsequent passage to the active site. CAO sequence conservation in the channel
region was typical of any protein hydrophobic interior, suggesting that the beta sandwich is not
unique in its capacity for directed dioxygen migration. (/3)

Based on crystal structures, dioxygen channels have also been postulated for several proteins
within the heme-copper oxidase superfamily—bovine heart, Paracoccus denitrificans (Pd),
Rhodobacter sphaeroides (Rs), and Thermus thermophilus (Tt) cytochrome c oxidases as well as
Escherichia coli (Ec) quinol oxidase bo;. Xenon-pressurized crystal structures, however, only
exist for those of 7t and Rs. In the latter, two Xe binding sites are observed, consistent with a
putative dioxygen channel but not definitively outlining one. In the case of 7¢, by contrast, a
continuous forked channel is defined by 7 adjacent xenon atoms without room for intervening
sites. The pathway converges from two entry points on the protein surface before leading
dioxygen into the dinuclear catalytic center. Hydrophobic amino acid side chains along the
channel are all within van der Waals contact of the bound xenons with no preference between
aliphatic or aromatic residues. (/4)

Xenon-pressurized crystallography has provided similarly promising evidence for hydrophobic
gas channels in myoglobin, methane mono-oxygenase hydroxylase, acetyl-CoA synthase, and
carbon monoxide dehydrogenase. This structural technique is a robust tool for examining gas
migration within proteins. (/5)

Implicit Ligand Sampling

Like xenon-pressurized x-ray crystallography, implicit ligand sampling (ILS) enables the
identification of pockets of oxygen favorability within proteins. A novel computational method,
this technique 1s remarkable because it does not attempt to resolve static channels but instead
identifies dynamic pathways that are a function of the thermal fluctuations of the protein. ILS
makes the powerful assumption that, because gas-protein interactions are weak, gas channels
appear and disappear independently of the gas ligand itself. Thus, by analyzing protein
dynamics in the absence of any gas ligand, ILS can sample protein migration pathways at every
point in space simultaneously. (/6) With this approach, better statistics can be generated than by
sampling the trajectory of a hypothetical single ligand. (/7)

The output of ILS is a “potential of mean force” (PMF) map which describes the Gibbs free
energy cost (DGy(0O,)) associated with transferring a gas molecule from the solvent to any
position inside the protein. The lower the DG4(O,) at a particular location, the greater the
probability of finding dioxygen there. Consequently, dynamic dioxygen channels can be
identified by drawing PMF isoenergy surfaces—that is, plotting all points in a protein for which
the DG4(O,) is below a certain value. These isoenergy surfaces often highlight xenon binding
sites as highly favorable dioxygen binding regions. (//, 16)



ILS has been performed by Cohen and co-workers on the copper amine oxidases of Hansenula
polymorpha, Arthrobacter globiformis, Pichia pastoris, and Pisum sativum without contradicting
previous xenon binding experiments. Indeed, the fidelity between crystallographic and ILS data
is exquisitely exemplified in Figure 1-2, which depicts xenon binding in the ILS-favored regions
of sperm whale myoglobin. (/7) Unfortunately, the limitations of noble gas pressurization also
become obvious upon inspection of ILS-generated PMF iso-surfaces. The former technique
offers restricted information about single binding sites while the latter generates a full and
dynamic picture of the protein.

ILS has been previously employed to detect multiple oxygen delivery pathways in rabbit 12/15-
lipoxygenase. Three low energy dioxygen routes between the protein exterior and active site
were identified using PMF iso-surfaces, one of which is not continuously open and thus was
undetectable crystallographically. In fact, a fourth dioxygen channel opens in the presence of
substrate, confirming the dynamic nature of these gas migration pathways. Within the active site
itself, the iron complex and region of maximal O, probability were found to be on opposite sides
of the fatty acid backbone—an arrangement that is consistent with the antarafacial nature of
lipoxygenase catalysis. Furthermore, the O, favorability around C15 of the fatty acid backbone
is 7-fold greater than around C11, where lipoxygenase does not insert dioxygen. Although these
results should not be overinterpreted in light of the mobility and flexibility of the fatty acid itself,
they do seem to partially explain the regio- and stereospecificity of lipoxygenase catalysis. Data
collected for cyclooxygenase parallels these conclusions for oxygen-dependent enzymes. (/2)

Site-directed Mutagenesis

This technique is conceptually the most straightforward to understand. The rationale involves
blocking putative gas channels in an enzyme by site-specifically mutating a single amino acid
residue lining the channel. Dioxygen kinetics assays are then performed to assess the degree of
channel blockage and catalytic activity impairment; often the parameter analyzed is Ky(O3)
which equals the [O;] at which reaction rate is half-maximal. An increased Ky(O,) reflects
slower dioxygen diffusion to the enzymatic active site and supports the relevance of the putative
pathway obstructed. (/8)

Some success has been obtained by Brzezinski and co-workers using this approach on Rs
cytochrome ¢ oxidase. Based on a gas channel apparent in the xenon-pressurized crystal
structure, a single glycine to valine mutation was introduced into the enzyme. The mutant
oxidase bound both dioxygen and its inert analog CO at a rate several orders of magnitude below
wild-type. (/9) Similarly, mutation of channel-lining valine 287 to isoleucine in Ec cytochrome
c oxidase severely impacts its quinol-oxidizing activity at low concentrations of oxygen—the
mutation increases the apparent Ky(O,) by 10- to 15-fold. (/8) Such observations provide
convincing evidence against the non-specific diffusion of dioxygen through the protein matrix.

Site-directed mutagenesis, however, does not always yield as conclusive data with respect to gas
migration within proteins. Not only is it difficult to assess exactly how a mutation is influencing
enzyme kinetic behavior, often mutations produce no change whatsoever. In the copper amine
oxidase of Hansenula polymorpha, for example, a leucine to phenylalanine mutation made at a
xenon binding site within the enzyme’s catalytic beta sandwich has no effect on dioxygen
kinetics. (/3) Figure 1-3 displays an overlay of xenon binding sites, ILS-generated PMF iso-
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surfaces, and key residues identified in sperm whale myoglobin. The residues depicted are those
that, when mutated, significantly alter the migration properties of dioxygen in myoglobin. What
is the correlation between the location of these residues and putative gas channels? Many of
these residues—particularly those depicted in red, blue, and yellow in Figure 1-3—do localize to
dioxygen-favorable regions. There are several residues, however, that are implicated in O,
migration by site-directed mutagenesis but not by PMF maps and xenon binding experiments.
These residues are depicted in green in Figure 1-3. (//) Thus, it is challenging to infer the
importance of specific residues with respect to gas migration from mutagenesis studies alone.



1.3 Oxygen Transport Channel in SLO-1

Site-directed Mutagenesis

A dioxygen channel leading to the active site was originally identified in the x-ray crystal
structure of SLO-1. (6) Site-directed mutagenesis studies in our laboratory have supported the
functional relevance of this channel. Mutagenesis of channel-constricting residue I1e553 to
phenylalanine, for example, was shown to disrupt oxygen channeling without perturbing the
active site chemistry itself. Introducing the phenylalanine mutation increased the enzyme’s
Km(0O») by >3-fold, while leaving k., relatively unchanged. The SLO-1 active site and putative
channel are depicted in Figure 1-4. (20)

Role of O in SLO-1 Activation

Additional support for oxygen channeling in SLO-1 derives from recent studies in lipoxygenase
activation. These reports suggest not only that oxygen plays an important role in SLO-1
activation but also that SLO-1 may have a unique way of facilitating oxygen’s access to the
active site.

It is known that SLO-1 must first undergo oxidation from Fe*" to Fe*" in order to react with its
substrate, linoleic acid; this process is described in Part I of Figure 1-5. During activation, the
Fe’" enzyme reacts with HPOD to generate the Fe’” enzyme and a bound epoxyallylic radical.
This radical subsequently reacts rapidly with O, to form a peroxy radical that cannot react with
Fe’" and quickly dissociates. The enzyme remains in its activated Fe’* state and the radical is
reduced in solution to yield an epoxyallylic hydroperoxide. A detailed scheme of the reaction of
13S HPOD and ferrous SLO-1 is provided in Scheme 1-2. (21, 22)

Oxygen plays an important role in the activation process because it facilitates the dissociation of
the radical. In the absence of oxygen, a fraction of the radical dissociates spontaneously,
dimerizing in solution and leaving the enzyme in its activated Fe*" state. However, a substantial
portion of the radical also remains bound to SLO-1 and re-reduces the ferric enzyme back to its
inactive state, Fe*". This process is depicted in Part II of Figure 1-5. Epoxyalcohols and
ketones are produced as the Fe*" enzyme is re-generated and the enzyme is said to be acting as a
hydroperoxide isomerase. (21, 22)

Recent studies of activation in epidermal lipoxygenase 3 (eLOX3) suggest that SLO-1 may have
a specialized way of ensuring oxygen availability at the active site. eLOX3 differs from SLO-1
with respect to its reaction with HPOD by exhibiting hydroperoxide isomerase activity even at
ambient oxygen. In eLOX3, the epoxyallylic radical generated by the enzyme’s reaction with
HPOD remains bound, re-reducing the enzyme to the Fe*" state. It is thought that the radical
remains bound because O, access to the eLOX3 active site is restricted relative to that of SLO-1.
(21, 22) The disparate behaviors of these two enzymes are consistent with SLO-1 having a
specialized delivery channel that is responsible for ensuring oxygen’s access the active site.

Conclusion

Enzymes harness the reductive power of dioxygen to drive a variety of processes in the cell. It
remains unclear, however, how the diatomic non-polar gas travels to the active site of these
enzymes from solvent. Random diffusion appears inconsistent with the penetration of oxygen
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into deeply-buried active sites and its highly regio/stereoselective insertion into polyunsaturated
fatty acids by lipoxygenases and cyclooxygenases. Instead, it has been proposed that dioxygen
proceeds to the catalytic core via tunnels that prevent it from accessing the substrate
indiscriminately.

This hypothesis will be tested using soybean lipoxygenase 1 (SLO-1), the best-studied model of
lipoxygenase catalysis and structure. (20) Mutations will be introduced to disrupt a putative gas
channel in SLO-1. The kinetic behavior and product distribution of these mutant enzymes will
be used to assess the importance of channeling in catalysis and regio/stereocontrol. Mutagenesis
will be guided and complemented by computational and structural data. Molecular dynamics
simulations and implicit ligand sampling (ILS) will be performed on SLO-1 to identify favorable
routes for oxygen travel.

This synergistic approach—including site-directed mutagenesis, kinetic and product distribution
analysis, and computational modeling—will clarify the importance of dioxygen channeling in
SLO-1 and provide valuable context for oxygen-dependent enzymes in general. Going forward,
identification of gas channels may ultimately allow for the engineering of enzymes with altered
gas delivery networks. In the case of hydrogenases, for example, inactivation by dioxygen limits
their ability to reliably produce H; as a source of renewable energy. The ability to identify and
obstruct dioxygen channels is consequently of immediate environmental and commercial
significance. (23)



o
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He  Hs
C1gH1402"
HOO// HOQ,
C5H11MC18H1402_ CsHyq X C1gH1402"
H Hr
13S HPOD 13R HPOD
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Scheme 1-1. Reaction of linoleic acid with oxygen, catalyzed by SLO-1. The enzyme-catalyzed reaction yields
primarily 13S HPOD, outlined in green. The analogous reaction in solution, by contrast, yields all 4 HPOD
isomers—13S, 13R, 9S, and 9R HPOD. Figure is adapted from (20).
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Figure 1-1. Overlay of CAO xenon binding sites with a domain of the HPAO/Xe complex. The HPAO D3 beta
sandwich domain is pictured, along with CAO xenon sites deposited in the PDB. The active site is shown in stick,
and the copper is shown as a green sphere. Select xenon sites in the internal D3 beta sandwich and in the
neighborhood of the active site are shown. Xenon sites from individual complexes are coded by color (red, PSAO;
yellow, PPLO; blue, AGAO; magenta, HPAO). Arrows indicate the direction of molecular oxygen movement to the
active site using the proposed pathway. Figure is reproduced from (73).
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Figure 1-2. Xenon binding sites depicted with the O, PMF map for sperm whale myoglobin. Shown are the 0
kcal/mol (red) and 1.6 kcal/mol (blue) O, free energy contours. The Xe binding sites of sperm whale Mb are shown
as green spheres, and the protein’s alpha helices are displayed as black lines. Figure is reproduced from (/7).
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Figure 1-3. Overlay of gas migration data gathered for sperm whale myoglobin via xenon-pressurized
crystallography, implicit ligand sampling, and site-directed mutagenesis. Four xenon binding pockets are depicted
within the protein. Gas migration pathways identified using implicit ligand sampling are represented by the light
gray (favorable) and dark gray (more favorable) regions. Red arrows represent gas exit pathways calculated from
implicit ligand PMF analysis. Residues whose substitution by another amino acid significantly affects O, or CO
migration properties during geminate rebinding in Mb are highlighted in red, blue, yellow, and green. Most residues
identified experimentally—in particular, the residues in red, blue, and yellow—were also implicated by xenon
binding and implicit ligand sampling analysis. For example, red residues coincide with exits from the Mb interior
according to PMF maps. Blue residues include small amino acids that line a constriction between cavities and large
amino acids that block passages between neighboring ligand-accessible areas. Yellow residues form the commonly
recognized distal pathway that links the heme to the exterior of the protein. Residues that were shown to affect
ligand migration properties upon mutation, but do not have any visible influence on gas migration according to PMF
maps and xenon binding experiments, are colored in green. Figure is reproduced from (/7).
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Figure 1-4. Substrate cavity and proposed O, access channel in SLO-1, featuring bound linoleic acid. Figure is
reproduced from (20).
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l. Reactivity of SLO-1 with HPOD under aerobic conditions
LOOH (HPOD) 0,
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Il. Reactivity of SLO-1 with HPOD under anaerobic conditions
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L=0 -OH

L(O-) dimers

Figure 1-5. Reactivity of SLO-1 with HPOD under aerobic and anaerobic conditions. Ferrous and ferric iron
ligands are depicted in red and green, respectively. Reaction products are depicted in blue. (I) Under aerobic
conditions, ferrous SLO-1 is activated efficiently to ferric SLO-1. The ferrous enzyme reacts with HPOD to
produce an epoxyallylic radical intermediate bound to the ferric enzyme. The radical dissociates after reacting with
oxygen, forming an epoxyallylic hydroperoxide in solution and leaving the ferric enzyme activated for reaction with
LA. (II) By contrast, ferrous SLO-1 is activated inefficiently under anaerobic conditions. In the absence of O,, the
epoxyallylic radical generated by the reaction of ferrous SLO-1 and HPOD participates in two distinct processes. In
one, the epoxyallylic radical dissociates, dimerizing and leaving the ferric enzyme activated for reaction with LA.

In the second, the epoxyallylic radical remains bound to the enzyme and re-reduces ferric SLO-1 to its inactive
ferrous state. This process produces epoxyalcohols and ketones and represents the hydroperoxide isomerase
reactivity of SLO-1. (22)
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Scheme 1-2. Scheme for reaction of ferrous SLO-1 with 13S HPOD under aerobic conditions. Ferrous SLO-1
reacts with 13S HPOD to produce an epoxyallylic radical intermediate bound to the ferric enzyme. The radical
dissociates after reacting with oxygen, forming an epoxyallylic hydroperoxide in solution and leaving the ferric
enzyme activated for reaction with LA. Figure is reproduced from (22).
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2.1 Introduction

Computational Approach

Access of oxygen to the active site relies on the existence of channels and cavities in the protein
matrix that are favorable for the hydrophobic gas to inhabit. Specific residues in the protein
matrix act as gates along these routes, tuning access to the active site. (/) Computational
approaches serve as a powerful lens through which to explore routes for gas travel in enzymes
because they are able to provide a full picture of the protein from both a structural and energetic
perspective.

Two complementary computational techniques were used to investigate gas migration pathways
within SLO-1. Implicit ligand sampling (ILS) was used to assess regions of SLO-1 favorable for
oxygen migration from a dynamic, energetic perspective. CAVER, by contrast, was employed to
identify potential pathways from a purely geometric standpoint. Together, ILS and CAVER
enabled not only the visualization of gas channels in SLO-1 but also the identification of critical
residues implicated in modulating oxygen’s access to the buried active site of the enzyme.

Implicit Ligand Sampling

Enzymes are dynamic systems whose thermal fluctuations play an important role in allowing
ligands to migrate through the protein matrix. (/) ILS is a method tailored for assessing gas
migration pathways based on a molecular dynamics simulation of the enzyme being studied. ILS
makes the assumption that, because gas-protein interactions are weak, gas channels appear and
disappear independently of the gas ligand itself. Protein dynamics are analyzed in the absence of
any gas ligand and oxygen’s presence is subsequently treated as a weak perturbation. With this
approach, protein migration pathways can be sampled at every point throughout the protein
matrix simultaneously and better statistics are generated than by sampling the trajectory of a
hypothetical single ligand. (2, 3)

ILS requires a five to ten nanosecond molecular dynamics simulation of the solvated enzyme as
its input. The output is a three-dimensional potential of mean force (PMF) map that describes
the Gibbs free energy cost associated with placing a gas molecule at any position inside the
protein matrix. The free energy cost is calculated at every point on a finely spaced three-
dimensional grid throughout the system and averaged over every segment of the trajectory. The
lower the cost, or AG4(O»), at a particular location, the greater the probability of finding oxygen
at that position. Regions favorable for oxygen migration can be identified by drawing PMF
isoenergy surfaces—that is, plotting all points in a protein for which the AG(O,) is below a
certain value. (2, 3)

ILS provides valuable dynamic and energetic insight into gas migration within enzymes. The
technique has been employed successfully to analyze the migration free energy landscapes in a
number of diverse systems, including but not limited to hemoglobin from seven distinct species,
myoglobin from three species, copper-containing amine oxidase, aquaporin 1,
homoprotocatechuate 2,3-dioxygenase, flavoprotein D-amino-acid oxidase, rabbit 12/15-
lipoxygenase, truncated hemoglobin, and nitrophorin 4. (2-10)
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CAVER

The protein matrix is characterized by a complex network of cavities and channels, some of
which play a functional role in the transport of small molecules such as oxygen to the active site.
(/1) CAVER is a geometry-based computational technique that enables the detection and
visualization of channels that link buried sites in proteins to the surrounding environment.
Channels are detected based on purely geometric criteria—the protein is treated as a collection of
“hard sphere” atoms with fixed radii. CAVER is a versatile tool in that it can be applied to either
static crystal structures or molecular dynamics simulations. (/2, 13)

In addition to an x-ray crystal structure (or molecular dynamics simulation), starting point
coordinates inside a cavity within the protein must be input into CAVER. CAVER subsequently
identifies all possible continuous routes from the given starting point to the exterior of the
protein. These pathways are also ranked by CAVER according to a ‘throughput’ parameter that
takes into account channel length and width. Generally, shorter, wider channels are preferred to
long, narrow channels. Characteristics such as length, mean radius, and bottleneck radius are
also computed for each tunnel. (/3)

CAVER provides a computationally inexpensive way to identify and visualize continuous routes
from the solvent to buried sites within a protein. The technique has previously been used to
probe pathways for gas migration in multiple systems, including but not limited to
homoprotocatechuate 2,3-dioxygenase, FeFe hydrogenase, cytochrome P450, photosystem II,
heme nitric oxide/oxygen binding domain, and haloalkane dehalogenase from three distinct
species. (7, 12-18)
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2.2  Materials and Methods

Implicit Ligand Sampling

SLO-1 MD simulations and implicit ligand sampling were performed in collaboration with Dr.
Kathleen Durkin of the UC Berkeley College of Chemistry Molecular Graphics and Computation
Facility.

Preparation of SLO-1 Model

The LEaP module of the Amber 11 software package was used to generate a fully solvated
model of SLO-1 based on the x-ray coordinates deposited in the Protein Data Bank (PDB entry:
1YGE). (/9) In the crystal structure, the nonheme iron is in the ferrous state, complexed by the
side chains of His499, His*®, His®?, and Asn®* in addition to the carboxylate of 11e* and a water
molecule. (20) Topology and force field parameters for the bound water were adapted from a
TIP3P model and are detailed in Figure 2-1 and 2-2. (2/) Parameters for the iron ligand were
adapted from those published for a six-coordinate iron in a heme-containing protein and are
detailed in Figure 2-3 and 2-4. (22) Amber FF99 force field parameters were employed for the
protein, as in previous SLO-1 simulations. (23-25) The SLO-1 structure was solvated in a
truncated octahedral box of TIP3P waters, such that all solute atoms were at least 9 A from the
edge of the box. (27) The overall charge of system was neutralized by the addition of 11
peripheral sodium cations. The complete model consisted of 106,333 atoms.

Molecular Dynamics Simulation

The Sander module of the Amber 11 software package was employed to propagate a 10 ns
simulation of SLO-1 with a time step of 2 fs. (/9) An NPT ensemble (1 atm, 300K) was used, as
is required for analysis by implicit ligand sampling. (3) Temperature was held constant using
Langevin dynamics with a collision frequency of 1 ps”. Non-orthogonal periodic boundary
conditions were employed with a truncated octahedral unit cell (x=y=z=111.262 A, a =B =y
=109.471°). Particle-mesh Ewald was used for long-range electrostatics and all other non-
bonded interactions were calculated using a cutoff of 12 A. All bonds involving hydrogen were
constrained to their equilibrium lengths with the SHAKE algorithm.

Prior to the simulation, SLO-1 was minimized at constant volume for 10,000 steps while
restraining the protein (with a force constant of 10 kcal mol™ A™) and 4,000 steps with no
restraints. The system was subsequently equilibrated for 300 ps at constant volume and
temperature and 1 ns at constant pressure and temperature before the simulation was run. The
setup files for the minimization, equilibration, and simulation runs are available in Figures 2-5,
2-6, and 2-7, respectively.

Implicit Ligand Sampling

The ILS tool was applied to the molecular dynamics simulation of SLO-1 in order to assess
regions favorable for oxygen migration within the enzyme. The ILS technique allows for the
generation of a three-dimensional map of the Gibbs free energy cost, or AGy(O,), associated with
transferring a oxygen molecule from a vacuum to a particular position inside the protein. (3) The
lower the AG4(O3) at a particular location, the greater the probability of finding dioxygen there.
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AG4(05) was evaluated for every 1 A* volume element throughout the SLO-1 system. Within
each of these elements, oxygen was placed in 20 different rotational orientations at each of 27
different positions on a 3x3x3 grid. 5,000 protein conformations were sampled from the 10 ns
trajectory. A three-dimensional free energy map was generated describing the distribution of
oxygen throughout SLO-1. Regions of the enzyme likely to be occupied by oxygen were
identified by drawing isoenergy surfaces—that is, plotting all points in a protein for which the
AG4(0,) is below a certain value. Results were visualized in VMD, the molecular visualization
program in which the ILS method is realized. (26)

CAVER

The CAVER 3.0 software tool was employed to identify pathways from the active site in SLO-1
to the exterior of the protein. (/3) Given starting point coordinates within a static crystal
structure or molecular dynamics simulation, CAVER identifies all possible routes to the solvent
with a bottleneck radius larger than a specified minimum radius. These channels are ranked
from most to least favorable by CAVER based on a ‘throughput’ parameter that takes into
account both channel length and width. Parameters such as bottleneck radius, mean radius, and
length are also computed and output by the program. In addition, CAVER can be used to
automatically identify residues within a specified number of angstroms from the channel
bottleneck.

Channels in the x-ray crystal structure of soybean lipoxygenase 1 (PDB entry: 1YGE) were
identified and visualized using CAVER. To approximate the location of the active site, starting
point coordinates within SLO-1 were computed as the spatial average of the coordinates of the
catalytic iron atom and active site residue Leu>*’. A minimum bottleneck radius of 0.9 A was
specified. Additional details regarding the configuration employed are available in Figure 2-8.
Results were visualized in the molecular visualization program VMD to facilitate comparison to
ILS results. (26)
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2.3 Results

A network of cavities favorable for oxygen transport exists in SLO-1.

Implicit ligand sampling was used to evaluate regions favorable for oxygen travel within SLO-1.
This technique infers gas migration pathways by generating a three-dimensional map of the
Gibbs free energy cost, or AG(0,), associated with placing an oxygen molecule anywhere in the
protein. The lower the AG4(O,) at a particular location, the greater the probability of finding
dioxygen there. Regions of the enzyme likely to be occupied by oxyen were identified by
drawing isoenergy surfaces—that is, plotting all points in a protein for which the AG4(O,) is
below a certain value. Figure 2-9 depicts SLO-1 and pockets favorable for oxygen transport, in
the form of the -0.5 kT isosurface generated by ILS.

Region of greatest oxygen favorability is proximal to the active site.

Lower free energy values are associated with a greater probability of finding oxygen. An
isosurface with a free energy of -2.5 kT was visualized in order to identify regions most
favorable for oxygen migration. This surface, pictured with SLO-1 in Figure 2-10, highlights
regions proximal to the active site as likely regions for oxygen migration.

Multiple pathways exist from the active site to the exterior of the protein.

A complementary approach to ILS, CAVER, successfully identified multiple pathways from the
active site to the exterior of the protein. These eight pathways are depicted in Figure 2-11. The
length, average radius, and minimum radius of these channels are described in Table 2-1. The
channels were also ranked from most favorable (A) to least favorable (H) by CAVER, based on a
throughput parameter that takes into account channel length as well as width.

A single route to the active site is preferred by CAVER.

Channel A, depicted with SLO-1 in Figure 2-12, was identified by CAVER as the most
favorable route for oxygen to travel from the solvent to the active site. This channel exhibited
the highest throughput (0.4) and largest bottleneck radius (1.1 A). Channel A was also the
pathway with the 2nd largest mean radius and 2™ shortest total length, as detailed in Table 2-1.
The evolving radius of Channel A is profiled in Figure 2-13. The channel’s bottleneck is found
approximately 7 A from the start of the channel in the active site.

ILS and CAVER analysis implicate four key residues in oxygen transport.

Four residues were identified by CAVER to lie within 1.5 A of the Channel A bottleneck—Ile>>*,
Ile>*, Leu®, and Val’®. These residues are depicted with Channel A in Figure 2-14.
Interestingly, all four residues are also in close proximity to the region identified by ILS as
favorable for oxygen travel near the active site, as pictured in Figure 2-15. It appears that both
computational methods are consistent with the importance of these four residues in defining an
oxygen route within SLO-1.
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2.4 Discussion

Two complementary techniques—ILS and CAVER—were used to investigate gas migration
pathways in SLO-1 from a computational perspective. ILS was used to identify regions
favorable for oxygen travel throughout the protein while CAVER was employed to visualize
pathways leading continuously from the active site to the exterior of the protein.

ILS was successfully applied to a ten nanosecond molecular dynamics simulation of the solvated
SLO-1 system. Regions favorable for oxygen to inhabit were delineated by drawing PMF
1soenergy surfaces at -0.5 kT and -2.5 kT. The -0.5 kT isoenergy surface, depicted in Figure 2-
9, highlighted a network of cavities favorable for oxygen transport in SLO-1. The -2.5 kT
1soenergy surface, depicted in Figure 2-10, outlined regions most favorable for oxygen
migration—many of which were found near the active site. One pocket to the left of the catalytic
iron is located closest to the active site, making it a promising candidate for a role in oxygen
delivery.

CAVER was used to detect pathways leading from the active site to the exterior of the protein.
Although multiple pathways were found, Channel A, depicted in Figure 2-12, was identified by
CAVER as the most favorable route from the active site. Four residues were identified within
1.5 A of the bottleneck of this channel—Ile>>, e’ 47, Leu496, and Val®®*. These residues are
pictured with Channel A in Figure 2-14. Their proximity to the bottleneck recommends these
residues as gates capable of tuning oxygen’s access to the active site.

In summary, the two computational techniques employed here to examine gas migration in SLO-
1 implicate the same region of the protein in oxygen delivery. The four bottleneck residues
identified as gatekeepers by CAVER are found in close proximity to the pocket outlined as
favorable for oxygen migration by ILS. This pocket, which is located to the left of the active
site, and the bottleneck residues are depicted together in Figure 2-15. Furthermore, the pocket
identified by ILS directly overlaps with the top-ranked channel identified by CAVER, as is
shown explicitly in Figure 2-16.

Together, energetic and geometric insights from ILS and CAVER point to a single pathway for
oxygen delivery and implicate 4 residues in modulating oxygen access to the active site. These
four residues were identified as candidates for mutagenesis to bulky residues such as
phenylalanine and tryptophan. Introducing bulk at these gating residues is expected to disrupt
oxygen access to the active site and therein corroborate the functional relevance of this channel.

It is interesting to note that the channel supported by our ILS and CAVER findings is consistent
with the pathway originally detected crystallographically in SLO-1. (20) In fact, one of the
bottleneck residues—Ile’>>—has previously been mutated to a phenylalanine in the Klinman
group. The Ile553Phe mutation was shown to disrupt oxygen access, as evidenced by a >3-fold
increase in Ky(O;) and a fairly unchanged k... The regio- and stereospecificity of the SLO-1
reaction was not disrupted in this mutant, however. (27) Mutating Ile’> to a tryptophan, as well
as introducing bulk at other bottleneck residues, may have the potential to not only result in an
increased Ky(O;) for SLO-1 but also to disrupt oxygen migration to the extent that reaction
regio- and stereospecificity also becomes compromised.
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Figure 2-1. Topology information for the iron-bound water ligand (BOW) in SLO-1. The ‘bow.in’ file above was
used to describe the chemical nature of the water ligand in the SLO-1 active site. This information was employed in
the molecular dynamics simulation of the enzyme. Parameters were adapted from a TIP3P water model. (27)
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Figure 2-3. Topology information for the catalytic iron atom in SLO-1. The ‘fe.in’ file above was used to describe

the chemical nature of the iron atom in the SLO-1 active site. This information was employed in the molecular

dynamics simulation of the enzyme. Parameters were adapted from those published for a six-coordinate iron ligand
in a heme-containing protein. (22)



#modifed from frcmod.

MASS
NB 14.01
FE 55.85

BOND
FE-OH
FE-NB
FE-02
FE-O

ANGLE
NB-FE-NB
NB-FE-O
NB-FE-OH
NB-FE-02
OH-FE-02
OH-FE-0O
O-FE-02
FE-NB-C
FE-02-C
FE-0-C
FE-OH-HO
CR-NB-FE
CV-NB-FE
HO-OH-HO

#see http://ambermd.org/formats.html#frcmod

DIHEDRAL

X -NB-FE-X
X -02-FE-X
X -0O-FE-X
X -OH-FE-X
X -02-C-X
NONBON

FE

70.
60.
50.
70.

000
000
000
000

50.
50.
50.
50.
50.
50.
50.
30.
30.
30.
30.
30.
30.

100.000

e

000
000
000
000
000
000
000
000
000
000
000
000
000

NN DN

1.20000

hemall - KD 2010

.10
.23
.18
.40

o O o o

0.

90.
90.
90.
90.
90.
90.
90.
127.
112.
128.
125.
122
130.

104.52

.000
.000
.000
.000
000

0.05

000
000
000
000
000
000
000
400
200
000
000

.400

100

000

! from TIP3P water

180.

180
180

000

.000
.000
180.

000

180.000

0.00000

.000
.000
.000
.000
2.000

NN NN

30

Figure 2-4. Force field parameters for the catalytic iron atom in SLO-1. The ‘fe.frc’ file above was employed in the
molecular dynamics simulation of the enzyme. Parameters were adapted from those published for a six-coordinate
iron ligand in a heme-containing protein. (22)
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Minimization 1

&cntrl

imin =1,
ntmin = 1,
maxcyc = 10000,
ncyc = 5000,
ntpr = 10,

ntb =1,

cut = 8,

ntr = 1,
restraint wt=10.0,
restraintmask="':1-839"
/

Minimization 2

&cntrl

imin =1,
ntmin = 1,
maxcyc = 4000,
ncyc = 50,
ntb =1,

cut =12,
/

Figure 2-5. Settings employed for the first and second minimization runs of SLO-1. SLO-1 was minimized at
constant volume for 10,000 steps while restraining the protein (with a force constant of 10 kcal mol™ A%) and 4,000
steps with no restraints.
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Equilibration 1

&cntrl
ntx = 1
ntb =1,
cut 12,

ntc=2, ntf = 2,
= 3, gamma 1n = 1.0,
tempi = 0.0,
tempO0 = 300.0,
nstlim = 150000,
dt = 0.002,
ntpr = 100,
ntwx = 100,
ntwr = 1000
/

Equilibration 2
&cntrl
ntx = 5
ntb = 2, presO = 1.0, ntp = 1, taup = 2.0,
cut = 12,
ntc=2, ntf = 2,
ntt = 3, gamma 1n = 1.0,

temp0 300.0,
nstlim = 500000,
dt = 0.002,

ntpr = 100,
ntwx = 100,
ntwr = 1000

Figure 2-6. Settings employed for the first and second equilibration runs of SLO-1. The system was equilibrated for
300 ps at constant volume and temperature and 1 ns at constant pressure and temperature before the simulation was
run.
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Dynamics Run

&cntrl

ntx = 5

ntb = 2, presO = 1.0, ntp = 1, taup = 2.0,
cut = 12,

ntc=2, ntf = 2,

ntt = 3, gamma 1n = 1.0,

tempO0 = 300.0,
nstlim = 5000000,
dt = 0.002,

ntpr = 100,

ntwx = 100,

ntwr = 1000

/

Figure 2-7. Settings employed for the 10 ns molecular dynamics simulation of SLO-1. The simulation was
performed using a constant pressure (1 atm) and temperature (300K) ensemble (NPT) as is required for analysis by
implicit ligand sampling. (3)
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# CALCULATION SETUP
load tunnels no
load cluster tree no

# INPUT DATA
time sparsity 1
first frame 1
last frame 10

# TUNNEL CALCULATION
probe radius 0.9
shell radius 3

shell depth 4

# TUNNEL CLUSTERING

clustering average link
weighting coefficient 1
clustering threshold 3.5

# GENERATION OF OUTPUTS

one tunnel in snapshot cheapest
save dynamics visualization yes
generate summary yes
generate tunnel characteristics yes
generate tunnel profiles yes
generate histograms yes

bottleneck histogram 0.0 2.0 20
throughput histogram 0 1.0 10
generate bottleneck heat map yes
bottleneck heat map range 1.0 2.0
bottleneck heat map element size 10 20
generate profile heat map yes
profile heat map resolution 0.5
profile heat map range 1.0 2.0
profile heat map element size 20 10
compute tunnel residues yes

residue contact distance 1.5
compute bottleneck residues yes
bottleneck contact distance 1.5

# ADVANCED SETTINGS

number of approximating balls 12

compute errors no

save error profiles no

path:to_vma "C:/Program Files/University of Illinois/VMD/vmd.exe"
generate trajectory yes

# Others

swap no

seed 1

starting point coordinates -6.104 2.553 2.491

Figure 2-8. Configuration employed for analysis of SLO-1 by CAVER. The x-ray crystal structure of SLO-1 served
as the input structure. Starting point coordinates in the active site were computed as the spatial average of the
coordinates of the catalytic iron atom and active site residue Leu®*®. A minimum bottleneck radius of 0.9 A was
specified.
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Figure 2-9. SLO-1 depicted with the -0.5 kT isoenergy surface computed by ILS. The -0.5 kT isoenergy surface
(cyan) highlights multiple, preferred pockets for oxygen to inhabit throughout the SLO-1 protein matrix (gray). The
active site iron of SLO-1 is represented as a magenta sphere.
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Figure 2-10. SLO-1 depicted with the -2.5 kT isoenergy surface computed by ILS. The -2.5 kT isoenergy surface
(cyan) imposes a more stringent requirement than the -0.5 kT surface, including only the most favorable regions for
oxygen migration in the protein matrix (gray). These regions tend to be in the neighborhood of the active site of
SLO-1. Note the pocket to the left of the catalytic iron (magenta), which is located closest to the active site.



Figure 2-11. SLO-1 depicted with the eight channels detected by CAVER. CAVER detected 8 channels (green)
extending from the buried active site in SLO-1 to the exterior of the protein. The surface of SLO-1 is depicted in
gray and the catalytic iron, a hallmark of the active site, is represented as a magenta sphere.

37



38

Tunnel A B Cc D E F G H
Length (A) 21 20 25 41 50 44 109 133
Mean radius (A) 1.6 1.4 1.5 1.8 1.5 1.4 1.3 1.3
Bottleneck radius (A) 1.1 0.9 1 0.9 0.9 1 0.9 0.9
Throughput 04 0.3 0.3 0.2 0.1 0.1 0.002  0.0003

Table 2-1. Characterization of eight channels detected and ranked by CAVER. Length, mean radius, and bottleneck
radius were computed by the program, in addition to a throughput parameter that reflects the overall competency of
each channel. Based on this throughput parameter, each channel was ranked by CAVER, with (A) representing the
most favorable tunnel and (H) representing the least favorable path. Pathways with small lengths and large radii
(e.g. A) were preferred to longer, narrower tunnels (e.g. H).



39

Figure 2-12. SLO-1 depicted with Channel A as detected by CAVER. Channel A (green) was identified as the most
favorable route from the active site to the solvent by CAVER according to the throughput metric, which favors
short, reasonably wide channels. SLO-1 is represented by a gray surface and the catalytic iron atom is depicted as a
magenta sphere. Channel A coincides with the putative channel previously identified by the Klinman group based
on crystallographic evidence. (27)
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1.5 A

Radius [angstroms]
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Figure 2-13. Profile of Channel A, the top-ranked pathway identified by CAVER. Channel A’s radius at regular
distance intervals from its starting point in the active site was computed and mapped as a function of distance. The
bottleneck radius of Channel A—1.1 A—is found at approximately 7 A from the active site, as indicated by the
dOttfg(; gray line5.64Residues within 1.5 A of Channel A’s bottleneck are listed here, sorted from closest: I1e*>, 1e**,
Leu™, and Val™".
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Figure 2-14. SLO-1 depicted with Channel A and its bottleneck residues. Channel A (green) was identified as the
most favorable route from the active site to the solvent by CAVER. Residues within 1.5 A of Channel A’s
bottleneck are depicted in orange, and are listed here, sorted from closest: e s Ile547, Leu496, and Val®*®. SLO-1 is
represented by a gray surface and the catalytic iron atom is depicted as a magenta sphere.
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Figure 2-15. SLO-1 depicted with the -2.5 kT isoenergy surface computed by ILS and the bottleneck residues
identified by CAVER. The -2.5 kT isoenergy surface (cyan) highlights regions of the protein most favorable for
oxygen migration. The region computed by ILS that is closest to the active site is in close proximity to the
bottleneck residues identified by CAVER, highlighting the accordance of these two techniques. Bottleneck residues
are depicted in orange, and are listed here, sorted from closest: 11 s Ile547, Leu496, and Val’®. SLO-1 is represented
by a gray surface and the catalytic iron atom is depicted as a magenta sphere.
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Figure 2-16. SLO-1 depicted with the -2.5 kT isoenergy surface generated by ILS as well as Channel A and its
bottleneck residues. The -2.5 kT isoenergy surface (cyan) highlights regions of the protein most favorable for
oxygen migration. The region computed by ILS that is closest to the active site directly overlaps with Channel A
(green), the top-ranked channel detected by CAVER. This region is also in close proximity to the bottleneck
residues identified by CAVER (orange), highlighting the accordance of these two techniques. Overlap of the -2.5
kT isoenergy surface with other channels detected by CAVER (B-H) is comparatively small, consistent with
Channel A representing the biologically relevant pathway. SLO-1 is represented by a gray surface and the catalytic
iron atom is depicted as a magenta sphere.
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Chapter 3

Kinetics and Regio/stereospecificity of
SL.O-1 Channel Mutants



47

3.1 Introduction

Mutagenesis Approach

The lipoxygenase (LOX) family catalyzes the regio- and stereospecific peroxidation of
polyunsaturated fatty acids. How these enzymes are able to generate chiral hydroperoxides with
exquisite regio- and stereospecificity remains an open question. A role for oxygen channels in
delivering the small, hydrophobic gas to the active site has been proposed in a number of
lipoxygenases. (/) This hypothesis was addressed using soybean lipoxygenase 1 (SLO-1), a
prototypical non-heme iron-containing lipoxygenase and the best-studied model of LOX
catalysis and structure.

Computational analysis of gas migration pathways in SLO-1—described in Chapter 2—
identified a putative oxygen transport route linking the active site to the exterior of the protein.
This channel, previously identified crystallographically, is hypothesized to deliver O; to the
active site, ensuring reaction regio- and stereospecificity. (2) The functional role of this pathway
was evaluated by introducing bulk into the channel via site-directed mutagenesis. The four
bottleneck residues of the channel—Ile*> ,11e’ 47, Leu®, and Val’**—were selected as
mutagenesis targets. Disruption of O, migration was assessed by evaluating both kinetic
parameters and reaction regio- and stereospecificity.

Kinetic Characterization

SLO-1 catalyzes the peroxidation of linoleic acid (LA) to 13S hydroperoxyoctadecadienoic acid
(13S HPOD), as depicted in Scheme 1-1. The reaction occurs in three chemical steps—
hydrogen abstraction, oxygen insertion, and peroxy radical reduction. Hydrogen atom
abstraction from LA by the active-site Fe’"-OH generates a carbon-based linoleyl radical and
Fe’"-OH,. The linoleyl radical is then trapped by oxygen to yield a 13S-peroxyl radical. Finally,
the peroxyl radical is reduced, producing 13S-HPOD and re-generating the active-site Fe’"-OH.

&)

Enzyme kinetics can be analyzed by determining reaction rate at varying concentrations of
linoleic acid (LA) and molecular oxygen. Parameters such as ke,, Km(LA), and Ky(O5) are
determined by nonlinear least-squares fitting to the Michaelis-Menten equation. (3, 4)
Disruptions in oxygen trafficking are expected to primarily affect Ky(O-) since keqe 1s limited by
H abstraction and Ky(LA) primarily reflects LA binding. Blocking oxygen delivery to the
active site is expected to leave k., relatively unchanged while significantly increasing Ky(O-)
relative to wild-type SLO-1. That is, obstructing the channel should hinder O, access to the
linoleyl radical but not affect the rate of H' abstraction from LA itself. (3, 5)

Mutagenesis of one bottleneck residue—Ile’>>—has previously been performed in the Klinman
group. As expected, introducing phenylalanine at this position primarily impacts Ky(O,),
increasing this parameter by over 3-fold. Km(LA) remains unchanged in this mutant and ke 1s
reduced by 2-fold. The regio- and stereospecificity of the Ile553Trp mutant reaction remains
unperturbed compared to wild-type SLO-1. The kinetic profile of the Ile553Phe mutant is
consistent with a role for the putative channel in facilitating oxygen diffusion to the active site.
3.9
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Characterization of Reaction Regio- and Stereospecificity

In addition to kinetic parameters such as Ky(O;), reaction regio- and stereospecificity also
reports on oxygen targeting to the active site. At ambient oxygen, hydrogen abstraction, oxygen
insertion, and peroxyl radical reduction proceed as described in Scheme 1-1 and 13S HPOD is
generated. Under conditions of low oxygen, by contrast, regio- and stereospecificity is
disrupted, as depicted in Scheme 3-1. When oxygen availability at the active site is restricted,
the linoleyl radical generated at the active site tends to dissociate from the enzyme and react in
solution to form a mixture of 13S, 13R, 9S and 9R HPOD. Analogously, blocking oxygen
delivery to the active site via mutagenesis is expected to result in increased radical dissociation
and a corresponding increase in the amount of 13R, 9S, and 9R HPOD produced relative to the
13S isomer.

It is also possible that blocking the putative oxygen transport pathway leads oxygen to pursue an
alternate route to the active site. In this case, the distribution of HPOD produced is expected to
shift accordingly to reflect the pathway or pathways taken by oxygen. For example, if the
alternate pathway leads oxygen to the opposite face of carbon 13, an increase in the proportion of
13R HPOD formed would be observed.

In summary, reaction regio- and stereospecificity provides an excellent handle with which to
examine O, migration in wild-type SLO-1 and its mutant enzymes. A uniform increase in the
proportion of 13R, 9S, and 9R HPOD produced is consistent with increased radical dissociation
and occlusion of the O, delivery channel. On the other hand, an increase in any one or two of
these alternate HPOD isomers alone is consistent with the ungating of an alternate channel in
SLO-1 for O, delivery.
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3.2 Materials and Methods

Mutagenesis

Seven SLO-1 mutants were generated through site-directed mutagenesis according to the
QuickChange II protocol (Agilent Technologies). HPLC-purified primers were purchased from
Eurofins MWG Operon. Table 3-1 describes the forward and reverse primers employed in the
generation of [1e553Trp, Leud96Phe, Leud96Trp, 1le547Phe, [1e547Trp, Val564Phe, and
Val564Trp. XL1-Blue super competent cells (Agilent Technologies) were transformed for
plasmid amplification. DNA mutation was confirmed by automated sequencing at the UC
Berkeley Sequencing Facility.

SLO-1 Expression and Purification

Preparation of Non-His-tagged SLO-1
The SLO-1 Val564Phe mutant was expressed using the SLO-1 pT7-7 plasmid in Escherichia
coli and purified as described previously. (6)

Preparation of His-tagged SLO-1

Wild-type SLO-1 and all remaining SLO-1 mutants were expressed using the pET-30Xa/LIC
plasmid, acquired from Professor Betty Gaffney at Florida State University. These enzymes
were expressed and purified as described previously, with several modifications. (7) The
adapted protocol is described below.

The BL21-CodonPlus (DE3)-RIL strain of Escherichia coli (Agilent Technologies) was
employed for SLO-1 expression. Overnight cultures in LB (37°C) were diluted 200-fold into 3
4-liter flasks, each containing 1.5 liters of TB, 50 pg/mL kanamycin, and 50 pg/mL
chloramphenicol. Cultures were grown at 37°C until an ODggp > 1.2 was reached (4-5 hours),
cooled to 14°C, induced with isopropyl 1-thio-f-D-galactopyranoside (0.1 mM), and grown for
an additional 30 hours at 8°C. Cells were subsequently harvested and stored at -80°C until
purification.

Cell paste from 4.5 L (25 g) was re-suspended in 100 mL lysis buffer—50 mM NaP, (pH 8.0), 1x
BugBuster (Novagen), 1250 units of benzonase (Novagen), 0.2 mM MgSO,, 0.5 mM
aminoethylbenzenesulfonyl fluoride, and 0.2 mg/mL of lysozyme. The lysis reaction was
allowed to proceed for 40 minutes at room temperature followed by cooling at 4°C for 20
minutes. The suspension was subsequently clarified by centrifugation (18,600g in this and
following steps). Solid ammonium sulfate was added to the supernatant to 30% of saturation.
After 1 hour, a pellet was removed by centrifugation and the supernatant was brought to 60%-
saturated ammonium sulfate. After 1 hour, the suspension was centrifuged and the supernatant
discarded.

The 60% ammonium sulfate pellet was re-suspended in wash buffer—50mM NaP, (pH 8.0),
500mM NaCl, 10% glycerol, and 20 mM imidazole —and immediately cycled twice through a
prepared column of Ni-NTA resin (Novagen) equilibrated with the same buffer. The column
was subsequently washed with 100 mL of wash buffer. His-tagged SLO-1 was eluted with wash
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buffer containing 250 mM imidazole and dialyzed overnight (4°C) into 20mM Bis-Tris (pH 6.6)
buffer.

The dialyzed eluate from Ni-NTA was concentrated and injected onto an FPLC system with a 6
mL UNO S6 column (Bio-Rad) for separation by cation exchange chromatography. A salt
gradient for protein elution was run from 0.0 to 0.5 M NaCl in 20 mM Bis-Tris (pH 6.6) buffer.
SLO-1 activity was assayed in fractions by monitoring the formation of HPOD at 234 nm upon
the addition of 5 pL of a column fraction to 245 pL of 100 uM linoleic acid in 0.1 M Borate (pH
9.0). Fractions containing SLO-1 activity were combined, dialyzed into 0.1 M Borate (pH 9.0),
concentrated, and stored at -80°C.

Kinetic Characterization

SLO-1 enzyme kinetics were analyzed by determining reaction rate at varying concentrations of
linoleic acid (LA) and molecular oxygen. Parameters such as k¢, Ky for LA, and Ky for
molecular oxygen were determined by nonlinear least-squares fitting to the Michaelis-Menten
equation:

[S][E

koat total]

° K, () +IS]

The initial rate is reflected in vo. [Eiai] represents total enzyme concentration and [S] is the
concentration of the varied substrate, i.e. [LA] or [O2]. (3, 4)

Product Formation

Steady-state kinetics assays were performed on a Varian Cary 50 Bio UV-Vis spectrophotometer
in single-wavelength mode, as described previously with minor modifications. (§) Reaction
progress was monitored by following the generation of the product, hydroperoxyoctadecadienoic
acid (HPOD) (e234 = 23,600 M™' cm™). (9) All assays were performed at 20°C and performed
under ambient atmosphere in 0.1 M Borate (pH 9.0). Linoleic acid was purchased from Sigma
and stock solutions (~500 uM) were prepared by diluting 0.5 mL of 40 mM linoleic acid in
methanol into 40 mL of 0.1 M Borate (pH 9.0).

Kinetic assays were performed at 2-80 uM LA for wild-type SLO-1 and the six mutant enzymes
studied here. Initial rates were fit in Kaleidagraph to the Michaelis-Menten equation in order to
determine the first order rate constant (kc,) as well as Ky(LA). In cases where substrate
inhibition was observed, data points were omitted from the fitting.

Oxygen Consumption

The rate of oxygen consumption by wild-type SLO-1 and the six mutants studied here was
monitored using a Clark-type electrode from Yellow Springs Inc. and a YSI-5300 biological
oxygen monitor, as described previously with minor modifications. (§) One milliliter of 0.1 M
Borate (pH 9.0) and LA was equilibrated in a thermally controlled water-jacketed cell at 20° C.
The desired O, concentration was established by maintaining the appropriate O,/N, mixture in
the headspace above the LA solution for >10 minutes. The electrode was subsequently placed in
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contact with the solution surface, eliminating the headspace. The reaction was initiated by
injecting a similarly buffered solution of SLO-1.

Kinetic assays were performed at 30-1365 uM O, for wild-type SLO-1 and the six mutant
enzymes studied here. Initial rates were fit in Kaleidagraph to the Michaelis-Menten equation in
order to determine the first order rate constant (ke,) as well as Ky(O2). Reported estimates of
keat are derived from these oxygen electrode studies rather than UV kinetic data, since the former
correct for saturating O,.

Assessment of HPOD Distribution

Incubation and Extraction of SLO-1 Reaction

The distribution of HPOD isomers generated was assessed for the reaction of linoleic acid with
wild-type SLO-1 and the six mutants studied here. Reactions at ambient atmosphere were
incubated at 20°C in 0.1M Borate (pH 9.0) and 100 uM LA for 5 hours after initiation with
enzyme. The reaction mixtures were subsequently quenched via acidification to pH 4 with
glacial acetic acid and extracted into dichloromethane. Reaction products were taken to dryness
under a stream of N, and stored at -80°C until HPLC analysis.

Reactions at elevated and depressed O, concentrations were performed using a Clark-type
electrode from Yellow Springs Inc. and a YSI-5300 biological oxygen monitor. Two milliliters
of 0.1 M Borate (pH 9.0) and 100 uM LA were equilibrated in a thermally controlled water-
jacketed cell at 20° C. The desired O concentration was established by maintaining the
appropriate O,/N, mixture in the headspace above the LA solution for >10 minutes. The
electrode was subsequently placed in contact with the solution surface, eliminating the
headspace. The reaction was initiated by injecting a similarly buffered solution of SLO-1 and
incubated in the cell until quenching by acidification with N;-saturated acetic acid. Reaction
products were extracted into dichloromethane, taken to dryness under N», and stored at -80°C
until HPLC analysis.

HPLC Analysis

A three-step protocol was employed to identify the distribution of HPOD isomers generated by
the reaction of SLO-1 and its mutants with linoleic acid. HPOD was purified from the reaction
mixture by reverse phase HPLC. Triphenylphosphine was used to reduce purified HPOD to the
corresponding alcohol—hydroxyoctadecadienoic acid (HODE). The HODE generated was
subsequently analyzed by chiral phase HPLC and the isomeric distribution determined.

Reaction products for wild-type SLO-1 and its mutant enzymes were injected onto a reverse
phase HPLC system with a Luna C18 5-um column (0.46 x 25 cm, Phenomenex). An isocratic
solvent system of 78% methanol and 21.9% water with 0.1% acetic acid was employed in order
to elute HPOD. A flow rate of 0.9 mL/minute was used. HPOD was collected, taken to dryness
under N», and reduced via incubation for >1 hour with a solution of 1.9 mM triphenylphosphine
in methanol. The HODE generated was taken to dryness under N, and stored at -80°C until
chiral phase HPLC analysis.
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HODE was injected onto a chiral phase HPLC system with a Chiralcel OD-3 column (0.46 x 25
cm, Chiral Technologies, Inc.). An isocratic solvent system of 1.55% isopropanol, 0.3% acetic
acid, and 98.2% hexanes was employed in order to separate the 13S, 13R, 9S, and 9R isomers.
A flow rate of 2 mL/minute was used. Assignment of the four HODE isomeric peaks was
accomplished using standards of 13S, 13R, 95, and 9R HODE acquired from Cayman Chemical.
A chiral phase HPLC trace featuring these standards is depicted in Figure 3-1.
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3.3 Results

Bottleneck residues of channel were mutated to introduce bulk and disrupt oxygen transport.
One channel and four bottleneck residues— Ile>>> ,11e’ 47, Leu®, and Val***—were implicated in
tuning oxygen access to the active site based on computational studies. In order to confirm the
functional role of the putative oxygen channel, bulk was introduced at its bottleneck residues via
site-directed mutagenesis to phenylalanine and tryptophan. A His-tagged construct was purified
and kinetically characterized for wild-type SLO-1 and mutant enzymes other than Val564Phe.
Table 3-2 confirms that the wild-type His-tagged enzyme reproduces the behavior of non-His-
tagged SLO-1with respect to published kinetic parameters.

Kinetic characterization of the mutants was performed to probe changes in oxygen migration.
The effect of mutations on the oxygen conductivity of the pathway was evaluated by determining
Keat, Km(0O2), and Kpm(LA). These parameters are summarized for the wild-type and mutant
enzymes in Table 3-3. The Ile553Phe SLO-1 mutant had been previously studied in the
Klinman group; published parameters for this mutant are included in Table 3-3.

Unaffected Ky(0,) suggests that introducing bulk at Ile’”” & Val’® doesn’t impact 0, delivery.
Introducing bulk at Ile™*’ and Val’® does not appear to impede oxygen transport to the active site
of SLO-1. Mutant enzymes with phenylalanine and tryptophan at positions 547 or 564 exhibit
Michaelis constants for oxygen in a range from 32 to 50 uM O,—similar to that of wild-type
SLO-1, 38 uM O,. Km(LA) values for these mutants were found to be slightly lower than that of
wild-type SLO-1, ranging from 3-8 uM LA compared to 20 pM LA for wild-type. Ile’*” and
Val’® mutants also exhibit decreases in kcat in the range of 2- to 5-fold.

Increased Ky (02) suggests that introducing bulk at Ile”” & Leu®® impedes oxygen transport.
Introducing bulk at Ile’>® and Leu*”® appears to impede oxygen transport to the active site of
SLO-1. Mutant enzymes with phenylalanine and tryptophan at positions 553 or 496 exhibit
increased Michaelis constants for oxygen in a range from 132 to 744 uM O,—substantially
greater than that of wild-type SLO-1, 38 uM O,. Consistent with this observation, Ke./Kwm(O2)
values for the Ile®> and Leu®® mutants are significantly decreased, from 6 s pM™" O, for wild-
type SLO-1 to between 0.7 and 0.0005 s uM ' O, for the mutants. It is interesting to note that
the increase in Ky(O;) and decrease in kq./Km(O2) are more dramatic in each tryptophan mutant
when compared to the analogous phenylalanine mutant, consistent with tryptophan residues
providing additional bulk.

Km(LA) values for Ile” and Leu*® mutants were found to be similar to that of wild-type SLO-1,
ranging from 5 to 25 uM LA compared to 20 uM LA for wild-type. Since the primary kinetic
isotope effect of these mutants has not been determined, it is difficult to evaluate how close
KMm(LA) is to Kg in these mutants. The introduction of space-filling residues at positions 553 and
496 also resulted in a decreased ke,, particularly in the case of the tryptophan mutants.

[1e553Trp and Leud96Trp exhibit k., values that are reduced by three and two orders of
magnitude, respectively.
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HPOD distribution was analyzed in mutants to probe changes in oxygen migration.

In addition to parameters such as Ky(0O,), the regio- and stereospecificity of the SLO-1-catalyzed
reaction also reports on oxygen targeting to the active site. To demonstrate the effect of reducing
O, availability at the active site on SLO-1 regio- and stereospecificity, the wild-type reaction was
performed and analyzed under ambient (284 uM O;) and reduced oxygen (28 uM O,) conditions.
The distribution of HPOD isomers produced at each oxygen concentration was determined via
chiral HPLC analysis and is detailed in Figure 3-2. At ambient oxygen, the wild-type SLO-1
reaction produces >90% 13S HPOD. 13R, 9S, and 9R HPOD are presented in small amounts
and account in total for <10% of HPOD produced. At 28 uM O,, by contrast, a substantial
amount of 13R, 9S, and 9R HPOD is generated—together these isomers account for >60% of
HPOD produced. It is clear that under oxygen-deprived circumstances, the regio- and
stereospecificity of the SLO-1 reaction is disrupted. A decrease of 10-fold in oxygen
concentration is able to reduce the amount of 13S HPOD produced dramatically.

The effect of mutations on oxygen trafficking was evaluated by determining the regio- and
stereospecificity of reactions catalyzed by the mutant enzymes. The distribution of HPOD
isomers produced by reaction of LA with each enzyme is detailed in Table 3-4. The Ile553Phe
SLO-1 mutant had been previously studied in the Klinman group; published parameters for this
mutant are included in Table 3-4.

Unchanged HPOD distribution in Ile’”” & Val’®™ reflects no perturbation of oxygen migration.
Introducing bulk at Ile®*’ and Val’® does not appear to impede oxygen transport to the active site
of SLO-1. Mutant enzymes with phenylalanine and tryptophan at positions 547 or 564 catalyze
reactions with regio- and stereospecificity comparable to that of the wild-type reaction. Ile**’
and Val>** mutants react with LA to produce between 86% and 93% 13S HPOD, similar to the
wild-type enzyme, which generates 93% 13S HPOD. The total proportion of 13R, 9S, and 9R
HPOD generated does not exceed 15% for any Ile>* or Val’® mutant. The unchanged regio-
and stereochemistry of the Ile’*” and Val’®* mutant reactions is consistent with the unchanged
Kwm(O») for these mutants.

Disrupted HPOD distribution in Ile553Trp reaction suggests that oxygen transport is impeded.
Introducing bulk at Ile’*® appears to impede oxygen transport to the active site of SLO-1. Regio-
and stereospecificity is dramatically disrupted in the reaction of the 1le553Trp mutant with LA.
Reaction with the I[1e553Trp mutant produces 45% 13S HPOD, while reaction with the wild-type
enzyme generates 93% 13S HPOD. A substantial amount of 13R, 9S, and 9R HPOD is
generated—together these isomers account for >50% of HPOD produced. Consistent with
impaired oxygen delivery, the regio- and stereospecificity of the [le553Trp mutant resembles that
of the wild-type reaction at low O,. The altered regio- and stereochemistry of the 1e553Trp
mutant reaction is also consistent with the dramatically elevated Kym(O,) determined for this
mutant (744 uM O5).

It is interesting to note that introducing phenylalanine at position 553 does not disrupt regio- and
stereospecificity in the same way as tryptophan. Despite exhibiting an elevated Ky(O,), the
[le553Phe mutant produces >90% 13S HPOD. The introduction of phenylalanine at position 553
may disrupt oxygen access to some extent, but not to the extent that is required to alter the regio-
and stereospecificity of the reaction.
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Disrupted HPOD distribution in Leu®® mutant reactions reflects perturbed oxygen trafficking.
Introducing bulk at Leu®® appears to disrupt oxygen transport to the active site of SLO-1.
Regio- and stereospecificity is dramatically disrupted in the reaction of both Leu*’® mutants with
LA. Reaction with the phenylalanine and tryptophan mutants produces 63% and 31% 13S
HPOD, respectively, while reaction with the wild-type enzyme generates 93% 13S HPOD. A
substantial amount of 13R, 9S, and 9R HPOD is generated—together these isomers account for
37% and 69% of HPOD produced in reactions with Leu496Phe and Leu496Trp, respectively.

It is interesting to note that the 13R, 9S and 9R are not produced in equal amounts, as is the case
with wild-type SLO-1 at low oxygen or the [1e553Trp mutant. This is particularly obvious for
the Leu496Trp mutant, where the 9S and 9R isomers each account for 29% and 30% of HPOD
produced compared to 10% for the 13R isomer. The disparity is subtler in the case of
Leud496Phe, where the 9S and 9R isomers account for 14% of HPOD produced compared to 9%
for 13R HPOD. The altered regio- and stereochemistry of the Leu*’® mutant reactions suggests
that these mutations may disrupt oxygen targeting to the active site by a different mechanism
than is operating in the [1e553Trp mutant or wild-type at low O,.

Increased [O;] partially rescues HPOD distribution in the 1le553Trp reaction with LA.
[1e553Trp displays an elevated Ky(O-,) and altered regio- and stereospecificity, suggesting that
oxygen transport to the active site is impeded in this mutant. The I1e553Trp reaction was
performed at an elevated O, concentration (1365 uM O,) in order to determine if additional O,
could restore the wild-type HPOD distribution. Increasing [O,] from 284 uM to 1365 uM indeed
reduces the amount of 13R, 9S, and 9R isomers generated from 55% to 35% of HPOD produced.
The amount of 13S HPOD generated by the [le553Trp reaction increases from 45% at ambient
0, to 65% at 1365 UM O,. See Figure 3-3. Increased O, appears to partially restore the regio-
and stereospecificity of the mutant reaction, consistent with additional O, compensating for
impaired oxygen delivery in the mutant.

Increased [O;] partially rescues HPOD distribution in the Leu496Trp reaction with LA.

Like 11e553Trp, Leud496Trp displays an elevated Km(O;) and altered regio- and stereospecificity,
suggesting that oxygen transport to the active site of SLO-1 is disrupted in this mutant. The
Leud496Trp reaction was performed at an elevated O, concentration (1365 uM O,) in order to
determine if additional O, could restore the wild-type HPOD distribution. As in the case of
[1e553Trp, increasing [O;] from 284 uM to 1365 uM reduces the amount of 9S and 9R HPOD
isomers generated and increases the amount of 13S HPOD produced. The amount of 13R HPOD
generated by Leud96Trp remains constant at high O,, however, while it decreases in the
[1e553Trp reaction at high O,. See Figure 3-4.

Increased O, appears to partially restore the regio- and stereospecificity of the Leu496Trp mutant
reaction, but not by uniformly decreasing the amount of 13R, 9S and 9R isomers produced, as in
the case of 11e553Trp. The altered regio- and stereochemistry of the Leu496Trp mutant reaction
at high O; is consistent with our hypothesis that mutations at this position disrupt oxygen
trafficking by a different mechanism than is operating in the 11e553Trp mutant.
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3.4 Discussion

Computational studies implicated one channel and four bottleneck residues— Ile***, Tle**’,
Leu®, and Val’®—in tuning oxygen access to the active site. The functional role of this
putative oxygen channel was confirmed by introducing bulk at its bottleneck residues via site-
directed mutagenesis. Introducing bulk at two positions—Ile’>® and Leu*°—disrupted oxygen
trafficking to the active site, resulting in elevated Ky(O,) values and an altered distribution of
HPOD isomers produced. See Tables 3-3 and 3-4. These observations point to an important
role for these residues and the channel in guiding O, to the active site of SLO-1.

Both Ku(0O,) and reaction regio- and stereospecificity provide insight into oxygen targeting to
the active site of SLO-1. Ky(O,) reflects the concentration of oxygen at which the rate of
reaction is half-maximal. Elevated Ky(O,) values are associated with restricted access of
oxygen to the active site. Reaction regio- and stereospecificity also reports on oxygen
availability at the active site. At ambient oxygen, the reaction of wild-type SLO-1 and LA
produces >90% 13S HPOD. Atlow O,, by contrast, 45% 13S HPOD is produced and
approximately 18% of each alternate isomer (13R, 9S, and 9R) is generated. See Figure 3-2.
This loss of regio- and stereospecificity has been previously documented and is driven by the
dissociation of the substrate radical. When oxygen availability at the active site is restricted, the
linoleyl radical tends to fall off the enzyme and into solution, where it can react in a non-specific
manner with O, to yield a mixture of 135, 13R, 9S and 9R HPOD. See Scheme 3-1.

Residues Ile’”* and Leu® were validated as gatekeepers along the oxygen transport pathway
identified to the SLO-1 active site. Introducing bulk at these positions disrupts oxygen
trafficking as evidenced by the 4 to 20-fold increases in the Ky(O-) observed for 1le553Phe,
[1e553Trp, Leud96Phe, and Leud96Trp. The tryptophan mutants exhibit the largest Ky(O3)
values—744 uM O, for [1e553Trp and 171 uM O; for Leud96Trp. See Table 3-3. This
observation is consistent with tryptophan’s additional bulk being better able block the putative
pathway.

Assessing the regio- and stereospecificity of the Ile’>® and Leu®® mutant reactions reveals that
mutations at both of these residues disrupt oxygen trafficking, albeit in different ways. The
[1e553Trp reaction exhibits impaired regio- and stereospecificity similar to the reaction of wild-
type SLO-1 at low oxygen. A substantial amount of 13R, 9S, and 9R HPOD is produced—these
isomers account for >50% of HPOD generated and are produced in roughly equivalent amounts,
as detailed in Table 3-4. This observation, together with the elevated Ky(O») determined for the
[1e553Trp mutant, reflects restricted oxygen availability at the active site and increased
dissociation of the linoleyl radical. Consistent with this hypothesis, performing the [1e553Trp
mutant reaction at high [O,] partially restores the wild-type regio- and stereospecificity of the
reaction. The amount of 13S HPOD generated by the Ile553Trp reaction increases from 45% at
ambient O; to 65% at 1365 uM O,, as shown in Figure 3-3.

It is interesting to note that introducing phenylalanine at position 553 does not disrupt regio- and
stereospecificity in the same way as tryptophan. Despite exhibiting an elevated Ky(O,), the
[le553Phe mutant produces >90% 13S HPOD. The introduction of phenylalanine at position 553
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may disrupt oxygen access to some extent, but not to the extent that is required to alter the regio-
and stereospecificity of the reaction, as shown in Table 3-4.

Introducing bulk at Leu*® disrupts oxygen trafficking to the active site of SLO-1 primarily by
ungating another route for O, migration. As in the 1le553Trp reaction, a substantial amount of
13R, 9S, and 9R HPOD is produced in Leu**® mutants—together these isomers account for 37%
and 69% of HPOD produced in reactions with Leu496Phe and Leu496Trp, respectively.
However, the 13R, 9S and 9R are not produced in equal amounts, as is the case with the
[1e553Trp mutant and wild-type SLO-1 at low oxygen. This is particularly obvious for the
Leud496Trp mutant, where the 9S and 9R isomers each account for 29% and 30% of HPOD
produced compared to 10% for the 13R isomer. See Table 3-4. The altered regio- and
stereochemistry of the Leu**® mutant reactions thus cannot be directly explained by restricted
availability of O, at the active site leading to loss of the substrate radical. The increased
proportion of 9R and 9S HPOD generated is consistent with the Leu*’® mutations ungating
another route for gas migration that allows O; to access carbon 9 of the substrate radical.

Increasing [O,] from 284 uM to 1365 uM partially restores the wild-type regio- and
stereospecificity of the Leu496Trp reaction by increasing the proportion of 13S HPOD produced
from 32% to 44% and decreasing the proportion of 9S and 9R HPOD generated from 59% to
45%. Performing the Leud496Trp reaction at high O, does not influence the amount of 13R
HPOD produced, however. See Figure 3-4. This observation suggests that increasing [O,] does
not simply increase oxygen availability at the active site and reduce radical dissociation, as in the
case of [1e553Trp at high O,. Such a decrease in radical dissociation would affect the 13R, 9S,
and 9R isomers uniformly. Rather, increasing [O;] appears to influence the partitioning of O,
between oxygen transport pathways leading to carbon 13 and carbon 9. At higher O,, for
example, more oxygen appears to be proceeding through the pathway leading to carbon 13
compared to carbon 9. This observation is consistent with the channel leading to carbon 13
having a higher Ky(O») than the channel leading to carbon 9.

In summary, introducing bulk at channel bottleneck residues Ile’>® and Leu®”® disrupts oxygen
trafficking to the SLO-1 active site. The [1e553Trp and Leu496Trp mutants, in particular,

exhibit elevated Ky(O,) values and produce a dramatically altered distribution of HPOD

isomers. Interestingly, each of these mutations disrupts oxygen trafficking in a different way.
The 11e553Trp mutant exhibits a remarkably elevated Ky(O,) and essentially behaves as the
wild-type enzyme at low oxygen. Oxygen availability at the [le553Trp active site is highly
restricted and substantial amounts of 13R, 9S, and 9R HPOD are produced in solution due to
linoleyl radical dissociation. The Leud496Trp mutant, by contrast, exhibits a Ky(O-) that, while
elevated compared to wild-type, is approximately 4-fold lower than that of [1e553Trp. Oxygen
access is restricted at the Leu496Trp active site but does not drive the mutant’s dramatically
altered regio- and stereospecificity. Rather, the Leu496 mutation ungates an alternate route that
allows oxygen to access carbon 9 of the substrate radical, thereby increasing the proportion of 9R
and 9S (but not 13R) HPOD produced. Together, these mutagenesis studies support a functional
role for the putative channel in facilitating oxygen delivery to the appropriate location in the
active site, thereby ensuring reaction regio- and stereospecificity.
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Scheme 3-1. SLO-1 catalyzed peroxidation of linoleic acid under conditions of low oxygen. Disrupted regio- and
stereospecificity at low oxygen is driven by radical dissociation. At ambient oxygen, oxygen insertion occurs on the
enzyme and produces primarily 13S HPOD. At low oxygen, a portion of the linoleyl radical is trapped by oxygen
on the enzyme and generates 13S HPOD (blue). A portion of the linoleyl radical, however, also dissociates from the
enzyme and reacts in solution to form a mixture of 13S, 13R, 9S and 9R HPOD (green).



Mutant Enzyme Forward and reverse primers (5' to 3')

CTAATTAATGCTAATGGCATATGGGAGACAACCTTTTTGCCCTC

Ity GAGGGCAAAAAGGTTGTCTCCCATATGCCATTAGCATTAATTAG
CTTGCTACCATCAATTCATGAGCCATTGG

Leu496Phe
CCAATGGCTCATGAATTGATGGTAGCAAG
GACTCTTGCTACCATCAATGGATGAGCCATTGGTTAAATAC

HERETE GTATTTAACCAATGGCTCATCCATTGATGGTAGCAAGAGTC
CTTGCCAGGCAATCTCTATTTAATGCTAATGGC

lle547Phe GCCATTAGCATTAAATAGAGATTGCCTGGCAAG
CACTTGCCAGGCAATCTCTATGGAATGCTAATGGCATAATAG

IEssintry CTATTATGCCATTAGCATTCCATAGAGATTGCCTGGCAAGTG
GCCCTCAAAGTATTCTTTTGAGATGTCTTCGGCGG

Val564Phe CCGCCGAAGACATCTCAAAAGAATACTTTGAGGGC
CCCTCAAAGTATTCTTGGGAGATGTCTTCGGCG

Val564Trp

CGCCGAAGACATCTCCCAAGAATACTTTGAGGG

Table 3-1. Forward and reverse primers employed for site-directed mutagenesis of SLO-1. For each enzyme
mutant, the forward and reverse primers are provided in the 5’ to 3’ direction.
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Figure 3-1. Chiral phase HPLC trace featuring 13S, 13R, 9S, and 9R HODE. Assignment of the four HODE
isomeric peaks was accomplished using standards of 13S, 13R, 9S, and 9R HODE acquired from Cayman Chemical.



Kwm (LA) Kwm (02)

SLO-1 Keat [s™
wlsT [uM]
Non-His-tagged* 23015 18+3 313
His-tagged 211+£9 20£2 38+5

"(3)

Table 3-2. Comparison of kinetic parameters for non-His-tagged and His-tagged SLO-1.

61



62

k Ku (LA Ku (O
5o 1 YR -
WT 21129 20 +2 38+5
lle553Phe* 10248 19+ 4 142 + 58
lle553Trp 0.40 £ 0.04 2545 744 + 142
lle547Phe 66 +5 3.0+03 44 + 11
lle547Trp 4442 50405 50 +7
Leu496Phe 4443 51 132 + 26
Leud96Trp 16+ 0.1 11.0+0.8 171 £ 33
Val564Phe 60 + 1 6.0+04 46+5
Val564Trp 99+5 8.0+0.7 32+6
@)
SLO-1 ;‘;?1" m_(1'iA) ng‘/:f ,\“;,.(1?2)
WT 1141 61
lle553Phe* 51 0.7+03
lle553Trp 0.016 + 0.004 0.0005  0.0001
lle547Phe 2243 15404
lle547Trp 9+1 09+£0.1
Leu496Phe 942 0.3+ 0.1
Leud96Trp 0.15 £ 0.01 0.009 + 0.002
Val564Phe 10+ 1 1320.1
Val564Trp 121 31
)

Table 3-3. Kinetic characterization of wild-type SLO-1 and its channel mutants.
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Figure 3-2. HPOD isomer distribution for wild-type SLO-1 reaction at 284 and 28 uM O,.
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SLO-1 13SHPOD (%) 13RHPOD (%) 9S HPOD (%) 9R HPOD (%)

WT 93 3 3 2
lle553Phe* 95 2 1 2

11e553Trp 45+ 8 16 22+3 17
lle547Phe 93 2 2 2
l1e547Trp 93 2 3 2

Leud496Phe 63 9 14 14

Leud96Trp 32 10 29 30
Val564Phe 89 2 4 5
Val564Trp 86+ 3 3 5 5

"(3)

Table 3-4. Characterization of HPOD distribution for wild-type SLO-1 and its channel mutants. Error <2 unless

noted above.
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Figure 3-3. HPOD isomer distribution for [1e553Trp SLO-1 reaction at 284 and 1365 uM O,.
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Figure 3-4. HPOD isomer distribution for Leu496Trp SLO-1 reaction at 284 and 1365 pM O,.
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Chapter 4

Effect of Diminishing O, Availability
on SLO-1 Activation
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4.1 Introduction

Investigation of Activation Products

SLO-1 catalyzes the regio- and stereospecific insertion of oxygen into linoleic acid to yield a
chiral hydroperoxide, 13S HPOD. In this work, computational studies and site-directed
mutagenesis were used to define an oxygen channel responsible for delivering the small,
hydrophobic gas to the SLO-1 active site. Introducing bulk into this channel alters the kinetics
as well as regio- and stereospecificity of oxygen insertion. Oxygen access to the active site was
most diminished in the Ile553Trp mutant, which will serve as the focus for this chapter.

As discussed in Chapter 1, activation of SLO-1 from Fe*" to Fe’” by HPOD is required for
reaction with linoleic acid. (/, 2) Diminished [O;] has significant implications for the reaction of
ferrous SLO-1 with HPOD, reducing activation efficiency and altering the identity of activation
products. (3) It is expected that since the [le553Trp mutation diminishes oxygen availability at
the active site, it would also impact the activation process. The product profile generated by
[1e553Trp’s reaction with LA was examined using both mass spectrometry and NMR to
demonstrate that activation by HPOD is altered for this mutant enzyme, as it is for wild-type
under diminished O,.

Activation at Ambient O,

Prior to reacting with linoleic acid, ferrous SLO-1 must be activated to ferric SLO-1 by reaction
with HPOD. At ambient oxygen, activation is an efficient, single turnover process yielding
ferric SLO-1 and minute amounts of epoxyallylic hydroperoxides. This process is described in
Part I of Figure 4-1. First, the ferrous enzyme reacts with HPOD to produce an epoxyallylic
radical intermediate bound to the ferric enzyme. The radical dissociates after reacting with
oxygen, forming an epoxyallylic hydroperoxide in solution and leaving the ferric enzyme
activated for reaction with LA. Notably, because of the single turnover nature of activation at
ambient O,, negligible amounts of these epoxyallylic compounds are produced. (3, 4)

Anaerobic Activation

The anaerobic reaction of 13S HPOD and SLO-1 has been extensively studied. (5-8) Under
anaerobic conditions, SLO-1 activation is less efficient and the enzyme displays hydroperoxide
isomerase activity. In the absence of oxygen, the epoxyallylic radical generated by the reaction
of ferrous SLO-1 and HPOD participates in two distinct processes, one that results in enzyme
activation and one that does not. In the former, the epoxyallylic radical dissociates, dimerizing
and leaving the ferric enzyme activated for reaction with LA. In the latter, the epoxyallylic
radical remains bound to the enzyme and re-reduces ferric SLO-1 to its inactive ferrous state.
This process, which is not observed at ambient O,, produces epoxyalcohols and ketones and
represents the hydroperoxide isomerase reactivity of SLO-1. See Part Il of Figure 4-1. In sum,
the reaction of SLO-1 and HPOD under anaerobic conditions yields a mixture of lipid dimers,
epoxyalcohols and ketones. (3)

Activation of lle553Trp SLO-1

As reviewed above, studies of aerobic and anaerobic SLO-1 activation show that reducing [O;]
decreases the efficiency of activation. In the absence of oxygen, for example, only a portion of
the SLO-1 that reacts with HPOD is left in its activated, ferric state while much of the enzyme is
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returned to its inactive, ferrous state. The product distribution of the enzyme’s reaction with
HPOD also changes in the absence of O,—producing lipid dimers, epoxyalcohols, and ketones,
rather than the epoxyallylic hydroperoxides generated at ambient O,. (3) Since the 11e553Trp
mutation diminishes oxygen availability at the active site, it is our hypothesis that this mutant
enzyme undergoes inefficient activation and reacts with HPOD in a way that mimics wild-type
SLO-1 in the absence of O,. One important caveat here is that the aerobic 1le553Trp reaction
may not form the dimers that are observed in the anaerobic wild-type reaction. This is because
the portion of epoxyallylic radical that dissociates from the [le553Trp mutant can immediately
encounter oxygen in solution and form epoxyallylic hydroperoxides.

In short, it is our hypothesis that diminished O, availability drives inefficient activation in
[1e553Trp SLO-1 and that, accordingly, the products of 1le553Trp activation by HPOD consist of
epoxyallylic hydroperoxides as well as epoxyalcohols and ketones. A proposed scheme for the
reactivity of [1e553Trp SLO-1 and HPOD at ambient O, is described in detail in Part III of
Figure 4-1.

Reaction of Ile553Trp SLO-1 with LA

The validity of the activation scheme proposed for the [1e553Trp mutant in Part I1I of Figure 4-
1 can be assessed by studying the enzyme’s reaction with LA. If activation by HPOD is
impaired in the mutant as we hypothesize, it is expected that the product profile of the [1e553Trp
reaction with LA would include alternate activation products—epoxyalcohols and ketones—in
addition to epoxyallylic hydroperoxides.

It is important to note that diminished O, not only decreases the efficiency of activation by
HPOD, but also influences the reaction of the enzyme with LA. As reviewed in Chapter 3,
reduced O, availability drives increased linoleyl dissociation in the reaction of 11e553Trp with
LA. Increased linoleyl radical dissociation, in turn, translates into increased quantities of
activation products since each time the linoleyl radical dissociates, the enzyme is left in the
inactive ferrous state and must be reactivated by HPOD. Consequently, it is expected that
restricted oxygen availability will drive the formation of significant quantities of activation
products in the 11e5553Trp reaction with LA.

In summary, the product distribution of the reaction of [1e553Trp SLO-1 and LA can be analyzed
to determine to what extent perturbing oxygen trafficking can impede enzyme activation.
Activation products generated in the mutant reaction with LA can be identified and compared to
the products of SLO-1 activation under anaerobic conditions.
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4.2 Materials and Methods

Incubation and Extraction of SLO-1 Reaction

Reactions were performed as discussed previously in Chapter 3. Reactions at ambient
atmosphere were incubated at 20°C in 0.1 M Borate (pH 9.0) and 100 uM LA for 5 hours after
initiation with enzyme. Reactions performed to generate samples for NMR analysis were
performed with '°C s-labeled LA with isotopic purity of 99%, purchased from Sigma. The
reaction mixtures were subsequently quenched via acidification to pH 4 with glacial acetic acid
and extracted into dichloromethane. Reaction products were taken to dryness under a stream of
N, and stored at -80°C until HPLC analysis.

Reactions at elevated and depressed O, concentrations were performed using a Clark-type
electrode from Yellow Springs Inc. and a YSI-5300 biological oxygen monitor. Two milliliters
of 0.1 M Borate (pH 9.0) and 100 uM LA were equilibrated in a thermally controlled water-
jacketed cell at 20° C. The desired O concentration was established by maintaining the
appropriate O»/N, mixture in the headspace above the LA solution for >10 minutes. The
electrode was subsequently placed in contact with the solution surface, eliminating the
headspace. The reaction was initiated by injecting a solution of SLO-1 in 0.1 M Borate (pH 9.0)
and incubated in the cell until acidification with N,-saturated glacial acetic acid. Reaction
products were extracted into dichloromethane, taken to dryness under N», and stored at -80°C
until HPLC analysis.

HPLC Analysis

Reverse phase HPLC was employed to assess product distribution for the reaction of SLO-1 and
its mutants with linoleic acid. Reaction products were injected onto a reverse phase HPLC
system with a Luna C18 5-pm column (0.46 x 25 cm, Phenomenex). A solvent system of 78%
methanol and 21.9% water with 0.1% acetic acid was employed in order to separate multiple
products. A flow rate of 0.9 mL/minute was used. Product peaks were collected, taken to
dryness under N, and stored at -80°C until further analysis.

Identification of Alternate Products

Both mass spectrometry and NMR were used to identify alternate products generated by the
reaction of the [le553Trp mutant enzyme with linoleic acid at ambient oxygen. ESI-MS analysis
was performed in collaboration with Dr. Tony lavarone (QB3/College of Chemistry Mass
Spectrometry Facility at UC Berkeley). HPLC-purified product peaks were resuspended in
100% methanol for analysis by electrospray ionization mass spectrometry in negative ion mode
using a Thermo LTQ Orbitrap XL mass spectrometer. NMR analysis was performed in
collaboration with Dr. Jeffrey Pelton (Central California 900 MHz NMR Facility at UC
Berkeley) and Dr. Chris Canlas (Berkeley College of Chemistry NMR Facility). C'*-labeled
HPLC-purified product peaks were resuspended in 100% deuterated methanol for analysis by
NMR at 25°C on a Bruker Avance Il spectrometer operating at 900 MHz.
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4.3 Results

Product profile of 1le553Trp reaction with LA resembles that of wild-type SLO-1 at low O;.
Prior to reacting with LA, SLO-1 must be activated by HPOD. Decreasing [O,] impairs SLO-1
activation by HPOD and alters the identity of activation products. (3) To analyze the effect of
the [le553Trp mutation on enzyme activation, the product profile generated by the reaction of the
mutant and LA was compared to that of the wild-type reaction at ambient and low O,.

The reaction of wild-type SLO-1 with LA at ambient O, primarily produces HPOD, as evident in
Part I of Figure 4-2. Since activation is efficient for the wild-type enzyme at ambient O,,
negligible amounts of activation products are produced. The reaction of Ile553Trp with LA, by
contrast, generates several products in addition to HPOD, as shown in Part II of Figure 4-2.
Strikingly, many of these alternate products are also generated in the reaction of wild-type SLO-
1 at low Oy, which is depicted in Part III of Figure 4-2. The similarity between the product
profiles of the 11e553Trp reaction and the wild-type reaction at low O, is consistent with
diminished O; access and impaired activation in the mutant reaction.

It should be briefly noted that the reaction of Leu496Trp mutant with LA also produces these
alternate products, albeit in smaller quantities than the Ile553Trp mutant, suggesting that
activation may also be slightly impaired in this mutant. (data not shown)

13 and 9 epoxyallylic ketones are produced by the Ile553Trp reaction with LA at ambient O..
To ensure that the alternate products generated by the 1le553Trp reaction with LA were
consistent with diminished O, availability and impaired activation, these compounds were
identified using a combination of mass spectrometry and NMR. The products analyzed are
labeled as A-E in Part II of Figure 4-2.

As detailed in Figure 4-3, products A and B were each identified as a mixture of two compounds
with molecular masses of 309 and 311 by ESI-MS, consistent with chemical formulas C;sH30O4
and C;gH3,04, respectively. Consistent with the C1sH30O4 species identified by ESI-MS, further
analysis by NMR allowed for the identification of products A and B as epoxyallylic ketones—
13-keto-9,10-epoxyoctadec-11E-enoic acid and 9-keto-12,13-epoxyoctadec-10E-enoic acid,
respectively—as described in Figures 4-4 and 4-5. In Figure 4-4, the 2D 'H-'H TOCSY
spectrum for product A shows a clear correlation between protons on C2 and C8, C9-10 and
C11-C12, as well as C14 and C18, consistent with the localization of the epoxide at C9-C10 and
the ketone at C13. The C11 and C12 protons show no connectivity with the protons on C14,
confirming the presence of a ketone moiety at C13. A *J coupling constant of ~16 Hz confirms
trans arrangement around the C11-C12 double bond. (9) In Figure 4-5, the 2D 'H-'H TOCSY
spectrum for product B shows a clear correlation between protons on C2 and C8, C10-11 and
C12-C13, as well as protons on C13 and C18, consistent with localization of the epoxide at C12-
C13 and the ketone at C9. The C10 and C11 protons show no connectivity with the protons on
(C8, confirming the presence of a ketone moiety at C9. A *J coupling constant of ~16 Hz
confirms trans arrangement around the C10-C11 double bond. (9) The structures of A and B are
provided together in Figure 4-6.
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It is worth noting that the C;3H3,04 species detected by ESI-MS in products A and B, which
represents a molecular mass of 311, is consistent with the hydroxide derivative of the
epoxyallylic ketones identified by NMR. The presence of epoxyallylic compounds was expected
based on the scheme detailed in Part III of Figure 4-1 and is consistent with [1e553Trp SLO-1
mimicking the wild-type enzyme in the absence of oxygen. It should be noted that epoxyallylic
ketones (and hydroxides) rather than hydroperoxides were identified; this is not surprising, as the
reduction of epoxyallylic hydroperoxides has previously been observed in similar activation
studies. (3)

13 and 9 ketodienes are produced by the Ile553Trp reaction with LA at ambient O.

Products C, D, and E were also identified using a combination of mass spectrometry and NMR.
The molecular mass of all three products was identified as 293 by ESI-MS, consistent with a
chemical formula of CigH300s3, as shown in Figure 4-7. In accordance with ESI-MS data,
products C and E showed similar retention times by reverse phase HPLC as commercial
standards for 13-0x0-9Z,11E-octadecadienoic acid and 9-0x0-10E,12Z-octadecadienoic acid,
respectively. This identification was confirmed by comparing "H 1D NMR spectra for products
C and E with those of commercial standards, depicted in Figure 4-8 and 4-9.

Also in accordance with ESI-MS data, Product D was identified by NMR analysis as 13-0x0-9E,
11E-octadecadienoic acid, as detailed in Figures 4-10 and 4-11. In Part I of Figure 4-10, the
2D '"H-"H TOCSY spectrum for product D shows a clear correlation between protons on C2 and
C8, C9-C12 and C8, as well as C14 and C18, consistent with the localization of the ketone at
C13. The C11 and C12 protons show no connectivity with the protons on C14, confirming the
presence of a ketone moiety at C13. The relative cross peak intensities of the off-diagonal peaks
corresponding to C14 at 2.59 ppm further support the localization of the ketone to C13. As
described in Part I1 of Figure 4-10, the presence of the diene was confirmed by COSY, which
shows connectivity between protons on C9-C12. The trans-trans connectivity of the C9-C10
and C11-C12 double bonds, meanwhile, was established by analyzing *J coupling values for the
protons on C9-C12, as described in Figure 4-11. *Jo_9and *J;,.;> coupling constants were found
equivalent to approximately 16 Hz, consistent with a frans arrangement around both of these
double bonds. (9) Taken together, Figures 4-10 and 4-11 indicate that product D represents 13-
0x0-9E,11E-octadecadienoic acid.

The structures for compounds C, D, and E are provided together in Figure 4-12. The presence
of ketodiene compounds was expected based on the scheme detailed in Part III of Figure 4-1.
This result provides strong evidence of diminished O, access and impaired activation in the
[1e553Trp mutant since ketodienes are produced during the inefficient activation of wild-type
SLO-1 by HPOD in the absence of O,, as shown in Part II of Figure 4-1.

Increasing O; partially restores the product profile of the Ile553Trp reaction with LA.

As described above, the [1e553Trp reaction with LA generates a significant amount of activation
products at ambient oxygen. If the formation of these epoxyallylic ketones and ketodienes were
indeed driven by reduced O, availability at the active site, it would be expected that increasing
[O2] would reduce their presence. To test this hypothesis, the 1le553Trp reaction with LA was
performed at ambient (284 uM) and high O, (1365 uM). The product profiles of these reactions
are provided in Figure 4-13. It is clear that the product profile for the reaction at higher oxygen



displays a decreased amount of these products, suggesting that additional O, can restore the
product profile of 11e553Trp SLO-1. These results are consistent with the Ile553Trp mutation
impeding oxygen access to the active site and therein driving the formation of the activation

products identified.
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4.4 Discussion

As discussed in Chapters 2 and 3, a channel for oxygen delivery to the active site of SLO-1 was
identified via computational methods and validated using site-directed mutagenesis. Introducing
a tryptophan into the channel at residue Ile’> diminished oxygen availability at the active site to
the greatest extent, as reflected in the mutant’s dramatically elevated Ky(Oz). Since oxygen
plays an important role in the activation of SLO-1 for reaction with LA, it was expected that the
activation process might be perturbed in the I1le553Trp reaction. The product profile of the
[1e553Trp reaction with LA was examined by reverse phase HPLC to assess activation in this
mutant.

Our findings suggest that activation is indeed impeded in [1e553Trp SLO-1, consistent with
impaired access of O, to the active site in this mutant. Two pieces of evidence are in support of
this conclusion—first, the similar product profiles of the 1le553Trp reaction with LA and that of
wild-type at low O, and second, the identity of the activation products produced by the 1le553Trp
mutant.

Diminished [O;] leads to impaired activation of wild-type SLO-1 by HPOD. If the [1e553Trp
mutation disrupts oxygen availability at the active site, the product profile of the mutant reaction
with LA should resemble that of wild-type SLO-1 at low O,. This is indeed the case, as evident
in Figure 4-2. While the wild-type enzyme at ambient oxygen produces primarily HPOD, wild-
type enzyme at low oxygen and the [le553Trp mutant both produce several additional products.
The striking similarity between the behavior of the 11e553Trp mutant and wild-type at low O is
suggestive of diminished O, access and impaired activation in the mutant reaction.

Second, the identity of the products generated by the [le553Trp reaction with LA is consistent
with impaired activation. These products, labeled as A-E in Part II of Figure 4-2, were
identified via ESI-MS and NMR as epoxyallylic ketones and ketodienes. The formation of
epoxyallylic and ketodiene compounds validates the proposed activation scheme detailed in Part
I1I of Figure 4-1 for [1e553Trp. The formation of ketodienes is particularly strong evidence of
diminished O, access and impaired activation in the [le553Trp mutant since ketodienes are
typically observed in the anaerobic activation of wild-type SLO-1, as shown in Part II of Figure
4-1. To determine whether limited O, availability was definitively driving the formation of these
activation products, the I1e553Trp reaction with LA was performed at high O,. Indeed,
increasing O, reduced the formation of activation products as evident in Figure 4-13.

Together, our studies indicate that limited availability at the O, active site results in impaired
activation for the I1e553Trp mutant. Consistent with this conclusion, the reaction of [1e553Trp
and LA at ambient O, resembles the reaction of the wild-type enzyme at low O,. Impaired
activation is evidenced by the production of ketodienes, in addition to epoxyallylic compounds,
during the [le553Trp-catalyzed peroxidation of LA. Investigating activation in the [1e553Trp
mutant highlights the importance of oxygen availability at the active site in facilitating enzyme
activation.

It is worth noting that diminished O; not only impairs activation by HPOD, but also influences
the peroxidation of LA by increasing linoleyl radical dissociation. Increased radical dissociation,
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in turn, translates into an increased quantity of activation products, since each time the linoleyl
radical dissociates, the enzyme is left in the inactive ferrous state and must be reactivated by
HPOD. Thus, the increased quantity of activation products identified in the reaction of LA with
[1e553Trp and wild-type at low O, is driven not only by inefficient activation, but also by
increased linoleyl dissociation during LA peroxidation.

Interestingly, the studies described here on 11e553Trp SLO-1 parallel previous studies by the
Brash group on epidermal lipoxygenase 3, or eLOX3. In this work, diminishing O, access to the
active site via site-directed mutagenesis was shown to impair activation and introduce
hydroperoxide isomerase reactivity into SLO-1, a proto-typical dioxygenase. The Brash group
has previously made the reverse observation while engineering eLOX3. In stark contrast with
wild-type SLO-1, wild-type eLOX3 is a hydroperoxide isomerase with very limited dioxygenase
activity. (/0) Introducing an alanine to glycine mutation near the active site of eLOX3 appears
to increase oxygen availability at the active site and promote dioxygenase activity in the enzyme.
(11) In short, reducing oxygen availability in SLO-1 appears to promote hydroperoxide
isomerase reactivity while increasing oxygen availability in eLOX3 appears to promote its
dioxygenase activity. Taken together, these observations suggest that oxygen availability at the
active site directs the reactivity of SLO-1 and eLOX3 and determines where these enzymes fall
along the dioxygenase/hydroperoxide isomerase spectrum.
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4.5 Conclusions and Future Directions

Enzymes are complex systems that contain a variety of pockets, clefts, and channels throughout
the protein matrix. These gaps and tunnels represent potential transport pathways for ions, small
molecules, and water and can play a critical role in tuning enzyme function. (/2) In this work,
the functional role of gas migration pathways was examined in soybean lipoxygenase 1, the best-
studied member of the lipoxygenase family. SLO-1 catalyzes the regio- and stereospecific
peroxidation of linoleic acid to yield 13S hydroperoxyoctadecadienoic acid (13S HPOD). Our
studies support a role for a single oxygen delivery channel within SLO-1 that ensures the regio-
and stereospecificity of oxygen insertion during catalysis. Interestingly, this channel is
consistent with a cavity originally identified in the crystal structure of SLO-1 and previously
proposed as an O, channel by the Klinman group. (/3-15)

Our evidence points to a model for SLO-1 that features a variety of pockets favorable for oxygen
migration throughout the protein but a single pathway for oxygen delivery to the active site.

This model is depicted in Figure 4-14 and is consistent with our computational studies,
discussed in Chapter 2. While many pockets and pathways are identified throughout the protein
by implicit ligand sampling and CAVER, both techniques also highlight a single channel that is
most competent for oxygen delivery. (/2, 16) This channel’s bottleneck residues were identified
by CAVER as Ile” 3 1™, Leu™®, and Val®®. As reviewed in Chapter 3, site-directed
mutagenesis of these residues validated a functional role for the channel. Introducing tryptophan
at positions 553 and 496, in particular, significantly disrupts oxygen access to the active site, as
evidenced by increased Michaelis constants for oxygen and altered reaction regio- and
stereospecificity.

Interestingly, introducing bulk at positions 553 and 496 appears to influence oxygen migration in
distinct ways. The Ile553Trp mutation diminishes oxygen availability at the active site,
increasing the rate of linoleyl radical dissociation and leading to an increase in the proportion of
13R, 98, and 9R HPOD produced by the peroxidation of LA. The efficiency of enzyme
activation by HPOD is also dramatically reduced in this mutant. A model for the 1le553Trp
mutant enzyme is depicted in Figure 4-15. The primary effect of the Leu496 mutation, by
contrast, is to ungate an alternate channel for oxygen migration to the active site. While the
proportion of 13R HPOD formed increases slightly, the proportion of 9S and 9R HPOD
generated increases significantly in the Leud496Trp reaction with LA compared to wild-type.
This observation is consistent with oxygen traveling along an alternate pathway toward carbon 9
in this mutant. A model for the Leu496Trp mutant enzyme is depicted in Figure 4-16.

In future studies, it would be interesting to probe oxygen migration pathways in SLO-1 via
xenon-pressurized crystallography. Investigating the localization of xenon in the structure of
wild-type SLO-1 could corroborate the functional role of the oxygen delivery channel validated
in this work. Xenon-pressurized crystallography of 1le553Trp and Leu496Trp SLO-1 could also
provide valuable insight into how oxygen migration is altered in each of these mutants. For
example, xenon binding sites might be displaced in the [1e553Trp mutant while the Leu496Trp
mutant might feature additional xenon binding sites, consistent with an alternate channel
functioning in the enzyme.
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Identifying gas migration pathways is critical to unraveling structure-function relationships in
proteins. Together, our computational and experimental studies highlight the important role of
the protein matrix in tuning oxygen insertion in soybean lipoxygenase 1. Computational studies
were employed to visualize pathways for oxygen migration in the enzyme. A single preferred
pathway for oxygen was identified and site-directed mutagenesis was used to assess the impact
of obstructing this channel. Analysis of reaction kinetics and product distribution in these
mutants demonstrates that this channel plays a key role in shuttling oxygen to the active site and
modulating the regio- and stereospecificity of oxygen insertion into LA. This transformative
result provides valuable insight into potential mechanisms of oxygen delivery in members of the
LOX family as well as oxygen-dependent enzymes in general. Going forward, understanding the
role of the protein matrix in tuning catalysis will be key to the success of protein engineering
and, ultimately, de novo enzyme design.
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l. Reactivity of SLO-1 with HPOD under aerobic conditions
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Figure 4-1. Proposed reactivity for [1e553Trp SLO-1 with HPOD (III) based on reactivity of wild-type SLO-1 with
HPOD at ambient and anaerobic conditions (I and II). Ferrous and ferric iron ligands are depicted in red and green,
respectively. Reaction products are depicted in blue. (I) Under aerobic conditions, ferrous SLO-1 is activated
efficiently to ferric SLO-1. The ferrous enzyme reacts with HPOD to produce an epoxyallylic radical intermediate
bound to the ferric enzyme. The radical dissociates after reacting with oxygen, forming an epoxyallylic
hydroperoxide in solution and leaving the ferric enzyme activated for reaction with LA. (3) (II) By contrast, ferrous
SLO-1 is activated inefficiently under anaerobic conditions. In the absence of O,, the epoxyallylic radical generated
by the reaction of ferrous SLO-1 and HPOD participates in two distinct processes. In one, the epoxyallylic radical
dissociates, dimerizing and leaving the ferric enzyme activated for reaction with LA. In the second, the epoxyallylic
radical remains bound to the enzyme and re-reduces ferric SLO-1 to its inactive ferrous state. This process produces
epoxyalcohols and ketones and represents the hydroperoxide isomerase reactivity of SLO-1. (3) (III) Since the
I1e553Trp mutation diminishes oxygen availability at the active site, the mutant reaction with HPOD is also
proposed to display hydroperoxide isomerase activity. As in wild-type SLO-1 in the absence of oxygen, it is
hypothesized that the epoxyallylic radical generated can remain bound to I1e553Trp SLO-1 and re-reduce the ferric
enzyme to its ferrous state. Alternatively, the radical can dissociate spontaneously and react with O, in solution,
leaving the enzyme activated for reaction with LA. Finally, the radical can also react with oxygen on the enzyme
and dissociate; this process also leaves the enzyme in its activated ferric state.
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Figure 4-2. Reverse phase HPLC analysis of the reaction of 1le553Trp SLO-1 with LA at ambient O, (IT) and wild-
type SLO-1 with LA at ambient (I) and low O, (IIT). The product profile of the [1e553Trp reaction with LA is similar
to that of wild-type SLO-1 at low O,. While the wild-type enzyme at ambient oxygen produces primarily HPOD,
the wild-type enzyme at low oxygen and the Ile553Trp mutant both produce several additional products in
significant amounts. These products are labeled A-E in the Ile553Trp reaction trace above (II). Ambient and low
oxygen reactions were performed at 284 uM O, and 28 uM O,, respectively. C;3 aldehydes, previously observed in
the anaerobic reaction of SLO-1 with HPOD and LA, were also observed here but are not pictured. (3)
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I. ESI-MS for Product A
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Figure 4-3. ESI-MS analysis of products A and B of the I1e553Trp SLO-1 reaction with LA. Products A (I) and B
(IT) were each identified as a mixture of two compounds with molecular masses of 309 and 311, consistent with
chemical formulas CsH3,04 and C;3sH3,04, respectively. A minor peak (m/z of 291) corresponding to the chemical
formula C,gH,30; was also detected during ESI-MS analysis of products A and B.
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Figure 4-4. 2D '"H-"H TOCSY spectrum for product A of the Ile553Trp SLO-1 reaction with LA. Consistent with
the C,gH3004 species identified by ESI-MS, product A was identified as 13-keto-9,10-epoxyoctadec-11E-enoic acid
by NMR. The 2D 'H-"H TOCSY spectrum shows a clear correlation between protons on C2 and C8, C9-10 and
C11-C12, as well as C14 and C18, consistent with the localization of the epoxide at C9-C10 as well as the ketone at
C13. The C11 and C12 protons show no connectivity with the protons on C14, confirming the presence of a ketone
moiety at C13. A *J coupling constant of ~16 Hz confirms a trans arrangement around the C11-C12 double bond.
(9) The cross peak between the protons of C9 and C18 is due to an impurity from the product B sample.
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Figure 4-5. 2D '"H-"H TOCSY spectrum for product B of the le553Trp SLO-1 reaction with LA. Consistent with
the C,3H3004 species identified by ESI-MS, product B was identified as 9-keto-12,13-epoxyoctadec-10E-enoic acid
by NMR. The 2D 'H-"H TOCSY spectrum shows a clear correlation between protons on C2 and C8, C10-11 and
C12-C13, as well as protons on C13 and C18, consistent with localization of the epoxide at C12-C13 and the ketone
at C9. The C10 and C11 protons show no connectivity with the protons on C8, confirming the presence of a ketone
moiety at C9. A *J coupling constant of ~16 Hz confirms #rans arrangement around the C10-C11 double bond. (9)
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l. Product A

Il. Product B

Figure 4-6. Identification of products A and B of the 11e553Trp SLO-1 reaction with LA. Products A and B were
analyzed using a combination of mass spectrometry and NMR. Consistent with the C;sH3004 species identified by
ESI-MS, products A and B were identified as the following epoxyallylic ketones by NMR—13-keto-9,10-
epoxyoctadec-11E-enoic acid and 9-keto-12,13-epoxyoctadec-10E-enoic acid, respectively. The C;gH3,04 species
detected by ESI-MS in products A and B, which represents a molecular mass of 311, is consistent with the
hydroxide derivative of the epoxyallylic ketones identified by NMR.
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Figure 4-7. ESI-MS analysis of products C (I), D (II), and E (III) of the 11e553Trp SLO-1 reaction with LA. The
molecular mass of all three products was identified as 293 by ESI-MS, consistent with a chemical formula of
CisH300;. The minor peak (m/z of 329) represents an adduct of the fatty acid analyte with a chloride ion.
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Figure 4-8. "H 1D NMR spectra for 13-0x0-9Z,11E-octadecadienoic acid (I) and product C of the Ile553Trp SLO-1
reaction with LA (IT). Consistent with ESI-MS data, product C showed a similar retention time by reverse phase
HPLC as the commercial standard for 13-0x0-9Z,11E-octadecadienoic acid. This assignment was supported by 'H
1D NMR data shown above. Peaks observed at ~5.0 ppm and ~3.5 ppm represent solvent-related signal.
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Figure 4-9. "H 1D NMR spectra for 9-oxo0-10E, 12Z-octadecadienoic acid (I) and product E of the Ile553Trp SLO-1
reaction with LA (IT). Consistent with ESI-MS data, product E showed a similar retention time by reverse phase
HPLC as the commercial standard for 9-oxo-10E,12Z-octadecadienoic acid. This assignment was supported by 'H
1D NMR data, as shown above. Peaks observed at ~5.0 ppm and ~3.5 ppm represent solvent-related signal.
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l. 2D 'H-'H TOCSY spectrum of product D
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Figure 4-10. 2D '"H-"H TOCSY and COSY spectra for product D of the [le553Trp SLO-1 reaction with LA.
Consistent with ESI-MS, product D was identified as 13-0x0-9,11-octadecadienoic acid by NMR. (I) The 2D 'H-'H
TOCSY spectrum shows a clear correlation between protons on C2 and C8, C9-C12 and C8, as well as C14 and
C18, consistent with the localization of the ketone at C13. The C11 and C12 protons show no connectivity with the
protons on C14, confirming the presence of a ketone moiety at C13. The relative cross peak intensities of the off-
diagonal peaks corresponding to C14 at 2.59 ppm further support the localization of the ketone to C13. (II) The
presence of the diene was confirmed by COSY, which shows connectivity between protons on C9-12.



I. 1D 'H NMR spectrum of product D (zoom in on C12 and C11 protons)
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l. 2D 'H-'H COSY spectrum of product D (zoom in on C10-C11 cross peak)
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Figure 4-11. Establishing trans-trans diene stereochemistry for product D of the [1e553Trp SLO-1 reaction with
LA. (I) The 1D '"H NMR spectrum for the C12 proton shows a doublet pattern with “J= 15.6 Hz suggesting a trans
arrangement between the protons of C11 and C12. Consistent with this observation, the 1D "H NMR spectrum for
the C11 proton shows a double-doublet pattern with >J=15.6 Hz (due to the frans arrangement between protons
from C11 and C12) and *J= 9.6 Hz (J-coupling value of protons between C10 and C11). (9) (II) The C10-C11 cross
peak in the 2D "H-'"H COSY spectrum for product D clearly discerns the double-doublet splitting pattern of the
proton on C10. The *Jo.;o ~16Hz coupling between protons on C9 and C10 suggests a frans arrangement between
these two protons. (9) In summary, part [ and part II of Figure 4-11 confirm the trans arrangement of both the C11-

C12 and C9-C10 double bonds, respectively.
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Figure 4-12. Identification of products C, D, and E of the [1e553Trp SLO-1 reaction with LA. Products C, D, and E
were analyzed using a combination of mass spectrometry and NMR. The molecular mass of all three products was
determined as 293 by ESI-MS, consistent with a chemical formula of C,sH300O3. Consistent with ESI-MS data and
NMR analysis, products C, D, and E were identified as the following ketodienes—13-0x0-9Z,11E-octadecadienoic
acid, 13-0x0-9E,11E-octadecadienoic acid, and 9-ox0-10E,12Z-octadecadienoic acid.
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Figure 4-13. Reverse phase HPLC analysis of the reaction of [1e553Trp SLO-1 with LA at ambient O, (I) and high
O, (I). Increased oxygen appears to decrease the amount of activation products—both epoxyallylic and ketodiene

compounds—generated. Ambient oxygen reactions were performed at 284 uM O, and high oxygen reactions were
performed at 1365 pM O,.
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Figure 4-14. Model of gas migration in wild-type SLO-1 based on computational and experimental studies. While
the SLO-1 protein matrix contains a variety of tunnels and cavities, one pathway (blue) is primarily utilized for
oxygen delivery to the active site. Perturbation of this pathway can alter oxygen transport in the enzyme, in some
cases diminishing oxygen access and, in some, opening up alternate pathways to the active site. The SLO-1 protein
matrix is depicted in gray, LA in green, and the catalytic iron in magenta.
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Figure 4-15. Model of gas migration in [le553Trp SLO-1 based on computational and experimental studies. The
oxygen delivery channel (blue) is occluded by the Ile553Trp mutation (outlined in orange). O, availability at the
active site is diminished, as evidenced by an increased Michaelis constant for oxygen and an increased proportion of
13R, 9S and 9R HPOD produced in the peroxidation of LA. It is possible that O, access to the substrate radical in
11e553Trp SLO-1 requires transient protein motions that open up space around position 553 and allow O, passage to
the active site. The SLO-1 protein matrix is depicted in gray, LA in green, and the catalytic iron in magenta.
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Figure 4-16. Model of gas migration in Leu496Trp SLO-1 based on computational and experimental studies. The
Leu496Trp mutation (outlined in orange) ungates an alternate pathway to the active site, significantly increasing the
proportion of 9S and 9R HPOD produced in the peroxidation of LA. Paths for oxygen transport are outlined in blue.
The SLO-1 protein matrix is depicted in gray, LA in green, and the catalytic iron in magenta.
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