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INTRODUCTION

IPOXYGENASES (LOXs) are a family of polyunsaturated fatty acid peroxidizing enzymes
that have been of interest as pharmacological targets for decades. This is hardly sur-
prising since deviations in the functioning of the several LOX isoforms in humans manifest
in pathologies ranging from inflammation-related conditions like asthma and atheroscle-
rosis to genetic disorders like ichthyosis. In recent years, LOXs have also been concerned
with the dispute about healthy diet: depending on the fatty acid substrate species, either
o3 or w6, lipoxygenation products tend to be anti-inflammatory and pro-resolving in one
case, but the opposite in the other, thus a balance between these nutrients needs to be
maintained. Failure to do so can contribute, for instance, to the progress of chronic vascu-
lar disorders.

Despite the prevalence of LOXs, only one LOX-targeting drug has actually reached the
market at the time of writing this thesis: the 5-LOX inhibitor Zileuton for asthma treat-
ment. One of the hurdles in designing specific inhibitors for LOXs is the relative similarity
of the active sites among distinct isoforms—there are six of them in humans—that per-
form completely different functions. These enzymes differ not only in catalysis specificity
or tissue localization, but also in activation and allosteric regulation. The latter could pro-
vide another means of pharmacological intervention besides active site ligands.

Research on human LOXs, especially structural work, has been arduous largely because
of the instability of these enzymes. Interestingly, some very distant relatives of ours in the
animal kingdom, Octocorals, have proven to be a valuable source of more stable LOXs, suit-
able for extensive experimentation. One such enzyme is the arachidonate 11R-LOX from
the Arctic soft coral Gersemia fruticosa.

In the present thesis, the structure and regulatory mechanisms of 11R-LOX were inves-
tigated. The crystal structure of the enzyme was solved, which gave rise to new hypothe-
ses regarding its molecular machinery. More specifically, binding of the substrate into the
active site, interdomain communications, and quaternary interfaces were studied. The
roles of possibly significant residues were probed by site-directed mutagenesis. Mutant
enzymes were subjected to various assays to evaluate the effect on the functionality of
the enzyme. Additional in-solution structural data was obtained with small-angle X-ray
scattering and chemical cross-linking. This allowed to determine the dimeric assembly of
11R-LOX, which makes it the first LOX with a known quaternary structure at a near-atomic
resolution.

These data provide novel insight into the workings of LOXs, and have already con-
tributed to widen our understanding of these enzymes. Hopefully, this knowledge can be
put into good use to design better pharmaceuticals or to comprehend allosteric mecha-
nisms and protein-protein interactions.
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LITERATURE REVIEW

IPOXYGENASES (LOXs) are oxidoreductases that catalyze the peroxidation of polyunsatura-
ted fatty acids (PUFAs) by the addition of dioxygen. The reaction specificity is generally
under strict regio- and stereocontrol, so a single predominant fatty acid hydroperoxide is
produced from any suitable substrate [1]. These enzymes are widely spread among living
organisms, being endogenous to most eukaryotes, including animals, plants and fungi, but
also to some bacteria [2]. The main substrate in animals is arachidonic acid (AA), which is
converted into hydroperoxyeicosatetraenoic acids (HpETES). In plants, linoleic acid (LA) is
utilized to yield hydroperoxyoctadecadienoic acids (HpODEs). The products can serve as
precursors for the synthesis of various lipid mediators, or can act as such on their own [3-
5].

The principal method for determining protein structures at (near-)atomic resolution
is X-ray crystallography. To date, there are 62 crystal structure models of various LOXs
published in the PDB database (www.rcsb.org), though that number also includes mutated
variants of already known structures. If we disregard those duplicates, we are left with 33
models of 16 unique LOXs, listed collectively in Table 1. Four of these are plant LOXs, all
from soybean (Glycine max), another three are from bacteria, two from fungi, and seven
of animal origin.

Animal LOXs generally consist of a single polypeptide chain that folds into two distinct
domains: a smaller N-terminal regulatory domain, and a larger C-terminal catalytic do-
main [33]. Although plant LOXs are built upon the same two-domain framework, they
contain several insertions that form additional loops and helices on the protein surface [15,
18, 26]. These alterations do not necessarily affect the enclosed active site and catalytic
activity, but changes in the activation and regulation of the enzyme are likely. Bacterial
and fungal LOXs tend to lack the common regulatory domain altogether, and feature alter-
native o-helical N-termini instead [27-29].

The extensive structural and functional research conducted on LOXs from plants and
microorganisms provides valuable information about the active site and actual catalysis,
since the inner core of the enzyme is rather conserved. However, in order to draw rea-
sonable conclusions on the regulatory aspects of human LOXs, which are potential drug
targets, enzymes that bear more similar features in peripheral regions need to be studied.

1.1 CONCERNING NOMENCLATURE

Historically, LOXs have been named according to the catalytic specificity towards their pri-
mary endogenous substrate. For example, human 5-LOX oxygenates AA at the 5th carbon,
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Table 1 - LOX structures published in the PDB. Mutant enzyme variants have been omitted.

Organism Protein PDB ID Resolution (A)  Reference and remarks
Animals
Gersemia fruticosa 1R-LOX 3VF1 2.47 Publication |
Homo sapiens ALOX5 308Y 2.39 [6], stabilized mutant
ALOX12 3D3L 2.6 -, mutated catalytic domain only
ALOX15B ANRE 2.63 [7], detergent C8E4 complex
Oryctolagus cuniculus ALOX15 1LOX 2.4 [8], inhibitor RS75091 complex
2POM 2.4 [9], reinterpretation of 1LOX data
Plexaura homomalla 8R-LOX 2FNQ 3.2 [10], part of AOS-LOX fusion protein
3FG1 1.85 [11], PLAT domain loop truncation
4QWT 2.0 [12], substrate AA complex
Sus scrofa ALOX15 3RDE 1.89 [13], catalytic domain with inhibitor OPP
Plants
Glycine max LOX-1 2SBL 2.6 [14]
1YGE 1.4 [15]
1F8N 1.4 [16], re-refinement of 1YGE data
3PZW 1.4 [17], re-refinement of 1YGE data
LOX-3 ILNH 2.6 [18]
1IK3 2.0 [19], 13(S)-HODE complex
1HU9 2.2 [20], curcumin complex
1JNQ 2.1 [21], EGCG complex
IN8Q 2.1 [22], protocatechuic acid complex
1NO3 215 [23], 4-nitrocatechol complex
1ROV 2.0 [24], oxidized active site
1RRH, 1RRL 2.0, 2.09 [25], ambient vs cryo-temperature
LOX-B 21U) 2.4 [26]
LOX-D 2IUK 2.4 [26]
Bacteria
Cyanothece sp. PCC 8801 Csp-LOX-1 5EK8 27 [27]
Csp-LOX-2 5MED 1.8 [28]
Pseudomonas aeruginosa Pa-LOX 4G32,4G33  1.75,2.03 [291, phospholipid complex
5IR4, 5IR5 1.48,1.9 [30], phospholipid complex
Fungi
Gaeumannomyces graminis ~ Gg-MnLOX  5FX8 2.6 [31], manganese LOX
Magnaporthe oryzae Mo-MnLOX  5FNO 2.04 [32], manganese LOX
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1.2 DIVERSITY AND BIOLOGICAL FUNCTIONS

producing 5(S)-HpETE. S-stereospecificity is often omitted from the name, since the first
LOXs studied were all S-specific. R-LOXs, which were discovered later, are usually labeled
explicitly. This is also practiced if two LOXs with the same regio-, but different stereospeci-
ficity are under discussion (e.g. human 125- and 12R-LOX). Stating the source tissue or cell
type has been another means for distinguishing paralogs, i.e., distinct LOX isoforms in an
organism.

This system is rational in a purely functional sense, but falls short once homologous
enzymes need to be compared in an evolutionary aspect. The catalytic specificity is not
always constant over genetic lineages: while the enzyme trivially called 15-LOX-2 catalyzes
15S-lipoxygenation in humans, its murine ortholog is in fact an arachidonate 85-LOX [34].
To overcome this source of confusion, at least among mammalian LOXs, it has been sug-
gested to address these enzymes by their respective gene names [33, 35]. In the previous
example, both human and murine enzymes would be referred to as ALOX15B.

Since catalytic specificity is one of the subjects of this study, the product-based nomen-
clature is provided in the thesis wherever applicable and necessary to convey the message.
For mammalian LOXs, however, the gene-based names are preferred.

1.2 DIVERSITY AND BIOLOGICAL FUNCTIONS

The mechanism of LOX catalysis, viewed in detail in Section 1.4 Lipoxygenation mechanism,
enables the production of multiple different peroxy-derivatives from a single substrate
PUFA. This creates a possibility of having alternative enzyme forms with differing product
specificities. Indeed, there are six functional LOX isoforms in humans, encoded by genes
ALOX5, ALOX12, ALOX12B, ALOXE3, ALOX15 and ALOX15B, each with a unique set of proper-
ties summarized in Table 2. The role of LOX catalysis by the different enzyme variants—not
only in humans, but all LOX-containing organisms—spans from the synthesis of lipid me-
diators to the modification of biomembranes [2, 3, 36, 37]. These affect regulation of in-
flammation, cell differentiation and proliferation, and oxidative stress. Consequently, the
pathologies that can be related to or modified by LOX activity include a wide range of
conditions such as asthma, atherosclerosis, ichthyosis, atherothrombosis, carcinogenesis,
diabetes, and neurodegenerative disorders. In general, the actions LOXs perform in an
organism can be classified into three categories, illustrated in Figure 1.

Table 2 - Human LOXs and their properties [36].

Gene

Common names

Main substrates

Main products

Biological functions

ALOX5

ALOX12
ALOX12B

ALOXE3

ALOX15

ALOX15B

5-LOX

platelet 12-LOX
12R-LOX

elLOX3
15-LOX-1, 12/15-LOX,

leukocyte 12-LOX
15-LOX-2

AA

AA
linoleoyl-w-hydroxyceramide

9(R)-hydroperoxy-linoleoyl-a-

hydroxyceramide
free and esterified PUFAs

AA

5(S)-HpETE, LTA4

12(S)-HpETE
9(R)-hydroperoxy-linoleoyl-e-
hydroxyceramide

9(R),10(R)-epoxy-13(R)-hydroxy-

linoleoyl-w-hydroxyceramide
15(S)- and 12(S)-HpETE

(from AA)

15(S)-HpETE

leukotriene production,
inflammatory mediators

modulation of platelet aggregation

maintenance of epidermal
permeability barrier
maintenance of epidermal
permeability barrier
inflammatory mediators,
membrane oxidation
negative cell cycle regulation,
tumor suppression
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- membrane restructuring
- lipoprotein modification
- covalent association

modification of
lipid-protein complexes

e ~a

synthesis of bioactive regulation of the
lipid mediators intracellular redox state

- leukotrienes - gene expression
- lipoxins - cell proliferation
- hepoxilins - differentiation

- hydroxy fatty acids

Figure 1 - Biological functions of LOXs. Figure reproduced from [3].

The most well-established and studied function is the production of hydroperoxy
derivatives of PUFAs that serve as precursors for a myriad of bioactive compounds
like leukotrienes (LTs), lipoxins, hepoxilins, eoxins and resolvins in mammals [2, 3],
volatile aldehydes and jasmonates in plants [38], and other oxylipins in fungi and bac-
teria [39]. These lipid mediators participate in inflammatory processes—both inducing
and resolving—and in overall stress response. LTs and eoxins, for instance, are strong
pro-inflammatory agents, whereas lipoxins and resolvins promote return to homeosta-
sis [3]. Jasmonates mediate stress response in plants, e.g., to counter with wounding,
insect attack, or other environmental sources of stress, but participate also in devel-
opmental processes like seed germination [40]. Similar functions have been attributed
to eicosanoids in octocorals, where the expression of an allene oxide synthase (AOS)-
LOX fusion protein was found to be up-regulated in response to wounding and thermal
stress [41, 42].

While most LOXs prefer free fatty acids as substrates, some are also able to catalyze the
oxygenation of PUFAs incorporated into complex lipids. By modifying the lipid membrane
structure, these LOXs contribute to cell development, e.g., erythropoiesis, epidermal dif-
ferentiation, and skin development [3]. In addition, it has recently been hypothesized that
the secreted LOX from the opportunistic pathogen Pseudomonas aeruginosa could induce
hemolysis by oxygenating erythrocyte membranes [43], or participate in biofilm growth
on host tissue [44].

There are many factors that affect the intracellular redox state, but LOX-formed lipid per-
oxides are nevertheless important contributors to the oxidative side of the equilibrium [3].
The redox state regulates cell proliferation and gene expression, hence LOX catalysis can
impact these processes. Some of the pro-carcinogenic effects of LOXs can be attributed
to the increased oxidative stress, as can be their role in neurodegenerative disorders like
Alzheimer’s and Parkinson’s disease [45, 46].
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1.3 OVERALL TERTIARY STRUCTURE

In addition to canonical lipoxygenation, some LOXs display slightly alternative catalytic
activities. Enzymes with lipohydroperoxidase (or hydroperoxide isomerase) activity cat-
alyze the conversion of fatty acid peroxides, i.e., products of previous lipoxygenation, into
secondary peroxidation products like ketodienes, epoxy hydroxy compounds, short chain
aldehydes, etc. [35]. A remarkable example of this is human ALOXE3, expressed in the
epidermis, that predominantly converts esterified 12(R)-HpODE, the product of ALOX12B
catalysis, into a corresponding epoxyalcohol derivative [47]. This process is necessary in
the skin water-barrier formation, as individuals with a loss-of-function mutation suffer
from severe ichthyosis. Another alternative mode of LOX action is LT synthase activity.
ALOX5, also known as 5-LOX and LTA4 synthase, is the key enzyme in LT synthesis [2, 36, 48].
ALOX5 firstly converts AA into 5(S)-HpETE and subsequently catalyzes the dehydration of
the hydroperoxide into an allylic epoxide, LTA4. The highly unstable LTA, is then further
converted by downstream enzymes into various LTs, which act as potent pro-inflammatory
mediators.

1.3 OVERALL TERTIARY STRUCTURE

In 1993, Boyington et al. published the first LOX crystal structure of soybean (G. max)
LOX-1[14]. The resolution was improved a few years later to 1.4 A by Minor et al. [15]. Rabbit
(Oryctolagus cuniculus) reticulocyte 155-LOX (ALOX15) was the first mammalian enzyme to
follow in 1997 by Gillmor et al. [8], though the solution of the crystal structure was flawed
due to overlooked crystal twinning. The data was reinterpreted only in 2008 to reveal
the enzyme in two different conformations, with and without a bound inhibitor [9]. De-
spite this, the soybean and rabbit enzyme models laid the foundation for structure-based
functional studies of LOXs already in the 90s.

The canonical tertiary structure of a LOX comprises of an N-terminal B-sandwich called
the PLAT domain, which acts as a regulatory and membrane-binding module, and a
C-terminal mostly a-helical catalytic domain, which harbors the active site [1, 5]. The
enzyme is cylindrical in shape with the catalytic domain constituting the majority, and
the smaller, relatively loosely attached B-sandwich at one end of the cylinder (Figure 2).
The single polypeptide chain of an animal LOX is about 660 residues long (~110 in PLAT
and ~540 in catalytic domain). Plant enzymes are considerably larger (~900 amino acids)
thanks to several additional loops.

1.3.1 PLAT domain

The N-terminal B-fold was at first called a C2-like domain due to its similarity to the
structure found in lipases, but is now classified as PLAT domain, the acronym deriving
from three representative proteins: polycystin-1, lipoxygenase, and a-toxin [50]. It is a
B-sandwich of two four-strand antiparallel sheets, and it constitutes about a sixth of
the whole protein chain. The domain functions as a Ca?*-activated membrane-targeting
module in several animal LOXs including human ALOX5 [51, 52], ALOX15 [53, 54] and
ALOX15B [55].



LITERATURE REVIEW

distal

Figure 2 - Crystal structure model of the coral 8R-LOX (PDB ID: 2FNQ). The PLAT domain (green) binds three
calcium ions, labeled “distal”, “medial”, and “proximal”. The catalytic domain (hues of blue) is divided into
subregions as in [49]. Moving along the chain from N- towards C-terminus, the LINK region connects the
N-terminal PLAT domain to the catalytic part, the following TOP region envelopes the entrance to the
active site with helix a2, and the PDZ-like subdomain constitutes another potential regulatory unit. The
rest of the catalytic domain is the core that defines the active site with the prosthetic iron (brown sphere).

The crystal structure of the arachidonate 8R-LOX from the soft coral Plexaura homoma-
lla revealed three Ca2*-binding sites between the loops on one edge of the domain (Fig-
ure 2) [10]. In the thesis, these are referred to as “distal”, “medial”, and “proximal” sites
with respect to their position relative to the catalytic domain. The binding clusters are
defined by negatively charged or polar (Asp, Asn, Glu) side chains and carbonylic oxygens
from the backbone. The sites coincide with the ones identified in Clostridium perfringens
o-toxin [56]. Despite that, the coordinating residues are not highly conserved; for instance,
only two sites (distal and proximal) can be found in human ALOX15B [7].

The same loops that constitute Ca2*-binding sites may also contain bulky hydrophobic
residues that can submerge into a lipid bilayer. In the 8R-LOX model, two tryptophanes
are exposed on extended loops, and replacing them with alanines impaired membrane
binding [10]. Likewise, human ALOX15B displays a hydrophobic proline-rich B-hairpin that
protrudes from the PLAT domain and is stabilized by the proximal Ca2* site [7]. Deletion
of this loop hindered membrane association, so the hairpin likely acts as a membrane-
insertion motif [57]. In ALOX5, three exposed tryptophanes (Trp™3, Trp”>, Trp'°2) have been
implicated in membrane anchoring [52].

1.3.2 Catalytic domain
In contrast to the PLAT domain, the catalytic domain is largely a helical bundle, the two

longest helices containing over 40 amino acid residues. The active site is inside a deep and
narrow cavity situated roughly in the center of the domain, where it harbors a prosthetic

18



1.3 OVERALL TERTIARY STRUCTURE

non-heme iron [1] (Figure 3A). The iron is pseudo-octagonally coordinated by three invari-
ant histidines, provided by the two longest helices that constitute the core of the LOX
fold, and the carboxyl group of the invariant C-terminal isoleucine (Figure 3B). Another
weaker ligand is an Asn/His/Ser residue, which is more distant to the metal ion, but fits
into the distorted coordination sphere [5, 15]. In crystallographic models, the sixth ligand
to the iron is a water molecule that is also necessary for bridging the redox reaction during
catalysis [16].

The exact binding mode of the fatty acid substrate in the LOX active site was a mat-
ter of debate for a long time, since in order to halt the enzyme:substrate complex in the
productive conformation, one had to completely remove the second substrate, O,, from
the environment. Neau et al. succeeded in that in 2014 by soaking AA into coral 8R-LOX
crystals in a glovebox, which had been thoroughly equilibrated with nitrogen [12]. The
resulting crystal structure confirmed the prevalent hypothesis: the active site is mainly
defined by four helices oriented roughly in an antiparallel fashion along the axis of the
cylindrical protein [12, 15] (Figure 3). The two longest helical segments of the catalytic do-
main, which provide His-ligands to the non-heme iron, wall the site on the core side. On
the surface side, an arched or discontinuous helix features a reverse turn just over the site
to form the main cavity. Lastly, the penultimate helix of the protein seals the bottom part
of the substrate channel. The entrance to the substrate-binding channel is between the
arched and the penultimate helix, and is lined by helix a2. The channel continues to the
catalytic site by the non-heme iron, then makes a sharp turn away from the PLAT domain,
and ends with a hydrophobic pocket. Another narrow discontinuous tunnel reaches from
the catalytic center to the surface on the other side of the arched helix. This is the putative
0O, access route [12, 28, 58].

Jankun et al. proposed that the N-terminal portion of the catalytic domain could be
divided into smaller subdomains, each with a distinct role [49]. The hypothesis was
prompted by small-angle X-ray scattering (SAXS) analysis of human ALOX12 that sug-
gested the relative mobility of not only the N-terminal PLAT domain, but also the o+
formation in the other end of the catalytic domain [59]. This subdomain consists of a
five-strand antiparallel B-sheet flanked by two to three helices. The CATH database lists
an NTF2 topology in that region of several LOXs, but the authors concluded that the fold
bears notably greater resemblance to PDZ domains—a family of heterologous folds that
are known to participate in protein-protein interactions mostly by binding the C-termini
of peptides [60, 61]. According to their model, the chain segment between PLAT and PDZ
domains is split into two sections: first, the ~50 residues directly following the PLAT do-
main including helix o1 comprise the LINK region; and second, the chain including helix a2,
which passes the entrance to the substrate channel, constitutes the TOP region (Figure 2).
The rest of the C-terminal part of the enzyme is the true catalytic domain, a helical bundle
that forms the catalytic site together with the iron coordination sphere. The role of LINK
and TOP segments would be to connect the regulatory PLAT and PDZ domains with the
active site to convey their regulatory effect to the catalytic apparatus.
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B
H389/504/382
H384/499/377 .
water
&
H570/690/555 kj%
N574/694/559 1693/839/685

Figure 3 - Crystal structure model of the coral 8R-LOX with AA bound in its active site (PDB ID: 4QWT).
(A) The helices that define the substrate-binding channel are highlighted: the core helices are in yellow,
the discontinuous arched helix in orange, and the penultimate helix in red. AA is depicted as a space-filling
molecule and the non-heme iron in the active site is a brown sphere. Helix o2 passes the entrance to the
substrate channel. The rest of the structure is colored as in Figure 2. (B) Coordination sphere of the pros-
thetic iron in the catalytic center. In addition to 8R-LOX (pink), which is of animal origin, a plant (soybean
LOX-1, 3PZW, green) and a bacterial LOX (Pa-LOX, 5IR4, yellow) have been superposed. (C) Active site of
8R-LOX with AA. The residues that outline the active site together with the substrate-binding channel are
displayed. The colors of the residues and the rough orientation correspond to panel A.
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1.4 LIPOXYGENATION MECHANISM

1.4 LIPOXYGENATION MECHANISM

The non-heme iron, coordinated in the active site of a LOX, initiates the catalytic cycle [1,
33, 62]. The iron must be oxidized to its ferric form (Fe3*) beforehand, which is likely car-
ried out by any peroxides available in the solution. The substrate PUFA is then bound to
the active site so that a bisallylic sp® carbon is tethered near the iron. This alignment is the
first specificity-determining step since the following radical reaction is confined to the se-
lected pentadiene fragment of the PUFA. The determinants behind substrate positioning
are viewed in detail in Section 1.5 Determinants of catalytic specificity.

The first step of the conversion is hydrogen abstraction from the bisallylic methylene
group, leading to radical formation (Figure 4a). This process utilizes proton-coupled elec-
tron transfer: an electron from the breaking C-H bond is tunneled to the iron over the
leaving proton and the oxygen of a hydroxide ion, which is chelated to the iron [16, 63, 64].
As a result, the iron is reduced to Fe2*. In the newly formed conjugated pentadienyl sys-
tem, the radical can relocate either to -2 or +2 carbon relative to the point of abstraction
(Figure 4b). Next, molecular oxygen merges to one of those positions, giving a peroxy rad-
ical (Figure 4c). The choice between the two alternatives is mainly determined by a single
Gly/Ala residue [65, 66], also discussed in Section 1.5 Determinants of catalytic specificity.
As hydrogen abstraction and oxygen insertion are strictly in an antarafacial relationship,
i.e., these events take place on the opposite sides of the substrate, the position of O, in-
sertion also determines the absolute configuration of the product [67]. Lastly, the radical

Substrate Product

HOO//’

HC-R' 4 R-COOH HyC-R' N R-COOH
W

>/ LOX-Fe™ ‘\( |

a) Hydrogen abstraction d) Radical reduction

OO// \

LOX-Fe?* LOX-Fe?*
b) Radical rearrangement [+ 2] c) Dioxygen insertion

H;C-R' \T R-COOH

u
LOX—Fe?* Oz

Figure 4 - Catalytic cycle of LOXs is driven by the Fe?*/Fe®* redox reaction. The substrate PUFA is con-
verted into a hydroperoxide by a radical mechanism, which involves hydrogen abstraction from the bisal-
lylic methylene of a pentadiene fragment, and subsequent dioxygen insertion either at -2 or +2 position.
Figure reproduced from [33].
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is reduced to yield a hydroperoxy fatty acid (Figure 4d). The iron is simultaneously oxidized
to Fe3*, returning the enzyme ready for the next catalytic cycle.

1.5 DETERMINANTS OF CATALYTIC SPECIFICITY

There are two elementary reactions in LOX catalysis that determine the final configuration
of the PUFA hydroperoxy derivative: firstly, the homolytic hydrogen abstraction from a
bisallylic methylene group, and secondly, the antarafacial addition of molecular oxygen
to either end of the newly-formed pentadienyl radical [1]. These steps are controlled by
the shape of the active site, that is, directed by the residues which line the substrate-
binding channel and interact with the fatty acid. In theory, it is possible to obtain twelve
different hydroperoxy derivatives from AA by lipoxygenation, provided that enzymes with
each specificity exist (Figure 5). An overview of the key residues that determine the course
of catalysis is given below.

S 128 1R
12R 118-

Hua

tail flrst —

c13 c1o
(w8) (w11) (w14)

) Hydrogen abstraction

Figure 5 - Twelve possibilities of AA lipoxygenation. Initially, either proS or proR hydrogen is removed from
a bisallylic methylene (C7, C10 or C13). The reactive side of the molecule is determined by the orientation
of the substrate in the binding channel, either aliphatic tail- or carboxylate head-first. Then, O, merges to
either -2 or +2 carbon (grouped by colors) on the other side of the molecule. For example, the removal of
proS hydrogen from C13 can lead to either 11(R)- or 15(S)-HpETE formation.

1.5.1 Positioning of the substrate

Extensive studies employing mutations in the active site revealed that the depth of the
substrate-binding channel is a major factor for determining the positional specificity in sev-
eral LOXs [68-70]. A “frameshift” in hydrogen abstraction was induced in different ALOX15
orthologs by reducing the size of side chain moieties in the bottom of the cavity, the key
residues in rabbit ALOX15 being Phe333, 11e'8, Met*'? and 11e5%3. Using site-directed muta-
genesis, a 155-lipoxygenating enzyme was transformed into a 125-LOX. This indicated that
the fatty acid enters the substrate channel of ALOX15 hydrophobic tail-first, and once more
room is available, it can slide in deeper and expose the proS hydrogen at 11 instead of ©8
for abstraction. It should be mentioned that both 125- and 155-lipoxygenating ALOX15 or-
thologs exist in nature, hence the trivial name 12/15-LOX. Frameshift-inducing mutations
have been performed on several ALOX15 enzymes and also in the 12 — 15 direction [71, 72].
However, not all LOXs yield to this type of manipulation, that is, alterations to the depth
of the binding pocket, so there are other factors that also affect substrate positioning [71].
For example, additional m-= and van der Waals interactions with the central part of the
substrate also contribute to the correct productive placement [73].
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A study on plant LOXs with a tritium-labeled substrate proved already in the 1970s that
hydrogen removal can occur on both sides of the pentadiene fragment [74]. It was logi-
cally reasoned that the fatty acid may bind into the active site in opposite orientations.
As already mentioned before, the murine version of ALOX15B is an 85-LOX, whereas the
human counterpart is a pure 155-LOX. It was discovered that a pair of residues is mainly
responsible for this variation: in the mouse ortholog these are Tyr®®® and His®*, which in
the human enzyme correspond to Asp and Val [34]. Swapping these residues caused an
exchange of specificity in both enzyme variants. The authors suggested that the effect is
caused by a switch in binding the substrate head- vs tail-first. In 85-LOX, the aromatic Tyr
and positively charged His can tether the carboxylate group of the fatty acid and support
head-first binding, while in 155-LOX the negatively charged Asp causes repulsion and the
hydrophobic Val favors aliphatic tail-first entry. Similarly, His®°° of human ALOX5 partici-
pates in coordinating the fatty acid head in the bottom of the cavity [75]. pH-dependent
reaction specificity has been observed in LOXs with charged side chains in the binding
pocket, and the variations correlate with the charge state of the residues that might inter-
act with the negative carboxylate in head-first binding mode [76, 77]. Furthermore, double
dioxygenation of AA by some LOXs can be explained by the enzyme acting on the substrate
twice in opposite orientations [78, 79]. The carboxylate group of the free fatty acid can be
tethered also in the aliphatic tail-first binding orientation. For instance, Arg*°2 near the
active site entrance of human ALOX15 is important for proper substrate binding [73, 80].
In general, the orientation hypothesis is consistent with antarafacial hydrogen abstraction
and oxygen insertion, and does not contradict with the frameshift concept, but comple-
ments it.

The most definitive evidence regarding substrate positioning comes from the co-crystal
of the coral 8R-LOX with AA bound in its active site [12]. The binding mode and the residues
that make up the active site are illustrated in Figure 3C. The fatty acid has entered the
channel tail-first, so its methyl end is buried deep inside the pocket. The key residues
that determine the 12/15-specificity of ALOX15 are Ser®®, Ser**', Leu**2 and Thré2 in
8R-LOX. These are rather compact and allow the substrate to penetrate deeper like in
12-lipoxygenating ALOX15 enzymes. At the entrance there is Arg'82 that tethers the car-
boxylate head. Removing the positive charge from this position resulted in pronounced
substrate inhibition [12]. In addition, there are several crystal structures available with
substrate-mimicking inhibitors or phospholipids bound in the active site [7, 9, 13, 29, 30].
The binding modes in these models are all in agreement, so there is little doubt regarding
the positioning of the substrate in LOXs.

1.5.2 Oxygen channeling

After hydrogen abstraction, O, can merge with the radical, and this happens preferentially
two carbons away from the initial catalysis step. Whether it is -2 or +2, is determined by
the so called Coffa determinant, a Gly/Ala switch that sterically directs the oxygen to the
correct position [65-67]. Since the addition follows an antarafacial geometry, the residue
concurrently dictates the stereoconfiguration of the product—an Ala directs the oxygen
to S-configuration, while Gly enables the formation of an R-product. In the 8R-LOX model,
this determinant is aptly Gly*%’. It is situated on the arched helix opposite to the iron, so
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it is positioned just above the pentadienyl radical during catalysis (Figure 3C). The penta-
diene system is surrounded by invariant leucines and isoleucines that aid to fasten the
substrate and also shield its suprafacial side [12].

Although oxygen could infiltrate the active site using the same entrance as the sub-
strate, there is also a visible tunnel in the model that begins from the surface on the other
side of the arched helix and extends conveniently to Gly*?’. This putative oxygen channel
has been observed in other LOX crystal structures as well [7, 28, 58]. Several mutagenesis
studies coupled with computational modeling have substantiated the role of this specific
access route in contrast to non-specific diffusion [81-84]. Once the oxygen reaches the
active site, the Gly/Ala switch directs it to the correct end of the pentadienyl radical: a
Gly residue enables access to the carbon closer to the active site entrance, whereas an
Ala blocks it and guides the oxygen deeper into the binding pocket. There are exceptions,
for instance, the determinant in a structurally atypical 125-LOX (or LOX-1) from zebrafish
(Danio reio) is Gly*1°, yet the main product of AA conversion is 12(S)-HpETE [85, 86]. Fur-
thermore, site-directed mutagenesis of the switch in several mammalian enzymes has
resulted in only minor changes in catalysis specificity [85]. This suggests that oxygen ad-
dition is orchestrated in a more complex manner, and the Gly/Ala switch is only a part of
the machinery, although an important one.

1.6 POST-TRANSLATIONAL AND ALLOSTERIC REGULATION

While most LOXs are able to acquire their substrate, a free fatty acid, from the solution,
many prefer to work on the surface of a lipid bilayer. Association with lipid membranes
is induced by Ca2* binding in the N-terminal PLAT domain, which then mediates localiza-
tion to the membrane. The activating effect of Ca2*-induced membrane binding has been
demonstrated in various mammalian LOXs [7, 51-55], but also in enzymes from other ani-
mals [10, 87, 88] and plants [89, 90]. Despite this, neither the Ca2* sites nor the membrane-
binding loops are highly conserved.

Truncation of the N-terminal PLAT domain impairs, but does not abolish the catalytic
activity in several mammalian LOXs, indicating that the domain does not participate in
catalysis, but confers regulatory functions [59, 91, 92]. Although the two domains interact
tightly in crystal structures, this does not necessarily hold true in solution. SAXS measure-
ments of both ALOX12 and ALOX15 imply that there is a high degree of motional free-
dom between the domains, meaning the PLAT domain can swing away from the catalytic
portion and expose the otherwise shielded interface [59, 93, 94]. The process of domain
association/dissociation may induce further conformational changes that, in turn, impact
enzymatic activity. However, not all LOXs display such flexibility—no major conformational
changes were detected in soybean LOX-1 [95]. These results were confirmed by dynamic
fluorescence measurements demonstrating the more flexible nature of rabbit ALOX15 in
contrast to the plant enzyme [96].
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1.6.1 Regulation of ALOX5

The most thoroughly studied LOX in terms of regulatory aspects is ALOX5 due to its
prominent role in inflammation signaling [36, 48, 97, 98]. The PLAT domain of ALOX5
can bind two calcium ions with a Kp of about 6 uM [51, 99]. CaZ*-binding likely stabilizes
the coinciding membrane insertion loops and exposes bulky tryptophanes (Trp'S, Trp”>,
Trp'92) for membrane anchoring [52]. ALOX5 preferentially binds the nuclear envelope,
rich with phosphatidylcholine (PC), and this selectivity is dictated by the aforementioned
tryptophanes [52, 100, 101]. Additionally, some mono- and diglycerides (e.g. 1-oleyl-2-
acetylglycerol) can stimulate ALOX5 catalysis in vitro in the absence of Ca2* and phospho-
lipid membranes by interacting through the same residues [102]. ATP stimulates ALOX5
activity and its association is sufficiently strong to enable purification of the enzyme by
ATP-affinity chromatography. Covalent labeling identified two residues, Trp” and Trp2°’,
that likely interact with the adenine ring of ATP [103]. These are respectively situated in
the PLAT domain in a membrane-binding loop, and in the TOP region between helix a2
and the PDZ-like subdomain. While the distance between these residues implies that two
distinct binding sites exist, quantitation of the label indicated an equimolar binding ratio.

ALOX5 can be phosphorylated by various protein kinases [97]. Phosphorylations at
Ser?! and Ser%%3 can induce ALOX5 activity in vitro, affect intracellular localization, and
may also lower the CaZ* threshold necessary for enzyme activation. Phosphorylation of
Ser®23 on the other hand, suppresses ALOX5 catalysis and prevents its import into the nu-
cleus. A phosphorylation-mimicing point mutation (S663D) was shown to convert ALOX5
to a 15-lipoxygenating enzyme, and consequently promote the synthesis of pro-resolving
lipoxins [104]. However, these results could not be reproduced by others [105], and it
was speculated that the conversion might have been partly due to additional stabilizing
mutations present in the 5-LOX variant used in the study.

There are a number of scaffold proteins that bind ALOX5 and regulate its activity.
5-LOX activating protein (FLAP) is a transmembrane protein associated mainly with the
nuclear envelope. Although it possesses no catalytic activity per se, nor is it obligatory for
ALOX5 activity, FLAP is thought to facilitate catalysis by presenting AA to ALOX5, and it also
promotes the conversion of the formed 5(S)-HpETE further into LTA4 [106, 107]. Moreover,
FLAP can form a complex with LTC4 synthase, which is the next enzyme in the LT pathway
utilizing LTA4 as a substrate. These proteins and phospholipase A,, which liberates the
fatty acid substrate from the membrane, are colocalized at the nuclear membrane in an
orchestrated fashion to create a compartmentalized framework for LT synthesis [108]. A
coactosin-like protein (CLP), which binds actin filaments, can also function as a scaffold to
substitute PC, and it stimulates LTA4 formation in the presence of lipid membranes [109].
Trp102 of ALOX5 was found essential for interaction with CLP, so the interface of the
complex resides at the interdomain cleft of ALOX5 [110]. The C-terminal end of Dicer,
a multidomain ribonuclease Il that participates in microRNA biogenesis, can bind the
PLAT domain at the membrane-insertion tryptophanes [111, 112]. The stimulatory effect is
similar to CLP, but not as pronounced.

The crystal structure of a stabilized version of ALOX5 revealed that the entrance to the
active site is blocked by a “cork” made up of Phe'” and Tyr'8! on helix 0.2 [6]. In most LOX
structures, including coral 8R-LOX (Figure 3A), this helix is several turns long, but in ALOX5
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it is short and flanked by extended loops enabling the blockage of the active site. This
clearly indicates that extensive conformational changes must occur to facilitate substrate
binding and catalysis. In recent years, the essence of this cork and the interdomain cleft
that binds the many effectors has been under active investigation in ALOX5 as well as in
other LOXs [75, 113-115]. These studies are analyzed in more detail in Chapter 5 DISCUSSION.

1.6.2 Allosteric effectors of other lipoxygenases

To date, no ligand proteins have been identified for LOXs other than ALOXS5. Besides acti-
vation by Ca2* and lipid membranes, allosteric binding of fatty acid derivatives has been
observed. Measurements of steady-state kinetics and kinetic isotope effects indicate that
inhibition of soybean LOX-1 and human ALOX15 by oleyl sulfate (OS) does not follow a
competitive mechanism, but suggest the existence of an alternative allosteric binding
site instead [116]. Catalysis products of ALOX15 and ALOX15B, such as 15(S)-HpETE and
13(S)-HpODE, can affect these enzymes allosterically and impact their substrate selectivity
(AAvs LA) [117, 118]. The allosteric site of ALOX15B was proposed to lie in the cleft between
PLAT and catalytic domains, and involve His®27 [119], but this has been questioned—a site
in the catalytic domain has also been suggested [120].

Recently, a rational computational approach was used to design novel ligands that act as
allosteric activators of ALOX15 [121]. The binding pocket of these compounds resides in the
catalytic domain between the active site and the putative PDZ-like subdomain involving
highly conserved residues Arg?*? and Asp?’”. Hence, the PLAT domain and the interdomain
cleft are not the only locations that allow allosteric manipulation.

1.6.3 Dimerization

LOXs were considered to function strictly as monomeric units for a long time, but re-
cent results concerning a number of mammalian enzymes have shifted this paradigm.
ALOX5 [122], ALOX12 [59, 94] and ALOX15 [94, 123] all have been observed to assemble
into dimers. The proposed quaternary structures are illustrated in Figure 6.

Under oxidizing conditions human ALOX5 is susceptible to dimerization via disulfide
bridge formation [122]. The suggested assembly forms in a head-to-tail fashion, and inter-
estingly, utilizes ATP-binding sites (residues 73-83 in the PLAT domain and 193-209 in the
TOP region of the catalytic domain). This can explain the observed enzyme:ATP stoichiom-
etry of 1:1 even with two identified binding sites [103]. However, the catalytically active
unit of ALOX5 is the monomer as dimerization hinders both catalysis and CaZ*-induced
membrane binding [122, 124]. Controversially, an inactive ALOX5 isoform that lacks the ma-
jority of the TOP region was shown to stimulate the activity of the full-length enzyme at
low protein concentrations [125]. It was speculated that this could be due to heterodimer
formation, since ATP-binding sites are still intact in the deletion isoform.

SAXS studies revealed that ALOX12 functions minimally as a dimer, its monomers asso-
ciate by their catalytic domains, and the assembly could involve either the TOP region in-
cluding helix a2 or the putative PDZ-like domain [59, 94]. The PLAT domains face outwards
away from each other, and loosely interact with the catalytic part. The dimers are prone
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ALOX12 ALOX15

Figure 6 - Proposed dimer assemblies of mammalian LOXs. ALOX5: two crystallographic ALOX5 models
(PDB ID: 308Y) are positioned so that their ATP-binding sites (red) overlap. ALOX15: the crystal structure
model (PDB ID: 2POM) is a conformational heterodimer, connected mainly through a2 helices (TOP region).
It should be noted that according to SAXS, PLAT domains can swing away from the catalytic part—this is
not illustrated here. ALOX12: SAXS data indicate that ALOX12 dimer either is similar to ALOX15 assembly,
or associates using PDZ-like domains. In both cases, PLAT and PDZ domains are flexible in their relative
positioning like in ALOX15. The model of ALOX15 was used for visualization.

to cluster into higher oligomers, but this was diminished by replacing surface-exposed cys-
teines with serines, indicating the involvement of disulfide bridges in further aggregation.

By reinterpreting the crystallographic data of rabbit ALOX15, it was discovered that the
asymmetric unit of the crystal contains the enzyme in two different conformations: one
conformer with a ligand bound to an enclosed active site, and the other, an apo-conformer,
with an open active site [9]. The molecules interact by their a2 helices, which are notably
the most differing features of the two conformers. The a2 of the open apo-form has less
turns which allows it to swing away from the core, expanding the active site orifice. Al-
though mostly monomeric in solution according to SAXS, the share of dimeric ALOX15 is
somewhat increased at near-physiological salt concentrations (in contrast to no salt), or
by increasing the concentration of the enzyme [94]. Strikingly, the addition of 13(S)-HODE
into the solution induces nearly full dimerization of rabbit ALOX15 [123]. A double muta-
tion of W181E + H585E (situated on o2 and penultimate helices, respectively) abolished
this property, suggesting that these structural features participate in binding of the ligand,
the other monomer, or both. As mentioned above, ALOX15 can be allosterically affected
by its own products. Apparently the mechanistic explanation to this phenomenon could
very well be the conformational changes caused by dimerization.

1.7 ARACHIDONATE 11R-LIPOXYGENASE

The discovery of 11(R)-HETE in incubations of AA with the extract of the White Sea soft
coral Gersemia fruticosa [126] eventually led to the first cloning and characterization of
an arachidonate 11R-LOX [127]. As the name suggests, AA is the preferred substrate of the
enzyme, the main product being 11(R)-HpETE with a minor amount of byproduct 15-HpETE
(about 2%). It is a 77 kDa protein and its closest known relative is the 8R-LOX part of the
AQOS-LOX fusion protein from the Caribbean sea whip coral P. homomalla, sharing 42% of
the primary sequence. In mammals the closest homolog is ALOX5 with sequence identity
of about 33%. The identity with plant enzymes falls below 20%. Little is known about the
biological role of 11R-LOX, but studies regarding another soft coral, Capnella imbricata,
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have linked the AOS-LOX pathway to response against wounding and thermal stress [41,
42]; thus, there is an analogy with the jasmonate pathway in plants and inflammatory
eicosanoids in mammals. It is reasonable to speculate that 11R-LOX could fulfill a similar
function in G. fruticosa as well.

The Gly/Ala switch that controls the position of oxygen addition and R/S-stereo-
specificity [67] is Gly*'® in 11R-LOX, which conforms to the concept. By using alternative
substrates with differing lengths and double bond positions, it was found that the location
of hydrogen abstraction is relative to the distance from the methyl-end of the substrate,
hence it was reasoned that the fatty acid likely enters the substrate channel tail-first [127].

A striking feature of 11R-LOX is its absolute dependence on Ca?* and lipid membranes:
no enzymatic activity was detected in the absence of either component [127]. The three
Ca?*-binding sites observed in P. homomalla 8R-LOX seem to be conserved in 11R-LOX,
however, the Trp residues that can be found in the membrane insertion loops of 8R-LOX
and ALOXS5 are missing, suggesting a different mode of membrane interactions. A system-
atic analysis using model membranes with varying compositions revealed that activation
of 11R-LOX is dependent on the combination of phospholipid head groups that make up
the membrane surface [87]. 11R-LOX can interact with membranes that contain anionic
phospholipids like phosphatidylserine (PS) even in the absence of Ca2", but for produc-
tive binding, i.e., catalytic activity, involvement of Ca%* is a must (Figure 7). Additionally,
phosphatidylethanolamine (PE) works synergistically together with anionic phospholipids
to lower the concentration of CaZ* needed for activation. While 10 mM CaCl, provides the
maximal reaction rate with bacterial cell membranes, lipid vesicles with an optimized com-
position reduce this to about 1 mM. Data indicate that Ca?* binding, too, is a cooperative
procedure, affected by membrane surface components. In short, productive association
of 11R-LOX with lipid membranes is a synergistic procedure dependent on Ca2* concentra-
tion and the properties of the membrane surface.
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Figure 7 - Membrane binding of 11R-LOX. The inactive and active enzyme forms are in gray and red, respec-
tively. 11R-LOX can unproductively bind anionic membranes in the absence of Ca?*, but Ca2* is needed for
productive binding. The activating concentration of Ca%* is dependent on membrane composition [87].

Although the active site of LOXs has been studied thoroughly by now, and the cat-
alytic apparatus is rather well-established, there is still much to learn about the regula-
tory mechanisms in LOXs that affect actual enzymatic activity. These include activation
by Ca2*-mediated lipid membrane association, but also other allosteric effectors. Thanks
to its unique strict requirement for CaZ* and lipid membranes, and relative similarity to
mammalian LOXs, 11R-LOX provides novel opportunities for investigating these regulatory
aspects.
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AIMS OF THE STUDY

B EING RELATIVELY SIMILAR to pharmacologically relevant human LOXs, 11R-LOX repre-
sents a promising model enzyme to explore the regulation of LOXs by structural and
functional studies. On this account, the following key points were set as the aims of the
thesis:

e to solve the three-dimensional structure of 11R-LOX;
e to establish the mode of substrate binding in the active site;
e toinvestigate the activation of the enzyme by Ca2*-induced membrane association;

e to compare its structure and regulatory mechanisms to mammalian LOXs.
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MATERIALS AND METHODS

ISTED HERE ARE THE BRIEF DESCRIPTIONS of the materials and methods used in the thesis.
More detailed protocols can be found in the corresponding publications.

Recombinant G. fruticosa 11R-LOX with an N-terminal His-tag was expressed in Es-
cherichia coli BL21(DE3) cells. The protein was purified from cell lysate in three chor-
matographic stages: Ni-affinity, anion exchange and size exclusion chromatography
(SEC).

11R-LOX was crystallized using the hanging-drop vapor diffusion method. Diffraction
data was collected at the NE-CAT beamline 24-ID-E at the Advanced Photon Source
(Argonne, IL, USA). The crystal structure was solved by molecular replacement.

Whole plasmid PCR with mutagenic primers was used to introduce mutations for
structure-function studies.

Kinetic properties of enzyme variants were assayed spectrophotometrically, and
catalysis products were analyzed by high-performance liquid chromatography
(HPLC)-mass spectrometry (MS).

Thermal stability assays were conducted using a hydrophobic fluorophore as a de-
naturation indicator in differential scanning fluorimetry (DSF) experiments or by
monitoring circular dichroism (CD) while continuously ramping the temperature.

The quaternary structure of 11R-LOX was studied using SAXS coupled with inline SEC
on the SWING beamline at synchrotron SOLEIL (Gif-sur-Yvette, France), and also by
chemical cross-linking.

Site-directed mutagenesis was employed to create mutants with altered surface
residues, and the oligomeric state of mutant variants was assessed by SEC.

31






RESULTS

THE ARACHIDONATE 11R-LOX from the soft coral G. fruticosa was subjected to various
structural and functional experiments to investigate its unique catalytic and regulatory
properties and better understand the enzymatic machinery of LOXs in general.

4.1 OVERALL CRYSTAL STRUCTURE (PUBLICATION 1)

Recombinant 11R-LOX with an N-terminal T7 gene 10 leader peptide and His4-tag was ex-
pressed in E. coli BL21(DE3) cells. The protein was purified from cell lysate in three stages
with Ni-affinity, anion exchange and SEC. 11R-LOX was crystallized using the hanging-drop
vapor-diffusion method. Diffraction data was collected at the Advanced Photon Source
synchrotron (Argonne, Illinois, USA). The structure was solved with a resolution of 2.47 A
using molecular replacement, and the model was deposited to wwPDB under the acces-
sion code 3VF1.

Overall, 11R-LOX structure follows the canonical LOX framework consisting of a smaller
N-terminal PLAT domain with a f-sandwich fold, and a larger C-terminal mainly o-helical
catalytic domain. The region distal to the PLAT domain contains an a+p formation that
could be considered a separate PDZ subdomain within the large LOX fold.

The crystallization cocktail did not contain any CaZ*, so the model depicts an apo-state
that is likely catalytically inactive, since this enzyme requires Ca2* for any activity. The PLAT
domain loops that comprise the putative Ca2*-binding sites are extended, hence major
restructuring would be needed to establish similar binding pockets like the ones found in
other LOX structures. These differences are illustrated in Figure 8.

The active site of 11R-LOX is concealed in a cavity in the center of the catalytic domain,
surrounded by helices that make up the core of the fold (Figure 9). The prosthetic iron
is chelated by highly conserved His®’3, His®’8, His>>, and the carboxyl-terminus of 11577 .
Asn®®° and a water molecule complete the octahedral coordination sphere. There are two
possible passageways into the active site, one on either side of the conserved arched helix
that covers the cavity. Both of these entrances are obstructed by bulky residues (Tyr'** and
Phe'83) rendering the active site inaccessible from the surface of the enzyme. The interior
channel continues from the iron towards the peripheral PDZ-like domain and ends in a
spacious hydrophobic pocket.
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Figure 8 - Ca%*-binding sites in PLAT domain. In the 8R-LOX model (2FNQ, green), there are three Ca?*
(Distal, Medial, and Proximal) bound between PLAT domain loops, whereas in the superposed 11R-LOX
(orange), these loops are in a different conformation and do not constitute similar sites. The invariant
tryptophan residing next to the interdomain cleft is also displayed in both models.
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Figure 9 - Active site of 11R-LOX. The substrate-binding channel (cavities rendered in dots) is sealed off on
both sides of the arched helix (orange): on one side by the TOP fragment with Phe'83, and on the other by
LINK with Tyr'>*. The coordination sphere of the iron is displayed along with the residues in the bottom of
the hydrophobic pocket that were mutated in this study.
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4.2 MODE OF SUBSTRATE BINDING (PUBLICATION I)

4.2 MODE OF SUBSTRATE BINDING (PUBLICATION 1)

To elucidate the mode of fatty acid binding in the substrate channel, key residues that line
the cavity were mutated to determine their potential role in substrate positioning. Mu-
tant enzyme variants were expressed and purified, their kinetic parameters were assayed
spectrophotometrically, and product profiles were determined by HPLC-MS analysis.

Val*30, Leu*3!, Meté2® and Val®©? are less-conserved bulky residues that form the bot-
tom of the hydrophobic substrate-binding pocket (Figure 9). These were swapped for
more compact alanines in the hope of enabling deeper penetration of the substrate. Of
these substitutions, L431A and M606A had the strongest impact on catalysis specificity:
up to 10% of AA peroxidation occurred at C8 instead of C11. This shift supports the previ-
ous impression that the substrate is bound into the channel aliphatic tail-first, not by the
carboxylate head. As the fatty acid slides deeper into the pocket, methylenic C10 is par-
tially exposed for hydrogen abstraction in addition to C13, which in turn leads to 8-HpETE
formation as a side product. The effort to block the cavity with V609W mutation reduced
the catalytic efficiency 50-fold, further substantiating the use of the hydrophobic pocket
for productive substrate positioning.

4.3 ALLOSTERIC REGULATION (PUBLICATIONS I AND I1)

A common feature among LOXs concerning the interface between PLAT and catalytic do-
mains was discovered while analyzing the 11R-LOX model. There are w-cation (Trp'%’-
Lys'72) and electrostatic (Arg'%¢-Asp'”3) bridges, both well-conserved, which connect the
CaZ*-binding region in the PLAT domain to the helical segments (LINK and TOP) that cover
the potential active site entrances (Figure 10). It was hypothesized that Ca?*-induced acti-
vation of 11R-LOX could be allosterically communicated from the PLAT domain to the active
site, enabling access to the otherwise occluded substrate channel.

Figure 10 - Proposed components in the allosteric regulation of 11R-LOX. Two interdomain bridges connect
the regulatory PLAT domain near the putative Ca2*-binding residues (olive) to LINK and TOP segments that
seal the active site on both sides of the arched helix (orange).
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The conserved interdomain bridges were severed by mutating the aforementioned
residues. For instance, R106D substitution introduced electrostatic repulsion instead
of attraction, and K172E abolished the m-cation interaction. Several such mutants were
tested, and the majority displayed remarkably reduced turnover rates. Re-establishing the
bridges in a swapped orientation restored catalytic activity, albeit not to the full extent.
These results support the idea of allosteric communication between the two domains. Ad-
ditionally, all performed mutations had a slight negative impact on the thermal stability
of the enzyme as was demonstrated by DSF and CD analysis. Therefore, the two-domain
interface is also important in stabilizing the protein structure.

4.4 DIMER ASSEMBLY (PUBLICATION 1)

During preparative enzyme purification it was observed that 11R-LOX is a stable dimer in so-
lution. However, none of the determined crystal contacts were deemed strong enough by
in silico analysis. SAXS, chemical cross-linking, computational modeling, and site-directed
mutagenesis were employed to resolve the correct quaternary structure.

The determined symmetric assembly is arranged so that contacts are made between
the two catalytic domains with the sides distal to PLAT domains (Figure 11). In the crystal
structure model, the interface includes two distinct charged clusters: one in the TOP re-
gion (Glu?", Arg?, GluZ®0, Arg23%) and the other in the PDZ-like subdomain (Lys?’°, Asp?’2,
ArgZ74 | Asp®23). Mutant enzyme variants that were designed to impair electrostatic attrac-
tion in these clusters partially appeared as monomeric species in SEC analysis, proving
their role in dimer formation.

Figure 11 - Quaternary structure of 11R-LOX dimer. The two monomers interact by TOP and PDZ regions,
which form two zipper-like electrostatic clusters with their counterparts. The particle model obtained by
SAXS analysis is displayed in wireframe.
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OR 11R-LOX TO MANIFEST ITS ACTIVITY, a series of distinct molecular events must occur.

Most LOXs display some basal activity in vitro whenever a suitable PUFA is available in
solution, whereas 11R-LOX persists as an inactive dimer without the key components, Ca2*
and lipid membranes. Only when both of these are added, does catalysis commence. The
crystal structure of 11R-LOX, obtained under restrictive conditions, reveals the likely rea-
son behind this behavior: the active site is completely enclosed inside the protein fold. It
is evident that significant conformational changes have to occur upon Ca?*-induced mem-
brane association for the active site to open up and enable substrate binding.

5.1 REGULATION AT THE ACTIVE SITE

The crystal structure of 8R-LOX:AA complex by Neau et al. was a major milestone in under-
standing LOX catalysis, confirming the binding position of the substrate [12]. Previously, the
way of substrate binding had been a matter of debate, and although the main theory con-
templated the very same mode that was confirmed by Neau et al., there were alternative
proposals. A few years earlier, the same authors had speculated that the substrate could
position itself curved around the arched helix and use the cavity that is now believed to
be the O, access channel instead of the hydrophobic pocket [11]. This hypothesis emerged
because a 1.85-A structure of the same 8R-LOX, which lacked the substrate, displayed a
U-shaped tunnel curving under the arched helix with both of its ends open to solvent.
Instead of the fatty acid entering the active site either head- or tail-first for different cat-
alytic specificities, it was proposed that it could slide into the hydrophobic U-channel from
either entrance and neglect the hydrophobic pocket altogether.

The structure of 11R-LOX featured a similar set of cavities, however, both entrances were
sealed and a more pronounced hydrophobic pocket was present. In addition, mutational
studies suggested that the pocket is still important for substrate binding and/or catalysis.
Therefore, the two-entrance idea was studied further in Publication | in an attempt to
explain the role of the pocket and the evident impact of channel bottom mutations. It was
reasoned that depending on the particular LOX isoform, one or the other entrance could
be used, but the aliphatic tail would still be bound into the hydrophobic pocket. Thanks
to recent advances we now know that the fatty acid most likely employs the orifice next
to helix 02, and the one on the other side of the arched helix directs O, to the active site.
These disputes illustrate fully the value of a crystal structure that characterizes an actual
enzyme:substrate complex.
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5.1.1 Limiting access to the active site

The putative active site entrance of 11R-LOX is covered by the TOP segment, which is po-
sitioned in a distinct conformation: the a2 helix is much shorter than in most other LOX
models and is situated at a different angle (compare Figures 2 and 10). Consequently, the
TOP chain takes a serpentine-like shape, which enables it to block the passageway with
Phe'®5. The structure of ALOX5 also displays similar deviating features: its a2 is only three
turns long and seals the active site with an “FY cork” constituted by Phe'” and Tyr'8' [6].
Removal of the cork with Y181A mutation resulted in increased catalytic efficiency, which
substantiates the cork hypothesis [75]. However, F177A substitution did not have that ef-
fect; instead, it abolished further conversion of 5(S)-HpETE into LTA4. Additional mutations
were made, including an effort to refold and elongate the a2 helix to open up the entrance.
Based on the altered catalytic properties of the mutants it was concluded that the cork is
there not just to block the passage to the active site, but once repositioned, it also con-
tributes to defining the binding site and is necessary for correct substrate positioning.

Replacing the corresponding residues with smaller side chains in olive LOX-1 (F277A and
Y280l mutations) decreased the K, value and augmented catalytic efficiency [113], mean-
ing a similar feature can exist in plant LOXs as well. It can be concluded that the cork
and the underlying regulatory mechanisms could be widespread among LOXs of various
species.

5.1.2 Substrate tethering

It has been shown that positively charged residues near the active site entrance can coor-
dinate the carboxylate head of the substrate. For example, in coral 8R-LOX there is Arg'®2
on a2 instead of an aromatic plug. Replacing it with an alanine had a drastic impact on
8R-LOX catalysis: both substrate affinity and turnover rate were reduced [12]. Strikingly,
the R182A mutant also started to exhibit strong substrate inhibition. The same effect was
observed with human ALOX15 R403L mutant [80]. Although Arg*®? is not located on the
a2 helix, it is still in the vicinity of the substrate channel entrance, and it forms hydrogen
bonds with a2. These possible interactions with both the substrate and the surrounding
protein structure have been thoroughly modeled [128, 129]. Furthermore, it has been sug-
gested that substrate binding can break the aforementioned H-bond network and cause a
conformational shift of a2, which in turn induces dimerization of ALOX15 [80]. The dimer-
ization of LOXs is discussed in detail further on.

Several LOXs suffer naturally from substrate inhibition, including human ALOX12 [59],
ALOX15B [57], and coral 11R-LOX, which displays reduced turnover rates at AA concentra-
tions higher than ~30 uM as described in Publication IlI. In the position that corresponds
to Arg'82 of 8R-LOX, there is Gly'®8 in 11R-LOX that begins the short a2 helix. Introducing a
positive charge by mutating it to an arginine completely abolished inhibition by AA, while
all other properties of the enzyme remained unchanged (unpublished results by K. Példe-
maa et al.). Hence it is evident that tethering of the carboxylate head of the fatty acid is
important for productive substrate binding, and lack thereof can result in substrate inhi-
bition, which per se could fulfill a biological function [130]. However, this has not been
studied yet in the context of LOXs.
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5.2 ALLOSTERIC REGULATION

Allosteric effects in 11R-LOX can be viewed from both intra-, and intermolecular aspects.
On the one hand, Ca%*-induced association with lipid membranes is essential for its ac-
tivity. This means the membrane-binding PLAT domain must have some sort of influence
over the catalytic domain, which most likely entails a cascade of conformational changes,
conveyed allosterically from the periphery to the active site. On the other hand, the sta-
bility of 11R-LOX dimer raises the question whether the quaternary assembly also serves
a regulatory purpose.

5.2.1 Role of the PLAT domain

While studying the 11R-LOX model, an interesting feature was discovered that is conserved
among known LOX structures. There is a n—cation interaction (Trp'%’-Lys"2) and an elec-
trostatic bridge (Arg'%6-Asp'73) between the PLAT domain and the TOP region that bind
the two domains together. Mutational studies described in Publication Il show that these
interdomain connections are important for the enzymatic activity and also for the struc-
tural stability of 11R-LOX. Substitutions that disrupt the interactions hinder catalysis, but
additional counter-mutations to restore the connections can salvage some of the activity.

A similar experiment was conducted on human ALOX5: the bridge (Arg'®'-Asp'®®) was
severed by introducing electrostatic repulsion, but surprisingly, this increased catalytic
efficiency [114]. The authors reasoned that the disruption may have provided additional
flexibility to the a2 region, allowing a shift of the FY cork and thereby promoting catalysis.
CLP associates with ALOX5 at the interdomain cleft, and computational docking suggests
that the same bridge-forming residues may participate in the interface with CLP [110]. New
interactions upon CLP binding could likewise trigger such conformational changes, explain-
ing the activating effect of this protein.

Zebrafish LOX-1 also displays Ca2*-dependent membrane association and activation.
SAXS experiments indicated that Ca?* binding introduces flexibility to the protein struc-
ture, which can be interpreted as PLAT domain swinging away from the catalytic do-
main [88]. A mutant enzyme with an impaired distal Ca2* site (zebrafish LOX-1 already
lacks the medial site, like human ALOX15B) was no longer stimulated by CaZ* —there was
no increase in catalytic activity, and the dimensions of the enzyme particle expanded
only by a fraction of the amount that was observed with the fully functional enzyme in
the presence of Ca?*. The versatile nature of relative domain positioning has also been
observed in ALOX12 and ALOX15 in earlier SAXS studies [59, 93, 94]. Moreover, it has been
shown that membrane-binding ability of soybean LOX-1 and rabbit ALOX15 is impaired by
an active site ligand that stiffens the protein structure [131]. 11R-LOX tends to aggregate in
the presence of Ca?*, as was described in Publication I, which suggests that hydrophobic
residues (either from PLAT domain loops or the interdomain cleft) are exposed due to
CaZ*-induced conformational changes. These data from multiple sources indicate that flex-
ibility in PLAT domain positioning is integral to membrane association, and Ca?* binding
can be a means to achieve this freedom.

Soybean LOX-1is inhibited by OS in a manner that cannot be explained by competitive
mechanism. Hydrogen-deuterium exchange experiments coupled with MS indicated that
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the allosteric binding site of OS is in the PLAT domain in the vicinity of the N-terminal
B-strand [132]. Furthermore, the data showed that the presence of OS destabilizes helical
peptides near the active site portal almost 30 A away. It should be noted that compared
to animal LOXs, the soybean enzyme contains large insertions in this region that form
several additional helices and a small B-sheet. In animal LOXs, this would correspond to the
TOP region including helix a:2. The analysis of kinetic parameters implied that OS binding
increases the rate of substrate association/dissociation, but disfavors further structural
reorganization to a productive conformation. Therefore, it was deduced that binding of
0S likely causes conformational changes that force the enzyme into a more flexible, open
form, which is, however, catalytically less potent.

The recent results obtained with zebrafish and soybean enzymes correlate well with the
ALOX5 mutation study in the sense that binding of an effector in PLAT domain, be it Ca%*
or a fatty acid, can increase the flexibility of the protein structure. In the case of ALOX5
and zebrafish LOX-1, these changes also stimulated catalysis. Interestingly, mutations that
supposedly allowed 11R-LOX more conformational freedom hindered its activity. A pos-
sible explanation is that the lid structure in the TOP region of 11R-LOX is stable enough
on its own, and additional forces are needed to displace it from the closed conformation.
The fact that the coral 11R-LOX is the only known LOX with such strict Ca%*- and mem-
brane requirements complements this rationale. Be that as it may, the discussed findings
demonstrate that Ca2* binding is a distinct event capable of inducing major structural re-
organization, which can transform the enzyme into an open, active conformation.

5.2.2 Allostery related to quaternary structure

Unlike most other LOXs that either are stable as monomers, dimerize only under certain
conditions, or are prone to aggregate into larger clusters, 11R-LOX is a remarkably stable
dimer in solution. The dimer is assembled together by the TOP and PDZ regions of both
monomers, leaving PLAT domains free in the periphery. Although there is no direct evi-
dence to date that dimerization somehow affects the functioning of 11R-LOX, studies on
other LOXs with similar dimer interfaces, namely ALOX12 and ALOX15, have provided some
clues regarding the role of these quaternary assemblies.

13(S)-HODE, which is the reduced product of LA conversion by ALOX15, induces dimer-
ization of the very same enzyme [123]. It also shifts AA/LA substrate preference of ALOX15
towards AA [117]. These phenomena are likely related since helix a2 is involved in both
dimer assembly and substrate tethering. Arg*%? is a potential key residue in rabbit ALOX15
that participates in an H-bond network to stabilize a2 helix, but it can also interact with
the carboxylate group of the fatty acid [80]. R403L mutation abolished product-induced
dimerization and also destabilized the a2 region. Therefore, the authors hypothesized that
the interaction between Arg*®® and the substrate/product may promote conformational
changes around a2 that lead to dimerization and modification of enzymatic activity.

The exact quaternary structure of an ALOX12 dimer is still unknown, but SAXS data and
modeling indicate the involvement of the same surface region as in ALOX15 or 11R-LOX—
either the TOP part with a2 helix or the PDZ-like subdomain [59, 94]. A naturally occur-
ring Q261R mutation delays the activation of ALOX12 as characterized by a prominent lag-
phase, but it has no effect on the membrane-binding properties of the enzyme [133]. This
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261 js situated far from the active site in

effect may well be dimerization-related since GIn
the PDZ-like domain, and is surface-exposed.

It has yet to be determined whether 11R-LOX is a functional dimer; in other words, does
the quaternary assembly persist once the enzyme associates with a lipid membrane, or
does it dissociate into separate functional monomers. Thanks to the crystal structure of an
11R-LOX dimer, it can be hypothesized that dimerization may be an additional stabilizing
factor to enforce the enzyme into a closed conformation in solution. The TOP region can
be envisaged squeezed together in a stable state, the PLAT domain on one side, and the
countering TOP region from the second monomer on the other. Structural motions that
occur on the lipid surface may alleviate these restrictions to allow conformational changes
in a2, and consequently, substrate entry. This would make 11R-LOX a unique specimen
since in ALOX12 and ALOX15 comparable assemblies seem to contribute to activity, not
to preventing it. If this is the case, the knowledge provided by 11R-LOX structure could
illuminate a novel means to pharmacologically intervene in LOX catalysis by allosterically
affecting the accessibility of the active site.
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CONCLUSIONS

TRUCTURAL AND FUNCTIONAL STUDIES were conducted to elucidate the regulatory

mechanisms involved in catalysis by the arachidonate 11R-LOX, an enzyme unique in
that CaZ*-induced membrane association is an absolute prerequisite for its activity. Here
are the main conclusions derived from this work:

e The 2.47-A crystal structure of 11R-LOX follows the framework typical to other LOXs
of animal origin, but features an active site that is completely sealed from the sur-
rounding environment. This concealment is the most plausible reason for enzymatic
inactivity in solution without Ca2* and lipid membranes.

e The putative entrance to the substrate-binding channel is shielded by Phe'® due to
the distinct conformation of helix a2 and the adjoining part of the chain, contrasting
thus with other LOX structures except for human ALOX5, which displays a similar
broken a2 helix.

¢ In solution, 11R-LOX assembles into a dimer that may stabilize the inactive closed
conformation, since the dimerization interface involves the immediate vicinity of
the a2 region, and a PDZ-like subdomain in the catalytic portion of the enzyme.

e Conserved interactions between PLAT and catalytic domains (Trp'®-Lys"2 and
Arg'%-Asp'3) are needed for catalytic activity and structural stability, and there-
fore, participate in conveying the stimulatory effect of Ca2*-induced membrane
association to the active site.

e Once 11R-LOX has adopted an active conformation, the fatty acid enters the active
site aliphatic tail-first, so its methyl end is cushioned by hydrophobic residues in the
bottom of the substrate-binding channel.
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ABSTRACT

IPOXYGENASES (LOXs) are a diverse family of peripheral membrane proteins. Although
they all catalyze the peroxidation of polyunsaturated fatty acids, homologs can vary
not only in terms of substrate selectivity or catalytic specificity, but also in regulatory as-
pects. While many LOXs are stimulated by Ca2*-induced membrane association, the arachi-
donate 11R-LOX from the Arctic coral Gersemia fruticosa is characterized by strict require-
ment for Ca2* and lipid membranes for any catalytic activity. The thesis investigates the
structure and regulation of 11R-LOX to unravel the mechanisms underlying its unique prop-
erties, and to ascertain common features with human LOXs.

Recombinant 11R-LOX was crystallized and the crystal structure was solved to a 2.47-A
resolution. The overall structure matches the canonical framework of animal LOXs with an
N-terminal B-sandwich called the PLAT domain, and a larger, mostly a-helical C-terminal
catalytic domain. The crystals were obtained in the absence of Ca2*, so the PLAT domain
loops that compose the putative Ca2*-binding sites are not aligned as in known PLAT:CaZ*
complexes, indicating notable conformational changes upon Ca2* binding. Regarding the
catalytic domain, mutations in the substrate-binding channel suggested that arachidonic
acid slides into the active site aliphatic tail-first, leaving its carboxylate head by the en-
trance. However, in the crystal structure model the active site is completely enclosed as
the putative portal is blocked by a short a2 helix and the adjoining portion of the chain,
meaning that here, too, conformational changes are necessary. The secondary structure of
this region is fragmented, and folded in a serpentine shape unlike most other known LOX
structures with open active sites, which feature long continuous a2 helices. Conserved in-
teractions were found between the PLAT domain in the vicinity of Ca%*-binding sites and
the N-terminal side of the a2 region in the catalytic domain. Mutational studies revealed
that two interdomain bridges, Trp'%” -Lys"2 and Arg'®®-Asp'73, are crucial for proper enzy-
matic activity and also for structural stability, as demonstrated by thermal stability assays.
Since 11R-LOX is a dimer in solution, the quaternary structure of the protein was inves-
tigated by small-angle X-ray scattering, chemical cross-linking, and mutagenesis experi-
ments. In the determined dimer assembly, the catalytic domains associate by their PDZ-
like subdomains and the C-terminal sides of the a2 regions. In sum, the results suggest
that the closed, serpentine-like conformation of the a2 region may be imposed by stabiliz-
ing interactions from both interdomain connections on one side, and protein dimerization
on the other.

Human ALOX5 is a key enzyme in the production of leukotrienes—potent inflammatory
mediators—making ALOX5 a prominent biological target. Like 11R-LOX, it is a Ca2*-induced
enzyme featuring a similar fragmented a2 helix. As ALOX5 bears the greatest similarity
to 11R-LOX among mammalian LOXs, the regulatory mechanisms of the two enzymes are
likely comparable. ALOX12 and ALOX15 also participate in inflammatory processes in hu-
mans. Strikingly, both can dimerize, and the interfaces of their assemblies have been nar-
rowed down to the same region of the protein surface as in 11R-LOX. While human LOXs
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tend to be relatively unstable and difficult to handle, 11R-LOX is a remarkably stable en-
zyme facilitating extensive structural studies. As a result, 11R-LOX makes an exceptional
source of information regarding the dynamic structure of LOXs. The knowledge obtained
in the present thesis can be used to further our understanding about the regulation of
these pharmacologically relevant enzymes.
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IPOKSUGENAASID (LOXid) moodustavad mitmekesise perifeersete membraanvalkude pe-
L rekonna. Kuigi koik LOXid katallitisivad poliikillastumata rasvhapete peroksiidatsioo-
ni, voivad homoloogid erineda nii substraadi eelistuse, katalliitilise spetsiifilisuse, aga ka
regulatoorsete aspektide poolest. Ca?* téstab paljude LOXide aktiivsust, kuna soodustab
valgu seondumist lipiidmembraanile. Arktilisest korallist Gersemia fruticosa parit arahhi-
doonhappe 11R-LOX on aga eriline seetdttu, et ilma Ca2* ja lipiidmembraanita puudub sel
ensllimil aktiivsus taielikult. Kiesolev doktoritd6 uurib 11R-LOXi struktuuri ja regulatsiooni,
et maista selle unikaalsete omaduste tagamaid ning maarata Gihisosa inimese LOXidega.

Rekombinantne 11R-LOX kristalliti ning kristallstruktuur lahendati resolutsioonini 2,47 A.
Selle dldine struktuur vastab tiilpilisele loomsele LOXile, koosnedes N-terminaalsest
B-struktuurist, mida nimetatakse PLAT domeeniks, ja suuremast valdavalt a-helikaalsest
C-terminaalsest kataltititilisest domeenist. Kuivérd valgukristallid saadi Ca?*-vabades tin-
gimustes, siis on PLAT domeeni lingud, mille vahel Ca?* sidumiskohad peaks moodustuma,
oluliselt erinevas konformatsioonis kui teistes teadaoleva struktuuriga PLAT:Ca®* komp-
leksides. See viitab, et CaZ* seondumisel leiavad aset markimisviirsed konformatsiooni-
muutused. Katalliltilises domeenis asuva substraadi sidumiskanali muteerimine naitas,
et arahhidoonhape siseneb aktiivtsentrisse alifaatne saba ees ja selle karboksidlriihm
jdab kanali suudme juurde. Samas on kristallstruktuuri mudelis aktiivtsenter taielikult
suletud, sest eeldatavat suuet blokeerib liihike a2 heeliks ja heeliksit vahetult Gmbritsev
ahelaosa. Sekundaarstruktuur on selles piirkonnas katkendlik ning peptiidahel kulgeb
ebakorraparaselt. Avatud aktiivtsentriga LOXide mudelites on a2 heeliks aga pikk ja pidev.
PLAT ja kataliititilise domeeni vahel tuvastati konserveerunud interaktsioonid, mis seo-
vad CaZ* sidumiskohad a2 piirkonna N-terminaalse osaga. Mutatsioonanaliitisil selgus,
et kaks domeenidevahelist silda, Trp'®”-Lys"2 ja Arg'®¢-Asp'3, on olulised 11R-LOXi ak-
tiivsuse jaoks. Termilise denaturatsiooni katsed naitasid, et need sillad ka stabiliseerivad
enslilimi struktuuri. Lisaks uuriti valgu kvaternaarstruktuuri vaikese nurga réntgenhaju-
mise, keemilise ristsidumise ja mutatsioonanaliiiisi abil, kuna avastati, et 11R-LOX esineb
lahuses dimeerina. limnes, et dimeeris puutuvad omavahel kokku kataliiiitilised domee-
nid oma PDZ-sarnaste alamdomeenide ja a2 piirkondade C-terminaalsete osade kaudu.
Kokkuvétlikult viitavad tulemused sellele, et domeenidevahelised iihendused ja dimeri-
satsiooni liides voivad vastastikku fikseerida a2 piirkonna ebaregulaarsesse asendisse, mis
omakorda tokestab aktiivtsentri suudme.

Inimese ALOX5 on leukotrieenide signaaliraja votmeensiiim. Kuna leukotrieenid on tu-
gevatoimelised poletikuvahendajad, on ALOX5 darmiselt huvipakkuvaks ravimsihtmargiks.
Sarnaselt 11R-LOXiga on tegemist CaZ*-séltuva enstitimiga, millel on lisaks samasugune
katkendliku sekundaarstruktuuriga o2 piirkond. Kuivord ALOX5 on imetaja LOXidest pri-
maarjarjestuse poolest 11R-LOXile |ahedasim, siis voib eeldada, et nende kahe enstiimi
regulatoorsed mehhanismid on sarnased. Inimorganismi poletikuprotsessides osalevad
ka ALOX12 ja ALOX15. Mdlemad ensiitimid on vbimelised dimeriseeruma ning uuringud
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viitavad, et nende dimeeride liidesed moodustuvad samade valgu pinna piirkondade kau-
du nagu 11R-LOXil. Inimese LOXid on suhteliselt ebastabiilsed valgud ja tiilikad kasitleda,
11R-LOX on aga markimisvaarselt stabiilsem enstim. Tanu sellele saab 11R-LOXi kasutada
pohjalikes struktuuriuuringutes, et hankida uut informatsiooni LOXide diinaamilise ehi-
tuse kohta. Kdesoleva doktoritdd raames tehtud avastusi on voimalik kanda Ule teistele,
farmakoloogiliselt olulistele LOXidele, et maista paremini ka nende regulatsiooni.
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Background: Lipoxygenases vary in their catalytic specificity and regulation.

Results: 11R-LOX, strictly Ca®>"-dependent, displays novel structural features in the membrane-binding domain.
Conclusion: A model for how access to an enclosed active site is linked to Ca*>"-dependent membrane binding is proposed.
Significance: The 11R-LOX model provides structural insights into the allosteric regulation of lipoxygenases.

Lipoxygenases (LOXs) are a key part of several signaling path-
ways that lead to inflammation and cancer. Yet, the mechanisms
of substrate binding and allosteric regulation by the various
LOX isoforms remain speculative. Here we report the 2.47-A
resolution crystal structure of the arachidonate 11R-LOX from
Gersemia fruticosa, which sheds new light on the mechanism of
LOX catalysis. Our crystallographic and mutational studies sug-
gest that the aliphatic tail of the fatty acid is bound in a hydro-
phobic pocket with two potential entrances. We speculate that
LOXs share a common T-shaped substrate channel architecture
that gives rise to the varying positional specificities. A general
allosteric mechanism is proposed for transmitting the activity-
inducing effect of calcium binding from the membrane-target-
ing PLAT (polycystin-1/lipoxygenase/a-toxin) domain to the
active site via a conserved 7r-cation bridge.

Lipoxygenases (LOXs)> are non-heme iron dioxygenases
that catalyze the stereo- and regiospecific hydroperoxidation of
polyunsaturated fatty acids (1). LOX catalysis products of
arachidonic acid (AA), which is the main substrate in animals,
are hydroperoxyeicosatetraenoic acids (HpETEs), these lipid
mediators and their metabolites have been implicated in cancer
(2), atherosclerosis (3), and allergic inflammation (4). Conse-
quently, LOXs are targets for drug design. A complicating fac-
tor in the development of LOX inhibitors is that there are sev-
eral LOX isoforms in an organism, all with equivalent catalytic
machinery and chemical mechanism (5). Thus, differences in
regiospecificity or regulation must be exploited to design iso-
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0818387 (to M. E. N.), Estonian Science Foundation Grants 8276 (to . J.) and
9410 (to N.S.), the Estonian Ministry of Education and Research Grant
SF140010s08 (to N.S.), and the European Union Seventh Framework Pro-
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I This article contains supplemental Figs. $1-54.
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form-specific inhibitors. Given the limited amount of structural
information of arachidonate-metabolizing LOXs, each new
structure provides crucial details related to LOX catalysis
mechanism.

LOX catalysis begins with a stereoselective hydrogen
abstraction by the catalytic non-heme iron from the methylene
carbon (CH,,) of the selected 1,4-cis,cis-pentadiene unit on the
fatty acid substrate, and is followed by regioselective dioxygen
addition on the opposite face of the substrate either at —2 or +2
carbon (Fig. 1) (6). For such specific reactions to take place, a
very distinct substrate channel that goes past the non-heme
iron must position the fatty acid. This binding site must also
vary among LOX isoforms to facilitate the different catalytic
properties. The substrate-binding cavity has been described as
“boot-shaped”; it is directly accessible from the surface of the
protein and ends with a hydrophobic pocket (7). The pocket
residues of several 12/15-LOXs have been mutated to demon-
strate that bulkier side chains favor 15-lipoxygenation, whereas
less space-filling residues, which would allow the fatty acid tail
to penetrate deeper into the cavity, confer 12-LOX activity.
These results are consistent with aliphatic tail-first entry
(8-12). Also, a cationic arginine near the entrance of the cavity
has been shown to stabilize the carboxylate head of the fatty
acid (13). Computational docking studies based on x-ray crys-
tallography data further support the boot-shaped substrate
channel (14, 15). For some LOXSs, carboxylate head-first bind-
ing has been suggested to explain differing specificity or double
dioxygenation of AA (16, 17). In the light of the coral 8R-LOX
crystal structure, however, a novel binding model was proposed
with an alternative U-shaped channel that neglects the hydro-
phobic pocket (18). According to this hypothesis, the substrate
is bound in a culvert that runs under a conserved arched helix;
distinct lipoxygenases allow access to the catalytic iron from
one of two possible directions. Although several lipoxygenase
crystal structure models have been published, including rabbit
12/15-LOX (19, 20), coral 8R-LOX (18, 21), and recently a mod-
ified human 5-LOX (22) representing Animalia, the lack of
experimental evidence on substrate binding, such as a crystal-
lized enzyme-substrate complex, has precluded the emergence
of a uniform theory.

The activity of various LOXs depends more or less on the
presence of Ca>" that promotes interactions with the lipid
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FIGURE 1. All 12 possible lipoxygenation positions in AA. The catalysis begins with stereoselective hydrogen abstraction from C7, C10, or C13 (labeled
proS/R), followed by antarafacial dioxygen addition either at —2 or +2 carbon (grouped by colors). Based on data from Ref. 6.

membrane, from where the enzyme obtains its fatty acid sub-
strate (21, 23). The human 5-LOX is effectively translocated to
the nuclear envelope upon Ca®" release, the C2-like PLAT
domain being the selective membrane-targeting module (24).
The calcium-binding sites of the PLAT domain appear to be
conserved among human 5-LOX, coral 8R-LOX, gangrene
a-toxin, as well as coral 11R-LOX, which are all induced by
Ca®", but not in rabbit 12/15-LOX, which is only mildly
affected (21, 25). The molecular mechanism of Ca®*- and
membrane-induced allosteric regulation is not clear. Although
many mammalian lipoxygenases retain their reaction specific-
ity after PLAT domain truncation, this is accompanied by
reduced turnover rates (26). Moreover, tight association of
PLAT and catalytic domains has been shown to be important
for protein stability and catalytic activity (27). A possible struc-
tural element that may be under allosteric control is the a2
region that forms a “lid” over the putative substrate channel
entrance, which can adopt different conformations, thereby
either opening or closing the orifice (20, 28, 29). Another plau-
sible allosteric mechanism could involve oligomerization,
which has been noticed in case of human platelet 12-LOX and
rabbit 12/15-LOX (30, 31), but no definite assembly has been
described to date.

The arachidonate 11R-LOX from the white sea coral
Gersemia fruticosa is the first described lipoxygenase with 11R-
specificity (25). Based on primary structure comparison it is
most closely related to the 8R-LOX from the allene oxide syn-
thase-lipoxygenase fusion protein of the Caribbean sea whip
coral Plexaura homomalla (42% identity) (32) and the analo-
gous enzyme from G. fruticosa (43%) (33). The closest mamma-
lian counterparts are 5-LOXs (about 33%). Experiments with
alternative substrates suggest that the fatty acid enters the
active site tail-first, as the catalysis specificity depends on the
distance of the bisallylic methylene from the methyl end of
the aliphatic tail (25). The conserved Gly/Ala sequence deter-
minant, which acts like a switch that directs oxygen to either —2
or +2 carbon (R- or S-stereospecificity, respectively) (34), has
been identified as Gly*'® (25), which agrees with previous find-
ings linking glycine to R-stereoconfiguration. An important
feature of the 11R-LOX is its complete dependence on both
Ca®" and lipid membranes, the presence of both components is
necessary for catalytic activity (25). This, together with the
remarkable stability and relative similarity of the enzyme to
human 5-LOX, makes it an exceptional subject to study the
mechanism of lipoxygenase catalysis specificity and regulation.

Hereby we report the 2.47-A crystal structure model of the
coral 11R-LOX that suggests a potential allosteric mechanism
involving the PLAT domain and the a2 lid region. A highly
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conserved -cation bridge was found that could mediate the
regulatory effect of the PLAT domain to the active site. Addi-
tionally, a mutation analysis of the hydrophobic pocket in the
boot-shaped cavity was conducted to address questions regard-
ing substrate binding. A general hypothesis of possible sub-
strate orientations in the active site is described.

EXPERIMENTAL PROCEDURES

Expression and Purification—Recombinant G. fruticosa 11R-
LOX with an N-terminal His, tag in pET-11a vector was trans-
formed into Escherichia coli BL21(DE3) cells (Novagen). Colo-
nies were grown overnight in 25 ml of LB containing 100 ug/ml
of ampicillin at 37°C. A 500-ml volume of autoinducing
medium ZYM-5052 (35) (with 100 pg/ml ampicillin) was inoc-
ulated with 5 ml of overnight culture. The culture was incu-
bated at 37 °C for 3—4 h, followed by growth to saturation at
20 °C. Cells were harvested by centrifugation and frozen at
—80 °C when the absorbance at 600 nm had remained stable for
4 h (usually 27-30 h after the inoculation).

Cell pellets were resuspended in Bugbuster (Novagen) with
added DNase I, pepstatin, and PMSF. The suspension was
stirred and incubated on ice for 30 min, lysed in a French pres-
sure cell, and centrifuged at 39,000 X g for 40 min at 4 °C. The
supernatant was applied onto a HisTrap Ni-Sepharose column
(GE Healthcare) and washed with binding buffer (50 mm Tris-
HCI, 500 mm NaCl, 20 mm imidazole, pH 8.0) on an AKTA
FPLC system (GE Healthcare). The protein was eluted with an
imidazole gradient from 20 to 200 mm. Protein fractions were
dialyzed overnight against 20 mm Tris-HCI, pH 8.0, or desalted
in a Sephadex G-25 Fine column (Amersham Biosciences). The
sample was then applied onto a Mono Q anion exchanger (GE
Healthcare), washed with 20 mm Tris-HCI, pH 8.0, and eluted
with a NaCl gradient from 0 to 500 mm. Concentrated protein
fractions were run on a Superdex 200 size exclusion column
(GE Healthcare) with 20 mm Tris-HCI, pH 8.0, and 150 mm
NaCl. For long term storage, the protein was concentrated to
~15 mg/ml, flash frozen in liquid nitrogen, and stored at
—80°C.

Protein  Crystallization—Showers of plate-like crystals
formed in 1-2-day-old hanging-drop vapor diffusion experi-
ments that contained a 1:1 mixture of 5 mg/ml of protein solu-
tion and reservoir solution (0.1 m bis-Tris, pH 7.2, 11-12%
(w/v) PEG 3350, 15% (w/v) sucrose) at 22 °C. To obtain fewer
and bigger crystals a microseed stock was prepared using the
Seed Bead (Hampton Research) in stabilizing solution with 0.1
M bis-Tris, pH 7.2, 9% (w/v) PEG 3350, and 15% (w/v) sucrose.
Seeding experiments were conducted with drops containing
2:1:1 mixture of protein and reservoir solution as described
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above and serial dilutions of seed stock as described in the Seed
Bead user guide. Larger single crystals grew in 2—3 days. For
cryoprotection, crystals were transferred into 0.1 M bis-Tris, pH
7.2,12% (w/v) PEG 3350, 20 -25% (w/v) sucrose in two consec-
utive steps and then frozen in liquid nitrogen or a 100 K
cryostream.

Data Collection and Structure Determination—Preliminary
screens for crystal diffraction were conducted at the Gulf Coast
Protein Crystallography Consortium beamline at the Center for
Advanced Microstructures and Devices (CAMD, Louisiana
State University). A full dataset was collected at the NE-CAT
beamline 24-ID-E at the Advanced Photon Source (Argonne,
IL) using 0.98-A radiation at 100 K. Data were processed to a
resolution of 2.47 A (Table 1) using xia2 (36). The structure was
determined by molecular replacement with MrBUMP (37, 38)
using 3.2-A P. homomalla 8R-LOX model (PDB code 2fnq).
The initial refinement cycles were performed with REFMAC5
(39). Both MrBUMP and REFMACS5 are part of the CCP4
suite (40). Manual model building was done with COOT (41)
and further refinement in PHENIX (42) using the program
phenix.refine with non-crystallographic symmetry and Ram-
achandran restraints, individual isotropic atomic displacement
factors, and automatic water picking. For the final refinement,
hydrogens were added to the model, Ramachandran restraints
were released and both stereochemistry and atomic displace-
ment weights were optimized. Illustrations were prepared with
UCSF Chimera (43), surfaces were obtained with MS-MS (44).
The dimerization interface was analyzed using PISA (Protein
Interfaces, Surfaces and Assemblies) (European Bioinformatics
Institute) (45). Sequences were aligned with ClustalW2 (46)
and rendered with ESPript (47).

Site-directed Mutagenesis—The V430A, L431A, V609A, and
V609W mutations were introduced using whole plasmid PCR
primed with complementary primers that additionally con-
tained silent mutations for restriction analysis. The M606A
mutant was obtained by separately cloning the upstream and
downstream fragments of the recombinant cDNA using muta-
tion-containing primers with respective ¢cDNA upstream or
downstream primers. Purified fragments were merged using
PCR and the cDNA was ligated back into pET-11a vector (Strat-
agene) into the BamHI site. The desired mutations were con-
firmed by sequencing. For whole plasmid PCR protocol, the
following DNA primers were used with their complementary
primers for mutagenesis: 5'-GGT GCG GCT GAC AAA GCG
CTG AGC ATT GGT GGA GG-3' for V430A, 5'-GGT GCG
GCT GAC AAG GTG GCT AGC ATT GGT GGA GG-3' for
L431A, 5'-GTT ACA ATG GTT TCA GCT GTG AAT GCG
C-3"for V609A, 5 -ACAATGGTT TCT TGG GTT AACGCG
CTA ACCACG A-3' for V609W, and the following primers for
cloning fragments with M606A mutation: 5'-AA GGA TCC
ATG CAT CAC CAT CAC ATG AAG TAC AAG-3' (11R-
LOX cDNA upstream) and 5'-G CGC ATT CAC AAC AGA
AAC AGC TGT AAC AGC TTG-3' (M606A downstream) for
the upstream fragment, 5'-CAA GCT GTT ACA GCT GTT
TCT GTT GTG AAT GCG C-3' (M606A upstream) and
5'-GAT GGA TCC TTA GAT GGC AAT ACT GTT CGG-3'
(11R-LOX cDNA downstream) for the downstream fragment.
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Enzyme Assay—Initial enzyme specificity experiments were
conducted on crude bacterial lysates. BL21-CodonPlus(DE3)-
RP cells (Stratagene) were transformed and grown in LB
medium with 100 ug/ml of ampicillin at 37 °C. Following 500
uM isopropyl B-p-thiogalactoside induction at Agyy om = 0.6,
cells were grown for 16—18 h at 10 °C. Cells were harvested by
centrifugation at 4 °C, washed with 50 mm Tris-HCI, pH 8.0,
aliquoted, and frozen at —80 °C.

For product analysis, aliquots of 2.5 ml of culture were resus-
pended in 500 ul of 50 mm Tris-HCI, pH 8.0, with 1 mm PMSF
and sonicated 3 X 5 s using a Torbéo 36810-Series cell disrup-
tor (Cole Parmer) at a setting of 5. The suspension was centri-
fuged at 13,000 X g for 20 min at 4 °C and the supernatant was
harvested. CaCl, was added to the enzyme solution in final
concentration of 10 mmM. Incubations of 1-20 ml were carried
out in 50 mm Tris-HCl, 250 mm NaCl, pH 9.0 buffer with 50 um
arachidonic acid at room temperature for 5 min with constant
stirring. [1-'*C]-Labeled arachidonic acid (GE Healthcare) was
used in 1-ml incubations. HpETEs were reduced to corre-
sponding hydroxy acids (HETEs) with 10 mm SnCl,, the mix-
ture was acidified with KH,PO,/HCI (1:1) to pH 6 and the prod-
ucts were extracted using ethyl acetate. Incubation products
(10-20 ml volumes) were purified prior to HPLC analysis using
thin layer chromatography: the extract was applied on a silica
gel plate, eluted with a hexane/ethyl acetate/acetic acid (3:4:
0.05) mixture, and the product band was determined using UV
light (254 nm) and extracted with methanol.

For kinetic studies, wild-type enzyme and selected mutants
were purified on an AKTA FPLC system as described above.
Conjugated diene formation was monitored on a UV-1601
spectrophotometer (Shimadzu) at 236 nm. Reactions of 1 ml
(50 mm Tris-HCI, pH 8.0, 100 mm NaCl, 2 mm CaCl,, ~60 um
liposome) were performed in a thermostatted (20 °C) cuvette
with continuous stirring. The concentration of arachidonic
acid (Cayman) was varied from 2 to 200 uMm. The reaction was
initiated by adding 6 nm wild-type enzyme, or up to 32 nM for
the less active mutants. The reaction velocity was determined
from the slope of the linear portion of the curve. K,,, and k_,,
values were obtained by nonlinear regression analysis with the
Michaelis-Menten equation. As 11R-LOX exhibits very strong
substrate inhibition and, thus far, no suitable kinetic model has
been derived, only the ascending part of the curve (2-30 um
AA) was used for fitting.

HPLC-MS Analysis—Catalysis products were analyzed by
reverse phase HPLC using an Agilent Eclipse 3.5 um 150 X
2.1-mm ODS column thermostatted at 35 °C. The sample was
eluted isocratically with methanol/water/acetic acid (75:25:
0.01, v/v/v) at 0.25 ml/min on an Agilent 2200 Series HPLC
system. Products were detected using a diode array detector
monitoring wavelengths 210-280 nm, followed by an Agilent
LC/MSD Trap XCT mass spectrometer. The MS/MS spectra of
arachidonic acid derivates were obtained in negative mode
using an APCl interface.

[1-'*C]-Labeled products were additionally analyzed using a
Radiomatic 500TR Flow Scintillation Analyzer (Packard Biosci-
ence) preceded by an Agilent Eclipse 5 um 150 X 4.6-mm ODS
column thermostatted at 35 °C and a diode array detector. The
same eluent was used at a flow rate of 1 ml/min.
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TABLE 1

Data collection and refinement statistics

Data collection

Space group Cc2

Cell dimensions
a, b, c(A) 114.80 148.71 117.33
o B,v() 90.00 119.16 90.00

Resolution (A)
R b

sym

36.48-2.47 (2.54-2.47)"
0.072 (0.474)

/ol 10.1(1.7)
Completeness (%) 97.1 (84.6)
Redundancy 3.0(2.3)
Refinement
Resolution (A) 36.48-2.47
No. of reflections 57,423
R/ Riees 0.2019/0.2281
No. of atoms
Protein 10,880
Iron 2
Sucrose 46
Water 482
B-factor (A?%)
Protein 429
Iron 36.3
Sucrose 56.9
Water 39.0
Root mean square deviation
Bond lengths (A) 0.005
Bond angles (°) 0.6

“ Values in the parentheses represent the highest resolution shell.

? Ry = 242\, — (I)I72,,21,), where I, is the intensity of the Ith observation
and (/,,) is the mean intensity of the reflection /.

¢R = 3|F,| — | F.|/3|F,|, where F, and F, are the observed and calculated struc-
ture factor amplitudes, respectively. Ry, was calculated using 3.33% of the total
reflections.

To analyze the chirality of HETESs, the products were purified
in a normal phase HPLC system using a Phenomenex Luna 5
pm 250 X 4.6-mm Silica column in isopropyl alcohol (1%
H,O)/hexane (7:93, v/v) at 1 ml/min. HETEs were methylated
using diazomethane and analyzed using a Chiralcel OD-H
250 X 4.6-mm column in 0.7% isopropyl alcohol (dry), 0.7%
methanol, hexane (v/v/v) at 1 ml/min.

Liposome Preparation—Small unilamellar vesicles were pre-
pared from L-a-phosphatidylcholine, L-a-phosphatidylethano-
lamine, and L-a-phosphatidylserine (Avanti Polar Lipids). A
mixture of phosphatidylcholine/phosphatidylethanolamine/
phosphatidylserine (40:30:30 mol %) in chloroform was dried in
a round-bottom flask using a nitrogen stream to form a thin
film and was incubated in vacuum for 1 h at room temperature.
Buffer (50 mm Tris-HCl, 100 mm NaCl, pH 8.0) was added to
the dried lipids and the film was soaked for 1 h. The suspension
was shaken vigorously, sonicated 15 X 5 s on a Torbéo 36810-
Series cell disruptor (Cole Parmer) with 1-min intervals at the
setting of 5 in a water bath at room temperature. The sonicate
was centrifuged at 13,000 X g for 20 min at 4 °C. The superna-
tant was saved and stored at 4 °C.

RESULTS

Overall Structure—The crystal structure of 11R-LOX in a
calcium-free environment was refined at 2.47 A with R, and
Ry values of 0.20 and 0.23, respectively (Table 1). The protein
crystallized in space group C2 with two molecules in the asym-
metric unit. Phasing was done with molecular replacement
using P. homomalla 8R-LOX (PBD code 2fnq) as a template. A
total of 96.1% of the residues are in the favored region of the
Ramachandran plot and there are no outliers according to Mol-
Probity validation (48).
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Like the majority of lipoxygenases, 11R-LOX consists of two
distinct domains: the N-terminal C2-like PLAT domain (resi-
dues 1-115) and a larger mainly a-helical catalytic domain (res-
idues 129-679), which are connected by a small linker region
(residues 116—128). The catalytic domain contains the non-
heme iron, which is coordinated by three highly conserved his-
tidines, His®”%, His®’%, and His*"®, and the carboxylate group
of the C-terminal 1le®”®. In general, the structure is very similar
to that of the 8R-LOX domain of P. homomalla allene oxide
synthase-LOX fusion protein, a root mean square deviation of
644 C,, pairs being 1.37 A. The greatest differences are found in
the putative entrance to the active site, which more closely
resembles the recently published human Stable-5-LOX (22).
Similarly to 5-LOX, the a2 helix of 11R-LOX that covers the
putative entrance is only about 2 turns long and is flanked by
loops and small 3,,-helices. It should also be mentioned that
the overall similarity between the 11R- and 5-LOX is very high
(root mean square deviation of 641 C,, pairs is 1.49 A).

Another heterogeneous region includes the putative Ca>" -
binding sites in the PLAT domain. The PLAT domain is a
B-sandwich consisting of two antiparallel 4-strand 3-sheets. At
the sheets’ ends proximal to the catalytic domain (opposite to
the N terminus) there are four loops that connect the two
sheets, three of the loops being rather extensive, this is the
region that contains the Ca®" -binding sites. The electron den-
sity map is less clear in the region of the PLAT domain, which is
characterized by higher mean B-factors, 37.3 A2 for the cata-
lytic domain versus 70.5 A% in the PLAT domain. The least well
defined densities are found in the putative calcium-binding
loops, especially residues His**~Glu*” and Gly”*~Lys”’;
whereas main chain density is not ambiguous, several side
chains were modeled primarily according to optimal geometry
(side chains present at =0.5 o). For refinement, all occupancies
were set to 1. The apparent mobility of these residues is
described by their elevated B-factors.

Dimerization—Size exclusion chromatography indicated
that 11R-LOX appears as a dimer in a calcium-free buffer. The
purified enzyme eluted with aldolase (158 kDa), which is double
the molecular mass of the recombinant protein (79 kDa) (sup-
plemental Fig. S1). Based on ultrafiltration assays, it was previ-
ously concluded that 11R-LOX is in a monomeric state in solu-
tion: in calcium-free conditions the enzyme passed a filter with
a 100-kDa cutoff without major losses (25). The findings pre-
sented here clearly dispute those claims. In the presence of 10
mmM CaCl,, however, size exclusion chromatography analysis
indicated the formation of large aggregates, as the protein
eluted with the void volume (data not shown). Similar results
were obtained using ultrafiltration (25). Potential dimerization
interfaces were searched among the crystal contacts using PISA
(45), but according to the criteria established by the algorithm,
no significant assemblies were found.

Substrate Channel and Its Entrances—There is an array of
consecutive, mostly hydrophobic cavities concealed in the cat-
alytic domain alongside the coordinated non-heme iron (Fig.
2). These cavities are covered by a conserved arched helix
(a10—-allin G. fruticosa), and the potential entrances on either
side are blocked by short helices and loops. The arched helix
harbors the R/S-stereospecificity determinant Gly*'® (34).
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FIGURE 2. The active site and its accessibility. A, the active site with the non-heme iron (sphere) and substrate binding cavities (cyan and green surfaces) are
covered by the conserved arched helix «10-a11 (blue). Potential entrances A and B (arrows) are blocked by Phe'®® and Tyr'** (red residues), respectively. Both
have an arginine in the vicinity that could stabilize the carboxylate head of the fatty acid substrate. The entrances are covered by the lid segment (gold) that
interacts with the PLAT domain (orange) near the loops, which contain the putative Ca*-binding sites (magenta), via a m-cation bridge (Trp'®’-Lys'”2).
Additionally, there are hydrophobic residues in the C-terminal part of the lid that could bind the lipid membrane. B, in the active site, the non-heme iron is
coordinated by highly conserved residues (orange). The volume of the hydrophobic pocket (light green) has been found to be important in catalysis specificity
(7,12). Residues marked in green were mutated in this study to investigate that hypothesis. Another set of cavities (cyan) could give access to the active site via
the alternative entrance B. C, schematic depictions of hypothesized substrate-binding channels and substrate orientations (viewing angle is analogous to
panels Aand B). The boot-shaped cavity is defined as a passage from entrance A to the bottom of the hydrophobic pocket (7, 12). The U-shaped channel would
stretch between the two entrances (18). Yet another possibility is that the fatty acid tail is always bound into the hydrophobic pocket, but either one of the

entrances is used depending on the enzyme isoform, this yields the T-shaped channel.

There is a small confined chamber (about 34 A®) next to the
catalytic iron that is surrounded by several conserved aliphatic
residues, which have been thoroughly discussed in P.
homomalla 8R-LOX by Neau et al. (18). Of those residues,
Leu’”*, Leu**®, and Leu®'® form an orifice that leads to the larg-
est cavity (188 A?), which is located under the arched helix
toward the “rear” end of the enzyme (away from the PLAT
domain). The bottom of this cavity is composed of residues
Thr**®, Val**°, and Val®®, which coincide with the regiospeci-
ficity determinants described for the boot-shaped channel in
12/15-LOX (7); Leu™, also a regiospecificity determinant of
some LOXs (8, 12); and Met®°, a position claimed to be rele-
vant in the binding orientation of the fatty acid substrate (49).
On one side of the arched helix, the entrance to the active site
chamber is blocked by Phe'®” that sits on a loop between helices
14 (3,,-helix) and a2. On the other side, a gap between Leu®"?,
Tle*'2, and Leu®?° leads to a pair of cavities (95 and 113 A?) that
also reach toward the protein surface. These cavities are lined
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perpendicularly to the largest one, and are separated from each
other by a constriction formed by Leu®”?, lle**!, and a con-
served salt bridge Glu***~Arg*'”, that participates in lodging
the arched helix. Access on this side is obstructed by Tyr'**and
the loop where that residue is situated.

Let us call the orifices blocked by Phe'®® and Tyr'**
entrances A and B, respectively. Both of these entrances have a
positively charged residue in the vicinity, which could neutral-
ize the carboxylate group of a fatty acid, and therefore, aid to
position the substrate for catalysis: these are Arg'®® for
entrance A, and Arg'® for B. It is interesting to note that the
chain fragments that constitute the lids over both entrances
interact with the PLAT domain, there is a 7r-cation interaction
between Trp'®” and Lys'”?, as well as an H-bond connecting the
main chain N-H of Trp'®” with Asp'”® (Fig. 24). The lids of
entrances A and B are on the C- and N-terminal sides of the
interface, respectively. Therefore, either one of the entrances
could be regulated via this bridge. The m-cation bond appears
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11R-LOX 97 SNKYIF|P 170 [L/PKDVQF]
AOSL_PLEHO 472 S....[FP| 537 |LPRDVQF
LOX15_PONAB 89 GDEVR[F|P 160 [LPVDERF]
LOX15_HUMAN 89 GDEVR[F|P 160 [LPVIDERF]
LOX12_PIG 90 GDEFR|F[P 161 [LPVDERF]
LOX12_BOVIN 90 GNEFR|F[P 161 [LPVDERF]
LOX12_RABIT 90 EDKYW|F[P 161 [LPVDERF]
LOX15_RABIT 90 EDKYW|F[P 161 [LPVDERF]
LXlZL_MOUSE 90 GSEYT[F|P 161 [L/PV|DQRF]
LX12L_RAT 90 GSEYM[F[P 161 [LPVDQRF]
LX12E_MOUSE 89 QGEAF[F|P 160 [LPRNQRF]
LOX12_HUMAN 89 CAEVA[F|P 160 [LPPNMRF]
LOX12_MOUSE 89 SAEAV[FP 160 [LPPNMRF]
LX15B_MOUSE 101 .AALH[FP 171 [LDL|NIKY]
LX15B_RAT 101 .AALR‘FP 171 [LDLNIKY|
LX15B_HUMAN 100 .GHLL[FP 170 [LELNIKY|
LX12B_MOUSE 95 .RVYH|FP 196 |[LINS|NLRF]
LX12B_RAT 95 .RVYH|F[P 196 [LINLNLRF)
LXlZB_HUMAN 95 .RIYH|FP 196 |[LINLNLRY|
LOXE3_HUMAN 95 . SVSH|F[P 206 [MEPNVRY,
LOXE3_MOUSE 95 . SAVH|F[P 206 [MEPNIRY
LOX5_RAT 93 .DYIEF|P 163 [LPRDIQF)
LOX5_MOUSE 94 .DYIE[FP 164 [LPRDIQF]
LOX5_MESAU 93 .DYIE[FP 163 [LPRDIQF]
LOX5_HUMAN 93 .DYIEF|P 163 [L/PRDIQF]
LOX2_SOYBN 150 QGTIR(F|V|C| 269 |VPRDENF
LOX1_SOYBN 120 QGTIRF|V 240 |[V[PRDENL
LOXX_SOYBN 146 HGTIE[F|V| 263 |V[PRDENF
LOX4_SOYBN 134 HGTIH|F|V| 253 |LIPRDEATF
LOX3_SOYBN 138 HGSIH[F|V| 258 |[LPRDEAF
LOXA_SOLLC 134 HGKVH|F|V| 259 |V[PRDERTF
LOX1_ARATH 136 HGRVHY|TI 258 |V[PRDERF
LOX2_ARATH 175 .GSITFTJ 297 |[VPRDEEF

FIGURE 3. The conserved 7-cation bridge binds the regulatory PLAT and
the catalyticdomains. A, superposition of 11R-LOX (white), rabbit 12/15-LOX
(gray), human 5-LOX (orange), and soybean LOX-1 (green) reveals the com-
mon interface. B, partial sequence alignments of the PLAT domain and the lid
that establish the m-cation bridge. The PLAT domain Trp'®” is invariant, the
cationic residue can be found in either of the two positions (blue arrows).

to be conserved as it is present in all published lipoxygenase
crystal structures (18, 20, 22, 50-53) (Fig. 34). The PLAT
domain Trp'®” is invariant among studied LOXs and is a part of
the conserved sequence FPCYRW on the 7 strand of animal
LOX (28). The cationic residue of the catalytic domain (Lys'”*
in 11R-LOX) is more variable, but can still be found in either of
the two positions shown on the alignment (Fig. 3B).
Ca”"-binding Sites—The 11R-LOX crystals were obtained in
calcium-free conditions, but for catalytic activity, the presence
of Ca®" is a must. When compared with available structures of
Ca®"-PLAT complexes, the Ca®*-binding loops of the apo-do-
main in 11R-LOX differ significantly. The PLAT domains of
coral 8R-LOX (21) and gangrene a-toxin (54) both contain
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B1 . B2
11R-LOX — O 000
11R-LOX 1 MEKYK[I|TVERGDLRGEYeRSIA SV S|IKILIT GKD[EA
8R-LOX 2 AIYNV|EVERGDREHEYeRSJAT I T|IR[I|T GAK[ER
5-LOX 1 PSYT|V|ITVARGSQWFNeA®IDY I Y|L(S|LIVG[S|A[E]C
a-toxin 256 KELVA|Y|ISEYSGEKD)YeE$DYMY|F|GIK T[KD{gK

g3 00 o B4
11R-LOX —p00 O 0 —

11R-LOX 32 E[T|SAFS[LPIKYFHERIIES[EGTD TP4DQ|S|G . VD .
8R-LOX 33 . |TDYLKLPIKWF HURRIEAES KEQMTVIOG. FD .

5-LOX 32 SIEKHL[LPIKPFYRPIAER[GAVD SP4DVTVDEEL
a-toxin 287 ITIQEWEMBIN| . PGRERIMT[]SKD THTFKLKDEN
B5 . ] B6
11R-LOX —- (O3 ]
11R-LOX 61 ..VGEPAMITLKENG..FG.LKSDWYIAK|V|I
8R-LOX 61 . .VGDPOLIE[LHSDGGGYWSGDPDWFVNR|V|I
5-LOX 62 G...EMOLVRIEKRK...YWLNDDWYLKY[IT
a-toxin 316 LKIDDRQONMWIRKRK..YTAFPDAYKPEN|IK
B7 B8
11R-LOX —
11R-LOX 87 [MERIDEATGFSNKYIFPCYR[JVI|. . KQL[V[VY
8R-LOX 90 |I|I|S|STQ....DRVYSFPCFR|YVIl..KDMVLF
5-LOX 87 |[LK|TPHG. . .DYIEFPCYRQYITGDVEVVLR
a-toxin 345 [VIANGK..... VVVDKDINETS|. .GNS[TIYN

FIGURE 4. The PLAT domain and putative Ca>*-binding sites. A, superpo-
sition of the coral 8R-LOX Ca?*-PLAT complex (green) and the 11R-LOX apo-
PLAT (orange). The invariant Trp is situated on the B7-strand right next to site
Ill. B, conservation of binding sites, conserved residues are in red. 11R-LOX,
8R-LOX, and gangrene a-toxin are aligned according to a structural superpo-
sition; human 5-LOX is aligned according to sequence. Residues that consti-
tute sites | (blue), Il (red), and Ill (green) in 8R-LOX and a-toxin are denoted by
circles (empty if participates by main chain, filled if by side chain atom). The
invariant Trp is indicated by a star.

three occupied binding sites, these are formed by three adjacent
loops and are well conserved both in sequence and structure
(21). All three sites are also preserved in the 11R-LOX
sequence, yet are absent in the tertiary structure (Fig. 4). The
first Ca>* complex is formed by a turn in the 83—84 loop; in the
apo-PLAT domain the turn is missing, and instead, there is an
extra [-strand-like segment. The second site is situated
between another turn in the 83—B4 loop and B1—2 loop; again,
the loops in 11R-LOX are arranged differently making a
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TABLE 2
Positional specificity of 11R-LOX (%)
Arachidonic acid was incubated with the bacterial crude lysate, reaction products

were analyzed by RP-HPLC-MS. Chromatograms and MS/MS spectra are provided
in supplemental Fig. S3 and S4.

Enzyme  15-HpETE  11-HpETE  8(/12)-HpETE  5-HpETE
WT 2 98 ND* ND
V430A 1 99 ND ND
V609A 8 91 1 ND
L431A 3 87 10 ND
M606A 2 89 9 ND
V609w 23 69 3" 5

“ND, not detected.
8- and 12-HETE did not separate in the HPLC system, but both derivates were
detected by MS for V609W.

smoother curve and reaching further away from the B-sand-
wich core. The same goes for the third site that lies between a
turn in the B1-B2 loop and the B5-[36 loop. Site I1I is also the
hardest to detect by sequence comparison as it is mostly defined
by main chain atoms. Fig. 4 illustrates that the Ca>*-binding
sites are intertwined; therefore, a cascade of conformational
changes could occur upon metal chelation. The aforemen-
tioned Trp'®” is right next to site IIl and makes contacts with
residues that define the site in both apo- and holo-PLAT
domains. This suggests it could be communicating the allos-
teric effect that occurs upon calcium and membrane binding in
the PLAT domain to the lid segment.

Site-directed Mutagenesis of Substrate Channel—Several res-
idues were mutated in the largest of the internal cavities to
study its intrinsic role in the specificity of catalysis. Bulky,
hydrophobic Val**, Leu*®!, Met®®, and Val®®® were substi-
tuted with a compact alanine to deepen the boot-shaped chan-
nel, and potentially alter the regiospecificity of the enzyme, as
has been previously shown by Kithn et al. (7). In the case of
11R-LOX, the additional space was expected to cause a frame-
shift of substrate binding, resulting in a novel 8-LOX activity,
unseen in the wild-type. The V430A and V609A substitutions
failed to alter the position of hydrogen abstraction, although
the corresponding residues have been described as regiospeci-
ficity determinants for rabbit 12/15-LOX (11) and many others
(12) (full sequence alignment is provided in supplemental Fig.
S2). Rather, the V609A mutant suffered from general loss of
positional control, exhibiting increased 15-HpETE production
(Table 2). On the other hand, modest 8-LOX activity was
observed with L431A and M606A mutants, reaching up to 10%
of 8-HpETE production. Further kinetic studies of those
enzymes showed that there was no remarkable change in sub-
strate affinity (K,,) (Table 3). However, the catalysis efficiency
(keae/K,,) of the L431A mutant was only one-fourth of the wild-
type as the turnover rate (k_,,) had dropped. One possible inter-
pretation of this data is that the substrate cannot align in an
orientation appropriate for hydrogen abstraction as the hydro-
phobic pocket has a role in substrate positioning. Granted, the
data do not rule out an effect on the catalytic machinery itself,
but the fact that enzyme retains catalytic activity might suggest
that the iron coordination sphere remains intact. Moreover, the
residue at this position varies significantly among LOX iso-
forms so it is in all likelihood not an essential element of the
core LOX fold.
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TABLE 3
Kinetic properties of wild-type 11R-LOX and selected mutants

All enzymes were readily purified and analyzed as described under “Experimental
Procedures.”

Enzyme Keat K., Keat/ K,y
51 M

WT 310.7 = 24.6 123 +2.2 25.2

L431A 50.6 +3.3 7.8+ 14 6.5

M606A 398.0 = 20.8 137+ 1.5 29.0

V609W 58+ 0.6 124+ 3.0 0.5

Although the data display a trend, these studies do not rule
out the use of the alternative U-shaped channel (Fig. 2C). To
find more substantial evidence to differentiate between the
channels, Val®’®, which lies near the proximal side of the hydro-
phobic pocket, was substituted with a large tryptophan to block
the distal end of the cavity, and propagate the usage of the
U-shaped channel. As a consequence, the catalytic efficiency of
the enzyme plunged 50-fold, but surprisingly, the K, remained
unaffected despite the dramatic reduction in binding space that
such a mutation should have caused. Apparently, the loss of
activity was entirely due to the diminished turnover rate (Table
3). Reaction specificity suffered greatly, as well, as the share of
11-HpETE dropped down to 69% and a multitude of by-prod-
ucts (15/5/8/12-HpETE in descending order by proportion)
was formed (Table 2). The chirality of the three major products
of V609W mutant, 11/15/5-HpETE, was determined using chi-
ral phase HPLC, to confirm the substrate orientation in the
active site. Practically pure 11R and 5S products were detected,
oxygenation at C15 created an R/S (35:65) mixture (data not
shown). The formation of 55-HpETE intimates a head-first
binding if entrance A is considered as the point of entry,
whereas for 11R-HpETE, tail-first orientation has been sug-
gested (25).

The interpretation of these data is not straightforward. If one
invokes the use of the boot-shaped cavity, the residual activity
of the V609W mutant may be a result of incomplete closure of
the cavity and a motional flexibility to allow room for substrate
entry despite the bulky tryptophan (Fig. 2C). On the other hand,
if the fatty acid binds into the U-shaped channel, the role of the
hydrophobic pocket may be to provide the flexibility necessary
for the substrate to product transition. This would easily
explain the unchanged K. Nevertheless, the various regio-
specificities of distinct LOXs must somehow be reflected by
their binding sites (e.g. different cavity volumes). The U-shaped
channel is highly conserved, as emphasized by Neau et al. (18),
but the invariant amino acids alone cannot explain the distinct
products among lipoxygenases. Those side chains that impart
specificity would be expected to lie outside the cluster of con-
served amino acids. The hydrophobic pocket fulfills that crite-
rion, and binding of AA in that cavity is supported by product
shifts in L431A and M606A mutants.

DISCUSSION

Allosteric Lid Segment—The substrate channel entrance A of
11R-LOX is blocked by Phe'®”. Interestingly, a similar element,
a Phe-Tyr “cork,” has been described in human 5-LOX (22).
This cork is situated where the other LOX crystal structure
models are open to allow access to the catalytic site. In these
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FIGURE 5. Superposed 11R-LOX (orange) and human 5-LOX (green) lid
segments. In 5-LOX, entrance A is blocked by a Phe'””-Tyr'®" cork (22), the

11R-LOX counterpart of which is Phe'®. For entrance B, the corks are Trp'*’

and Tyr'>*, respectively. Both structures include the conserved m-cation
bridge and several hydrophobic residues in the C-terminal part, which could
anchor into the lipid membrane.

two structures, however, the a2 helix is considerably shorter
and is flanked by loops and 3, -helices forming a lid that covers
entrance A (Fig. 5). In the N-terminal end of this motif is the
conserved mr-cation bridge (Trp'®’~Lys'”?) that connects the
PLAT and the catalytic domain. The -cation bridge is pre-
ceded in turn by the lid of entrance B, with Tyr'>* blocking the
access. The corresponding cork in human 5-LOX is Trp'*’, and
again, the similarity between the coral and human enzyme lids
is remarkable. Notably, this is the entrance Gilbert et al. (22)
have suggested to be utilized in 5-LOX, as opening it requires
only a rotamer flip, and this way the substrate can enter the
channel “tail first.” The stereochemistry of the products of 5-
and 11R-LOX suggests that AA is bound in inverse orientations
in these enzymes: may it be a result of the substrate entering
the active site in inverse orientation using the same orifice or
the utilization of different entrances. In either case, access to
the catalytic site in both enzymes requires a conformational
change, an opening of the lid. The structure of 11R-LOX can
provide a stable framework for understanding the relationship
between Ca®"-dependent membrane binding and lid opening.

It has been speculated that the interface of PLAT and cata-
lytic domains, including the conserved FPCYRW fragment on
the B7 strand, might be involved in an allosteric regulatory
mechanism, transmitting a conformational change in the PLAT
domain induced by calcium and membrane binding to the lid
component in the catalytic domain (28). We propose, that the
conserved mr-cation bond could be mediating this interaction,
as it stands right between the Ca”*-binding sites and the allos-
teric lid. The different regulatory properties of various lipoxy-
genases (e.g. the necessity of calcium and membranes for 11R-
LOX catalysis) can be explained by differing conditions that are
needed to set off the cascade of conformational changes, which
among other contributors depend strongly on the structure of
the Ca®"-binding loops (55). The activity that is present with-
out any inducing factors in most LOXs can be attributed to a
semi-open orifice, or possibly allosteric binding of the substrate
itself. Additionally, in human 5-LOX the FPCYRW fragment
has been shown to be involved in the binding of the coactosin-
like protein, which promotes leukotriene formation (56).
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Although the exact mechanism of the latter is unknown, it fur-
ther substantiates the regulatory role of the bridge.

In 11R-LOX, entrance A seems the more plausible access
route for several reasons. First, the same orifice is used in rabbit
158-LOX according to docking studies (14). For 11R- and 15S-
specificity, the same hydrogen must be abstracted in the initial
step of catalysis; thus, substrate binding should also be identi-
cal. Second, coral 8R-LOX, the binding of which should differ
from 11R- and 155-LOX only by “frameshift,” has been sug-
gested to employ entrance A as well (18). Another detail in favor
of entrance A is that there are several bulky, hydrophobic resi-
dues like Phe'”?, Phe*’", and Trp*°* on the C-terminal end of its
lid fragment, distal to the PLAT domain interface (Fig. 5). With
slight conformational changes, these residues could readily
anchor the catalytic domain to the lipid membrane, and facili-
tate an additional mechanism of lid removal. Analogous resi-
dues are present in other lipoxygenases, too, including human
5-LOX. Furthermore, the entrance A lid is followed by the puta-
tive PDZ domain, which might also contribute to allosteric reg-
ulation, making this opening the more likely candidate not only
for 11R-LOX, but for other LOXs as well.

Additional experimental data are essential to elucidate the
possible access portals in this family of enzymes. In a recent
experiment, removing the entrance A cork of olive LOX1 by
site-directed mutagenesis augmented the activity of the
enzyme remarkably (57). A similar approach could be used in
further study to determine the true substrate entrance of 11R-
LOX, but also of other LOXs.

T-shaped Substrate Channel—In general, the 11R-LOX
model contains a closed, roughly T-shaped system of cavities,
wherein the active site iron is located at the junction of perpen-
dicular channels, and the potential entrances for the substrate
are situated at both ends of the “T-bar” (Fig. 2C). Although the
channel system seems to be segmented in the model, minimal
side chain movements are necessary to connect the neighbor-
ing pockets. In this system of cavities, the so called boot-shaped
channel described by Kithn et al. (7, 12) would constitute the
passage from entrance A to the bottom of the hydrophobic
pocket. The alternative U-shaped channel proposed by Neau et
al. (18), on the other hand, would consist of a culvert stretching
below the arched helix and connecting both entrances, and
thus, disregarding the pocket altogether.

The results obtained by site-directed mutagenesis of 11R-
LOX suggest that the integrity of the T-shaped channel is
required for proper positioning of the substrate. The fact that
L431A and M606A substitutions resulted in an 8/11-LOX,
albeit with modest amounts of the 8-product, suggests that AA
enters the hydrophobic pocket tail-first. This model is also
supported by the dramatic reduction of catalytic activity and
specificity when the pocket was blocked by the V609W substi-
tution, even though the kinetic parameters for that mutant have
left room for alternative interpretations. It is likely that in
regard to substrate binding, 11R-LOX is analogous to the
enzymes described to have a boot-shaped channel (e.g. rabbit
12/15-LOX).

The presence of cavities that connect the hypothetical
entrance B with the active site still makes one question their
potential role. The U-shaped channel is lined with highly con-
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served Leu and Ile residues that imply a structure-functional
importance. However, the highly conserved amino acids alone
cannot define the different catalytic properties of lipoxyge-
nases. And whereas the cavity that forms the B side of the T-site
may provide an entry way for molecular oxygen access as sug-
gested for soybean LOX-1 (58, 59), it is not clear whether leu-
cines, as opposed to any hydrophobic amino acids, are neces-
sary for an O, channel. It just might be that distinct
lipoxygenases each utilize the central core of the binding site,
but regiospecificity is defined by the access to that core. One
could imagine a theory that merges the boot- and U-shaped
passages, yielding a T-shaped substrate channel. Depending on
the catalytic specificity of a particular LOX, the substrate could
enter tail-first utilizing either one T-bar entrances. Additional
mechanisms like positively charged residues could further
induce and stabilize the substrate binding. Yet, for specificity,
the aliphatic tail requires the internal hydrophobic pocket. Fur-
ther studies, especially co-crystallization of the enzyme with the
substrate could bring more definitive answers to these matters.
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SUPPLEMENTAL FIGURE LEGENDS

FIGURE S1. The size-exclusion chromatogram of 11R-LOX (solid line) with a theoretical My of
79 kDa displaying its dimeric state if compared to calibration standards (dashed line). Superdex 200
10/300 GL, 20 mM Tris-HCI pH 8.0 + 150 mM NaCl, 0.5 ml/min, Ag0 um, AKTApurifier.

FIGURE S2. Sequence alignment of lipoxygenases with 11R-LOX secondary structure. Included
sequences are Gersemia fruticosa 11R-LOX, 8R-LOX from Plexaura homomalla AOS-LOX, human 5-
LOX (LOX5 HUMAN), rabbit reticulocyte 155-LOX (LOX15 RABIT), mouse 8S-LOX
(LOX8 MOUSE), human platelet 12S-LOX (LOX12 HUMAN), soybean LOX-1 (LOX1 SOYBN) and
olive LOX1 (LOX1_OLIVE). 11R-LOX secondary structure elements are denoted by a, a-helix; f, S-
strand; 7, 30-helix; 7, z-helix; T, turn. Sequences were aligned with ClustalW2 (1) and rendered with
ESPript (2).

FIGURE S3. RP-HPLC chromatograms of HETEs. Agilent Eclipse 3.5 pm 150 x 2.1 mm ODS
column, thermostat 35 °C, solvent methanol/0.01% acetic acid (75:25, v/v), 0.25 ml/min. The smaller
peak (11-HETE') was identified as 11-HETE by MS/MS analysis and it was also present in the '*C-
radiochromatogram (data not shown); it is most probably a result of cis/trans-isomerization (3).

FIGURE S4. MS/MS spectra of HETEs. Agilent LC/MSD Trap XCT, APCI interface, fragmentation of
m/z 319, negative mode.
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Figure S2
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Figure S3
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Figure S4
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Lipoxygenases (LOXs) are lipid-peroxidizing enzymes that consist of a regulatory calcium- and membrane-
binding PLAT (polycystin-1, lipoxygenase, ai-toxin) domain and a catalytic domain. In a previous study, the crys-
tal structure of an 11R-LOX revealed a conserved m-cation bridge connecting these two domains which could me-
diate the regulatory effect of the PLAT domain to the active site. Here we analyzed the role of residues Trp107 and
Lys172 that constitute the m-cation bridge in 11R-LOX along with Arg106 and Asp173—a potential salt bridge,
which could also contribute to the inter-domain communication. According to our kinetic assays and protein
unfolding experiments conducted using differential scanning fluorimetry and circular dichroism spectroscopy,
mutants with a disrupted link display diminished catalytic activity alongside reduced stability of the protein
fold. The results demonstrate that both these bridges contribute to the two-domain interface, and are important
for proper enzyme activation.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Lipoxygenases (LOXs) are a superfamily of enzymes that peroxidize
polyunsaturated fatty acids by highly stereo- and regiospecific addition
of molecular oxygen [1,2]. LOX-initiated lipid mediator pathways play
important regulatory roles in plants [3], mammals [4] and corals [5].
The catalytic activity of many LOXs is dependent on the presence of cal-
cium [6], the most notable being human 5-LOX, which is a key enzyme
in the inflammatory leukotriene pathway [7-9]. Another remarkable
example is the coral 11R-LOX with calcium being an absolute prerequi-
site for catalysis [10,11]. LOXs share a common architecture consisting
of an N-terminal C2-like PLAT domain, which can contain up to three
calcium binding sites [12], and a C-terminal mainly a-helical catalytic
domain [2,6]. In 5-LOX [13,14], 8R-LOX [12] and 11R-LOX [11] the act
of calcium binding triggers association with the lipid membrane. This
effect has been shown to be due to both electrostatic and hydrophobic
interactions between the phospholipid layer and specific residues that
become exposed in the course of calcium binding; therefore, PLAT do-
main serves as a true calcium-induced membrane-targeting module.
Similar behavior has also been described in rabbit 15-LOX-1 (also
known as 12/15-LOX) [15], although in this enzyme calcium per se is

Abbreviations: LOX, lipoxygenase; PLAT, polycystin-1, lipoxygenase, c-toxin; SEC, size
exclusion chromatography; AA, arachidonic acid; CD, circular dichroism; DSF, differential
scanning fluorimetry; CLP, coactosin-like protein.

* Corresponding author.
E-mail address: nigulas.samel@ttu.ee (N. Samel).

http://dx.doi.org/10.1016/j.bbalip.2015.07.007
1388-1981/0© 2015 Elsevier B.V. All rights reserved.

not required neither for membrane association nor catalytic activity [16,
17].

Crystallographic studies have revealed a distinct feature that differ-
entiates strongly calcium-dependent animal LOXs from the rest: the
peptide segment that contains the a2 helix and covers the putative sub-
strate channel entrance. The coral 8R-LOX [12,20], rabbit 15-LOX-1 [21],
and human 15-LOX-2 models [22] all have a long o2 helix that leaves
the orifice of the substrate channel open; these enzymes are also less
stringent in regard to calcium requirement. However, in human 5-LOX
[23] and coral 11R-LOX [18], which are both Ca?*-induced enzymes,
the a2 is a much shorter helix flanked by several turns and helical frag-
ments that restrict access to the active site. The entry point is “corked”
by aromatic residues: in 5-LOX these are Phe177 and Tyr181, and in
11R-LOX Phe185. These aromatics are not exclusive to calcium-
induced enzyme variants, but can be found in most LOXs from both an-
imals and plants; thus, the corking effect is introduced by the broken
structure of the a2 helix, rather than the presence of aromatic residues
[2]. Clearly a mechanism must exist in both 5-LOX and 11R-LOX that
induces conformational changes in the a2 region to allow effective sub-
strate binding. Since this is a common feature of calcium-dependent
LOXs, it has been hypothesized that the structural shift could be initiat-
ed by calcium binding in the PLAT domain and communicated allosteri-
cally to the active site via the interface between the regulatory PLAT and
the catalytic domain [18,23,24]. Specifically, based on the crystal struc-
ture of 11R-LOX and other previously published LOX structures [20,21,
23,25-28], we described a conserved m-cation bridge (Trp107-Lys172
in 11R-LOX) that could be mediating this allosteric mechanism [18].
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Fig. 1. Proposed allosteric regulation of 11R-LOX. The crystal structure of 11R-LOX revealed
a conserved mi—cation bridge (Trp107-Lys172) between the regulatory PLAT domain (blue;
the Ca®*-binding region is darker) and the catalytic domain (gold) [18]. Upon Ca?* and
membrane binding by the PLAT domain, conformational changes can transfer to the “lid”
segment (red) in the catalytic domain, and expose the active site. The active site, including
the non-heme iron (brown sphere), is enclosed beneath the conserved arched helix (pink),
and the putative entrance is blocked by Phe185. Another potential allosteric link proposed
in[19], Arg106-Asp173, is also shown.

Additionally, an adjacent salt bridge (Arg106-Asp173 in 11R-LOX) has
been shown to participate in the two-domain interface of human
5-LOX [19]. These residues are outlined in Fig. 1.

In this study we introduced mutations to the aforementioned
positions in order to assess their relevance to the catalytic and structural
integrity of 11R-LOX. Our results indicate that the m-cation and the salt
bridge are both prominent in the interaction between the PLAT and the
catalytic domain, and this interaction is necessary for 11R-LOX activity.

2. Materials and methods
2.1. Materials

BL21-CodonPlus(DE3)-RP cells were from Stratagene. Tergitol NP-
40, phenylmethylsulphonyl fluoride, lysozyme, SYPRO Orange were
from Sigma. Benzonase nuclease was from Santa Cruz Biotechnology.
HisTrap HP, Mono Q, and Superdex 200 prep grade columns were
from GE Healthcare. Sephadex G-25 Fine column was from Amersham
Biosciences. Phospholipids were from Avanti Polar Lipids and arachi-
donic acid was from Cayman Chemical.

2.2. Site-directed mutagenesis

Mutations were introduced using whole plasmid PCR as reported pre-
viously [18]. Clones were screened by restriction mapping, small-scale
expression using autoinduction [29], and confirmed by sequencing.

2.3. Expression and purification

A previously established production scheme [18] was used with
slight modifications. In brief, recombinant Gersemia fruticosa 11R-LOX
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with an N-terminal His,-tag in pET-11a vector was transformed into
Escherichia coli BL21-CodonPlus(DE3)-RP cells. Colonies were grown
overnight in non-inducing MDG medium [29] with 100 pg/ml ampicillin
and 30 pg/ml chloramphenicol. A 500-ml volume of autoinducing ZYM-
5052 medium was inoculated with 500 pl of overnight culture. The
culture was incubated at 37 °C for 4 h, and then grown to saturation at
15 °C (usually 2-3 days). Cells were harvested by centrifugation, and
stored at — 80 °C. Subsequent expressions were performed by using
glycerol stocks prepared as described in [29].

Cell pellets were resuspended in lysis buffer (20 mM Tris-HCl,
pH 8.0, 0.2% Tergitol NP-40, 1 mM phenylmethylsulphony! fluoride,
1 mg/ml lysozyme, 10 U/ml Benzonase) by stirring on ice for 30 min.
Cells were sonicated for 10 x 5 s on ice using a Bandelin Sonopuls HD
2200 ultrasonic homogenizer at about 40% power. The lysate was
centrifuged at 39,000 x g, 1 h, 4 °C. The supernatant was applied onto
a HisTrap HP Ni-affinity column, and washed with binding buffer
(20 mM Tris-HCl, 500 mM NacCl, 20 mM imidazole, pH 8.0) on an
AKTApurifier 10 FPLC system (GE Healthcare). The protein was eluted
with an imidazole gradient from 20 to 200 mM. Protein fractions were
pooled and desalted in a Sephadex G-25 Fine column into 20 mM Tris-
HCl, pH 8.0. The sample was then applied onto a Mono Q anion exchang-
er, washed with 20 mM Tris-HCl, pH 8.0, and eluted with a NaCl gradi-
ent from 0 to 500 mM. Pooled protein fractions were concentrated using
an Amicon Ultra-15 centrifugal filter (Millipore) with a 30 kDa cutoff,
and subjected to a Superdex 200 prep grade size exclusion column in
20 mM Tris-HCl, 150 mM NacCl, pH 8.0 (SEC buffer). For long-term stor-
age, the protein was concentrated to at least 1 mg/ml, aliquots were
flash frozen in liquid nitrogen, and stored at — 80 °C.

The protein concentration was determined by absorbance at 280 nm
using a BioSpec-nano spectrophotometer (Shimadzu) and extinction
coefficients calculated with EXPASy ProtParam [30]. Up to 30 mg of elec-
trophoretically pure protein was obtained from 1 1 of autoinduction
culture.

24. Activity assay

Kinetic studies were conducted as described in [18]. Briefly, the reac-
tion was monitored on a UV-1601 spectrophotometer (Shimadzu) at
236 nm. A 1-ml continuously stirred and thermostatted (20 °C) cuvette
contained 50 mM Tris-HCl, 100 mM Nacl, 2 mM CaCl,, pH 8.0, and small
unilamellar vesicles (liposomes) of phosphatidylcholine, phosphatidyl-
ethanolamine and phosphatidylserine (40:30:30 mol%) with a total
phospholipid concentration of ~60 uM. The liposomes were prepared
as described in [18]. The concentration of the substrate, arachidonic
acid (AA), was varied between 2 and 100 pM. The reaction was started
by adding purified enzyme in the range of 6-28 nM, depending on the
activity of the enzyme variant. The reaction velocity was determined
from the slope of the linear portion of the curve. K;;, and k., values
were obtained by nonlinear regression analysis with the Michaelis—
Menten equation using Prism 5 (GraphPad). Due to substrate inhibition,
only the ascending part of the curve was used for fitting, as described
previously [18] (Fig. 2).

2.5. Differential scanning fluorimetry

Thermal denaturation of the protein was monitored on a Rotor-Gene
Q 2-Plex HRM cycler (Qiagen) using an adapted version of the method
described in [31,32]. 0.1 mg/ml protein in SEC buffer was supplemented
with the fluorophore SYPRO Orange in final concentration of 5x
(a 1000-fold dilution of the supplied stock). Triplicate samples of 20 pl
were heated from 35 to 95 °C with 0.5 °C increments at 10 s intervals.
Fluorescence was measured at each increment with the High Resolution
Melt (HRM) channel (excitation at 460 nm, emission at 510 nm) at a
gain of 2. The melting point (T,;) was determined as the maximum of
the first derivative plot of the denaturation curve (dF/dT) using the soft-
ware package provided with the device.
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Fig. 2. Kinetic curve of wild-type 11R-LOX. The lipoxygenation of AA suffers from substrate
inhibition at substrate concentrations above 40 pM. In order to obtain comparable results,
only the ascending part of the data was used for modeling Michaelis—-Menten kinetics
(solid line). Error bars denote SD (n = 3).

2.6. Circular dichroism

Circular dichroism (CD) spectra were measured on a Chirascan-plus
spectrometer (Applied Photophysics) in a thermostatted 1 mm quartz
cuvette. For thermal denaturation curves, CD signal was monitored at
220 nm while continuously ramping the temperature from 10 to 80 °C
at a rate of 1 °C/min. Sample temperature in the cuvette was recorded
by a thermocouple probe. In all experiments protein concentration
was 0.1 mg/ml in SEC buffer. Unfolding models of a dimeric protein de-
scribed by N. Greenfield [33] were modified to allow pre- and post-
transition linear changes in ellipticity as a function of temperature.
Models were fitted to data using SciPy [34] and plotted with Matplotlib
|35]. For the equations used, see Appendix A. Supplementary materials.

3. Results
3.1. Conserved m—cation bridge

To elucidate whether the conserved Trp107-Lys172 m—cation bridge
is involved in the regulation of 11R-LOX, we mutated these residues to

Table 1

alter the properties of the bridge, and assayed the oxygenation of AA
by the various mutants under constant conditions. The results given in
Table 1 clearly indicate that the invariant Trp107 is structurally crucial
for 11R-LOX, and an aromatic ring is essential in that position. While
the conservative Trp107Phe mutation had only a minor effect on the
turnover number keq; (274 + 13 vs 377 & 25 s~ ! for the wild-type),
the Trp107Ala substitution reduced the rate 6-fold to 62 + 5 s~ !. The
Trp107Lys single mutant, an intermediate variant of creating an enzyme
with an inverted m-cation bridge, had an even stronger impact with kg,
of 24 + 2 s~ 1. The influence of Lys172 is less pronounced. Mutations in
which the positive charge was replaced with a hydrophobic group
(Lys172Val) or a negative carboxylate (Lys172Glu) diminished the
turnover numbers 2-3-fold (166 & 13 and 137 & 12 s~ !, respectively).
Interestingly, the other bridge swap single mutant, Lys172Trp, retained
much of its turnover rate (292 + 14 s~ !). Here the formation of alterna-
tive m-m interactions can be speculated. Finally, a double mutant
(Trp107Lys/Lys172Trp) with an inverted bridge was constructed. The
turnover rate of this enzyme variant was about 2-fold higher than of
the Trp107Lys single mutant, further supporting the pro-catalysis role
of the m—cation interaction.

It must be noted that while the substitutions affected the K;,, value in
the 2-fold range, the prominent effect was on k. It is unlikely that mu-
tations this far from the active site could drastically change the catalytic
machinery of the enzyme, unless dealing with key residues in general
structural stability or an allosteric mechanism. Resorting on the hypoth-
esis that communication between the two domains is needed for catal-
ysis, this phenomenon can be viewed as non-competitive inhibition in
the sense that inhibition occurs when the two domains fail to interact.
This could lead to either an unproductive active site conformation or a
site that is closed-off altogether. In either case catalysis is obstructed
resulting in a diminished k., which is what has been observed.

Differential scanning fluorimetry (DSF) analysis showed that the
conservative Trp107Phe, but also the Lys172Val substitution had a
mild effect on protein stability, lowering the melting point (T;,,) by less
than 2 °C compared to the wild-type (Table 1). The melting curves fea-
tured a minor pre-phase at about 49 °C (Fig. 3), which could be caused
by dimer dissociation or, alternatively, by separate melting of the two
domains, as suggested by Schroder et al. [36]. In contrast, mutations
that disrupted the —cation bridge had a stronger impact: the first melt-
ing step of the biphasic process at 49 °C became more prominent and
the higher T,,, decreased further. This behavior was further confirmed

The catalytic constants and melting points (T,,,) of the Trp107-Lys172 n—cation bridge and the Arg106-Asp173 salt bridge mutants. The results are the best-fit values + SE for catalytic

constants and T,, values determined by CD, and means + SD for T,,, values determined by DSF.

kear (s71) Kin (M) Kear/Km (WM™~ s71) T (°C)°
DSF cD
Wild-type 377 £ 25 15+2 2542 49.6 + 0.1/54.8 £ 0.1 55.0 +£ 0.0
m-cation bridge
Conservative substitution
Trp107Phe 274+ 13 22+2 13+1 534+ 0.1
Interaction disruption
Trp107Ala 62+5 3145 20+02 492 +£0.1/51.9 £ 0.1
Lys172Glu 137 £ 12 15+3 92+ 10 49.1 +£0.1/51.9 £ 0.2 479 +£0.2/61.2 + 0.1
Lys172Val 166 + 13 65+ 16 26+ 4 49.6 + 0.0/53.9 + 0.6
Bridge swap
Trp107Lys 24+2 23+4 1.1+01 494 +0.1/52.7 + 0.1
Lys172Trp 292 + 14 20+2 15+1 493 +0.1/524 + 0.3
Trp107Lys/Lys172Trp 57+3 27+3 21401 49.0 + 0.1
Salt bridge
Charge removal
Arg106GIn 238 +24 1042 23+3 48.8 +0.1
Asp173Asn 302 + 19 1242 26 +2 49.5 +0.1/53.9 + 0.1
Charge swap
Arg106Asp 15+1 73+ 1.1 21402 447 £ 03
Asp173Arg 14+2 14+3 1.0+ 0.1 458 +£0.1 484 + 0.1
Arg106Asp/Asp173Arg 140 + 4 25+2 57+02 49.2 +0.1/52.5 + 0.3

2 The primary T,, value (the fastest change in fluorescence or the largest decrease in CD) is given in roman and the secondary in italic.
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the melting curve (dF/dT).

by CD measurements of the Lys172Glu mutant for which a three-state
melting curve was observed as opposed to the wild-type with a single
resolvable transition (Fig. 4). The restoration of the m—cation bridge in
an inverse orientation did not stabilize the enzyme compared to single
mutants, despite the double mutant being more active. This result is
not surprising in the light of the fact that the mutated regions are very
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highly conserved among LOXs, and hence are most likely needed to
maintain the structural integrity of the enzyme.

Although the T, values for the wild-type measured by DSF and CD
are in very good agreement at about 55 °C, the results for the mutants
tend to differ on a larger scale (Table 1). This could be due to differences
in temperature ramping as the ramification of melting induced by the
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Fig. 4. Circular dichroism (CD) data. (A) CD spectra of 11R-LOX variants at the concentration of 0.1 mg/ml and 10 °C display similar overall characteristics. (B) CD signal at 220 nm was
monitored as a function of temperature. Denaturation models (lines) were fitted to the data (dots) to determine the T;, values. A two-state model was used for the wild-type and the

Asp173Arg mutant, whereas the Lys172Glu mutant displayed a clear three-state transition.
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Fig. 5. LOX domains interface via the m—cation and the salt bridge. The alignment of coral
11R-LOX (orange) and human 5-LOX (pink) crystal structure models demonstrates the
conservation of this feature. The bridges connect the regulatory PLAT domain to the o2
helix and its surroundings, which form a lid over the active site entrance in the catalytic
domain. The models of 11R-LOX (PDB: 3VF1 chain A) and 5-LOX (PDB: 308Y chain
A) were structurally superposed using UCSF Chimera [37].

mutations might lead to more time-dependent denaturation processes.
Furthermore, as these methods employ different probes—DSF using a
dye which fluoresces in the hydrophobic core of a molten globule, and
CD determining the orderliness of peptide bonds due to secondary
structure—the varying T,,, values can mirror somewhat different stages
of the denaturation process.

3.2. Arg106-Asp173 salt bridge

Next to the conserved m-cation bridge lies another possible link, the
potential Arg106-Asp173 salt bridge. Although in the 11R-LOX model
the two residues are not positioned optimally for an electrostatic inter-
action (Fig. 5), it is plausible that such a contact occurs in solution under
modest conformational changes.

Conservative substitutions were firstly introduced to assess the sig-
nificance of this link. The turnover rates of Arg106GIn and Asp173Asn
mutants (238 + 24 and 302 + 19 s~ !, respectively) revealed that
mere charge removal does not have a notable impact on enzymatic ac-
tivity. However, creating electrostatic repulsion by swapping the charge
caused k., to plummet, as demonstrated by Arg106Asp and Asp173Arg
mutants (15 & 1 and 14 &+ 2 s~ !, respectively). The T,, value of the
interaction-breaking Asp173Arg mutant was diminished by 6-10 °C,
determined either by CD or DSF (Table 1). The importance of this
structural feature is also supported by the fact that compared to wild-
type, the observed melting curve is wider for the mutant, indicating
greater structural heterogeneity (Fig. 4). As with the m—cation bridge
swap, the enzymatic activity of the salt bridge mutants was partially re-
stored by a double mutation that effectively inverts the salt bridge
(Arg106Asp/Asp173Arg): the conversion rate was revived to 140 +
4 s~ !, Furthermore, the T,, value improved, and the melting profile de-
termined by DSF took the form of a biphasic transition, resembling those
of the less detrimental m-cation bridge mutants (Fig. 3).

3.3. Calcium requirement

The mutants were also screened for changes in the requirement for
calcium, as the presence of this ligand is an absolute necessity for
wild-type 11R-LOX catalysis [11]. All reported enzyme variants retained

the need for Ca?*: no noticeable catalytic activity was detected in
calcium-free assay conditions (data not shown).

4. Discussion

Recently, Neau et al. solved the crystal structure of a coral 8R-LOX in
complex with its substrate, AA [38]. This milestone in the field of LOX
research finally confirmed the actual substrate-binding cavity and,
moreover, the entrance to the active site, at least in LOXs with analogous
substrate orientation. The carboxylate-head of the fatty acid was found
at the opening by the a2 helix, marking it the likely point of entry. Ex-
tensive experiments on soybean LOX-1 using electron paramagnetic
resonance further substantiate this site as the substrate channel en-
trance for LOX enzymes [39]. The structural basis for lipoxygenation
derived from the most current studies is thoroughly explained in the re-
view by Newcomer and Brash [2].

Since the oxygenation in the 11R-position differs from 8R-specificity
merely by the shift of hydrogen abstraction from C10 to C13, which
could be achieved by employing a shallower substrate pocket, it is fair
to assume that both enzymes bind the substrate in a similar manner
using the same access route. For 11R-LOX this would mean that AA
enters the active site hydrophobic tail-first via the entrance blocked by
Phe185 (Fig. 1). In order to allow substrate binding, the o2 fragment
with Phe185 needs to move away from the active site. Previously we
hypothesized that this could occur due to allosteric changes induced
by calcium-mediated membrane binding, and transferred to the catalyt-
ic domain via the two-domain interface [18]. Our results support this
hypothesis: the disruption of either the m—cation or the salt bridge se-
verely impeded the catalytic activity of the enzyme, inverse restoration
of the interaction led to a partial recovery, and none of the substitutions
abolished the requirement for calcium. Additionally, thermal denatur-
ation studies indicated that bridge mutants are structurally less stable,
and may also display more flexibility, advocating the role of these brid-
ges in the interface assembly.

In human 5-LOX it was found that Trp102 is important for binding
the coactosin-like protein (CLP)—a protein that prevents non-turnover
inactivation of 5-LOX, and promotes leukotriene A4 formation [40].
Computational docking suggested that although CLP is bound into the
cleft between the PLAT and the catalytic domain, it does not interact
with Trp102 directly, but rather with Arg165 in the catalytic domain,
which in turn forms a bridge with the tryptophan. This is the same
m—cation bridge that aids to stabilize the coral 11R-LOX (Fig. 5). In
5-LOX, however, the loss of an aromatic moiety did not affect catalytic
activity; therefore, it seems that this interaction is more important in
maintaining the structural integrity of the enzyme in general. The corre-
sponding salt bridge in 5-LOX (Arg101-Asp166) was also shown to be
essential for proper interaction of the two domains using the yeast
two-hybrid system [19]. Surprisingly, the disruption of the link led to
a 3-fold increase of the initial 5-LOX reaction velocity, instead of hinder-
ing it. The formation of alternative interactions can, of course, be specu-
lated, and the placement of the PLAT (3-sandwich seems to be rather
flexible in relation to the catalytic domain in solution, as has been dem-
onstrated by small-angle X-ray scattering experiments on human plate-
let 12-LOX and rabbit 15-LOX-1 [41,42]. Nevertheless, conclusions
cannot be drawn based only on a single mutation. In general, truncation
of the PLAT domain leads to impairment of mammalian LOXs [43];
5-LOX is no exception in this matter and this was readily confirmed
by the same authors [19]. Still, the question how a conserved motif
can display such an obverse effect, remains to be answered.

The results presented in this paper demonstrate that interactions be-
tween the regulatory PLAT domain and the catalytic domain are vital for
the regulation of 11R-LOX activity. Both Trp107-Lys172 m-cation and
Arg106-Asp173 salt bridges participate in the mechanism that leads
to pro-catalytic conformational changes. It is evident, along with the
cited work, that these links play a regulatory and/or a structural role
in other LOXs as well. High pressure fluorescence measurements with
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12/15-LOX have indicated that the rigidity of the protein structure and
the two-domain interface are affected by inhibitor and biomembrane
binding [44]. Furthermore, the activity of the inflammatory 5-LOX is
regulated by CLP, which is claimed to bind the very same interface re-
gion [9]. All this suggests that flexibility and interactions between the
two domains are intrinsic to the allosteric regulation of many LOX iso-
forms, opening up a completely new prospect of inhibitor design.
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Models for denaturation curves obtained by CD

Equations for modeling a two-state transition between a folded dimer and
an unfolded monomer, and a multiple transition model given in Ref. [1] Sup-
plementary Equations IV and IX, respectively, were taken as starting points.
These were modified according to Supplementary Equations II from the same
source to account for pre- and post-transition linear changes in ellipticity as a
function of temperature. Final equations for modeling the transitions are as
follows.

The two-state transition of ellipticity, 6, is described as

0=« [(HF + CFT) — (HU + CUT)} + (9[] + CUT) (1)

where O and 6y are the ellipticities of completely folded and unfolded protein,
cr and cy the pre- and post-transition correction coefficients, respectively, T is
the temperature in Kelvin, and « the fraction of folded protein. For a dimeric
protein « is expressed as

o _4CK +1-\BOK ¥1

ACK @)

where C' is the molar concentration of the dimer. Under the assumption that
the change in heat capacity during unfolding is 0, the constant of folding, K,

equals
AH (T
K = exp [ﬁ (T”L — 1) — ln C:| (3)

where AH is the enthalpy of unfolding, R is the universal gas constant
(1.987 cal mol™!), and Ty, is the protein melting temperature (a = 0.5).
The three-state transition is modeled as

0= (uloq + UQCMQ) [(HF + CFT) — (9[] + CUT)} —+ (9[] + CUT) (4)

where u; and us are the fractional extinction coefficients, and «q and sy are
the fractions of the folded protein in the sequential transition steps. The sum

of coefficients w1 + ug = 1.
K

"1k (5)

Ky = exp {AR}; <TZ,1 - 1)} (6)

ag and K5 take the same form as Equations 2 and 3.

aq
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ARTICLE INFO ABSTRACT

Keywords: Lipoxygenases (LOXs), participating in inflammatory processes and cancer, are a family of enzymes with high
Lipoxygenase potential as drug targets. Various allosteric effects have been observed with different LOX isozymes (e.g. lipid/
Dimerization ATP binding, phosphorylation), yet there is a lot of uncertainty concerning the regulation of these enzymes. It
PDZ domain

has been recently found that a number of LOXs form dimers, extending the list of possible allosteric mechanisms
with oligomerization. Coral 11R-LOX is, unlike several mammalian counterparts, a stable dimer in solution
facilitating quaternary structure studies that demand high sample homogeneity. By combining previous crys-
tallographic data of 11R-LOX with small-angle X-ray scattering and chemical cross-linking, we were able to
narrow down the possible dimerization interfaces, and subsequently determined the correct assembly by site-
directed mutagenesis of potential contacting residues. The region of interest is located in the vicinity of an o+
formation in the catalytic domain, also coined the PDZ-like domain. Being situated just between the active site

Allosteric regulation
Small-angle X-ray scattering
Protein cross-linking

and the dimer interface, our results further implicate this putative subdomain in the regulation of LOXs.

1. Introduction

Lipoxygenases (LOX) are polyunsaturated fatty acid peroxidizing
enzymes that catalyze the key reactions in the formation of several
bioactive lipid mediators in mammals such as leukotrienes, hepoxilins,
lipoxins and resolvins. In humans there are 6 functional LOX variants
with distinctive and even contrary functions, varying from pro-in-
flammatory to pro-resolving effects, but also cell proliferation and skin
water barrier formation [1,2]. These enzymes are widely spread and
can also be found in bacteria, fungi, plants, and invertebrates like
corals. Some coral LOXs are additionally incorporated into fusion pro-
teins with catalase-like enzymes [3,4], and have been related to stress
response [5,6]. Generally, LOXs consist of two domains: a regulatory -
sandwich called the PLAT domain, and a larger, mainly a-helical cat-
alytic domain [7]. The former can act as a Ca?"-mediated membrane-
targeting module, lipid membrane being the source of the fatty acid
substrate.

LOXs have been regarded as functional monomers, but in recent
years this status quo has been questioned by several studies (reviewed
in [1]). Both human leukocyte 5-LOX (ALOX5) [8] and platelet 12-LOX
(ALOX12) [9] can aggregate into dimers or higher oligomers, respec-
tively, by disulfide bridge formation. Small-angle X-ray scattering
(SAXS) was employed to show that platelet 12-LOX is a stable dimer in

solution [9,10], and rabbit 12/15-LOX (ALOX15), although a monomer,
can undergo dimerization that is induced by allosteric fatty acid
binding [10,11].

The arachidonate 11R-LOX from the arctic coral Gersemia fruticosa,
with a known crystal structure [12], displays peculiar regulatory as-
pects: while Ca?* and lipid membranes augment the catalytic activity
of most LOXs, for 11R-LOX the presence of both of these components is
an absolute prerequisite for catalysis [13,14]. Calcium-binding by the
PLAT domain induces translocation to a lipid surface, and only there
can this enzyme acquire its fatty acid substrate. It has previously been
hypothesized that allosteric communication between PLAT and cata-
lytic domains is behind this regulatory mechanism [15]. Since the ac-
tive site in the crystallographic model is enclosed and not accessible
from the surface of the protein, it makes sense that conformational
shifts are needed for productive substrate binding. Another potential
allosteric mechanism emerges when quaternary structure is considered.
Size exclusion chromatography (SEC) proved 11R-LOX to be a stable
dimer in solution, however, none of the contacts in the crystal structure
were deemed a substantial interface by in silico analysis [12].

In this study we analyzed the quaternary structure of 11R-LOX by
SEC-SAXS and chemical cross-linking coupled with liquid chromato-
graphy—mass spectrometry (LC-MS). By combining the obtained results
with previous crystallographic data, and introducing mutations that

Abbreviations: LOX, lipoxygenase; SAXS, small-angle X-ray scattering; SEC, size exclusion chromatography; LC-MS, liquid chromatography-mass spectrometry; DLS, dynamic light

scattering; DST, disuccinimidyl tartrate
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would disrupt potential interactions between the subunits, we suc-
ceeded in singling out the actual dimer assembly. The interface is
formed in the vicinity of a PDZ-like subdomain in the catalytic part of
the enzyme, and includes two electrostatic clusters that glue the
monomers together. The proposed quaternary structure can hopefully
aid in understanding the potential allosteric role of the PDZ-like
structural region and the dimerization of LOXs in general.

2. Experimental procedures
2.1. Materials

Chromatography equipment was from GE Healthcare. Reagents
were from Sigma-Aldrich, if not stated otherwise. Recombinant HRV 3C
protease with an N-terminal Hise-tag was produced in-house using the
pET/3C construct and instructions kindly provided by Arie Geerlof
(Helmholz Zentrum Miinchen).

2.2. Protein production

To obtain tagless native protein for structural studies, the encoding
sequence of G. fruticosa 11R-LOX was ligated into pET-47b(+) vector
(Novagen) at Smal site. In this construct the target protein is expressed
with an N-terminal Hise-tag separated by a HRV 3C protease site, so
only two extra residues (Gly-Pro) are retained in the N-terminus after
cleavage.

11R-LOX was expressed in BL21-CodonPlus(DE3)-RP cells (Startagene)
using the autoinduction method as described in [15], except 100 pg/ml
kanamycin was used for plasmid selection instead of ampicillin. The cells
were lysed and centrifuged as reported previously [15]. The supernatant
was supplied with 500 mM NaCl and 20 mM imidazole-HCl, pH 8.0, and
applied to a HisTrap HP Ni-affinity column. The column was washed with
20 mM Tris-HCl, 500 mM NacCl, 20 mM imidazole-HCI, pH 8.0 and eluted
step-wise with a raised imidazole concentration of 150 mM. Prior to pro-
teolysis, the sample buffer was exchanged for 20 mM Tris-HCl, 150 mM
NaCl, pH 8.0 (SEC buffer) in a Sephadex G-25 Fine desalting column. The
sample was supplemented with HRV 3C protease in 1:5 (protease/11R-
LOX) weight ratio, and incubated overnight at 4 °C. Cleaved protein was
separated from the protease and uncleaved material in a second Ni-affinity
run analogous to the first one, but was collected from the flow-through. The
sample was then desalted into 20 mM Tris-HCl, pH 8.0, and applied to a
Mono Q column. Elution was performed with a NaCl gradient from 0 to
500 mM. 11R-LOX fractions were pooled and concentrated in a 30,000
MWCO VivaSpin Turbo ultrafiltration device (Sartorius). For the final
purification step, a Superdex 200 prep grade column in SEC buffer was
used. Purified tag-free 11R-LOX was concentrated to > 10 mg/ml, flash
frozen dropwise in liquid nitrogen, and stored at —80 °C.

The concentration of 11R-LOX was determined by absorption at
280 nm using a calculated eygp of 129,720 M~ 'cem™'. The poly-
dispersity of SEC eluate was assessed by dynamic light scattering (DLS)
on a Zetasizer uV instrument (Malvern) in a 12-ul quartz cuvette at
20°C.

2.3. Size exclusion chromatography-coupled small-angle X-ray scattering

Inline SEC-SAXS experiments were conducted on the SWING beamline
at synchrotron SOLEIL (Gif-sur-Yvette, France) using a wavelength of
A = 1.03 A and a PCCD170170 (Aviex) detector at 1.8 m distance, resulting
in g range of 0.01-0.62 A~! (¢ = 4 sin 6L, where 20 is the scattering
angle). 100 pl of 14 mg/ml tagless 11R-LOX was applied to a Superdex 200
10/300 Increase column thermostatted at 15 °C and eluted with SEC buffer
at 0.5 ml/min. Exposures of 1000 ms (with a dead time of 500 ms between
frames) were collected in a 1.5 mm quartz capillary flow cell in a vacuum
chamber. 120 frames were collected before column dead volume elution for
buffer subtraction. Data were reduced and averaged using Foxtrot 3.3.0
software. Guinier approximation I(q) = I, exp(—q°R,*/3) for gR, < 1.3
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was used to determine the radius of gyration (Rg) and forward scattering
intensity (Ip) of all sample curves. Peak frames were selected (40 in total)
and averaged to obtain final data. Subsequent processing was done with the
ATSAS suite [16]. R and I were determined with PRIMUS, the pair-dis-
tance distribution function P(r), the maximal dimension D, and Porod
volume were calculated with GNOM.

2.4. Structure modelling

Ab initio bead models based on SAXS data were generated with
DAMMIF [17] in slow mode. No constraints were used for initial shape
determination. Subsequent calculations were carried out with P2 sym-
metry and prolate anisometry across the symmetry axis. To obtain a
representative model, 20 models were generated with DAMMIF, aver-
aged with DAMAVER [18] in automatic mode, and further refined with
DAMMIN [19].

Contacts in the crystal structure of 11R-LOX (PDB ID: 3vfl1)[12]
were analyzed with PISA [20] and EPPIC [21] web services. ClusPro
Dimer Classification service [22-25] was used to evaluate potential
dimer structures. X-ray scattering curves for crystallographic dimers
were calculated and fit to experimental data using CRYSOL [26] with
constant subtraction enabled. Multicomponent mixtures of different
oligomeric states were evaluated using OLIGOMER [27] with disabled
non-negativity condition and an added constant component. Molecular
graphics were produced with UCSF Chimera [28].

2.5. Chemical cross-linking

2.5.1. Sample preparation and cross-linking

Tagless 11R-LOX was dialyzed into 20 mM HEPES, 150 mM Nacl,
pH 8.0, and diluted to 1 mg/ml. The cross-linking agent disuccinimidyl
tartrate (DST; AppliChem) was freshly dissolved in dimethyl sulfoxide,
and added to ~70 pug of enzyme in 50:1 molar excess. After a 30-min
incubation at room temperature, the reaction was stopped by adding
1M Tris-HCl, pH 8.0 buffer in final concentration of 50 mM, and in-
cubated another 15 min. The sample was separated in a NuPAGE Novex
Bis-Tris 4-12% gradient gel (Thermo Scientific) according to manu-
facturer's instructions.

2.5.2. In gel digestion and nano-LC/MS/MS analysis of cross-linked
peptides

The gel bands that contained cross-linked 11R-LOX dimers were
excised and destained in 1:1 acetonitrile / 100 mM ammonium bi-
carbonate with vortexing, reduced with 10 mM dithiothreitol at 56 °C
and alkylated with 50 mM iodoacetamide. Overnight in-gel digestion
was carried out with 10 ng/pl of dimethylated porcine trypsin (Sigma)
at 37 °C. Peptides were extracted from the gel matrix using bath soni-
cation, followed by 30 min vortexing in 2 volumes of 1:2 5% formic
acid / acetonitrile. The organic phase was evaporated in a vacuum-
centrifuge and the peptide mixture was desalted on an in-house made
C18 (3M Empore) solid phase extraction tip.

Samples were injected to an Ultimate 3000 RSLCnano system
(Dionex) using a C18 trap-column (Dionex) and an in-house packed
(3 pum C18 particles, Dr. Maisch) analytical 50 cm X 75 pm emitter-
column (New Objective). Peptides were eluted at 200 nl/min with a
8-40% B 120 min gradient (buffer A: 0.1% formic acid; buffer B: 80%
acetonitrile + 0.1% formic acid) to a Q Exactive Plus (Thermo Fisher
Scientific) mass spectrometer operating with a top-10 data-dependent
acquisition strategy. Briefly, one 400-1600 m/z MS scan at a resolution
setting of R = 70,000 at 200 m/z was followed by higher-energy col-
lisional dissociation fragmentation (normalized collision energy of 27)
of 10 most intense ions (z: +3 to +7) at R = 35,000. MS and MS/MS
ion target values were 3e6 and 5e4 with 50 and 240 ms injection times,
respectively. Dynamic exclusion was limited to 50 s.
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2.5.3. Identification of cross-linked peptides from raw mass spectrometric
data

Proteins contained in the sample were first identified with
MaxQuant's Andromeda search engine [29] using UniProt's (www.
uniprot.org) Escherichia coli K12 reference proteome database supple-
mented with 11R-LOX and human keratin sequences. Sequences of top
20 proteins with most identified peptides in the gel bands were in-
cluded into the cross-linked peptide search along with their reversed
sequence counterparts. Search was performed with the SIM-XL software
1.2.0.3 [30]. The detailed parameters are found in Supplementary File
cx11lox.xml. Briefly, DST was defined as the cross-linking agent, car-
bamidomethylation of cysteine and oxidation of methionine was de-
fined as the fixed and variable modification, respectively. Trypsin
specificity was defined as the cleavage rule with maximum of three
miscleavages. Precursor and fragment ion tolerances were set to 5 and
10 ppm, respectively. Search filter parameter thresholds (min 5 iden-
tified peaks per chain; inter- and intra-link scores of 3.3 and 2.0, re-
spectively) were set such that no identifications were found from the
reverse sequences. This resulted on average with 50 identified cross-
linked peptide species per sample and thus an estimation of false dis-
covery rate <1%. The cross-links were evaluated and visualized with
XLink Analyzer [31] and UCSF Chimera [28].

2.6. Site-directed mutagenesis

Mutations were introduced using whole plasmid PCR of N-His,-
tagged wild-type 11R-LOX in pET-11a vector with mutagenic primers
(Supplementary Table S1). Clones were screened using restriction
mapping, small-scale expression, and sequencing. 0.5-1 expression and
purification of successful clones was done as in [15]. The oligomeric
state of the mutants was determined on an in-house packed Superdex
200 prep grade column in SEC buffer.

Enzyme catalysis was assayed as described in [12,15]. Briefly,
purified 11R-LOX was incubated in 50 mM Tris-HCl, 100 mM NaCl,
2mM CaCl,, pH 8.0 with 30 uM arachidonic acid in the presence of
small unilamellar vesicles. The formation of conjugated double bonds
was monitored on a UV-1601 spectrophotometer (Shimadzu) at
236 nm.

3. Results
3.1. SAXS analysis

Crystallographic data of 11R-LOX left its dimer assembly ambig-
uous. To elucidate the matter, we subjected the enzyme to SAXS ana-
lysis which gives low-resolution structural data i.e. the size and shape of
a particle in solution. Our personal experience has shown that LOXs are
prone to aggregate, therefore we applied SAXS coupled with in-line SEC
to avoid any distortions in data due to sample aggregation. Beforehand,
the polydispersity of SEC eluate was evaluated by DLS and deemed
monodisperse (Supplementary Fig. S1).

11R-LOX was expressed with a cleavable N-terminal Hise-tag to
preclude artificial interactions and contributions to scattering. Purified
protein was injected to a SEC column and the scattering profile of the
eluate was continuously monitored on SWING beamline at synchrotron
SOLEIL. The forward scattering intensity (Ip) chromatogram illustrates
that the protein eluted in a single symmetrical peak with a constant
radius of gyration (Rg) suggesting a monodisperse analyte (Fig. 1A).
Guinieg analysis of the averaged scattering curve yielded an R, value oof
41.61 A, and the maximum dimension (D,,.,) was estimated at 148 A
according to the pair distance distribution function P(r). SAXS data and
corresponding plots are shown in Fig. 1B-D, and statistics given in
Table 1.
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Fig. 1. SAXS analysis of 11R-LOX. (A) SEC-SAXS chromatogram with I, (blue) and R,
(green) values calculated by Guinier approximation for each recorded frame. The frame
range used in averaging is highlighted in gray. (B) The averaged scattering profile of peak
frames (red) and the profile calculated from the P(r) function (black). (C) Guinier plot
with experimental data (dots), fit (red) and residuals (green). Only a few data points were
discarded from the low q region due to nonlinearity. (D) P(r) distance distribution
function and estimated D, value.

Table 1
Statistics of SAXS analysis.

Structural parameters

R, [from Guinier] 41.61 = O-
05 A

R, [from P(r)] 42.27 = 0-
024

Dinax 148 A

Veorod 214,722 A%

M,y estimates (kDa)

From sequence (dimer) 154.3

From DLS 134 + 235

From Vporod 126.3"

From excluded volume of ab initio model 128.9"

# My (Da) is approximately Vp,rq/1.7 or Excluded volume/2, if volumes are in A®
[16].

3.2. Ab initio modelling

The averaged SAXS profile of the peak frames was used for ab initio
modelling. Initial unconstrained trials using DAMMIF yielded prolate-
shaped bead models with symmetrical features, therefore, prolate aniso-
metry and 2-fold symmetry constraints were applied in further calculations.
17 out of 20 generated models were selected and averaged by DAMAVER,
and further refined with DAMMIN to obtain the final model depicted in
Fig. 2A. The particle is a slightly bent or dented prolate spheroid which
could easily accommodate two 11R-LOX chains. The fit to experimental
data is very good by visual inspection (Fig. 3, black and cyan lines), and the
% value of 1.99, which denotes the discrepancy between data and the
model, can also be considered satisfactory as the experimental errors were
very low due to the large number of averaged data frames.
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Fig. 2. SAXS modelling. (A) Ab initio space-filling bead model constructed by DAMMIF, DAMAVER and DAMMIN. The lower depiction is rotated by 90°. (B-C) Crystallographic dimers
were superposed on the ab initio model using SUPCOMB. Catalytic and PLAT domains are colored in blue and green hues, respectively, and the surface of the ab initio model is shown in
wireframe. The main interfacing regions of the models are the PDZ-like domain (B, purple) and helix a21 (C, gold). The view roughly coincides with the lower depiction in panel A.
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Fig. 3. Model fitting. Scattering profiles (A) and Kratky plots (B) of experimental data
(black), and the ab initio (cyan) and crystallographic dimer models (PDZ, purple; a21,
gold). The Kratky plot features a bell-shaped curve at low q values, which is characteristic
to a well-folded globular protein.

Table 2
Comparison of crystallographic dimer interfaces.

PDZ a2l
Symmetry x—1/2,y —1/2, 2 X, Y 2
PISA
Area (A?) 1335.8 404.2
A'G (kcal/mol)* -1.5 -85
N of hydrogen bonds 8 0
N of salt bridges 13 0
Gss” 0.000 0.000
EPPIC
Area (A%) 1341.97 401.91

Consensus call Crystal packing Crystal packing

ClusPro

Near-native count 45

Probability of biological dimer (%) 60 15
CRYSOL

x* 16 881

@ Solvation free energy gain upon formation of the interface.
b Complexation Significance Score, which indicates how significant the interface is for
assembly formation on a scale of 0-1.

3.3. Revisiting the crystal structure

In a previous study we concluded that none of the contacts in 11R-
LOX crystal structure model are strong enough to form a stable dimer in
solution [12]. However, slight conformational changes could facilitate
an increase in attraction that might be enough to stabilize an assembly.
Therefore, we compared all possible crystallographic dimers with the
obtained SAXS data to search for a starting point for further studies.

Out of 9 interfaces described by PISA and EPPIC web services, 2
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candidates stood out as most resembling the ab initio bead model. One
of them is formed by the tail of the catalytic domain opposite to the
regulatory PLAT domain (Fig. 2B). This region has also been called a
PDZ-like domain, and speculated to function as a second regulatory
subdomain of LOXs [32]. The other interface connects mainly via helix
a21, a 7-turn long helix that runs along the side of the catalytic domain
(Fig. 2C). This assembly also happens to comprise the asymmetric unit
of the crystal structure. The PDZ interface is larger with an area over
1300 A2 versus 400 A2 for the a21 version (Table 2). The latter relies
purely on hydrophobic interactions, while several hydrogen bonds and
salt bridges interweave the PDZ assembly. Nevertheless, neither of
these contact regions was regarded sufficient for dimerization ac-
cording to PISA and EPPIC analysis.

We also evaluated the interfaces using the Dimer Classification al-
gorithm of the protein docking server ClusPro, which re-docks the
subunits of a given dimer and checks how many solutions resemble the
original assembly. 45 near-native structures were counted for the PDZ
interface yielding a 60% probability of being a biological dimer. A
much lower probability of 15% was suggested for the a21 interface.

The scattering profiles of the two models were evaluated and fitted
to SAXS data using CRYSOL. The PDZ dimer model displayed a much
better fit to data as illustrated by y? values (Table 2) and the Kratky plot
(Fig. 3B): the maxima of the peaks coincide, whereas for the a21 model
it is shifted towards lower q values. Additionally, the a21 curve has a
pronounced shoulder that strongly deviates from experimental data,
suggesting a different particle shape.

Given that the My, estimates by different methods were somewhat
lower than the calculated weight of an 11R-LOX dimer (Table 1), we
also considered the possibility that an equilibrium of different oligo-
meric states might exist in solution. Combinations of three models (PDZ
dimer, a21 dimer, monomer) were evaluated with the program OLI-
GOMER. The best fit to data (x> = 8.1) was obtained with all three
components included in the calculation. The corresponding volume
fractions were 90.5%, 6.9% and 2.6% for PDZ dimer, monomer and a21
dimer, respectively. Therefore, the PDZ model was concluded to be the
major contributor and the most likely assembly according to SAXS
analysis.

3.4. Chemical cross-linking

For validation purposes, chemical cross-linking coupled with MS
was carried out using the cross-linking agent DST, which reacts with
primary amines and has a spacer arm of 6.4 A. Summed with the length
of two lysine side chains (6-6.5 A each) and a model error of 1-1.5 A,
this gives a maximum cross-linked C,—C,, distance of 22.4 A [33].
Tagless 11R-LOX was incubated with DST in buffer solution, reaction
products were separated in a gradient gel, and only the band that
contained covalently bound dimers was excised for further treatment
(Supplementary Fig. S2). The sample was subjected to trypsinolysis,
and resulting cross-linked peptides were identified by high-resolution
MS analysis.
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Table 3
C,—Cq distances between cross-linked residues (A). The distances that satisfy the 22.4-A
limit of DST links are in bold.

Residues Monomer PDZ dimer a2l dimer
Intrapeptide

Lys118-Lys125 12.7

Lys125-Lys129 10.4

Lys143-Lys144 3.8

Lys144-Lys147 6.6

Lys168-Lys172 7.9

Lys256-Lys264 12.3

Lys280-Lys283 5.1

Lys503-Lys504 3.8

Lys587-Lys591 10.8

Lys591-Lys600 14.7

Lys644-Lys652 12.4

Interpeptide

Lys84-Lys99 125 114.5 26.6
Lys99-Lys644 26.7 101.9 16.3
Lys99-Lys652 38.2 92.2 15.6
Lys99-Lys99 - 124.5 32.6
Lys110-Lys172 11.3 103.2 51.2
Lys222-Lys652 25.2 49.7 52.9
Lys222-Lys591 30.6 189 90.5
Lys256-Lys283 87 35.2 86.5
Lys264-Lys347 117 35.0 1149
Lys504-Lys652 41.6 85.1 25.8
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In all, 21 unique cross-links were detected including 11 intrapeptide
links, which had formed between lysine residues of a same peptide, and
10 interpeptide links, which connected separate peptides (Table 3). The
intrapeptide links carry no information with regard to oligomerization,
they do however indicate that the participating residues are solvent-
exposed. All of them are consistent with the crystallographic model as
the distance threshold of 22.4 A is satisfied in each case. The inter-
peptide bridges that do not exceed the limit should also be considered
likely of monomeric origin. Although Lys222-Lys652 distance sur-
passes that value, it is possible for the link to form within a monomer in
case of a slight conformational change (Fig. 4A). Both Lys99-Lys644
and Lys99-Lys652 links connect the PLAT domain with helix a21,
which suggests that the 3-sandwich is shifted more towards the helix in
solution than it is in the crystal structure, where these bridges are over
26 and 38 A long, respectively. It has indeed been observed that the
relative arrangement of PLAT and catalytic domains is flexible in
mammalian LOXs [10,34-36]. Alternatively, these links could connect
the subunits of a dimer that interact via a2l helices (Fig. 4B).
Lys99-Lys99, which is the only definite inter-subunit cross-link, can
also support the a21 assembly provided that PLAT domains shift closer
together. However, such conformational changes would likely render
this interface less solvent-accessible, making it harder for the reagent to
reach these particular residues in the first place. The source of
Lys504-Lys652 bridge is also ambiguous: the a2l dimer could be
considered, but alternative intramolecular lysines would be readily
available and probably preferred. On a different note, the PDZ dimer
configuration is clearly supported by the link of Lys222-Lys591,

Fig. 4. Detected cross-links shown on 11R-LOX crystal structure (A) monomer, (B) a21 interface and (C) PDZ interface model. The cross-links are rendered as sticks that connect the
corresponding lysines by their C-s. Blue or red color denotes whether the length is below or above the 22.4-A threshold, respectively. Regulatory PLAT domains are in shades of green,
and catalytic cores in blue, helix a21 is in gold, and PDZ subdomain in purple. In panels B and C, the mirroring cross-links are represented as dashed lines.
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particularly as the residues stay well-exposed even in the assembly
(Fig. 4C).

It should be mentioned that DST, an N-hydroxysuccinimide ester (as
opposed to imidoesters), neutralizes the charge of lysine side chains.
This could affect the interactions that drive dimerization, and conse-
quently produce artifacts, hence cross-linking results leave room for
alternative binding mode interpretations. Nevertheless, they do confirm
the current view on 11R-LOX tertiary structure, and the feasibility of
aforementioned quaternary structure hypotheses.

3.5. Interface disruption

In order to determine the actual interface region, we mutated re-
sidues that might participate in quaternary structure formation to dis-
rupt potential interactions. Position of Ala641 was picked to impede
dimerization via helix a21 as it interacts with its own counterpart from
another chain in the crystal structure (Fig. 5A). Charged Glu or Arg
residues were introduced to create steric and electrostatic repulsion. Yet
neither of these mutations affected the oligomeric state of the enzyme
as detected by SEC, and both variants retained catalytic activity similar
to wild-type (data not shown). The same result was obtained with a
quadruple mutant A634K/A635D/A638D/A641N that was constructed
to mimic the corresponding helix of coral 8R-LOX, which is a stable
monomer in solution (sequence alignment in Supplementary Fig. S3).
Thus we conclude that helices a2l likely interact due to crystal
packing, and this assembly is not relevant in dimerization.

The alternative PDZ interface contains two electrostatic clusters of 8
residues each — one in the catalytic part and the other in the PDZ
subdomain — that bind the monomers together with several salt
bridges and H-bonds (Fig. 5B-C). Again, repulsion-inducing charge
swaps and substitutions based on monomeric LOXs were tested.

In the catalytic domain cluster, three single mutants were con-
structed with a positively charged arginine exchanged for a negative
glutamate or vice versa: E211R, R214E and R233E. Despite the sub-
stitution of E211R having no apparent effect on quaternary structure as
illustrated by the SEC chromatogram (Fig. 6), the alteration of the other
side of the same electrostatic bridge, R214E, caused the enzyme to elute
in an asymmetric peak with a tailing shoulder suggesting the presence
of monomeric species. Even more, R233E mutant eluted in two peaks
with a minor dimeric fraction and a major one at lower My, reckoned
monomeric. As expected, the monomeric peak of R214E/R233E double
mutant was delayed even further, although the ratio of the peaks was
shifted in favor of dimers. The fact that the elution maxima of mono-
meric species are not constant suggests a dynamic monomer—dimer
equilibrium in these mutants, which is likely dependent on both in-
teraction strength and protein concentration.

A charged B-turn, Asp273-Arg274, establishes the two inner elec-
trostatic bridges of the second cluster, which is formed by PDZ sub-
domains. These were neutralized by substituting the residues with Gly-
Pro, a sequence that can be found in several mammalian LOXs
(Supplementary Fig. S3). Another mutation based on sequence
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Fig. 5. Contacts between chains in 11R-LOX
crystal structure. (A) Hydrophobic alanines of
helices a21 interact in a zipper-like fashion. (B)
Catalytic and (C) PDZ domains form two elec-
trostatic clusters that constitute the PDZ as-
sembly.

dimer monomer

D323G

R274D

DR273-274GP

R214E/R233E

Normalized absorption at 280 nm

R233E
R214E h
E211R JL
wild-type / \.

L 1 1 1 1 1 1 1

40 50 60 70 80 90 100 110

Elution volume, ml

Fig. 6. Size exclusion chromatograms of PDZ interface mutants. Asterisk (*) denotes the
most catalytically active peak in chromatograms with separated oligomeric states.

alignment was D323G as a Gly-residue is conserved in that position in
most LOXs. The latter failed to significantly modify the elution profile
of the enzyme, however, DR273-274GP replacement led to severe ag-
gregation. Only trace amounts of 11R-LOX were salvaged from dimeric
and monomeric elution regions of this variant. The most successful
substitution was R274D charge swap that yielded dimeric and mono-
meric peaks in about 1:1 ratio, even though the mutant was prone to
aggregate. Furthermore, we were able to isolate the monomeric species
of R274D mutant, albeit in low amounts, which persisted as a monomer
after storage at —80 °C (data not shown).

These results clearly indicate that the quaternary structure of 11R-
LOX in solution is analogous to the PDZ assembly in crystal structure.
Interestingly we found that the catalytic activity of mutant enzymes
tended to be higher in monomeric fractions even with protein con-
centrations being much lower (Fig. 6). This might suggest allosteric
regulation between the two subunits in a dimer, which, when com-
promised, could lead to dysfunctional communication and inhibition.
Nevertheless, the requirement for calcium and lipid membranes in the
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reaction mixture was retained (data not shown). It should also be noted
that the obtained monomeric fractions were generally not stable and
tended to dimerize with handling (e.g. centrifugal concentration, long-
term storage), so further molecular engineering would be necessary in
order to obtain truly stable monomeric 11R-LOX.

4. Discussion

CATH database [37] classifies the subdomain found in the structural
region responsible for 11R-LOX dimerization as an NTF2 (Nuclear
Transport Factor 2) domain. Jankun et al., on the other hand, analyzed
this feature in different mammalian and plant LOXs, and concluded that
it carries greater resemblance to PDZ domains [32], which are known to
bind peptide C-termini, other PDZ domains, and lipids, and mediate
protein network formation [38-41]. Although both of these known
folds comprise a -sheet flanked by 2 to 3 helices, neither one actually
matches the topology of the fragment found in LOXs. For instance, the
antiparallel f-sheet of LOXs has a simple up-and-down topology,
whereas a more entwined sheet is characteristic to NTF2 and PDZ do-
mains. The location of helical segments in loops also varies greatly.
Regardless, structural permutations are common among PDZ domains
[41]. Additionally, PDZ domains contain a GLGF motif that is re-
sponsible for binding the C-terminus of a ligand peptide. In the sub-
domain of human platelet 12-LOX, a comparable GSLF(271-274) se-
quence is situated on the lip of a funnel-like crevice creating an
analogous spatial feature [32]. In 11R-LOX the corresponding fragment,
GLIF(285-288), matches the motif even better. Hence we agree that
“PDZ-like domain” is currently the most suitable name for this struc-
tural element. Recently, Meng et al. identified an allosteric pocket in
human 15-LOX-1, and were able to augment the enzymatic activity by
up to 85% with specific ligands serving as activators [42]. The site they
found is the very same crater between the PDZ-like domain and the
active site, and directly involves residues from both parts of the enzyme
structure. If this truly is a specific allosteric site in LOXs, it is reasonable
to speculate that conformational changes related to oligomerization,
which is mediated by the same structural region, could also affect the
enzyme via a similar mechanism.

An extensive study revealed that about 30% of murine PDZ domains
engage in PDZ-PDZ interactions, which is more common than pre-
viously thought [43]. The novel assemblies indicate that these inter-
actions are more specific than canonical peptide binding by PDZ do-
mains, and can provide a means to colocalize and form functional
multiprotein complexes. Notably, both hetero- and homotypic com-
plexes have been observed. PDZ domains can assemble by [-sheet
merging, but also via loop interactions [44] as is the case with 11R-
LOX. The same region has been suggested to participate in the dimer-
ization of platelet 12-LOX based on SAXS experiments [9], although
lack of crystallographic data hindered exact assembly determination in
that particular study. The crystal structure of rabbit 12/15-LOX
apoenzyme / inhibitor complex [45] gave rise to a slightly different
dimer interface proposal, one that employs a2 helices, which also line
the entrance to the active site cavity. SAXS studies revealed that the
formation of such dimers is induced by fatty acid ligand binding [11].
Although the assembly is different, the PDZ-like domain is still in the
vicinity of this interface and could perform a regulatory function, per-
haps even provide an allosteric fatty acid binding site. It has indeed
been demonstrated that in addition to peptides PDZ domains can bind
lipids, especially phosphoinositides, and lipid membranes [40,41].

Of human LOXs, 5-LOX bears the greatest resemblance to coral 11R-
LOX, sharing 37% of its primary structure. The quaternary assembly
described for 5-LOX is believed to involve two ATP-binding sites — one
in PLAT and the other in the catalytic domain — and according to
docking studies the dimer should form in a head-to-tail fashion [8].
Controversially, this makes it the least similar assembly compared to
11R-LOX dimer. One of the ATP-sites in 5-LOX (residues 193-209)
partially overlaps the electrostatic cluster in the catalytic domain of
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11R-LOX, but PDZ domain is left on the opposite side, away from the
interface. However, this is not surprising since there are numerous
examples of protein families where the oligomeric state might be con-
served, yet the binding modes differ, especially if sequence identity falls
below 50% [46,47]. The activity of 5-LOX is modulated also by phos-
phorylation (reviewed in [48]). Interestingly, one of the phosphoryla-
tion sites that stimulates the enzyme, Ser271, is located in PDZ domain
on a helix just after the loop that 11R-LOX utilizes for dimerization.
Even if human 5-LOX does not employ this region in quaternary
structure formation, it evidently participates in allosteric regulation of
the enzyme.

Members of another arachidonic acid-metabolizing enzyme family,
prostaglandin endoperoxide H synthases or cyclooxygenases, function
as conformational heterodimers [49,50]. Although both monomers of a
dimer are identical by sequence, there are subtle conformational dif-
ferences that facilitate different affinities of binding sites. These are
enough to designate one monomer as allosteric and the other, catalytic.
The allosteric subunit is able to bind non-substrate fatty acids, which in
turn can stimulate cyclooxygenation by the catalytic monomer. A
somewhat similar phenomenon was recently observed on human 5-
LOX: Héfner et al. found that a catalytically inactive but structurally
intact splice variant, 5-LOXA4, stimulates the catalytic activity of the
full-length isoform [51]. The deletion in 5-LOXA4 did not hinder its
ability to bind ATP, so it was reasoned that the two enzyme variants
could form a complex in the same way as proposed for full-length 5-
LOX. If the determined quaternary assembly of 11R-LOX stays intact
upon membrane binding and catalysis, analogous regulatory mechan-
isms could be considered.

In humans there are 6 functional LOX variants with distinctive and
even contrary functions, hence it is clear that pharmacological inter-
vention must be very selective. To date, only one LOX-targeting drug is
commercially available, the 5-LOX inhibitor Zileuton, which chelates
the catalytic iron [52]. Zileuton, however, is not in the first line of
asthma treatment due to its liver toxicity and suboptimal pharmaco-
kinetic properties. As was demonstrated by Meng et al. [42], allosteric
sites do exist in LOXs and can be manipulated with both inhibitory and
activating compounds, so novel drug design should try and look beyond
the active site. The results presented in this study provide insight into
yet another potential dimension of LOX regulation, that is, dimeriza-
tion. We have established the basis of 11R-LOX quaternary structure,
which involves electrostatic clusters in the catalytic and PDZ-like do-
mains (Figs. 2B, 4C and 5B-C). Further studies are to reveal whether
these interactions participate in allosteric communication between the
subunits of a complex, and if these structural features are more wide-
spread among LOXs.
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SIM-XL search parameters for cross-linked peptide identification can be found in the supplementary file

cxlllox.xml.

Table 1: Mutagenic primers. The up- and downstream primers for whole plasmid PCR are shown, re-
spectively. Non-complementary nucleotides are underlined.

Mutation Primers
E211R 5 GACTTTCGACAGCTGATCACTC 3’
5" GCGCAAACAATCCCAATCATC 3’
R214E 5 CTTTGAACAGCTGATCACTCCTIGC 3/
5" GCTGTTCAAAGTCTTCCAAAC 3’
R233E 5 CTGGGAAGATGATGTGIGGTITTGG 3/

5 CATCTTCCCAGTACTCTGCAGCATG 3’

DR273-274GP

5 CTTGGGCCCGGGATATACTTTGG 3/
5" GTATATCCCGGGCCCAAGAGCTTTTC 3’

5 AAGCTTTTGGATGACGGATATACTTTGG 3’

R274D 5" TTCCACCATTTCATTCTTCAC 3’
D323G 5" AACGGTGACATTATTCCGATCGCCATTC 3’
5 GTCACCGTTGTTCTTCAGATAAAAC 3/
AGAIE 5" GCAGCCATGGAAAAGTTCAAGAG 3’
5 CTTTTCCATGGCTGCATGAGCTIGC 3/
A64IR 5" CATGCGGCAATGCGCAAGTTCAAGAGT 3/
5" GAACTTGCGCATTGCCGCATGGGCTGCA 3/
A634K/A635D/ 5 AAAGATGCTCATGATGCAATGAATAAGTTCAAGAGTAATTTGGC 3’
A638D/A64IN 5 ATTCATTGCATCATGAGCATCTTTATCACCAAACAAGTTATCCG 3’

PUBLICATION 11l SUPPLEMENTAL MATERIAL



12

10 -

Intensity, %
(o))
T

0 A V| I I
1 10 100 1000

Hydrodynamic radius, nm

Figure 1: DLS pattern of 11R-LOX. The SEC eluate containing tagless 11R-LOX was analyzed with

DLS and was found to be highly monodisperse with a polydispersity of 17.5% as determined by Zetasizer
software (Malvern).

cross-linked __
dimers

monomers —

Figure 2: SDS-PAGE of cross-linked 11R-LOX. The reaction mixture was separated on a gradient gel
and only covalently bound dimers (upper bands) were excised for further treatment and analysis.
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11R-LOX G.fruticosa Q0 TT 000 00000000000000000Q
11R-LOX_G.fruticosa 270 KLLDRGY[TLEK 630 L[F|GDAAAHARMAKEK SNILAN[]
AOS-LOX_P.homomalla 637 ASLDRGKNLDE 1017 AWEDKDA[LDAINRAODK[LED|T
ALOX5_H.sapiens 265 CSLERQLISLEQ 625 H[F|I|E[KP VKE|AMARJARKN[LEA|T
Alox5_M.auratus 264 CSLERHLISLEQ 624 H[F|I[E[KP V[KE|AMTRjARKN[LEA|T
Alox5_M.musculus 265 CSLERQLISLEQ 625 H|F|I|[E|KP V|K[E|AMIRJJRKN[LEA|T
Alox5_R.norvegicus 264 CSLERQL|SLEQ 624 H|F|IEKPVKEAMIRPRKN(LEA(T
ALOX12_H.sapiens 260 ....LQAQLEK 614 Y|F|S|GP K P[K|A[V LN QJIR T D|L|E K|L|
Alox12_M.musculus 260 ....LQAQLEK 614 Y|F|SD|P R T|K|A[V L|S QJdQ A D|L|D NL|
ALOX12B_H.sapiens 296 PFLGEGT|CLQA 652 H|F|V[E[EAPRR[S I|EAIIRQR|LNQ|T
Alox12b_M.musculus 296 PFLGEGT|CLQA 652 H|F|V[E[EGP[RR[S I|EAIIRQN|LNQ|T
Alox12b_R.norvegicus 296 PFLGEGT/CLQA 652 HF|VE[EAPRR|S MEAIRQN[LNQ|T
ALOXE3_H.sapiens 306 PLLGQDTCLQT 662 HF|T[E[EAPRR|S I|AAJJOSR[LAQ[T
Aloxe3_M.musculus 306 PLLGPGTCLQT 662 HF|TE[EAP[RQS I|AAJJONC[LAQ[T
Aloxl2e_M.musculus 260 ....VQTQLEK 613 Y|F|S|GPRP[RD|VILIKQEOEELAIM
ALOX15_H.sapiens 260 ....LQAQLEK 613 Y|F|S|GP EP[K|A[VLKK|IREE[L/AA[L|
Alox15_B.taurus 261 ....LQAELEK 614 Y[F|S|GPEP[K|A[VLKK|IREE[LAA[L|
Alox15_M.musculus 261 ....LQAQLDE 614 H[F|PN|PEA[KA[VLKK|IREE[LAAL|
Alox15_0.cuniculus 261 ....LQAQLEK 614 Y[F|S|GPEPRA[VLEKYREE[LAINM
Alox15_P.abelii 260 ....LQAQLEK 613 Y|F|S|GP EP[K|A[V LKK|IREE[L/AA[L|
Alox15_R.norvegicus 261 ....LQAQLNK 614 H[FPNPEAKA[VLKKIREEL L
Alox15_S.scrofa 261 ....LQAQLEK 614 Y|F|S|GP GP[KA[VL|TKJAREE|L

ALOX15B_H.sapiens 270 SVLGPGT|SLQA 627 HF|TE[EAPRRR|S IATAOSRLAQ[T
Alox15b_M.musculus 271 PVLGPGT|SLQA 628 H|F|T[E[DAPRR|S VAAJMORKIL|I Q[T
Alox15b_R.norvegicus 271 PVLGPGT|SLQA 628 HF|T|IE[EVPRR|S IAAJMQORK|LIIQ|T
LOX1.1_G.max 390 L..DG.Y|[TMDE 772 W[T|S|D|S KA[LIQAF|QKIIGNK|LKE|T
LOX1.2_G.max 419 L..DG.Y|[TVDE 800 W[T|S|D|S KA|LIQAF|QKIGNK|LKE|T
LOX1.3_G.max 408 PNLEG.LTVDE 791 W[T|S|D|T RA[LIEAF|KRPGNK|LAQ|T
LOX1.4_G.max 414 INMGG.V|TVE[E 798 W|T|TDKKA[LEAFKRIAGSK|L|TG|T
LOX1.5_G.max 403 PNLGG.LTVEQ 787 W[T|S|D|AGP|LIEAF|KRIIGKK|LEE|T
LOXA_S.lycopersicum 411 GKLDG.L[TIDE 794 WT|KD[KEP|LAAF|ERIGNK|L TD|T
LOX1_A.thaliana 410 HNLDG. L| |E 793 WAAEKEA[LERAFEKBGEKVKE|T
LOX2_A.thaliana 444 REVKGNM E 830 WAN[EPVINARAFERBKGKLQYL

Figure 3: Sequence alignment. Positions of 11R-LOX mutations DR273-274GP and
A634K/A635DA638D/A641IN are highlighted in yellow. Gene-based nomenclature is used where
applicable and the following organisms are represented: soft corals (Gersemia fruticosa and Plexaura
homomalla), human (Homo sapiens), golden hamster (Mesocricetus auratus), mouse (Mus musculus), rat
(Rattus norvegicus), bovine (Bos taurus), rabbit (Oryctolagus cuniculus), orangutang (Pongo abelii), pig
(Sus scrofa), soybean (Glycine max), tomato (Solanum lycopersicum) and mouse-ear cress (Arabidopsis
thaliana). Sequences were aligned with ClustalW2 [1] and the alignment rendered with ESPript [2].
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