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Abstract:

Investigation of the role of oxylipins and Lipoxygenase in platelet aggregation

Michelle Tran

Platelet aggregation and thrombosis are critical processes in hemostasis and
wound healing, but their dysregulation can lead to the formation of obstructive blood
clots with severe health consequences. To maintain control over these processes, the
body relies on specialized pro-resolving mediators (SPMs) derived from
polyunsaturated fatty acids (PUFAs) such as arachidonic acid (AA), eicosapentaenoic
acid (EPA), and docosahexaenoic acid (DHA). Lipoxygenase (LOX) enzymes, which
are non-heme iron-containing enzymes, play a vital role in the generation of specific
oxylipins, including specialized resolvins, that act as important regulators of platelet
function and thrombus resolution.

The interplay between LOX enzymes and platelet aggregation is complex.
These enzymes can produce both pro-inflammatory and pro-thrombotic lipid
mediators, as well as specialized resolvins that have anti-inflammatory and pro-
resolving effects. Targeting LOX activity and promoting the production of
specialized resolvins holds promise as potential therapeutic strategies to regulate
platelet function and enhance thrombus resolution. Moreover, essential fatty acids

like linoleic acid (LA) and a-linolenic acid (ALA) play crucial roles as precursors for
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the synthesis of bioactive lipid mediators, including omega-6 and omega-3 fatty
acids. Understanding the catalytic mechanisms, expression patterns, and allosteric
regulation of LOX enzymes is essential for uncovering their physiological functions
and developing targeted therapeutic interventions.

In line with these investigations, recent research has focused on the impact of
a single nucleotide polymorphism (SNP) in human platelet 12-lipoxygenase (h12-
LOX). This SNP results in a tyrosine-to-cysteine mutation at a buried site (Y649C)
and has been associated with reduced levels of 12(S)-hydroxyeicosatetraenoic acid
(12S-HETE) production in isolated platelets. Detailed characterization of the Y649C
mutant revealed that it exhibits reduced catalytic rates, altered membrane affinity, and
decreased protein stability compared to the wild-type (WT) h12-LOX enzyme. These
subtle changes in activity and protein properties may contribute to the significant
physiological alterations observed in platelet biology associated with the Y649C
SNP.

Furthermore, lipid metabolism and the involvement of acyl-coenzyme A
(acyl-CoA) molecules have gained attention in the context of LOX biochemistry and
inflammation. Acyl-CoAs have been found to bind to LOX enzymes, and their
inhibitory effects on various LOX isozymes have been investigated. C18 acyl-CoA
derivatives were identified as potent inhibitors of h12-LOX, human reticulocyte 15-
LOX-1 (h15-LOX-1), and human endothelial 15-LOX-2 (h15-LOX-2), while C16
acyl-CoAs showed higher potency against human 5-LOX. Notably, oleoyl-CoA
(18:1) was the most potent inhibitor of h12-LOX and h15-LOX-2, while stearoyl-

CoA showed high potency against h15-LOX-1. Additionally, linoleoyl-CoA (18:2)
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acted as a weak inhibitor but a rapid substrate for h15-LOX-1. These findings
highlight the significant role of acyl-CoAs in regulating LOX activity and suggest
their involvement in the formation of oxylipin-CoAs, which may serve as novel
signaling molecules.

Moreover, omega-3 fatty acids, including docosahexaenoic acid (DHA) and
docosapentaenoic acid (DPAn6), have been studied for their health benefits and their
oxidation by LOX enzymes to form bioactive oxylipins. The impact of saturation on
the kinetic properties and product profiles of h12-LOX, h15-LOX-1, and h15-LOX-2
was investigated using fatty acid substrates with varying degrees of unsaturation. The
loss of A4 and A19 double bonds led to a significant reduction in the kinetic activity
of h12-LOX, while h15-LOX-1 and h15-LOX-2 exhibited lower kcat/KM values
upon the loss of A4 and A19. The product profiles varied with the degree of saturation
and revealed a preference for 14-oxylipins by h12-LOX, an increase in 14-oxylipin
production with loss of saturation by h15-LOX-1, and predominant production of 17-
oxylipins by h15-LOX-2.

Additionally, the effects of various 17-oxylipins on platelet activation were
investigated, revealing distinct properties of different oxylipins. For instance, 17(S)-
hydroxy-47,772,10Z,13Z,15E,19Z-DHA and 17(S)-hydroxy-4Z,77,10Z,13Z,16Z-
DPAn6 demonstrated anti-aggregation properties, while 17(S)-hydroxy-
772,10Z2,13Z,15E,19Z-DP An3 exhibited agonistic effects. The effects of 17(S)-
hydroxy-77,10Z,13Z,15E-DTA varied depending on concentration, inhibiting
aggregation at lower concentrations but promoting it at higher concentrations. In

comparison, 17(S)-hydroxy-13Z,15E,19Z-DTrA and 17(S)-hydroxy-13Z,15E-DDiA
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induced platelet aggregation. Notably, 14-oxylipin counterparts of certain 17-
oxylipins, such as 14(S)-hydroxy-13Z,15E,19Z-DTrA, exhibited inhibitory properties
when stimulated with collagen or thrombin.

These findings provide valuable insights into the role of oxylipins in platelet
aggregation and reveal the influence of fatty acid saturation and specific LOX
isozyme activity on their physiological activity. The degree of unsaturation and the
location of oxidation appear to influence the physiological properties of these
oxylipins, with more unsaturated compounds generally inhibiting aggregation while
less unsaturated compounds promoting it. Understanding the mechanisms underlying
LOX enzyme regulation, the impact of acyl-CoAs, and the physiological effects of
different oxylipins contributes to our knowledge of platelet aggregation and
thrombosis, offering potential avenues for the development of targeted therapeutic

interventions and improvements in cardiovascular health.
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Chapter 1: Introduction:

1.1 Platelet aggregation and thrombosis

Thrombosis is a prevalent medical condition that can have severe and even
fatal consequences!. Its occurrence is widespread, affecting individuals of different
ages, genders, and ethnicities. The exact prevalence of thrombosis can vary
depending on various factors, including population demographics, risk factors, and
diagnostic methods'™. Venous thrombosis, which includes deep vein thrombosis
(DVT)’ and pulmonary embolism (PE)S, is estimated to affect millions of people
worldwide each year. DVT occurs when blood clots form in the deep veins, typically
in the legs>’*%, while PE happens when these clots travel to the lungs®”*!°. Together,
DVT and PE constitute venous thromboembolism (VTE)'!. It is estimated that VTE
affects around 1 to 2 individuals per 1,000 in the general population annually, making

it a significant health concern!->!1:12 |

Arterial thrombosis, on the other hand, involves the formation of blood clots

in the arteries®, leading to conditions such as heart attack'>!4, stroke!>!¢

, and
peripheral arterial disease!”!®. These events are major causes of morbidity and
mortality worldwide. Coronary artery thrombosis, leading to heart attacks, is another
common and life-threatening manifestation of arterial thrombosis'4. The

consequences of thrombosis can be fatal, particularly if the clot occludes a vital blood

vessel*.

Platelet aggregation, a critical process in hemostasis and wound healing, can

also contribute to the formation of blood clots, known as thrombosis'*?°. Thrombosis



occurs when platelet aggregation and clotting factors become dysregulated, leading to

142!, Under normal

the formation of an obstructive clot within a blood vesse
circumstances, platelets play a crucial role in maintaining the integrity of blood
vessels. When a blood vessel is damaged, platelets adhere to the exposed collagen
fibers at the site of injury, forming a platelet plug?'~%*. This initial aggregation is
essential for preventing excessive bleeding.?* However, in the case of thrombosis,
platelet aggregation becomes excessive and uncontrolled, leading to the formation of
an occlusive blood clot?>*®. The process of platelet aggregation involves several
steps. Upon vascular injury, platelets are activated, leading to changes in their shape
and the exposure of receptors on their surface?'?’-?8, These activated platelets release
chemical messengers, such as adenosine diphosphate (ADP), thromboxane A2
23,27,29-

(TXA2), and serotonin, which attract and activate other platelets in the vicinity

31 (Figure 1.1).

One of the key mechanisms underlying platelet aggregation is the binding of
the glycoprotein IIb/Illa receptors on the surface of platelets to fibrinogen and von
Willebrand factor?’-?%3%32:33_ Fibrinogen is a soluble protein present in blood plasma,
while von Willebrand factor is secreted by endothelial cells and platelets**>®. The
binding of these adhesive proteins to the glycoprotein IIb/I1la receptors facilitates the
cross-linking of platelets, forming stable aggregates®>32*, In addition to fibrinogen
and von Willebrand factor, other molecules and signaling pathways contribute to
platelet aggregation?!?>**34_ These include the activation of G protein-coupled
receptors, such as the P2Y 12 receptor, by ADP, leading to further platelet activation

and recruitment®>8, Thromboxane A2, generated by the enzymatic action of
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cyclooxygenase-1 (COX-1) on arachidonic acid, acts as a potent platelet agonist,

promoting aggregation and vasoconstriction®® !,

1.2 Spatial resolving mediators:

Platelet aggregation and thrombosis are critical processes in hemostasis and
wound healing. However, when dysregulated, they can lead to the formation of
obstructive blood clots, resulting in serious health complications. To control these
processes, the body employs various mechanisms, including the involvement of
oxylipins known as specialized pro-resolving mediators (SPMs) or specialized

resolving mediators (SRMs) (Figure 1.2).

In recent years, research has highlighted the role of SPMs, specifically a group
of oxylipins called specialized resolvins, in the resolution of inflammation and
regulation of platelet aggregation and thrombosis.*>** SPMs are derived from
polyunsaturated fatty acids (PUFAs), such as arachidonic acid (AA),
eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA)***. These lipid
mediators act as potent signaling molecules that promote the resolution of

inflammation and contribute to the restoration of homeostasis***’4°.

Among the SPMs, specialized resolvins have been identified as important
regulators of platelet function and thrombus resolution**%3!, These resolvins are

generated through the action of various enzymes, including lipoxygenases (LOX)>2"



34 LOX enzymes are a family of non-heme iron-containing enzymes that catalyze the

oxygenation of PUFAs, leading to the formation of specific oxylipins>>-°.

The interplay between LOX enzymes and platelet aggregation is complex.
LOX enzymes, such as 5-lipoxygenase (5-LOX) and 12-lipoxygenase (12-LOX), can
produce both pro-inflammatory and pro-thrombotic lipid mediators, as well as
specialized resolvins that exert anti-inflammatory and pro-resolving effects’’*’. The
balance between these lipid mediators determines the outcome of platelet activation
and thrombus resolution®' %3, By modulating the activity of LOX enzymes and
promoting the production of specialized resolvins, it may be possible to control
platelet aggregation and enhance thrombus resolution®*®*. Targeting specific LOX
isoforms or manipulating the metabolism of PUFAs can influence the production of

lipid mediators, thereby regulating platelet function and thrombotic processes® 8,

1.3 Essential Fatty Acids

Mammalian cells have the ability to synthesize most of the lipids they require
through de novo synthesis using fatty acid synthase and various modifying
enzymes®>’’. However, there are two important exceptions: linoleic acid (LA) and o-
linolenic acid (ALA). These fatty acids cannot be synthesized from precursors within
the body and are therefore classified as essential fatty acids’!»’2. The discovery of
these essential fatty acids dates back to 1923 when researchers found that rats fed a

fat-free diet developed skin problems’> 7.



LA, an omega-6 polyunsaturated fatty acid (PUFA), contains two sites of
unsaturation and serves as a precursor for the synthesis of arachidonic acid (AA), a
major omega-6 product*®¢7%77 On the other hand, ALA is an omega-3 PUFA with
three sites of unsaturation that can be converted into important omega-3 products
such as eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA®3), and
docosahexaenoic acid (DHA)'®”. These omega-3 fatty acids play crucial roles in

various signaling pathways’s.

Both LA and ALA can be obtained through dietary sources. They can be
synthesized by plants and subsequently consumed by animals or obtained directly by
consuming plant-based foods. Once ingested, LA and ALA undergo a series of
elongation and desaturation steps, resulting in the conversion to longer-chain fatty

acids with higher degrees of unsaturation*®7376.77,

1.4 Lipoxygenase role and mechanism

Lipoxygenases (LOX) are a family of non-heme iron-containing enzymes that
are found abundantly in animals, plants, and certain bacteria®®®!. They play a crucial
role in the biosynthesis of lipid mediators involved in various physiological and
pathological processes, including inflammation, immune response, and cell
signaling®. Lipoxygenases primarily catalyze the dioxygenation of polyunsaturated

fatty acids (PUFA) containing a 1,4 cis-cis pentadiene moiety®>%3.

In humans, the genome encompasses six known functional LOX genes:
ALOXE3, ALOXS, ALOX12B, ALOX12, ALOX15, and ALOX15B. These genes

encode for different LOX isoforms, each with distinct enzymatic properties and tissue
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expression patterns. For instance, h5-LOX, h12-LOX, h15-LOX-1, and h15-LOX-2
are isoforms named based on the location of enzymatic molecular oxygen insertion

with the canonical substrate, arachidonic acid (AA)>>38384

The mechanism of lipoxygenase catalysis involves a series of reactions.
Initially, the LOX enzyme abstracts a bis-allylic hydrogen from the 1,4 cis-cis
pentadiene moiety of the PUFA substrate®> 3%, This hydrogen abstraction is a
proton-coupled electron transfer (PCET) reaction, which is the rate-limiting step in
the catalytic cycle. Following hydrogen abstraction, a radical rearrangement occurs,
and molecular oxygen is inserted two carbons away from the site of abstraction,

generating a hydroperoxide product (HpETE)®>® (Figure 1.3).

The hydroperoxide products generated by LOX are stereospecific, except for
the h12R-LOX isoform, which produces a product in the R-chirality®> 7. The LOX
isoforms exhibit substrate selectivity, and different isoforms can react with a variety
of substrates, leading to the formation of diverse products®’ . For example, h5-LOX
predominantly reacts with AA to form 5S-HpETE, while h12-LOX and h15-LOX-1

metabolize AA to create mixtures of 12S-HpETE and 15S-HpETE 3!

It is important to note that LOX isoforms can also react with their own
products and the products of other isoforms, leading to the formation of secondary
metabolites. This complexity adds to the diversity of LOX products and their
biological functions. Moreover, the fidelity of LOX reactions with the canonical
substrate AA can be affected when longer substrates, such as docosahexaenoic acid

(DHA), are metabolized, resulting in the formation of a variety of products’’-6>8385-87,



The structure of LOX enzymes plays a crucial role in their catalytic activity.
The enzymes consist of two domains: the smaller N-terminal polycystin-1,
lipoxygenase, alpha toxin (PLAT) domain and the larger C-terminal catalytic domain.
The PLAT domain is involved in interacting with cellular membranes and micelle-
bound substrates. The catalytic domain contains the active site where the iron ion,
coordinated by histidine residues and a carboxylate group, catalyzes the oxygenation

reactions®?88:92-94

Elucidating the structure and function of LOX enzymes has facilitated the
design of therapeutic strategies targeting these enzymes®®*>%, Modulating LOX

activity and the production of specific LOX products can have implications in various

97,98 98,99

diseases, including inflammatory disorders”’~”®, cancer’®””, and cardiovascular
diseases'’*!1°!. By understanding the intricate mechanisms of lipoxygenase catalysis,
researchers can explore the potential of developing selective inhibitors and
therapeutic interventions to regulate LOX-mediated pathways and their associated

pathologies”*°.

1.5 Lipoxygenase expression and genes

The tissue expression and cellular localization of lipoxygenase (LOX) genes
in humans have been extensively studied>:!1921%, shedding light on their roles in

different physiological and pathological contexts.



Among the LOX genes, ALOXS, located on chromosome 10, is expressed in
high abundance in neutrophils, dendritic cells, macrophages, and other immune cells.
It is primarily localized in the nucleus!'®""19%107:198 \While in vitro experiments have
demonstrated that h5-LOX can be active in the absence of five-lipoxygenase
activating protein (FLAP), the in vivo activity of h5-LOX is dependent on FLAP.
FLAP acts as a cofactor that facilitates the translocation of arachidonic acid (AA) to

the active site of h5-LOX, thereby enhancing its enzymatic activity!®-!1,

ALOX12, located on chromosome 17, is highly expressed in platelets, as
suggested by its alternative name "platelet-type h12-LOX." 12113115 [t i5 also found
in certain endothelial cells!'. Similarly, ALOX15 and ALOX15B, also located on
chromosome 17, are expressed in macrophages. ALOX15B is constitutively
expressed, while the expression of ALOX15 is dependent on signaling by interleukin-
4 (IL-4) and interleukin-13 (IL-13). ALOX15 expression has also been observed in
eosinophils and has been implicated in various cancers and neurological
conditions''®. ALOX15B, on the other hand, is primarily expressed in epithelial cells,
including the skin and hair roots!!7!!8, Both ALOX15 and ALOX15B have been

found to be upregulated in various cancers>®!1%119-121,

Less extensively studied are the ALOXE3 and ALOX12B genes, which are
co-clustered with ALOX15B on chromosome 17. These genes are expressed in
epithelial cells. ALOXES3 is particularly associated with skin and hair follicles, while

ALOX12B has been implicated in various cancers as well®*122123 (Table 1.1).



The sequence identity and similarity of LOX genes in humans and other
species provide valuable information for comparative studies. For instance, h15-
LOX-1 shares high sequence conservation (85% similarity, 74% identity) '**'2with
the main lipoxygenase found in mice, known as 12/15-LOX. However, despite their
high sequence similarity, there are significant catalytic differences between the two

species, which complicate translational research and therapeutic testing.

1.6 Lipoxygenase catalysis and mechanism

The catalysis of lipoxygenase (LOX) enzymes involves a series of reactions
that lead to the oxygenation of polyunsaturated fatty acids (PUFAs) and the formation
of various bioactive lipid mediators. Understanding the catalytic mechanism of LOX
is essential for unraveling its physiological functions and developing targeted

therapeutic strategies.

The primary catalytic cycle of LOX is centered around a four-reaction
mechanism. It begins with the activation of the non-heme iron in the Fe3+ (ferric)
stateThe activated LOX iron selectively abstracts a pro-S hydrogen atom from the
bis-allylic methylene carbon of the PUFA substrate. This hydrogen abstraction

generates an inactive ferrous enzyme and a carbon-centered fatty acid radical

83,92,94,107

Following the hydrogen abstraction, a radical rearrangement occurs within the

fatty acid radical, leading to the positioning of the molecular oxygen near the radical



site. The molecular oxygen then reacts with the carbon radical, resulting in the
formation of a peroxy-radical on the terminal oxygen. This peroxy-radical is rapidly
reduced by the ferrous iron, leading to the generation of a hydroperoxy fatty acid

(HpETE) and the regeneration of the ferric enzyme’.

It is important to note that the hydroperoxy products generated by LOX
enzymes are rapidly reduced to hydroxy fatty acids (HETESs) in the cellular
environment by antioxidants and enzymes like glutathione peroxidase. The
stereochemistry of the hydroperoxy products depends on the specific LOX isoform

and substrate involved3®38107,

The catalytic rate-limiting step in the LOX reaction is the stereoselective
abstraction of the pro-S hydrogen atom, which occurs through a proton-coupled
electron transfer (PCET) reaction'?’. The localization of molecular oxygen in the
active site has been the subject of extensive research. Studies on soybean 15-
lipoxygenase (sLO) have suggested the presence of an oxygen channel that facilitates
the diffusion of molecular oxygen to the active site!?® 13, Although the presence of an
oxygen channel in human LOX is not fully elucidated, the conservation of critical
residues known to be involved in oxygen channeling in sLO suggests a similar

mechanism in human LOX enzymes'°.

The complexity of LOX catalysis arises from the fact that a single isoform can
react with multiple substrates, leading to the formation of diverse products. The
fidelity of LOX reactions with the canonical substrate AA is compromised when

longer or shorter PUFAs are metabolized, resulting in the oxygenation of different
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carbon positions. The nomenclature of LOX isoforms is based on the carbon number

of the primary oxygenation site relative to the methyl end of the substrate!'%.

Moreover, LOX isoforms can also react with their own products and the LOX
products of other isoforms, giving rise to additional metabolites and increasing the

diversity of lipid mediators generated®>%%%,

The structure of LOX enzymes plays a critical role in catalysis. LOX enzymes
consist of a single polypeptide chain that folds into a two-domain structure. The N-
terminal domain, known as the polycystin-1, lipoxygenase, alpha toxin (PLAT)
domain, facilitates the interaction of LOX with cellular membranes and micelle-
bound substrates. The C-terminal domain contains the catalytically active site,
including the iron-binding site and residues involved in substrate recognition and

binding®*!31:132 (Figure 1.4) .

1.7 Lipoxygenase allostery

Allosteric regulation plays a significant role in the activity and function of
lipoxygenase (LOX) enzymes. Allostery refers to the modulation of enzyme activity
through the binding of molecules at sites other than the catalytic site, known as
allosteric sites. These allosteric interactions can either enhance or inhibit the catalytic

activity of LOX enzymes!3313¢,
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One of the key allosteric regulators of LOX enzymes is calcium (Ca2+).
Calcium ions have been shown to enhance the enzymatic activity of certain LOX
isoforms, such as 5-lipoxygenase (5-LOX), by promoting enzyme activation and
substrate binding. Calcium ions bind to specific sites on the enzyme, inducing
conformational changes that facilitate substrate recognition and positioning within the

active site® 137139,

In addition to calcium, other small molecules and ions can also modulate LOX
activity through allosteric mechanisms. For example, ATP has been shown to activate
certain LOX isoforms, while glutathione has been found to inhibit LOX activity.
These molecules bind to allosteric sites on the enzyme and induce conformational

changes that affect substrate binding and catalysis'4°.

Furthermore, the interaction of LOX enzymes with membrane surfaces can
also exert allosteric effects on their activity. The presence of lipid membranes
enhances the catalytic activity of LOX enzymes by promoting their association with
substrates and providing a suitable environment for catalysis. Membrane interactions
can induce conformational changes in the enzyme that optimize its catalytic

efficiency”’.

Understanding the allosteric regulation of LOX enzymes is important for
several reasons. First, it provides insights into the intricate control mechanisms that
govern LOX activity and lipid mediator production. Allosteric regulation allows for
the fine-tuning of LOX activity in response to cellular signals and environmental

cues. Second, targeting allosteric sites on LOX enzymes can serve as a potential

12



strategy for modulating their activity and developing therapeutic interventions. By
selectively binding to allosteric sites, it is possible to enhance or inhibit LOX activity,
thereby influencing the production of bioactive lipid mediators. This approach holds
promise for the development of novel drugs targeting LOX enzymes and their

associated pathologies.

1.8 Lipoxygenase and platelets

Lipoxygenase (LOX) enzymes play a crucial role in platelet function and
contribute to platelet activation and aggregation. Platelets express various LOX
isoforms, including h12-LOX, h15-LOX-1, and h5-LOX, which have been implicated

in platelet-related processes.

The interaction between LOX enzymes and platelets is complex and
multifaceted. LOX-derived products, such as 12S-HpETE, can act as signaling
molecules and contribute to platelet activation and aggregation'*142. These products
can induce platelet shape change, increase intracellular calcium levels, promote
platelet adhesion to injured blood vessels, and enhance the release of platelet granules

containing prothrombotic factors***? (Figure 1.5).

The precise roles of different LOX isoforms in platelet function are still being
elucidated. While h12-LOX has been extensively studied in platelets'#!"'4?, recent

research has also highlighted the involvement of h15-LOX-1!43 and h5-LOX in

13



platelet activation'**

. Understanding the interplay between LOX enzymes and
platelets is of great importance in the context of hemostasis, thrombosis, and other
platelet-related disorders. Dysregulation of LOX activity or altered LOX product

signaling can contribute to pathological conditions characterized by excessive platelet

activation and clot formation'#2.

.
Figures and Tables
Vil
X
A= [aN ] —‘——\ Ly fibrin network
\-——' PL,Va, Ca® prothrombin ‘
) / fibrin monomer H
~ " fibri
: T . Cr polimlevrilgalinn ‘?
/ fibrinogen j !,
T, )
I (aon
cancer cel PAR
il ’—\ )
platelet
P-selectin
platelet activation,
TF and P-selectin exposure platelet

degranulation
platelets and cacner cells entrapment

platelet aggregationviafibrinogen into the fibsin network

binding to integrin .3

Figure 1.1: Platelet activation mechanism

14



Temporal biosynthesis of SPMs
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Figure 1.2: Role of specialized pro resolving mediators (SPMs) and specialized

resolving mediators (SRMs) in inflammation

Figure 1.3: Mechanism of catalysis of lipoxygenase
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Gene Enzyme Expression tissue
ALOX3 h3-LOX Macrophages, neutrophils
ALOX12 h12-LOX Platelets

ALOX12B h12R-LOX Epithelial (skin)
ALOX15 h15-LOX-1 Macrophages, eosinophils
ALOX15B h15-LOX-2 Macrophages, epithelial
ALOXE3 eL0X3 Epithelial (skin)

Table 1.1: Localization of lipoxygenases in the body
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Biochemical and hydrogen-deuterium exchange studies of the
single nucleotide polymorphism Y649C in human platelet 12-
lipoxygenase linked to a bleeding disorder
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Abbreviations:

LOX, lipoxygenase; h12-LOX, human platelet 12S-lipoxygenase; r15-LOX-1 or r12/15-LOX
or rALOX15, rabbit 15S-LOX-1; ¢11-LOX, coral 11R-LOX; AA, arachidonic acid; DHA,
docosahexaenoic acid; 12(S)-HpETE, 12(S)-hydroperoxyeicosatetraenoic acid; 12(S)-HETE,
12(S)-hydroxyeicosatetraenoic acid; COX, cyclooxygenase; ML355, h12-LOX specific
inhibitor; NSAIDs, nonsteroidal anti-inflammatory drugs; coxibs, COX-2 selective inhibitors;
13-HpODE, 13S-hydroperoxyoctadeca-9Z,11E-dienoic acid; 13-HODE, 13S-
hydroxyoctadeca-9Z,11E-dienoic acid; TOP, a subdomain region in the helical bundle of the
catalytic domain (residues 163-222); PLAT domain, Polycystin-1, Lipoxygenase, Alpha-
Toxin; PDZ domain, PSD95, Digl, Zo-1 domain; Ec., catalytically active enzyme; Eqpo,
inactive Fe-free enzyme; SAXS, small angle X-ray scattering; [CP-MS, inductively coupled
plasma mass spectroscopy; SEC, size exclusion chromatography; BSA, bovine serum
albumin; DCM, dichloromethane; HDX-MS, hydrogen-deuterium exchange-mass
spectrometry; WT h12-LOX, wild-type human platelet 12S-lipoxygenase; h15-LOX-2,
human epithelial 15-lipoxygenase; SLO-1, soybean lipoxygense-1; SDS-PAGE, sodium
dodecyl sulfate-polyacrylamide gel electrophoresis; DOPC, 1,2-dioleoyl-sn-glycero-3-
phosphocholine; DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; DOPS, 1,2-

dioleoyl-sn-glycero-3-phospho-L-serine.
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Highlights:

A human 12-LOX SNP forming a Y649C mutation is linked to a bleeding
disorder

In vitro Kinetics show that Y649C exhibits reduced rates of 12S-HETE
production at 37 °C

Y 649C exhibits lowered liposome binding properties at 37 °C

HDX-MS reveals a long-range network of altered protein dynamics
stemming from the mutation site

Our results identify new structural and functional insights into this

human 12-LOX SNP
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Abstract:

Human platelet 12-lipoxygenase (h12-LOX) is responsible for the formation of
oxylipin products that play an important role in platelet aggregation. Single
nucleotide polymorphisms (SNPs) of h12-LOX have been implicated in several
diseases. In this study, we investigate the structural, dynamical, and functional impact
of a h12-LOX SNP that generates a tyrosine-to-cysteine mutation at a buried site
(Y649C) and was previously ascribed with reduced levels of 12(S)-
hydroxyeicosatetraenoic acid (12S-HETE) production in isolated platelets. Herein, in
vitro Michaelis-Menten kinetics show reduced catalytic rates for Y649C compared to
WT at physiological or lower temperatures. Both proteins exhibited similar melting
temperatures, metal content, and oligomerization state. Liposome binding for both
proteins was also dependent upon the presence of calcium, temperature, and liposome
composition; however, the Y649C variant was found to have lowered binding
capacity to liposomes compared to WT at physiological temperatures. Further,
hydrogen-deuterium exchange mass spectrometry (HDX-MS) experiments revealed a
regional defined enhancement in the peptide mobility caused by the mutation. This
increased instability for the mutation stemmed from a change in an interaction with
an arched helix that lines the substrate binding site, located > 15A from the mutation
site. Finally, differential scanning calorimetry demonstrated a reduced protein
(un)folding enthalpy, consistent with the HDX results. Taken together, these results
demonstrate remarkable similarity between the mutant and WT h12-LOX, and yet,

subtle changes in activity, membrane affinity and protein stability may be responsible
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for the significant physiological changes that the Y649C SNP manifests in platelet

biology.
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1. Introduction
Platelet activation is essential to produce a platelet plug to restore hemostasis
after injuries, however, uncontrolled platelet activation can also lead to the formation
of an occlusive thrombus resulting in myocardial infarction or stroke. The importance
platelets play in thrombotic disorders has been established through the decrease of
thrombotic events with the use of antiplatelet therapeutics.” ? In addition, the role of
platelets in aggregation is underscored by single nucleotide polymorphisms (SNPs)

which can affect platelet biology significantly.””

Human platelet 12-lipoxygenase (h12-LOX) is a non-heme, iron-containing
enzyme that catalyzes the oxidation of polyunsaturated fatty acids (PUFAs) with cis-
cis-1,4-pentadiene moieties, such as arachidonic acid (AA). These PUFA substrates
are found in the phospholipid bilayer and can be released from the membrane by
cleavage with a phospholipase.® h12-LOX is proposed to associate with the bilayer
upon calcium release and react with the free PUFAs that are associated with the
bilayer. It has been well documented that calcium leads to the translocation of h12-
LOX from the cytosol to the membrane where free AA is associated with the
bilayer;”/’ however, h12-LOX has poor reactivity with PUFA molecules covalently

attached to the phospholipid bilayer.’?

The exact mechanism by which h12-LOX activates platelets is unknown. It
has been postulated that 12(S)-hydroxyeicosatetraenoic acid (12S-HETE) activates
NADPH oxidase to form reactive oxygen species, molecules known to lead to platelet

activation, but it is not known whether NADPH oxidase is required for h12-LOX
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activation.”> 12S-HETE has also been hypothesized to bind to GPR31, an orphan
GPCR, causing a prothrombotic result.”? Studies inhibiting the formation of 12S-
HETE showed a decrease in thrombus growth, vessel occlusion, and plug formation
in mice further supporting h12-LOX’s prothrombotic behavior. It has also been

strongly suggested that 12-HETE leads to tissue-factor-dependent thrombin

Figure 1. A h12-LOX structural model with Y649 highlighted in pink, L407 (a critical active site residue) highlighted in
red and the active site iron in yellow. The proposed solution-state dimer is shown on the left, but only the monomer

is shown on the right for clarity of presentation.

generation due to its esterification into the membrane.’>’” Further, transgenic mice
deficient in h12-LOX were not able to undergo normal platelet aggregation.’® With
regards to possible physical protein-protein interactions, strong evidence has shown
that h12-LOX activates phospholipase C2, phosphokinase C, induces allbp3

aggregation, and increases calcium concentrations.’®

Figure 1. The enzymatic reaction of h12-LOX with AA, producing 12S-HpETE is
shown (Top) and a h12-LOX structural model’? with Y649 highlighted in pink, L407

(a critical active site residue) highlighted in blue and the active site iron in yellow.
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The proposed solution-state dimer is shown on the left, with one monomer shown as a
dimmed grey space-filling model and the other monomer shown as a blue ribbon
model. The other two images are of only the cartoon monomer, for clarity of

presentation.

SNPs in the wild-type h12-LOX (WT) coding region have been correlated
with diseases such as human congenital toxoplasmosis,?’ breast cancer,’’
schizophrenia,”” osteoporosis,” and early onset menopause.’ However, a majority of
the discovered SNPs, such as N322S, E259K, Q261R, and D134H, have been found
on the surface of h12-LOX and their ability to produce 12-HpETE is comparable to
WT (101 £ 23%, 60 = 18%, 91 = 10%, and 109 + 36%, respectively).”” Recently, a
study documenting a family with a dominantly inherited bleeding diathesis was
linked to a h12-LOX SNP, Y649C.?° A patient with this mutation experienced heavy
menstrual bleeds and needed platelet transfusion during childbirth. In addition, both
daughters of the patient developed purpura on their lower limbs. Unlike most
documented SNPs of h12-LOX, Y649C is buried within the catalytic domain (Figure
1) and Y649C demonstrated a 25-35% loss of 12S-HETE production in patient-
isolated platelets.’’ However, it was unclear why the mutation afforded this change
in 12S-HETE production.”® Due to the critical role 12S-HETE plays in regulating
platelet aggregation and thrombosis, studying the correlation between the structure
and function of the mutation is pertinent to understanding its role in the platelet and
may potentially enable us to provide a more accurate and precise treatment to
patients. In the current study, we examine the role of this mutation on the enzyme’s

temperature-dependent kinetic properties and membrane binding capacity. The
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regional peptide flexibility of the SNP was also investigated with the goal of relating
it to the protein folding enthalpy and catalytic activity. In combination, our
cumulative results shed important new light on the structural, functional, and
dynamical impact of this SNP of h12-LOX and its potential relationship to the

pathological condition

2. Experimental Procedures

2.1 Chemicals

Fatty acids used in this study were purchased from Nu Chek Prep, Inc. (MN,
USA). Deuterium oxide (99.9%) was purchased from Cambridge Isotope
Laboratories (Tewksbury, MA, USA). All other solvents and chemicals were reagent

grade or better and were used as purchased without further purification.

2.2 Site-Directed Mutagenesis, Protein Expression/Purification, and Metal

Content

The h12-LOX mutation, Y649C, was introduced using the same residue
numbering convention as used in UniProt for the h12-LOX sequence (accession
number P18054). The online QuikChange Primer Design tool

(http://www.genomics.agilent.com/primerDesignProgram.jsp) from Agilent

Technologies (CA, USA) was used to design the primers for the Y649C mutant. The

mutation was introduced using a QuikChange®II XL site-directed mutagenesis kit
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from Agilent Technologies by following the instructions in the provided protocol.
The mutation was confirmed by sequencing the LOX insert in the pFastBac3.2 shuttle

vector (Eurofins Genomics, KY, USA).

Expression of the N-6His-tag recombinant enzymes was performed in an
S19 system, with chromatographic purification and enzymatic activity assays
performed as described previously.?” All proteins were aliquoted and stored in 25
mM HEPES (pH 8) and samples from the same purification batch were used for all
analyses. The reaction time course of enzymatic activity was monitored
continuously at 234 nm using a Perkin-Elmer Lambda 45 UV/Vis
spectrophotometer to observe the production of conjugated dienes (epsilon at 234
nm = 27,000 mM™' cm! for 12S-HpETE) in a cuvette containing a 2 mL solution of
25 mM HEPES (pH 8), 10 uM AA and 20-30 pug of WT or Y649C h12-LOX. Iron
content was determined by inductively coupled plasma mass spectrometry (ICP-
MS), using an internal Co standard and external standardized Fe solutions. Iron
concentrations were compared with standardized iron solutions and all kinetic data
were normalized to the iron content. The Bradford assay, with bovine serum
albumin (BSA) as the protein standard, was used to determine the protein

concentration.
2.3 Steady-State Kinetics and Temperature Stability

h12-LOX reactions were performed at 22, 37, and 42 °C in a 1 cm? quartz
cuvette containing 2 mL of 25 mM HEPES (pH 7.5) with substrate (docosahexaenoic

acid (DHA) and AA). DHA and AA concentrations were varied from 0.25 to 10 uM.
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Concentrations of DHA and AA were determined by measuring the amount of
oxylipins produced from complete reaction with soybean lipoxygenase-1 (SLO-1).
Concentrations of oxylipins were determined by measuring the absorbance at 234 nm.
Reactions were initiated by the addition ~20 pg of WT and ~30 pg of Y649C and
were monitored on a Perkin-Elmer Lambda 45 UV/Vis spectrophotometer. Product
formation was determined by the increase in absorbance at 234 nm for oxylipin
products (€234nm = 25,000 M~! cm™!). KaleidaGraph (Synergy) was used to fit initial
rates (at less than 20% turnover), to the Michaelis-Menten equation for the
calculation of kinetic parameters. For the stability assay, all reactions were conducted
using a Cary-UV Vis spectrophotometer, which was set to 37 °C, with 25 mM
HEPES bufter (pH 8) and stirred continuously. Stocks of WT and Y649C at 133nM
and 200nM respectively were incubated at 37 °C and 6000 mL were withdrawn at
each time point. The fastest rates over 15 second intervals were plotted versus the
enzyme incubation time at 37 °C.

2.4 Enzymatic Products Determination and Competitive Substrate Specificity by

LC-MS

To determine the products formed, WT and the Y649C enzymes were reacted
with 10 uM of AA in 25 mM HEPES buffer (pH 7.5) for 10 min, in triplicate. The
reactions were quenched with 1% glacial acetic acid and extracted three times with
dichloromethane (DCM). The products were then reduced with trimethylphosphite
and evaporated under a stream of nitrogen gas. The reaction products were
reconstituted in methanol and analyzed via liquid chromatography-tandem mass

spectrometry (LC-MS/MS). Chromatographic separation was performed using a
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Sciex Excion LC system, using a C18 column (Phenomenex Kinetex, 4 um, 150 x 2.0
mm). Mobile phase A consisted of water with 0.1% (v/v) formic acid, and mobile
phase B was acetonitrile with 0.1% formic acid. The flow rate was 0.4 mL/min with
initial conditions (15% B) maintained for 0.75 min. Mobile phase B was held at 15%
over 1 min and then ramped to 30% over 0.75 min, to 47% over 2 min, to 54% over
1.5 min, to 60% over 4.5 min, to 70% over 4.5 min, to 80% over 1 min, to 100% over
1 min, held at 100% for 2 min, and finally returned to 15% to equilibrate for 2 min.
The chromatography system was coupled to a Sciex PDA and x500B qTOF MS.
Analytes were ionized through electrospray ionization with a —4.0 kV spray voltage
and 50, 50, and 20 PSI for ion source gases 1 and 2 and the curtain gas, respectively.
The CAD gas was set to 7, while the probe temperature was 550 °C. DP was —60 V,
and CE was set to —10 V with a 5 V spread. MS2 acquisition was performed using
SWATH, and mass lists containing the following m/z ratios of 343.2 + 0.5 (HDHAs)
and 359.2 + 0.5 (HETEs) were used. All analyses were performed in negative
ionization mode at the normal resolution setting. Matching retention times, UV
spectra, and fragmentation patterns to known standards with at least six common
fragments were used to identify the products. For the competitive substrate specificity
assay, a similar procedure to product formation was used. A mixture of 10 mM AA
and 10 mM DHA was incubated with enzyme, with the reaction being quenched with

1% glacial acetic acid after a third of the total substrate turnover.

2.5 ICs0 Determination
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IC50 values for the h12-LOX specific inhibitor, ML355, against WT and

Y649C

were determined in the same manner as the steady-state kinetic values. The reactions

WEre

carried out in 25 mM HEPES buffer (pH 8.00), 0.01% Triton X-100, and 10 uM AA.
IC50 values were obtained by determining the enzymatic rate at six inhibitor
concentrations and plotting rate against their inhibitor concentration, followed by a
hyperbolic saturation curve fit. The data used for the saturation curve fits were
performed in duplicate or triplicate, depending on the quality of the data. Triton X-

100 was used to ensure proper solubilization of the inhibitor.

2.6 Oligomeric State Determination

Size exclusion chromatography (SEC) was performed on the affinity-purified

proteins

using an AKTA Pure system. After centrifugation at 13000 rpm for 5 mins (to

sediment any

debris), the purified protein was loaded onto a SuperdexTM 75, 10/300 GL column
(GE Healthcare), pre-equilibrated with 25 mM HEPES (pH 8) at a flow rate of 0.3
mL/min. The time of elution of WT and Y649C was compared with a gel filtration
standard containing bovine thyroglobulin (MW 670 kDa), bovine y-globulin (158
kDa), chicken ovalbumin (44 kDa), ribonuclease A type I-A from bovine pancreas

(17 kDa) and p-aminobenzoic acid (1.35 kDa).
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2.7 Protein Melting Temperature Determination with Circular Dichroism

Thermal denaturation spectra were measured on a CD spectrophotometer
(J1500, JASCO, Inc., Easton, Maryland) using a 1 mm quartz cuvette in the 180-300
nm spectral region and the 25-81 °C temperature range. The temperature was
controlled using a Peltier thermostatted cell holder, the thermal ramp rate was 0.6
°C/min, and the step size was 2 °C. Spectra were measured with a scan speed of 100
nm/min every 0.1 nm using a 4 nm bandwidth and a data integration time of 4 s. A 25
mM sodium phosphate buffer (pH 7.5) background CD spectrum was subtracted from
each 10 uM WT or Y649 h12-LOX temperature-dependent CD spectrum. Phosphate
buffers lacking sodium chloride were used for CD because chloride ions and common
organic buffers, such as HEPES, interferes with CD signal in the UV region. Two to
three sets of thermal melts were acquired for each of the WT and Y649 proteins.

2.8 Synthetic Liposome Preparation and h12-LOX Binding

Lipid suspensions were prepared from commercial sources with the following
molar ratios; 60:30:9.9:0.1 DOPC:DOPE:DOPA:DSPE-PEG (DOPE); 60:30:9.9:0.1
DOPC:DOPS:DOPA:DSPE-PEG (DOPS); 99.9:0.1 DOPC: DSPE-PEG (DOPC).
Each lipid mixture was dissolved in chloroform and the solutions were left under N»
for 20 min and placed in a vacuum chamber for at least 12 h at room temperature to
remove all traces of solvent. Lipid mixtures were dissolved in 25 mM HEPES buffer
(pH 8) to a concentration of 10 mg/mL and incubated in glass vials on a tube rotator
for 1 h to facilitate homogenization. Liposomes were created using the literature
protocol,”® using a 100 nm filter. For liposome membrane binding assays conducted

at 37 °C, liposomes were extruded at 37 °C and remained at that temperature for the
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assay. Liposome suspension volumes were adjusted to have a final concentration of
10 mg/mL and their size were determined by dynamic light scattering (DLS).

Liposome suspensions were placed on a DynaMag™-2 for 15 min at room
temperature to bind the liposomes. Supernatant was removed and 1 mL of 25 mM
HEPES buffer (pH 8) was added. This washing step was repeated five times. When
calcium (10 uM) was added, it was stirred for 15 min before use. WT (30 pg) or
Y649C (30 pg) were added to 1 mL of a 10 mg/mL liposome suspension. The sample
was rocked over ice for 10 min and then placed on a DynaMag™-2 for 10 min. 25 uL
of the supernatant was saved, and the beads were resuspended to a final volume of 1
mL. 25 pL of the resuspended beads were saved and the saved samples were
subjected to SDS-PAGE. Using ImageLab, ratios of the supernatant to pellet were
determined. All conditions were done in triplicate. In parallel, the remainder of the
supernatant was added to a cuvette, its volume raised to 2 mL, and the sample tested
for enzymatic activity with 10 uM AA. Rates of reactions were determined using the
same protocol as used for steady-state kinetics.

2.9 HDX-MS of h12-LOX

Aliquots of WT or Y649C h12-LOX (3-5 mg/mL) were thawed and were
diluted 10-fold (5 pL into 45 pL) in 10 mM HEPES, 150 mM NaCl, 5 mM
dithiothreitol (DTT), pD 7.4 D20 (99% D) buffer (corrected; pD = pHiead + 0.4).
Samples were incubated randomly at 10 time points (0, 10, 20, 45, 60, 180, 600,
1800, 3600, and 7200 s) at 10 and 25 °C using a water bath. For each variant and
temperature, time points were randomized and prepared once (see Table S1). At the

designated incubation time, all samples were then treated identically; the samples

59



were rapidly cooled (5-6 s in a -20 °C bath) and acid quenched (to pH 2.4, confirmed
with pH electrode, with 0.32 M citric acid stock solution to 90 mM final
concentration). Procedures from this point were conducted near 4 °C. Prior to pepsin
digestion, guanidine HCI (in citric acid, pH 2.4) was mixed with the samples to a final
concentration of 0.5 M. h12-LOX HDX samples were digested with pre-equilibrated
(10 mM citrate buffer, pH 2.4), immobilized pepsin for 2.5 min. The peptide
fragments were filtered with spin cups (cellulose acetate) by centrifugation for 10 s at
4 °C, to remove pepsin. Samples were flash frozen immediately in liquid nitrogen and

stored at -80 °C until data collection.

Deuterated, pepsin-digested samples of h12-LOX were analyzed using a 1200
series LC system (Agilent, Santa Clara, CA) that was connected in-line with the LTQ
Orbitrap XL mass spectrometer (Thermo), as described by our laboratory
previously.’”® 2 Mass spectral data corresponding to the HDX measurements were
analyzed using HDX Workbench.?’ The percent deuterium incorporation was
calculated for each of these peptides, taking into account the number of amide
linkages (excluding proline residues), and the calculated number of deuterons
incorporated. The values were normalized for 100% D20 and corrected for peptide-
specific back-exchange, HDX% = (observed, normalized extent of deuterium
incorporation {in percent})/(1-{BE/100}).>’ Back-exchange values ranged from 2 to
53%, for an average value of 22% (Supporting Information, HDX Summary
Table; Table S1). The resulting data were plotted as deuterium exchange versus time

using Igor Pro software.
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2.10 Protein Stability Determined by Differential Scanning Calorimetry (DSC)

DSC experiments were performed on the WT and Y649C h12-LOX variants
using a NanoDSC microcalorimeter from TA Instruments. Protein samples were
dissolved at 20-30 uM concentrations in 50 mM HEPES, 150 mM NacCl, pH 7.5. For
a given experiment, the temperature was scanned from 30 to 90 °C, with a 1 °C/min
ramp rate at constant pressure (3 atm). Experiments were performed in heating only
mode because h12-LOX denatures and does not reversibly refold. The raw data was
analyzed using NanoAnalyze software from TA instruments. Thermodynamic data
was determined from Gaussian fit models of the raw data that had been corrected by

using a fourth-order polynomial baseline. Each experiment was run in duplicate.
3. Results and Discussion
3.1-3.2 Protein Purification and Expression

Using standard protein purification methods as used previously,?” the purity of
WT and Y649C h12-LOX were assessed by SDS-PAGE gels to be greater than 90%.
The metal content was determined to be 22% for WT and 20% for Y649C by
inductively coupled plasma mass spectrometry (ICP-MS). All kinetic data were
normalized to the iron content, and the protein concentrations were determined by

Bradford assay with a bovine serum albumin protein standard.

3.3.1 Determining k... and k../Ky for WT and Y649C at 22 °C, 37 °C, and 42 °C
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Figure 2: kcar and keat/Kn values for WT (triangles) and Y649C (circles) at 22 °C, 37 °C, and 42 °C.

It was proposed that the activity of Y649C was markedly lower than WT,
which manifested in the disease presentation.!? Based on this hypothesis, the in vitro
kinetic properties of the two enzymes were determined and compared (Table 0,
Figure 2). The k.o for WT and Y649C with AA at 22 °C was 22 + 4 and 2.6 £ 6 57,
respectively, with the WT values correlating well with our previous work.*?*” The
kea/Ky for WT and Y649C was 10 + 0.2 and 0.76 + 0.4 pM™! s}, respectively. These
data de monstrate that the kc.s and kcq/Kyr with AA for WT is ~10-fold greater than
that of Y649C at 22 °C; however, the functional temperature in the human body is 37
°C. Therefore, the temperature dependences of kcq: and kca/Ky were determined with

AA at 37 °C and 42 °C. At 37 °C, the kca for WT and Y649C was 21 £ 1 and 3.6 +
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0.1 s}, respectively. The kca/Ky for WT and Y649C was 8.7 =2 and 6 £ 0.6 uM ! s,

respectively.
Table 1: Steady-State kinetic parameters for WT and Y649C at three temperatures.
Standard deviation errors are shown in parentheses from 3 replicates.

kear (sec™) kea/Ky (MM 1sec™)

Temperature (°C) | WT Y649C WT Y649C
22 22 (4) 2.6 (6) 10 (0.2) 0.76 (0.4)
37 21 (1) 3.6 (0.1) 8.7(2) 6 (0.6)
42 16 (0.6) 12 (0.3) 16 (3) 2.6 (0.2)

At 42 °C, the kea for WT and Y649C with AA was 16+ 0.6 and 12 + 0.3 57!,
respectively. The keq/Ky for WT and Y649C was 16 £3 and 2.6 £ 0.2 uM ' s,
respectively. The kinetics for WT displayed relatively constant kinetic values from 22
°C to 37 °C, but a decrease in k..r and an increase in kcq/Kyr at 42 °C. The keqr of
Y 649C also was relatively constant from 22 °C to 37 °, but increased at 42 °C. The
kea/Ky of Y649C increased at 37 °C and then subsequently decreased at 42 °C.
Overall, the kinetic parameters of WT are significantly greater than those of Y649C,

with the kc..r of WT being over six-fold greater than that of Y649C at 37 °C.

The functional stability of the two enzymes at 37 °C was investigated by
comparing how the initial rates changed with 37 °C degree incubation. Surprisingly,

WT h12-LOX lost activity significantly faster than Y649C. WT lost 75% of its
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activity after only 200 s, whereas it took 3500 s for the activity of Y649C to drop

75% (Supporting Information, Figure S1).

Table 2: Competitive kinetic product distribution with a mixture of 10 uM
AA and 10 uM DHA with both WT and Y649C. Standard deviation errors

are shown in parentheses from 3 replicates.

AA products (%) DHA products (%)
WT 65 (6) 35(3)
Y649C 63 (6) 37 (4)

3.3.2 Determining kc.r and kc./Ky for WT and Y649C with DHA 22 °C

DHA oxylipins are predominately anti-inflammatory mediators, and AA
oxylipins are mainly pro-inflammatory mediators,*® therefore the kinetics for the
reaction of Y649C with DHA were investigated at 22 °C. The ke, for the reactions of
WT and Y649C with DHA was 11 s™ and 1.2 s! respectively, while the kca/K for
WT and Y649C was 7.7 s pM™! and 0.96 s™! uM™!, respectively. These data
demonstrate that the WT variant is a more effective catalyst than Y649C with DHA,
consistent with the kinetic trends with AA as the substrate, and that both WT and
Y 649C react with AA preferentially over DHA. To confirm this result, competitive
kinetics were also performed (Table 1). WT demonstrated a preference for AA over

DHA, producing 65% AA-oxylipins and 35% DHA-oxylipins, when both AA and
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DHA were present in the same reaction vessel. Y649C had a similar profile producing
63% AA-oxylipins and 37% DHA-oxylipins (Table 1). There was approximately
double the amount of oxylipins formed from AA than DHA which is consistent with
the two-fold increase in kcar and kc./Ky between AA and DHA for both WT and

Y649C. 33337

3.4 Product Profile and Substrate Specificity of AA and DHA with WT and

Y649C

Given the significant role that the oxylipin products of h12-LOX play in
platelet aggregation, the product profile for the reactions of Y649C and WT with both
AA and DHA were investigated. With AA as substrate, WT and Y649C produced
mostly the 12-oxylipin with 12-HETE:15-HETE ratios of 88:12 and 81:19,
respectively. For DHA, the 14-oxylipin was the major product for both WT and
Y649C, with 14-HDHA:17-HDHA:20-HDHA:11-HDHA ratios of 76:11:0:13 and
74:8:8:10 respectively (Table 2), which are consistent with previous work.* 337

Thus, there was no significant difference between the product profile for these h12-

LOX variants with either substrate.

Table 3: Distribution of products created by reaction of either WT or Y649C with AA or DHA
(10 puM). Percent values are presented. Standard deviation errors are shown in parentheses from

3 replicates.
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AA Products DHA Products

12-HETE | 15-HETE 14-HDHA | 17-HDHA | 20-HDHA | 11-HDHA

WT 88 (2) 12 (2) 76 (2) 11 (0.5) 0 13 (2)

Y649C | 81 (1) 19 (1) 74 (2) 8(2) 8 (1) 10 (1)

3.5IC50 Determination with WT and Y649C

ML355 is a potent/selective h12-LOX inhibitor’ which binds to its active site
and thus its IC50 would be sensitive to structural changes in the active site. The IC50
values of ML355 were determined with both WT and Y649C and found to be 0.9 +
0.2 uM (91 £ 5% maximum inhibition) and 1.1 £ 0.2 uM (90 £ 4% maximum
inhibition), respectively. Since there was no significant difference between the IC50
values of WT and Y649C, the data indicates minimal change in the active site for
inhibitor recognition (Table 3). The inhibitor data of WT are consistent with previous

reports.*” %

Table 4. I5o values and maximum inhibition percentage of ML355 against
WT and Y649C. Standard deviation errors are shown in parentheses from 3

replicates.

ICso pM (error) Maximum % inhibition
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WT 0.9 (0.2) 91 (5)

Y649C 1.1(0.2) 90 (4)

3.6 Oligomeric States of WT and Y649C

It has previously been shown that WT remains mainly in the dimeric state.’’
The oligomeric state of WT and Y649C were determined by size exclusion
chromatograph (SEC). No significant difference was observed in the elution volume.
Therefore, both remained in the dimer form, supporting that the Y649C mutation does

not change the oligomeric state of h12-LOX (Supporting Information, Figure S2).

3.7 Protein Melting Point Determination of WT and Y649C by Circular

Dichroism

To investigate the effects this mutation might have on the structural
temperature dependence of h12-LOX, circular dichroism was used to determine the
melting temperature of both WT and Y649C. The temperature-dependent protein
unfolding traces were obtained by averaging the measured CD spectral data
(Supporting Information, Figure S3) from 205 to 225 nm. This spectral range
encompasses the wavelengths absorbed by both major secondary structures (helix and
sheet). By fitting the thermal traces to three-parameter sigmoidal functions, the

temperature midpoints (Tm) were determined to be 48 £ 0.5 °C for WT and 48 £ 1 °C
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for Y649C. These data dismiss any significant change in the melting of the secondary
structure as the origin of the kinetic properties emerging from the replacement of the

tyrosine residue at position 649 with cysteine.

3.8 Synthetic Membrane Association of WT and Y649C at 22 °C and 37 °C

In the presence of DOPC liposomes (at 22 °C), 16 + 4% of WT h12-LOX was
bound to the membrane in the absence of calcium, and 50 + 3% was bound in the
presence of calcium. For Y649C, 66 + 3% was bound in the absence of calcium; this

value increased to 91 + 7% when calcium was added. A similar trend was observed

Addition of calcium leads to increased membrane addition
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Figure 3: Percent of WT or Y649C bound to DOPC, DOPE, and DOPS liposomes at 22 °C. Membrane binding
assays were conducted in 25 mM HEPES (pH 7.5) at room temperature in either the absence or presence of
10 uM calcium chloride.
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with DOPE liposomes (Figure 3), though the impact of calcium addition did not have
as significant an effect on h12-LOX association with PE liposomes compared to PC.
Consistent with DOPC and DOPE, there was more Y649C associated with the DOPS
liposomes than WT, but there was no effect from addition of 10 uM CaCl, (Figure
3). These data demonstrate that in general Y649C has a higher binding capacity to
synthetic liposomes than WT at 22 °C and that calcium increases that affinity for both
WT and Y649C, with DOPC and DOPE having the largest effect. This has been

previously shown for WT with liposomes of comparable composition.’’ /

The temperature effect for DOPC liposome binding was investigated at 37 °C.
At this temperature, 13 + 2% of WT associated with the liposome, which increased to

36 + 4% when calcium was added. For Y649C, 10 + 2% was bound, which only
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increased to 16 + 3% when calcium was added (Figure 4). These data indicate that
the binding affinity of WT is not significantly affected by the increase of temperature,
which agrees with past literature.”’ However, the binding affinity of Y649C is
significantly reduced at 37 °C and is nearly insensitive to the presence of calcium

10ns.
3.9 HDX-MS of h12-LOX Y649C

Based on an in silico model,’’ the site of mutation (Y649C) is 15-18 A from
the catalytic iron center and nearly 30 A (Co-Ca) from a conserved active site
leucine, 1407, that is critical for catalysis (Figure 1).°° The rather distal location of
Y 649C relative to the active site raises the question as to how this mutation might
influence h12-LOX activity through structural and/or dynamic regulation. As there is
no X-ray structure of the h12-LOX, we pursued hydrogen-deuterium exchange mass
spectrometry (HDX-MS). We had previously used HDX-MS to characterize the
difference in exchange properties of a h12-LOX mutant, L183E/L187E, which forms
an engineered monomeric form of the enzyme.’’ Room temperature HDX-MS helped
to identify distinctive exchange properties between the WT dimer and the mutant
monomer, thereby providing a map of the dimer interface, which was found to be
localized along helix a2 and to serve as the gateway to substrate portal entrance.
HDX-MS has been used to study the impact of disease-linked mutations on protein
flexibility and dynamics for several other protein systems, and therefore offers an

incisive method to examine the structural basis for this SNP of h12-LOX (Y649C).*

44
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In the current study, using the same set of 45 non-overlapping peptides as
previously identified,”” we compared the HDX-MS properties of WT to the current
mutant, Y649C, at two temperatures: 10 and 25 °C (Table S1). As described above,
there was a notable shift in catalytic activity at 42 °C for WT compared to Y649C
(Figure 2A). However, the functional stability for the WT variant at and above 37 °C
(and higher) begins to drop after several minutes (Supporting Information, Figure
S4), precluding reliable analysis? of longer incubation times at temperatures > 37 °C.
Thus, we limited our HDX measurements to 10 and 25 °C. The conditions of the
described HDX-MS experiments, where exchange proceeds via the EX-2

mechanism,’” 4

as indicated by the progressive shift in the isotopic mass spectral
envelope, permit a temperature-dependent analysis of protein thermal fluctuations.
This property is particularly informative for activity-altering protein mutations, as
temperature-dependent HDX-MS can reveal mutation-induced changes on the
temperature dependence of regional transient fluctuations of the protein linked to

enzyme function.?”#

Note that non-conserved mutations, as in the case of Tyr-to-Cys, can influence
the liquid chromatography (LC) retention times and/or intrinsic back-exchange values
for the peptide(s) that contain the site of mutation, which could influence the true
exchange properties of a given peptide. For example, the peptide containing the
mutation, 645-650, exhibited no significant shift in LC retention time, with ~6.8 and
~6.6 min for the WT and mutant, respectively. However, there was a modest change

in the back-exchange value seen for the peptide containing the Cys mutation, with a
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~31% value compared to 20% for WT h12-LOX, despite nearly identical LC
retention times. Peptide specific back-exchange values, collected for both WT and
Y649C, were used to correct for the HDX at each peptide (Supporting

Information, HDX Summary Table).

From the inspection of the time dependent HDX traces, there were 12 non-
overlapping peptides that exhibited distinct hydrogen exchange behavior for Y649C
relative to WT 12LOX. To be considered a significant difference between variants, at
least three time points must deviate by >5% exchange at both temperatures. The most
notable difference in exchange properties was centered at the site of mutation, peptide
645-650, particularly at longer incubation times of > 10 min (Figure SA, B). In fact,
the extent of exchange for this peptide at nearly every time point for Y649C at 10 °C
was elevated relative to the WT values at 25 °C. In addition, the peptide immediately
adjacent to the mutation (i.e., 632-644) shows comparable exchange behavior to 645-
650 (cf. Figure SA-C). To further corroborate the impact of the mutation at the
mutation site, we also present HDX analysis of two additional peptides that overlap
the 645-650 peptide: 632-650 and 635-650 (Supporting Information, Figure S4).
Note that the mutant effect on exchange properties is more prominent for the shorter
of the two peptides, 635-650, in which the HDX time-dependent pattern of the
Y 649C protein at 10 °C nearly matches the exchange property of WT at 25 °C.
Because HDX apparent rates and/or extent are often expected to increase with
temperature, these data support that the Y649C mutant loosens up the local structure

and dynamics of the peptides containing or surrounding the site of mutation.
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Figure 5. HDX-MS maps (A, D) and representative traces (B, C, E, and F) displaying differences in
exchange properties between WT and the Y649C SNP variant of h12-LOX. Y649, the site of mutation,
is shown as spheres in (A) for reference. The active site residue, L407, is represented by green spheres
in (D). In A and D, the numbering of the colored peptides corresponds to the peptides displaying
altered exchange properties and are shown in the other panels. The raw MS data for each of these
peptides is presented in Figure S5-S8. The peptides colored in salmon also exhibited altered exchange

patterns, as shown in Figure S9. Helix a2 is colored as light blue and represents the dimer-dimer
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interface of 12-LOX.In (B-C, E-F), the gray trace represents WT 12-LOX collected at 25°C from our

previous work’? and represents a biological replicate.

Further, this behavior is seen to radiate from the site of mutation to several
spatially adjacent peptides, ultimately influencing the exchange properties of select
peptides on the front face of the enzyme (Figure SA and D, salmon). One such
peptide is 408-428 (Figure SE, blue) which encompasses part of the arched helix 11.
An overlapping peptide, 415-428, shows similar behavior (Supporting Information,
Figure S4), corroborating the long-range mutational effect. Altered dynamics at this
peptide have potential functional importance as helix 11 contains a fully conserved
leucine, L407, in h12-LOX (Figure SD, green spheres), that is responsible for
positioning the reactive carbon of substrate AA close to the Fe(OH) cofactor for
efficient catalysis. The role of L407 in catalysis is underscored by a previous kinetic
study that reported kcat values decreased by 100-fold for the mutation of this leucine
to volume-reducing alanine or glycine.”? A spatially adjacent peptide, 279-298
(Figure SF), also tracks the mutant-induced exchange pattern at 408-428. The former
peptide shares hydrophobic packing and some cross-stranded H-bonding with the

active site peptide.

It is notable that peptide 186-194, which comprises part of helix 02, also
exhibits some slight changes in exchange upon Tyr-to-Cys substitution at 649
(Supporting Information, Figure S9). However, these effects are modest compared

to the dramatic increases in exchange properties previously observed from the
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monomeric mutant (i.e., LIS3E/L187E).”” Our HDX-MS analysis of Y649C further
supports the SEC results that the variant maintains the dimeric form and eliminates
the possibility of a change in oligomeric state as the origins for the altered kinetic

and/or membrane binding behaviors.

$ helix o2

Figure 6. Map of network of h12-LOX derived peptides with altered exchange patterns emerging from
the Y649C SNP (A). Panel (B) is rotated 90 degrees with respect to A along the y-axis. Panel (C)
represents the cartoon model of space-filling mode from (B) and has the site of mutation, iron center,
and L407 represented as spheres and labeled for reference. The peptide coloring is reproduced from
Figure 5. Panel (D) displays the predicted packing environment surrounding Y649, which is
represented as vellow spheres.

3.10 Protein Stability Determined by Differential Scanning Calorimetry
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DSC thermograms of WT h12-LOX produced two distinct Ty values of 55
and 58-59 °C, respectively. We assign these thermal transitions to the melting of the
dimeric and monomeric species, respectively. Note that these values are slightly
elevated relative to the Tr, values determined from CD melting traces (WT =48 + 0.5
°C and Y649C =48 £ 1 °C). DSC has the advantage over CD melting traces as the
technique is not limited by solution conditions that may stabilize protein structures.
Importantly, the WT and Y649C 12-LOX variants produced nearly identical T
values, consistent with the trends in the CD experiment. In addition to the T, DSC
also reports on the thermodynamics of thermal unfolding of proteins and is thus
complementary to the structural changes that are measured from temperature-
dependent CD.’” DSC has been used to provide quantitative estimates of the
structural impact resulting from changes to the sidechain volume on protein
(un)folding enthalpy (AH") relative to the native enzyme.’’~* The Y649C variant
shows a significantly reduced AH" relative to WT (Table 4). The destabilization of
protein inferred from the folding thermodynamics is consistent with the regionally
defined enhanced peptide flexibility as detected by HDX, not only at the site of
mutation, but extending throughout regions of the protein, including peptides lining

the active site (Figure 6).

Table 5. DSC thermodynamics for WT and Y649C h12-LOX unfolding.
Tm,dimer (OC) Tm,monomer (OC) AH? (kJ/I"ﬂOl)
WT 55 58-59 1200

Y649C 55 60-61 350
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3.11 Structural and Dynamical Consequences of Y649C in 12-LOX

For the current study of this 12-LOX SNP, the mutation of Tyr to Cys is a
non-conservative, hydrophobic substitution. The mutation does not lead to increased
protein aggregation as the SEC data support a predominant elution peak
corresponding to a dimeric form (Supporting Information, Figure S3). Further,
protein migration in SDS-PAGE under non-reducing conditions is identical to
migration of WT and Y649C under reducing conditions (Supporting Information,
Figure S10). The environment surrounding of Y649 (Figure 6D) is predicted to be
primarily hydrophobic. The mutation likely disrupts the packing of these hydrophobic
residues through loss of sidechain bulk and/or through infiltration of water molecules,
as previously seen for a Tyr-to-Ser mutation in ketosteroid isomerase.’” In either
case, the Y649C mutation in 12-LOX loosens up the peptide to which Y649 resides,

thereby eliciting enhanced flexibility of adjacent (and remote) peptides.

Relevant to the current work, a previous mutational study examined the
structural and functional consequences of the substitution of a conserved tyrosine,
located in the P+1 loop of a Ser/Thr kinase, for a more hydrophobic residue, alanine
(i.e., Y204A).” This tyrosine is expected to stabilize the substrate through H-
bonding interactions. Loss of this hydrogen bonding capability of the Y204 sidechain,
upon Ala mutation, was accompanied by an impaired catalytic rate and altered
(enhanced) global dynamic properties of the protein as assessed by NMR and HDX-
MS.> % Conversely, there were no notable changes in protein structure through the

comparison of X-ray structures.’” This is a classic example of a dynamic allostery
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mechanism,’® one in which allostery is mediated without large changes in
conformation or oligomerization.’” ® Notable, the P loop is a hot spot for kinase
SNPs linked to disease, in which mutations presumably alter the dynamic landscape

of kinases.®’

Herein, the patterns of enhanced exchange stemming from Y649C are
reminiscent to this dynamic allosteric mechanism.’?%* Similarly, dynamic allostery
has also been inferred for another human LOX isoform for its interaction with a
natural anti-inflammatory® and for the regulation of SLO-1 by allosteric modulator,
oleyl sulfate.?® The comparative HDX-MS traces for WT and Y649C as a function of
time and temperature reveal networks on two faces of the protein surface, one
surrounding the site of mutation and another set of peptides proximal to the active
site. Note that the connectivity between these two sets of peptides is not immediately
apparent (Figure 6A-C). Typically, HDX-MS reveals the end points of allosteric
pathways in proteins since HDX reports on the changes in H-bonding in peptides,
with the most dramatic effects arising from regions that are more solvent accessible
(i.e., ends of the pathway).%” Taken together, the HDX-MS study presented herein for
the 12-LOX SNP resulting in a Tyr-to-Cys mutation at position 649 presents a long-
range network of peptides with enhanced protein flexibility, extending from the site
of mutation to peptides as far as 40-50 A away and includes those lining the active
site (Figure 6). Our results expand upon previously characterized dynamic
‘allosteric-like’” networks of catalysis-altering peptide flexibility originating from

protein mutations that have been detected by mutant-dependent HDX-MS for several
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other systems, such as TIM barrels,”® % kinases,’® % thrombin,?” 7’ and tRNA

synthetases.”!
Conclusions

An SNP of h12-LOX, Y649C, was discovered in a patient suffering from a
bleeding disorder stemming from impaired platelet aggregation.?® It was proposed
that this clinical symptom was due to a lowering of the enzymatic rate of the Y649C
in the platelet but the molecular basis of the lower function was unclear. To
investigate this in vivo observation, Y649C was expressed/purified, and its
biochemical properties were determined. Y649C manifested a similar preference for
AA catalysis over that of DHA and displayed comparable product profiles for both
AA and DHA. The inhibitor response to ML355 was also similar to WT, suggesting
similar active site structure with respect to inhibitor constraints. Synthetic membrane
affinity of Y649C was also comparable to WT displaying a preference (PC and PE
over PS) and a modest calcium effect. Y649C did display a greater membrane affinity
than WT at 22 °C, however, at 37 °C its affinity was slightly lower than WT. The
steady-state kinetic parameters of Y649C were lower than that of WT at 37 °C, with
ke being over 6-fold lower. Interestingly, Y649C displayed greater catalytic stability
to temperature, however, its protein stability as measured by DSC was significantly
lower than that of WT. Finally, H/D exchange measured greater peptide mobility near
the site of mutation that propagated to the active site for the Y649C compared to WT,
providing a structural basis for the dynamic, allosteric-like effects stemming from this

SNP. In summary, many of the biochemical traits of Y649C were similar to WT at 37
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°C, except for lowered kinetic parameters, lowered synthetic membrane affinity, and
enhanced regional peptide flexibility associated with decreased structural stability.
Considering that h12-LOX most likely obtains its fatty acid substrate from the
phospholipid bilayer and the biological temperature is 37 °C, it is possible that the
lower activity of Y649C observed in patient platelets could be due to a combination

of its lower activity, lower membrane affinity and its lower protein folding stability.
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Figure S1: Temperature dependence of enzymatic activity for WT and Y649C.
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Figure S2: Size exclusion chromatogram of WT and Y649C demonstrating dimeric form for both enzymes.

84



100

80 635-650
& 60
é S
T 40 —.._v—/o—’/'/.
20
0 UBLILAALLL BRI AL BN R
0.1 1 10 100
Time (min)
100
80 632-650

0 ~——r v
0.1 1 10 100
Time (min)
100
80 415-428
R 60
3
T 40
20
0 T
0.1 1 10 100
Time (min)

Figure S4. Temperature dependence of select overlapping peptides for wt and Y649C h12-LOX (red:,
orange, green, blue).

85



=l
[}
=
&£
=
=]
= L
2
= L
S L
& L
L,y
20 30 40 50 60 70 80
Temperature (C)
B
o
Q
]
&
a
O
wavelength (nm)

c

40 T I \ T
w20
0
st
g
A 03
Q

-20

180 200 220 240 260

wavelength (nm)
Figure S3. A. Thermal unfolding of h12-LOX WT (black) and Y649C (blue) as a function of
temperature. These unfolding data were obtained by averaging the measured spectral data from
205 to 225 nm (Figure SZ). Fitting the data to sigmoidal functions gives Tm’s of 48 £ 0.5 ° C
and 48 = 1 °C for the WT and Y649C proteins, respectively. B. CD spectra for h12-LOX WT. C.

CD spectra for h12-LOX Y649C.

86



[1] Robless, P., Mikhailidis, D. P., and Stansby, G. (2001) Systematic review of
antiplatelet therapy for the prevention of myocardial infarction, stroke or
vascular death in patients with peripheral vascular disease, The British journal

of surgery 88, 787-800.

[2] Thachil, J. (2016) Antiplatelet therapy - a summary for the general physicians,

Clin Med (Lond) 16, 152-160.

[3] Beer, J. H., Pederiva, S., and Pontiggia, L. (2000) Genetics of platelet receptor
single-nucleotide polymorphisms: clinical implications in thrombosis, Ann

Med 32 Suppl 1, 10-14.

[4] Xiang, Q., Ji, S. D., Zhang, Z., Zhao, X., and Cui, Y. M. (2016) Identification of
ITGA2B and ITGB3 Single-Nucleotide Polymorphisms and Their Influences

on the Platelet Function, Biomed Res Int 2016, 5675084

[5] Stierlin, F. B., Molica, F., Reny, J. L., Kwak, B. R., and Fontana, P. (2017)
Pannexinl Single Nucleotide Polymorphism and Platelet Reactivity in a

Cohort of Cardiovascular Patients, Cell Commun Adhes 23, 11-15.

[6] Hurd, C. M., Cavanagh, G., Schuh, A., Ouwehand, W. H., and Metcalfe, P. (2002)
Genotyping for platelet-specific antigens: techniques for the detection of

single nucleotide polymorphisms, Vox Sang 83, 1-12.

87



[7] Aleem, A. M., Wells, L., Jankun, J., Walther, M., Kuhn, H., Reinartz, J., and
Skrzypczak-Jankun, E. (2009) Human platelet 12-lipoxygenase: naturally
occurring Q261/R261 variants and N544L mutant show altered activity but
unaffected substrate binding and membrane association behavior, Int J Mol

Med 24, 759-764.

[8] Zheng, Z., Li, Y., Jin, G., Huang, T., Zou, M., and Duan, S. (2020) The biological
role of arachidonic acid 12-lipoxygenase (ALOX12) in various human

diseases, Biomed Pharmacother 129, 110354,

[9] Walther, M., Wiesner, R., and Kuhn, H. (2004) Investigations into calcium-
dependent membrane association of 15-lipoxygenase-1. Mechanistic roles of

surface-exposed hydrophobic amino acids and calcium, J Biol Chem 279,

3717-3725.

[10] Brinckmann, R., Schnurr, K., Heydeck, D., Rosenbach, T., Kolde, G., and Kuhn,
H. (1998) Membrane translocation of 15-lipoxygenase in hematopoietic cells
is calcium-dependent and activates the oxygenase activity of the enzyme,

Blood 91, 64-74.

[11] Baba, A., Sakuma, S., Okamoto, H., Inoue, T., and Iwata, H. (1989) Calcium
induces membrane translocation of 12-lipoxygenase in rat platelets, J Biol

Chem 264, 15790-15795.

88



[12] Deschamps, J. D., Ogunsola, A. F., Jameson, J. B., 2nd, Yasgar, A., Flitter, B.
A., Freedman, C. J., Melvin, J. A., Nguyen, J. V., Maloney, D. J., Jadhav, A.,
Simeonov, A., Bomberger, J. M., and Holman, T. R. (2016) Biochemical and
Cellular Characterization and Inhibitor Discovery of Pseudomonas aeruginosa

15-Lipoxygenase, Biochemistry 55, 3329-3340

[13] Nardi, M., Feinmark, S. J., Hu, L., Li, Z., and Karpatkin, S. (2004) Complement-
independent Ab-induced peroxide lysis of platelets requires 12-lipoxygenase

and a platelet NADPH oxidase pathway, J Clin Invest 113, 973-980.

[14] Guo, Y., Zhang, W., Giroux, C., Cai, Y., Ekambaram, P., Dilly, A. K., Hsu, A.,
Zhou, S., Maddipati, K. R., Liu, J., Joshi, S., Tucker, S. C., Lee, M. J., and
Honn, K. V. (2011) Identification of the orphan G protein-coupled receptor
GPR31 as a receptor for 12-(S)-hydroxyeicosatetraenoic acid, J Biol Chem

286, 33832-33840.

[15] Tourdot, B. E., and Holinstat, M. (2017) Targeting 12-Lipoxygenase as a

Potential Novel Antiplatelet Therapy, Trends Pharmacol Sci 38, 1006-1015.

[16] Thomas, C. P., Morgan, L. T., Maskrey, B. H., Murphy, R. C., Kiihn, H., Hazen,

S. L., Goodall, A. H., Hamali, H. A., Collins, P. W., and O'Donnell, V. B.

(2010) Phospholipid-esterified eicosanoids are generated in agonist-activated

89



human platelets and enhance tissue factor-dependent thrombin generation, J

Biol Chem 285, 6891-6903.

[17] O'Donnell, V. B., Murphy, R. C., and Watson, S. P. (2014) Platelet lipidomics:
modern day perspective on lipid discovery and characterization in platelets,

Circ Res 114, 1185-1203.

[18] Yeung, J., Tourdot, B. E., Fernandez-Perez, P., Vesci, J., Ren, J., Smyrniotis, C.
J., Luci, D. K., Jadhav, A., Simeonov, A., Maloney, D. J., Holman, T. R.,
McKenzie, S. E., and Holinstat, M. (2014) Platelet 12-LOX is essential for

FcyRIla-mediated platelet activation, Blood 124, 2271-2279.

[19] Tsai, W. C., Aleem, A. M., Whittington, C., Cortopassi, W. A., Kalyanaraman,
C., Baroz, A., lavarone, A. T., Skrzypczak-Jankun, E., Jacobson, M. P.,
Offenbacher, A. R., and Holman, T. (2021) Mutagenesis, Hydrogen-
Deuterium Exchange, and Molecular Docking Investigations Establish the
Dimeric Interface of Human Platelet-Type 12-Lipoxygenase, Biochemistry 60,

802-812.

[20] Witola, W. H., Liu, S. R., Montpetit, A., Welti, R., Hypolite, M., Roth, M.,

Zhou, Y., Mui, E., Cesbron-Delauw, M. F., Fournie, G. J., Cavailles, P.,

Bisanz, C., Boyer, K., Withers, S., Noble, A. G., Swisher, C. N., Heydemann,

90



P. T., Rabiah, P., Muench, S. P., and McLeod, R. (2014) ALOX12 in human

toxoplasmosis, Infect Immun 82,2670-2679.

[21] Prasad, V. V., Kolli, P., and Moganti, D. (2011) Association of a functional
polymorphism (GIn261Arg) in 12-lipoxygenase with breast cancer, Exp Ther

Med 2,317-323.

[22] Kim, T., Kim, H. J., Park, J. K., Kim, J. W., and Chung, J. H. (2010) Association
between polymorphisms of arachidonate 12-lipoxygenase (ALOX12) and

schizophrenia in a Korean population, Behav Brain Funct 6, 44.

[23] Harslof, T., Husted, L. B., Nyegaard, M., Carstens, M., Stenkjaer, L., Brixen, K.,
Eiken, P., Jensen, J. E., Borglum, A. D., Mosekilde, L., Rejnmark, L., and
Langdahl, B. L. (2011) Polymorphisms in the ALOX12 gene and

osteoporosis, Osteoporos Int 22, 2249-2259.

[24] Liu, P., Lu, Y., Recker, R. R., Deng, H. W., and Dvornyk, V. (2010) ALOX12
gene is associated with the onset of natural menopause in white women,

Menopause 17, 152-156.

[25] Horn, T., Reddy Kakularam, K., Anton, M., Richter, C., Reddanna, P., and
Kuhn, H. (2013) Functional characterization of genetic enzyme variations in

human lipoxygenases, Redox Biol 1, 566-577.

91



[26] Mitsui, T., Makino, S., Tamiya, G., Sato, H., Kawakami, Y., Takahashi, Y.,
Meguro, T., [zumino, H., Sudo, Y., Norota, I., Ishii, K., and Hayasaka, K.
(2021) ALOX12 mutation in a family with dominantly inherited bleeding

diathesis, Journal of human genetics 66, 753-759.

[27] Amagata, T. W., S.; Johnson, T.A.; Stessman, C.C.; Loo, C.P.; Lobkovsky, E.;
Clardy, J.; Crews, P.; Holman, T.R. (2003) Exploring Sponge-Derived
Terpenoids for Their Potency and Selectivity Against 12-Human, 15-Human,

and 15-Soybean Lipoxygenases, J. Nat. Prod 66, 230-235.

[28] Voss, O. H., Lee, H. N., Tian, L., Krzewski, K., and Coligan, J. E. (2018)
Liposome Preparation for the Analysis of Lipid-Receptor Interaction and

Efferocytosis, Current protocols in immunology 120, 14 44 11-14 44 21.

[29] Tsai, W. C., Gilbert, N. C., Ohler, A., Armstrong, M., Perry, S., Kalyanaraman,
C., Yasgar, A., Rai, G., Simeonov, A., Jadhav, A., Standley, M., Lee, H. W.,
Crews, P., Iavarone, A. T., Jacobson, M. P., Neau, D. B., Offenbacher, A. R.,
Newcomer, M., and Holman, T. R. (2021) Kinetic and structural
investigations of novel inhibitors of human epithelial 15-lipoxygenase-2,

Bioorg Med Chem 46, 116349.

[30] Pascal, B. D., Willis, S., Lauer, J. L., Landgraf, R. R., West, G. M., Marciano,

D., Novick, S., Goswami, D., Chalmers, M. J., and Griffin, P. R. (2012) HDX

92



Workbench: software for the analysis of H/D exchange MS data, J. Am. Soc.

Mass Spectrom. 23, 1512-1521.

[31] Hoofnagle, A. N., Resing, K. A., and Ahn, N. G. (2003) Protein analysis by
hydrogen exchange mass spectrometry, Annu Rev Biophys Biomol Struct 32,

1-25.

[32] Ikei, K. N., Yeung, J., Apopa, P. L., Ceja, J., Vesci, J., Holman, T. R., and
Holinstat, M. (2012) Investigations of human platelet-type 12-lipoxygenase:
role of lipoxygenase products in platelet activation, J Lipid Res 53, 2546-

2559.

[33] Tsai, W. C., Kalyanaraman, C., Yamaguchi, A., Holinstat, M., Jacobson, M. P.,
and Holman, T. R. (2021) In Vitro Biosynthetic Pathway Investigations of
Neuroprotectin D1 (NPD1) and Protectin DX (PDX) by Human 12-
Lipoxygenase, 15-Lipoxygenase-1, and 15-Lipoxygenase-2, Biochemistry 60,

1741-1754.

[34] Perry, S. C., Kalyanaraman, C., Tourdot, B. E., Conrad, W. S., Akinkugbe, O.,
Freedman, J. C., Holinstat, M., Jacobson, M. P., and Holman, T. R. (2020) 15-
Lipoxygenase-1 biosynthesis of 7S,14S-diHDHA implicates 15-lipoxygenase-

2 in biosynthesis of resolvin D5, J Lipid Res 61, 1087-1103.

93



[35] Freedman, C., Tran, A., Tourdot, B. E., Kalyanaraman, C., Perry, S., Holinstat,
M., Jacobson, M. P., and Holman, T. R. (2020) Biosynthesis of the Maresin
Intermediate, 13S,14S-Epoxy-DHA, by Human 15-Lipoxygenase and 12-
Lipoxygenase and Its Regulation through Negative Allosteric Modulators,

Biochemistry 59, 1832-1844.

[36] Aleem, A. M., Tsai, W. C., Tena, J., Alvarez, G., Deschamps, J., Kalyanaraman,
C., Jacobson, M. P., and Holman, T. (2019) Probing the Electrostatic and
Steric Requirements for Substrate Binding in Human Platelet-Type 12-

Lipoxygenase, Biochemistry 58, 848-857.

[37] Green, A. R., Freedman, C., Tena, J., Tourdot, B. E., Liu, B., Holinstat, M., and
Holman, T. R. (2018) 5 S,15 S-Dihydroperoxyeicosatetraenoic Acid (5,15-
diHpETE) as a Lipoxin Intermediate: Reactivity and Kinetics with Human
Leukocyte 5-Lipoxygenase, Platelet 12-Lipoxygenase, and Reticulocyte 15-

Lipoxygenase-1, Biochemistry 57, 6726-6734.

[38] Yeung, J., Hawley, M., and Holinstat, M. (2017) The expansive role of oxylipins

on platelet biology, J Mol Med 95, 575-588.

[39] Luci, D. K., Jameson, J. B., Yasgar, A., Diaz, G., Joshi, N., Kantz, A., Markham,
K., Perry, S., Kuhn, N., Yeung, J., Kerns, E. H., Schultz, L., Holinstat, M.,

Nadler, J. L., Taylor-Fishwick, D. A., Jadhav, A., Simeonov, A., Holman, T.

94



R., and Maloney, D. J. (2014) Synthesis and Structure-Activity Relationship
Studies of 4-((2-Hydroxy-3-methoxybenzyl)amino)benzenesulfonamide

Derivatives as Potent and Selective Inhibitors of 12-Lipoxygenase, J Med

Chem 57, 495-506.

[40] Adili, R., Tourdot, B. E., Mast, K., Yeung, J., Freedman, J. C., Green, A., Luci,
D. K., Jadhav, A., Simeonov, A., Maloney, D. J., Holman, T. R., and
Holinstat, M. (2017) First Selective 12-LOX Inhibitor, ML355, Impairs
Thrombus Formation and Vessel Occlusion In Vivo With Minimal Effects on

Hemostasis, Arteriosclerosis, thrombosis, and vascular biology 37, 1828-

1839.

[41] He, W., Zhang, H. M., Chong, Y. E., Guo, M., Marshall, A. G., and Yang, X. L.
(2011) Dispersed disease-causing neomorphic mutations on a single protein

promote the same localized conformational opening, Proc Natl Acad Sci U S

A4 108, 12307-12312.

[42] llles-Toth, E., Meisl, G., Rempel, D. L., Knowles, T. P. J., and Gross, M. L.
(2021) Pulsed Hydrogen-Deuterium Exchange Reveals Altered Structures and

Mechanisms in the Aggregation of Familial Alzheimer's Disease Mutants,

ACS Chem Neurosci 12, 1972-1982.

95



[43] Das, M., Wilson, C. J., Mei, X., Wales, T. E., Engen, J. R., and Gursky, O.
(2016) Structural Stability and Local Dynamics in Disease-Causing Mutants
of Human Apolipoprotein A-I: What Makes the Protein Amyloidogenic?, J

Mol Biol 428, 449-462.

[44] Ambrus, A., Wang, J., Mizsei, R., Zambo, Z., Torocsik, B., Jordan, F., and
Adam-Vizi, V. (2016) Structural alterations induced by ten disease-causing
mutations of human dihydrolipoamide dehydrogenase analyzed by

hydrogen/deuterium-exchange mass spectrometry: Implications for the

structural basis of E3 deficiency, Biochim Biophys Acta 1862, 2098-2109.

[45] Tajoddin, N. N., and Konermann, L. (2020) Analysis of Temperature-Dependent
H/D Exchange Mass Spectrometry Experiments, Anal Chem 92, 10058-

10067.

[46] Englander, S. W. (2006) Hydrogen exchange and mass spectrometry: A

historical perspective, J Am Soc Mass Spectrom 17, 1481-1489.

[47] Oftenbacher, A. R., Hu, S., Poss, E. M., Carr, C. A. M., Scouras, A. D.,
Prigozhin, D. M., lavarone, A. T., Palla, A., Alber, T., Fraser, J. S., and
Klinman, J. P. (2017) Hydrogen-deuterium exchange of lipoxygenase

uncovers a relationship between distal, solvent exposed protein motions and

96



the thermal activation barrier for catalytic proton-coupled electron tunneling,

ACS Cent. Sci. 3, 570-579.

[48] Gao, S., Thompson, E. J., Barrow, S. L., Zhang, W., lavarone, A. T., and
Klinman, J. P. (2020) Hydrogen-Deuterium Exchange within Adenosine
Deaminase, a TIM Barrel Hydrolase, Identifies Networks for Thermal

Activation of Catalysis, J Am Chem Soc 142, 19936-19949.

[49] Zhang, J., Balsbaugh, J. L., Gao, S., Ahn, N. G., and Klinman, J. P. (2020)
Hydrogen deuterium exchange defines catalytically linked regions of protein
flexibility in the catechol O-methyltransferase reaction, Proc Natl Acad Sci U

SA4117,10797-10805.

[50] Seelig, J., and Schonfeld, H. J. (2016) Thermal protein unfolding by differential
scanning calorimetry and circular dichroism spectroscopy

Two-state model versus sequential unfolding, O Rev Biophys 49, €9.

[51] Eriksson, A. E., Baase, W. A., and Matthews, B. W. (1993) Similar hydrophobic
replacements of Leu99 and Phel53 within the core of T4 lysozyme have
different

structural and thermodynamic consequences, J Mol Biol 229, 747-769.

[52] Eriksson, A. E., Baase, W. A., Zhang, X. J., Heinz, D. W., Blaber, M., Baldwin,

E. P., and Matthews, B. W. (1992) Response of a protein structure to cavity-

97



creating mutations and its relation to the hydrophobic effect, Science 255,

178-183.

[53] Takano, K., Ogasahara, K., Kaneda, H., Yamagata, Y., Fujii, S., Kanaya, E.,
Kikuchi, M., Oobatake, M., and Yutani, K. (1995) Contribution of
hydrophobic residues to the stability of human lysozyme: calorimetric studies

and X-ray structural analysis of the five isoleucine to valine mutants, J Mo/

Biol 254, 62-76.

[54] Kraut, D. A., Sigala, P. A., Fenn, T. D., and Herschlag, D. (2010) Dissecting the
paradoxical effects of hydrogen bond mutations in the ketosteroid isomerase

oxyanion hole, Proc Natl Acad Sci U S A 107, 1960-1965.

[55] Masterson, L. R., Mascioni, A., Traaseth, N. J., Taylor, S. S., and Veglia, G.

(2008) Allosteric cooperativity in protein kinase A, Proc Natl Acad Sci U S A

105, 506-511.

[56] Yang, J., Garrod, S. M., Deal, M. S., Anand, G. S., Woods, V. L., Jr., and

Taylor, S. (2005) Allosteric network of cAMP-dependent protein kinase

revealed by mutation of Tyr204 in the P+1 loop, J Mol Biol 346, 191-201.

98



[57] Yang, J., Ten Eyck, L. F., Xuong, N. H., and Taylor, S. S. (2004) Crystal
structure of a cAMP-dependent protein kinase mutant at 1.26A: new insights

into the catalytic mechanism, J Mol Biol 336, 473-487.

[58] Kornev, A. P., and Taylor, S. S. (2015) Dynamics-Driven Allostery in Protein

Kinases, Trends Biochem Sci 40, 628-647.

[59] Cooper, A., and Dryden, D. T. (1984) Allostery without conformational change.

A plausible model, Eur Biophys J 11, 103-109.

[60] Frederick, K. K., Marlow, M. S., Valentine, K. G., and Wand, A. J. (2007)
Conformational entropy in molecular recognition by proteins, Nature 448,

325-329.

[61] Torkamani, A., Kannan, N., Taylor, S. S., and Schork, N. J. (2008) Congenital

disease SNPs target lineage specific structural elements in protein kinases,

Proc Natl Acad Sci U S A 105, 9011-9016.

[62] Offenbacher, A. R., and Holman, T. R. (2020) Fatty Acid Allosteric Regulation

of C-H Activation in Plant and Animal Lipoxygenases, Molecules 25.

99



[63] Offenbacher, A. R., lavarone, A. T., and Klinman, J. P. (2018) Hydrogen-
deuterium exchange reveals long-range dynamical allostery in soybean

lipoxygenase, J Biol Chem 293, 1138-1148.

[64] Roberts, D. E., Benton, A. M., Fabian-Bayola, C., Spuches, A. M., and
Offenbacher, A. R. (2022) Thermodynamic and biophysical study of fatty acid
effector binding to soybean lipoxygenase: implications for allostery driven by

helix alpha2 dynamics, Febs Lett 596, 350-359.

[65] Gilbert, N. C., Gerstmeier, J., Schexnaydre, E. E., Borner, F., Garscha, U., Neau,
D. B., Werz, O., and Newcomer, M. E. (2020) Structural and mechanistic
insights into 5-lipoxygenase inhibition by natural products, Nat. Chem. Biol.

16, 783-790.

[66] Mogul, R., Johansen, E., and Holman, T. R. (2000) Oleyl sulfate reveals
allosteric inhibition of Soybean Lipoxygenase-1 and Human 15-

Lipoxygenase, Biochemistry 39, 4801-4807.

[67] Peacock, R. B., and Komives, E. A. (2021) Hydrogen/Deuterium Exchange and
Nuclear Magnetic Resonance Spectroscopy Reveal Dynamic Allostery on
Multiple Time Scales in the Serine Protease Thrombin, Biochemistry 60,

3441-3448.

100



[68] Thompson, E. J., Paul, A., lavarone, A. T., and Klinman, J. P. (2021)
Identification of Thermal Conduits That Link the Protein-Water Interface to
the Active Site Loop and Catalytic Base in Enolase, J Am Chem Soc 143, 785-

797.

[69] Shi, Z., Resing, K. A., and Ahn, N. G. (2006) Networks for the allosteric control

of protein kinases, Curr Opin Struct Biol 16, 686-692.

[70] Koeppe, J. R., Beach, M. A., Baerga-Ortiz, A., Kerns, S. J., and Komives, E. A.
(2008) Mutations in the fourth EGF-like domain affect thrombomodulin-
induced changes in the active site of thrombin, Biochemistry 47, 10933-

10939.

[71] Xu, X., Shi, Y., Zhang, H. M., Swindell, E. C., Marshall, A. G., Guo, M., Kishi,

S., and Yang, X. L. (2012) Unique domain appended to vertebrate tRNA

synthetase is essential for vascular development, Nat Commun 3, 681.

101



Chapter 3:

Inhibitory Investigations of Acyl-CoA Derivatives against
Human Lipoxygenase Isozymes

[This chapter has been adapted from publication, Inhibitory Investigations of Acyl-CoA
Derivatives against Human Lipoxygenase Isozymes. (Tran et al. 2023, International
Journal of Molecular Sciences)

Michelle Tran,! Kevin Yang!, Alisa Glukhova,? Michael Holinstat,> Theodore
Holman'*

'Department of Chemistry and Biochemistry, University of California Santa Cruz,
Santa Cruz, CA 95064, United States

2 Department of Biochemistry and Pharmacology, University of Melbourne,
Melbourne, Victoria, Australia

3 Department of Pharmacology, University of Michigan Medical School, Ann Arbor,
MI, 48109

Funding: NIH-GM131835

*Corresponding Author:

TRH: Tel.: +1-831-459-5884, holman@ucsc.edu

102


mailto:holman@ucsc.edu

Abbreviations:

LOX, lipoxygenase; h12-LOX, human platelet 12S-LOX; h15-LOX-1, human
reticulocyte 15S-LOX-1; WT h5-LOX, human 5S-LOX; h15-LOX-2, human
epithelial 15S-LOX-2; r15-LOX-1 or r12/15-LOX or rALOX15, rabbit 15S-LOX-1;
c11-LOX, coral 11R-LOX; SLO-1, soybean lipoxygense-1; AA, arachidonic acid,
DHA, docosahexaenoic acid; 12(S)-HpETE, 12(S)-hydroperoxyeicosatetraenoic acid;
12(S)-HETE, 12(S)-hydroxyeicosatetraenoic acid; COX, cyclooxygenase; ML355,
h12-LOX specific inhibitor; NSAIDs, nonsteroidal anti-inflammatory drugs; coxib,
COX-2 selective inhibitor; ICP-MS, inductively coupled plasma mass spectroscopy;
SEC, size exclusion chromatography; BSA, bovine serum albumin; DCM,
dichloromethane; DMF, Dimethylformamide; SDS-PAGE, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis; EDTA, Ethylenediaminetetraacetic acid; HEPES,
N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid; PMSF, phenylmethylsulfonyl
fluoride; Palmitoyl-CoA(16:0), Palmitoyl-Coenzyme A (16:0); Palmitoleoyl-
CoA(16:1), Palmitoleoyl- Coenzyme A (16:1); Stearoyl-CoA(18:0), Stearoyl-
Coenzyme A (18:0); Oleoyl-CoA(18:1), Oleoyl-Coenzyme A (18:1); Linoleoyl-
CoA(18:2), Linolenoyl-Coenzyme A (18:2); y-Linolenoyl-CoA(18:3), y-Linolenoyl-
Coenzyme A (18:3); Arachidonoyl-CoA(20:4), Arachidonoyl-Coenzyme A (20:4);
Docosahexaenoyl-CoA (22:6). Docosahexaenoyl-Coenzyme A(22:6); Methyl-
13Z,16Z-docosadienoic, Methyl-13Z,16Z-docosadienoic (22:2); Methyl-
13(2),16(Z),19(Z)-Docosatrienoate, Methyl-13(Z),16(Z2),19(Z)-Docosatrienoate
(22:3); Methyl-9(Z2),13(2),16(Z),19(Z)-docosatetraenoate, Methyl-

9(2),13(Z),16(Z),19(Z)-docosatetraenoate (22:4)
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Abstract:

Lipid metabolism is a complex process crucial for energy production,
resulting in high levels of acyl-coenzyme A (acyl-CoA) molecules in the cell. Acyl-
CoAs have also been implicated in inflammation which was possibly linked to
lipoxygenase (LOX) biochemistry by the observation that an acyl-CoA was bound to
human platelet 12-lipoxygenase via cryo-EM.’ Given that LOX isozymes play a
pivotal role in inflammation, a more thorough investigation into the inhibitory effects
of acyl-CoAs on lipoxygenase isozymes was warranted. Subsequently, it was
determined that C18 acyl-CoA derivatives were the most potent against h12-LOX,
human reticulocyte 15-LOX-1 (h15-LOX-1) and human endothelial 15-LOX-2 (h15-
LOX-2), while C16 acyl-CoAs were more potent against human 5-LOX. Specifically,
oleoyl-CoA (18:1) was most potent against h12-LOX (ICso= 32 mM) and h15-LOX-
2 (ICs0 = 0.62 mM), stearoyl-CoA against h15-LOX-1 (ICso= 32 mM), and
palmitoleoyl-CoA against h5-LOX (ICso = 2 mM). The inhibition of h15-LOX-2 by
oleoyl-CoA was further determined to be an allosteric inhibitor with a K; of 82 +/- 70
nM, anaof3.2+/-1,ab of 0.30 +/- 0.07, and a B/a = 0.09. Interestingly, linoleoyl-
CoA (18:2) was a weak inhibitor against h5-LOX, h12-LOX and h15-LOX-1, but a
rapid substrate for h15-LOX-1, with comparable kinetic rates to free linoleic acid (kcar
=78+4/- 15", kea/Kn=2.5+/- 0.2 uM's™"). Additionally, it was determined that
methylated fatty acids were not substrates but rather weak inhibitors. These findings
implicate a greater role of acyl-CoAs in the regulation of LOX activity in the cell,
either through inhibition of novel oxylipin species or a novel source of oxylipin-

CoAs.
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Introduction:

Fat and lipid metabolism is a complex process that involves the synthesis,
breakdown, and transport of lipids throughout the body.? Lipids not only play a vital
role in providing energy for the body but also help in the formation of cell
membranes,’ hormone synthesis,” *and storage of fat-soluble vitamins.’
Dysregulation of lipid metabolism has been associated with a range of diseases,
including obesity,” ¢ type 2 diabetes,” !’ and cardiovascular disease.’’ /? One
important aspect of lipid metabolism is the synthesis and breakdown of fatty acids,
the building blocks of triglycerides, phospholipids, and cholesterol esters.’* # Fatty
acid metabolism involves a series of enzymatic reactions that convert fatty acids into
acetyl-CoA, which can then enter the citric acid cycle for energy production.’””’” In
addition to their role in energy production, fatty acid-CoA esters have been shown to

act as signaling molecules,’®

regulating the activity of enzymes involved in lipid
metabolism and other cellular processes.’” 2/ Some studies have suggested that acyl-
CoA synthase can even modulate the activity of cyclooxygenase (COX) and
lipoxygenase (LOX) isozymes, which are involved in the production of pro-
inflammatory lipid mediators.?’ For example, it has been observed that COX can be
inhibited by palmitoyl-CoA, which can have concentrations as high as 10uM in
platelets.”? Since COX reacts with fatty acids, such as arachidonic acid (AA), to
produce specialized pro-resolving lipid mediators (SPMs),’# ?° this mechanism of
inhibition could have significant biological effects. Lipoxygenase is also involved in

the production of SPMs and uses the same substrate profile to produce potent pro-

and anti-inflammatory mediators involved in allergic reactions and other immune
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responses;’® %7 therefore, inhibition of LOX isozyme by acyl-CoAs could have

significant biological effects.

Lipoxygenases are a class of non-heme iron-containing dioxygenases that
catalyze the oxygenation of polyunsaturated fatty acids, resulting in the formation of
lipid mediators such as leukotrienes and lipoxins.”**’ The high-resolution cryo-EM
structures of human 12S-Lipoxygenase (h12-LOX) was determined for the first time
in a recent study, providing valuable insights into its oligomeric states, but equally
interesting was the discovery that an acyl-CoA was bound to its active site.” The
resolution of the h12-LOX structure was not high enough to identify the acyl-CoA;
however, by screening a family of acyl-CoAs, oleoyl-CoA was the most likely
candidate due to its potency (ICso=32 uM). The current work expands on this result,
screening a larger family of acyl-CoAs against h5-LOX, h12-LOX, h15-LOX-1, and
h15-LOX-2. This work provides new insights into the inhibitory mechanism of acyl-
CoAs against LOX isozymes, potentially indicating an endogenous role for acyl-
CoAs as LOX inhibitors, which could lead to the development of novel therapeutics

targeting these enzymes.
Methods

2.1 Chemicals

106



Fatty acids used in this study were purchased from Nu Chek Prep, Inc. (MN,
USA). All other solvents and chemicals were reagent grade or better and were used as

purchased without further purification.

Scheme 1: Synthesis of DHA-CoA
0\F“QOH
w 4>“2N/Yk B OH_ OH

\&‘\ /\)k

NN\ HO,

1 </ \'5/ b c21H31

C.I)%

2.Cy3HygN;0y;P3S

2.2 Synthesis of DHA-CoA

Reactions were done in an oxygen-deficient environment. DHA was added to
an equimolar amount of butylated hydroxytoluene. Oxalyl chloride along with 1 drop
of dry dimethylformamide (DMF) was then added, stirred for 1 hour at 37 °C and
dried under vacuum. CoA was then added to a solution of tetrahydrofuran and 150
mM sodium bicarbonate in ratio of 2.2/1.0. This solution was combined with the
DHA solution for 30 minutes at 37 °C. The solution was dried to remove the
tetrahydrofuran. Dichloromethane, with 1.3% perchloric acid, was used to extract the
desired product away from the unreacted DHA acid. The water layer was retained and
mixed with an equal volume of acetonitrile and lyophilized. The solid was washed
with dry acetone and ether (Scheme 1). The synthesis is based on published

protocols.’’ 32

2.3 Expression and Purification of hS-LOX, h12-LOX, h15-LOX-1, and h15-

LOX-2.
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Overexpression and purification of his-tagged wild-type h12-LOX (Uniprot
entry P18054),% h15-LOX-1 (Uniprot entry P16050)** and h15-LOX-2 (Uniprot
entry 015296)*/ was performed using nickel-affinity chromatography. The purity of
h12-LOX, h15-LOX-1 and h15-LOX-2 were assessed by SDS gel to be greater than
85%, and metal content was assessed on a Finnigan inductively-coupled plasma-mass
spectrometer (ICP-MS), via comparison with iron standard solution. Cobalt-EDTA
was used as an internal standard. WT h5-LOX (UniProt entry P09917) was expressed
in Rosetta 2 cells (Novagen) transformed with the pET14b-Stable-5-LOX plasmid (a
gift from Marcia Newcomer of Louisiana State University) and grown in Terrific
Broth containing 34 pg/ml chloramphenicol and 100 pg/ml ampicillin at 37°C for 3.5
h and then placed at 20°C for an additional 26 h. Cells were pelleted and resuspended
in 50 mM Tris (pH 8.0), 500 mM NaCl, 20 mM imidazole with 1 uM pepstatin, 100
uM PMSF, and DNasel (Sigma). The cells were lysed in a French pressure cell and
centrifuged at 40,000 g for 20 minutes at 4°C. Saturated ammonium sulfate was
added to have a final solution of 10% and inverted several times. The lysate was
centrifuged at 40,000¢g for 10 minutes at 4°C. The pellet was discarded, and the
supernatant was increased to a final concentration of 50% ammonium sulfate. The
supernatant was rotated for 10 minutes at 4°C then centrifuged at 40,000g for 10
minutes at 4°C. The pellet was split into 150 mg aliquots. The WT h5-LOX used in
the kinetics of this work was not purified due to a dramatic loss in activity and was

therefore prepared as an ammonium-sulfate precipitate.

2.4 1Cs0 Determination
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ICso values for each acyl-CoA was measured against h5-LOX, h12-LOX, h15-
LOX-1, and h15-LOX-2. The reactions were carried out in 25 mM HEPES buffer (pH
8.00), 0.01% Triton X-100, 10 uM AA for h12-LOX, 25 mM HEPES bufter (pH 7.5),
0.01% Triton X-100, 10 uM AA for h15-LOX-1 and h15-LOX-2, and 50 mM HEPES
buffer (pH 7.5), 100 uM EDTA, 50mM NaCl, 200uM ATP, 10 uM AA for h5-LOX.
ICso reactions were reacted with h15-LOX-1 (0.125 uM), h12-LOX (0.300 uM), h15-
LOX-2 (0.5 uM), and h5-LOX (~600 nM ammonium sulfate salt) at 22°C ina 1
cm? quartz cuvette containing 2 mL of the according buffer and 10 uM AA for no
longer than 2 minutes to avoid any cleavage of the acyl coenzyme As. Inhibitor
concentrations ranging from 50 uM to 0.01 uM were used. All reactions were
conducted using a Cary-UV Vis spectrophotometer, The fastest rates over 15-second
intervals were recorded. ICso values were obtained by determining the percent of
inhibition of the enzymatic rate at ten inhibitor concentrations and plotting rate
against their inhibitor concentration, followed by a hyperbolic saturation curve fit.
The data used for the saturation curve fits were performed in duplicate or triplicate,
depending on the quality of the data. It should be noted that stability measurements of
the acyl-CoAs indicated that there was no appreciable hydrolysis in the short
timeframe of the kinetic measurements; approximately one minute. Through HPLC
monitoring, we were able to determine a lack of degradation of the fatty acyl-coAs

over the first hour.

2.5 Enzymatic Products Determination
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h15-LOX-2 (0.200 uM), h15-LOX-1 (0.125uM), h5-LOX (0.300 pM) and
h12-LOX (0.300 uM) were reacted with 30uM of acyl-CoAs in 2 mL of 25mM
HEPES (pH 7.5 for h15-LOX-1 and h15-LOX-2 , pH 8.0 for h12-LOX) at room
temperature and ambient oxygen. The same buffer to determine 1Cso values of h5-

LOX was used for product determination. Turnover was monitored by absorbance at

234 nm.
2.6 Kinetic investigation of oleoyl-CoA (18:1) inhibition of h15-LOX-2

The reactions were carried out in 25 mM HEPES buffer (pH 7.5), 0.01%
Triton X-100. Varying amount of substrates from AA ranging from 50 uM to 0.01
uM and the 0, 150, 300, 450, and 600 nM of 18:2 acyl-coA were used. Reactions
were performed at 22°C in a 1 cm? quartz cuvette containing 2 mL of the according
buffer and for no longer than 2 minutes to avoid any cleavage of the acyl coenzyme
As. Using a Cary-UV Vis spectrophotometer, the fastest rates over 15-second
intervals were recorded. Kinetic values were obtained by plotting rate against their
substrate concentration, followed by a hyperbolic saturation curve fit. The data used
for the saturation curve fits were performed in triplicate and on separate days to
ensure there was no bias. The equations used to find kinetic values were from

previous literature.?’
3. Results and Discussion

3.1 ICso determination of unsaturated fatty acyl CoAs
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For h12-LOX, the ICso values of palmitoyl-CoA(16:0), palmitoleoyl-
CoA(16:1), stearoyl-CoA(18:0), linoleoyl-CoA(18:2), y-linolenoyl-CoA(18:3) and
docosahexaenoyl-CoA (22:6) indicated weak inhibition, with values greater than 200
uM (Table 1). Oleoyl-CoA (18:1) and arachidonoyl-CoA (20:4) had slightly greater
inhibition potency, with ICso values of 110 =20 uM and 32 + 4 uM, respectively

(Table 1). This data was published previously.’

For h15-LOX-1, the ICso values of palmitoyl-CoA(16:0), palmitoleoyl-
CoA(16:1), linoleoyl-CoA(18:2), y-linolenoyl-CoA(18:3), arachidonoyl-CoA(20:4),
and docosahexaenoyl CoA(22:6) indicated weak inhibition, with all values being
greater than 50 uM (Table 1). However, oleoyl-CoA (18:1) and stearoyl-CoA (18:0)
had relatively stronger inhibition with values of 39 £ 1.9 uM and 4.2 £ 0.6 uM,
respectively. The data indicate C18 acyl-CoAs have the greatest potency, however,
since y-linolenoyl-CoA(18:3) is not inhibitory, the degree of saturation also affects

potency.

For h15-LOX-2, the ICs¢ values of palmitoyl-CoA (16:0), palmitoleoyl-
CoA(16:1), linoleoyl-CoA (18:2), y-linolenoyl-CoA (18:3), arachidonoyl-CoA(20:4),
and docosahexaenoyl CoA(22:6), indicated weak inhibition, with values greater than
100 mM (Table 1). Stearoyl-CoA (18:0) had relatively strong inhibition with a value
of 7.6 £ 1 uM; however, oleoyl-CoA(18:1) had exceptionally strong inhibition with
an ICso of 620 = 60 nM. Similar to that seen for h15-LOX-1, the C18 acyl-CoAs had
the greatest potency; however, with the presence of three double bonds, as with y-

linolenoyl-CoA (18:3), all inhibitor potency was lost.

111



For h5-LOX, the ICso values of y-linolenoyl-CoA (18:3) and docosahexaenoyl
CoA (22:6) indicated weak inhibition, with values greater than 200 uM. Stearoyl-
CoA (18:0), oleoyl-CoA (18:1), and linoleoyl-CoA (18:2) had slightly stronger
inhibition with ICs values greater than 50 uM (Table 1). However, palmitoyl-CoA
(16:0) and palmitoleoyl-CoA (16:1) had low micromolar inhibition with values of 3.3
+ 0.3 uM and 2.0 = 0.4 uM. The fact that the C16 acyl-CoAs are potent against h5-
LOX contrasts with the other LOX isozymes, possibly due to the active site
requirement for the reverse binding of the substrate of h5-LOX relative to the other

isozymes.

112



Table 1: ICsovalues with lipoxygenase isozymes.”

Acyl-Coenzyme A h12-LOX* | h15-LOX-1 | h15-LOX-2 | h5-LOX
(nM) (nM) (nM) (nM)

Palmitoyl-CoA(16:0) >200 > 500 >200 3.3+ 0.3
Palmitoleoyl-CoA(16:1) > 500 > 500 >200 2.0+ 04
Stearoyl-CoA(18:0) >200 4.2+ 0.6 7.6 +1 >50
Oleoyl-CoA(18:1) 32+4 39+2 0.62 £ 0.060 | > 50
Linoleoyl-CoA(18:2) >200 (Substrate) | > 100 >100
y-Linolenoyl-CoA(18:3) >200 > 500 > 500 > 500
Arachidonoyl-CoA(20:4) 110 =20 > 500 > 500 > 200
Docosahexaenoyl CoA(22:6) | >500 >500 >500 >200

#See Supporting Information for data analysis. * The h12-LOX data was published previously.’

In summary, the majority of the acyl-CoAs were not inhibitors against LOX

isozymes, however, certain acyl-CoAs displayed micromolar potency. For h5-LOX,

the C16 acyl-CoAs displayed the most promising inhibitory properties, with low

micromolar potencies. However, with all the other isozymes, h15-LOX-1, h15-LOX-

2, and h12-LOX, the C18 acyl-CoAs had the most potent inhibitory properties.

Interestingly, adding double bonds to the acyl chain, such as from oleoyl-coA (18:1)

to linoleoyl-CoA (18:2), eliminated significant inhibition potency and complete loss

of inhibitory activity was observed with g-linolenoyl-CoA(18:3). This effect is most
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likely due to the added restriction in structural freedom with the additional double
bonds, which would decrease flexibility and lower binding affinity, thus reducing the
availability of the proper orientation. With respect to biological relevancy, the most
potent acyl-CoA interaction was that between oleoyl-CoA and h15-LOX-2, which
displayed submicromolar potency. This level of potency drew us to do a more

detailed kinetic analysis (vide infra).
3.2 Acyl-CoA substrate activity

Considering that some of these acyl-CoAs could potentially be substrates for
LOX isozymes, each acyl-CoA was tested at 70 pM against each LOX isozyme to
establish the possibility of catalysis. These measurements revealed that none of the
acyl-CoAs were substrates against the LOX isozymes, except for linoleoyl-CoA
(18:2) and h15-LOX-1, as monitored by a change in 234 nm absorbance (Table 2).
The kinetic parameters were determined to be 7.5 + 0.4 s™! for kear, 12 + 0.8 uM for
K, and 0.62 = 0.1 uM! 5! for keas/ Kur, at 22 °C. These values are comparable to that

of the free linoleic acid,’® suggesting it as a biological substrate for h15-LOX-1.

Keat 7.5 (04) st

K 12 (0.8) uM
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3.3 ICso determination and substrate activity of methyl ester unsaturated fatty

acids

The acyl-CoAs are large ester derivatives of fatty acids and given this fact, it
was deemed appropriate to determine if simpler esters could also inhibit the LOX
isozymes. In this respect, methyl-13Z,16Z-docosadienoic, methyl 13(Z),16(Z),19(Z)-
docosatrienoate, and methyl docosatetraecnoate were investigated and determined to
be weak inhibitors, with ICso values greater than 200 uM for h12-LOX, h-15LOX-1,
h15-LOX-2. It should be noted that none of the methyl ester unsaturated fatty acids
were substrates, except for methyl ester arachidonic acid and h15-LOX-1, as
previously observed. However, the rate of this activity was low enough to still allow

for ICso measurements.

3.3 Kinetic investigation of oleoyl-CoA(18:1) inhibition of h15-LOX-2

Oleoyl-CoA displayed nanomolar ICso potency against h15-LOX-2 (620 + 60

nM), which led to further kinetic investigations at varying inhibitor concentrations.

Scheme 2. Equations were determined from Scheme 1 to determine Ki, o (the change in Ku), B

(the change in kcar), and B/a (the change in keat/Kwm).

X X 1/v = (aKy/keo) [([1] + Kp)/(B(1] + aK)] X 1/[S] (1)

E+S<— Ee§ — E+P + 1k x [([1] + aK)/(B[1] + aK,)]
+ +1
) Ku(app) = aky[([1] + Kp)/([1] + aK;)] (2)

K, ak;
1 1/ kc.\t/KM = (kc.lt/aKM)[(/}[I] = aKl)/([U 25 Kl)] (3)

aK, Pk,
'E &= [+E+§ —> [+E+ P
+S

keat = kel (1] + aK)/([1] + aK;)] (4)

The replot of the apparent Ky, versus concentration oleoyl-CoA exhibited a
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hyperbolic response with increasing amounts of the acyl-CoA, from 624 nM to 3.6
uM (Figure 1). This hyperbolic response is representative of allosteric inhibition (i.e.
partial inhibition), which was previously observed with 13-(S)-HOTrE(y) and h15-

LOX-2, as described by Scheme 2 (egs. 1-4).%
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Figure 1: Km (app) vs concentrations of oleyl-CoA (18:1)
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Figure 2: kcai/Km (app) vs concentrations of oleyl-CoA (18:1)

Utilizing the equations derived from Scheme 2, the Ka(app) values were fitted
with equation 2 to yield a value of a to be 3.2 +/- 1 and a value of K to be 82 +/- 70
nM (Figure 1). These two parameters were then utilized to fit equation 3 relative to

kea/ Ky (app), which yielded a B value of 0.26 +/- 0.23 (Figure 2). Given the high
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error for the B value, f was also determined by applying the values for o and K; from
the Kas (app) plot to equation 4 and fitted to the k.. data (Figure 3). This fit yielded a
B value of 0.30 +/- 0.07, consistent with the equation 3 fit but with a lower error
value. These kinetic values indicate hyperbolic allostery, a > 1 (K-type inhibition) and
b <1 (V-type inhibition), with the kinetic change being equally observed in both Ky
(a=3.2+/-1) and kear (b =10.30 +/- 0.07). This combined effect is emphasized in the

B/a value, the

allosteric effect on kcu/Ku, which is significantly less than 1 (B/a. = 0.09) and
indicates kca/Ku allosteric inhibition. These allosteric kinetic data indicate the
formation of a catalytically active ternary complex (I'E-S) between h15-LOX-2 and
oleoyl-CoA and are consistent with our previous finding of an allosteric site for 13-
(S)-HODE with 15-LOX-2.%? It should be noted that the K; value from our hyperbolic
fits (82 +/- 70 nM) are dramatically lower than that determined from 1Cso
measurements (620 + 60 nM), which is consistent with the more accurate nature of
the hyperbolic fits relative to the ICs fits, due to the oversimplification of the ICso

analysis.
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Interestingly, in our recently published structure,’ oleoyl-CoA was bound in
the active site of 12-LOX with its head group occupying the entrance to the binding

site and the fatty acid tail extending deep into the U-shaped catalytic cavity. Similar

09
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Figure 3: kcat (app) vs concentrations of oleyl-CoA (18:1)
to the previously predicted pose of AA bound to h12-LOX,*” H596 forms hydrogen

bonds with the carbonyl group of the thioester bond. Also consistent with the
predicted pose of AA bound to h12-LOX, L407, F414, A417, and V418 form Van der
Waals interactions with the oleic acid tail. The h12-LOX binding site is quite narrow,
consisting of two mostly linear segments connected by a single kink near the C9
position of the oleic acid (equivalent to C11 of AA). The shape of the binding cavity
likely restricts the binding of other acyl-CoAs tested in this study due to the strict
requirements imposed on the position and saturation state of the fatty acid. With
respect to the allosteric inhibition observed for h15-LOX-2, its binding site and that
of h5-LOX and h15-LOX-1, appear to be wider and shorter, providing a possible

explanation for their slightly better tolerance of different fatty acid saturation states.

Conclusion:
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In conclusion, our previously reported cryo-EM structure of h12-LOX
indicated that an acyl-CoA bound to its active site, most likely oleoyl-CoA.” Based on
this discovery, we investigated the inhibitory potency of acyl-CoAs against
lipoxygenase isozymes and were able to determine that acyl-CoAs can be micromolar
inhibitors against LOX isozymes, with oleoyl-CoA(18:1) being the most potent,
having nanomolar allosteric potency against h15-LOX-2. Considering that acyl-CoAs
exist in the cell at micromolar concentrations,*® it is reasonable to assume that acyl-
CoAs could have a significant effect on the cellular activity of LOX isozymes,
especially h15-LOX-2. We are currently investigating whether the cellular
concentration of acyl-CoAs affect LOX activity ex vivo and if this inhibition affects

LOX signaling.
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Supplementary Information

Biochemical and hydrogen-deuterium exchange studies of the
single nucleotide polymorphism Y649C in human platelet 12-
lipoxygenase linked to a bleeding disorder

[This chapter has been adapted from publication, Inhibitory Investigations of Acyl-CoA
Derivatives against Human Lipoxygenase Isozymes. (Tran et al. 2023, International
Journal of Molecular Sciences)
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Supplemental Figure 2S. ICso of Palmitoleoyl-CoA (16:1) with h5-LOX

123



100

80

60

40

% Inhibition

20

0 1 1 1 1 1 L L
0 5 10 15 20 25 30 35 40

Stearoyl-CoA (18:0) (pM)

Supplemental Figure 3S. ICso of the h15-LOX-1 with Stearoyl-CoA (18:0)

124



3'] ! ! ! ! !

% Inhibition

0 L 1 1 1

0 20 40 60 80 100 120
Stearoyl- CoA (M)

Supplemental Figure 4S. ICso of h15-LOX-2 with Stearoyl-CoA(18:0)

125



3'] ! ! ! !

% Inhibition

0 1

0 50 100 150 200 250
Oleyl-CoA (18:1) (pM)

Supplemental Figure 5S. ICso of the Oleoyl-CoA (18:1) with h12-LOX

126



% Inhibition

& |
0 20 40 60 80 100 120
Oleyl CoA (18:1) (M)

Supplemental Figure 6S. ICso of Oleoyl-CoA (18:1) with h15-LOX-1

127



100 , ,

[
80| & . v ]
[
=
=
S 60 |
2
=
= 40 i
20% i
I]; ! !
0 50 100 150

Oleyl- CoA (18:2) (M)

Supplemental Figure 7S. ICso of Oleoyl-CoA (18:1) with h15-LOX-2

128



% Inhibition

0 30 100 150 200 250
Arachidonoyl- CoA (20:4) (pM)

Supplemental Figure 8S. ICso of Arachidonoyl-CoA (20:4) with h12-LOX

129



References

[1] Mobbs, J. I, Black, K. A., Tran, M., Venugopal, H., Holman, T. R., Holinstat, M.,
Thal, D. M., and Glukhova, A. (2023) Cryo-EM structures of human
arachidonate 12S-Lipoxygenase (12-LOX) bound to endogenous and

exogenous inhibitors, BioRxiv.

[2] Feingold, K. R. (2000) The Effect of Endocrine Disorders on Lipids and
Lipoproteins, In Endotext (Feingold, K. R., Anawalt, B., Blackman, M. R,
Boyce, A., Chrousos, G., Corpas, E., de Herder, W. W., Dhatariya, K.,
Dungan, K., Hofland, J., Kalra, S., Kaltsas, G., Kapoor, N., Koch, C., Kopp,
P., Korbonits, M., Kovacs, C. S., Kuohung, W., Laferrere, B., Levy, M.,
McGee, E. A., McLachlan, R., New, M., Purnell, J., Sahay, R., Shah, A. S.,
Singer, F., Sperling, M. A., Stratakis, C. A., Trence, D. L., and Wilson, D. P.,

Eds.), South Dartmouth (MA).

[3] Horn, A., and Jaiswal, J. K. (2019) Structural and signaling role of lipids in

plasma membrane repair, Curr Top Membr 84, 67-98.

[4] Markovic, M., Ben-Shabat, S., Aponick, A., Zimmermann, E. M., and Dahan, A.

(2020) Lipids and Lipid-Processing Pathways in Drug Delivery and

Therapeutics, Int J Mol Sci 21.

130



[5] Zhang, D., Wei, Y., Huang, Q., Chen, Y., Zeng, K., Yang, W., Chen, J., and Chen,

J. (2022) Important Hormones Regulating Lipid Metabolism, Molecules 27.

[6] Reddy, P., and Jialal, 1. (2023) Biochemistry, Fat Soluble Vitamins, In StatPearls,

Treasure Island (FL).

[7] Feingold, K. R. (2000) Obesity and Dyslipidemia, In Endotext (Feingold, K. R.,
Anawalt, B., Blackman, M. R., Boyce, A., Chrousos, G., Corpas, E., de
Herder, W. W., Dhatariya, K., Dungan, K., Hofland, J., Kalra, S., Kaltsas, G.,
Kapoor, N., Koch, C., Kopp, P., Korbonits, M., Kovacs, C. S., Kuohung, W.,
Laferrere, B., Levy, M., McGee, E. A., McLachlan, R., New, M., Purnell, J.,
Sahay, R., Shah, A. S., Singer, F., Sperling, M. A., Stratakis, C. A., Trence, D.

L., and Wilson, D. P., Eds.), South Dartmouth (MA).

[8] Singla, P., Bardoloi, A., and Parkash, A. A. (2010) Metabolic effects of obesity: A

review, World J Diabetes 1, 76-88.

[9] Parhofer, K. G. (2015) Interaction between Glucose and Lipid Metabolism: More

than Diabetic Dyslipidemia, Diabetes Metab J 39, 353-362.

[10] Athyros, V. G., Doumas, M., Imprialos, K. P., Stavropoulos, K., Georgianou, E.,
Katsimardou, A., and Karagiannis, A. (2018) Diabetes and lipid metabolism,

Hormones (Athens) 17, 61-67.

131



[11] Bhargava, S., de la Puente-Secades, S., Schurgers, L., and Jankowski, J. (2022)
Lipids and lipoproteins in cardiovascular diseases: a classification, Trends

Endocrinol Metab 33, 409-423.

[12] Yan, A., Xie, G., Ding, X., Wang, Y., and Guo, L. (2021) Effects of Lipid
Overload on Heart in Metabolic Diseases, Horm Metab Res 53, 771-778.
[13] Craig, M., Yarrarapu, S. N. S., and Dimri, M. (2023) Biochemistry, Cholesterol,

In StatPearls, Treasure Island (FL).

[14] Ahmed, S., Shah, P., and Ahmed, O. (2023) Biochemistry, Lipids, In StatPearls,

Treasure Island (FL).

[15] Wakil, S. J., and Abu-Elheiga, L. A. (2009) Fatty acid metabolism: target for

metabolic syndrome, J Lipid Res 50 Suppl, S138-143.

[16] Kelly, D. J., and Hughes, N. J. (2001) The Citric Acid Cycle and Fatty Acid

Biosynthesis, In Helicobacter pylori: Physiology and Genetics (Mobley, H. L.

T., Mendz, G. L., and Hazell, S. L., Eds.), Washington (DC).

[17] Haddad, A., and Mohiuddin, S. S. (2023) Biochemistry, Citric Acid Cycle, In

StatPearls, Treasure Island (FL).

132



[18] Shi, L., and Tu, B. P. (2015) Acetyl-CoA and the regulation of metabolism:

mechanisms and consequences, Curr Opin Cell Biol 33, 125-131.

[19] Martinez-Reyes, 1., and Chandel, N. S. (2018) Acetyl-CoA-directed gene

transcription in cancer cells, Genes Dev 32, 463-465.

[20] Felix, J. B., Cox, A. R., and Hartig, S. M. (2021) Acetyl-CoA and Metabolite
Fluxes Regulate White Adipose Tissue Expansion, Trends Endocrinol Metab

32,320-332.

[21] Wang, Y., Yu, W., Li, S., Guo, D., He, J., and Wang, Y. (2022) Acetyl-CoA

Carboxylases and Diseases, Front Oncol 12, 836058.

[22] Maloberti, P. M., Duarte, A. B., Orlando, U. D., Pasqualini, M. E., Solano, A. R.,
Lopez-Otin, C., and Podesta, E. J. (2010) Functional interaction between acyl-
CoA synthetase 4, lipooxygenases and cyclooxygenase-2 in the aggressive

phenotype of breast cancer cells, PLoS One 5, €15540.

[23] Sakuma, S., Fujimoto, Y., Katoh, Y., Kitao, A., and Fujita, T. (2001) The effects
of fatty acyl CoA esters on the formation of prostaglandin and arachidonoyl-
CoA formed from arachidonic acid in rabbit kidney medulla microsomes,

Prostaglandins Leukot Essent Fatty Acids 64, 61-65.

133



[24] Bannenberg, G., and Serhan, C. N. (2010) Specialized pro-resolving lipid
mediators in the inflammatory response: An update, Biochim Biophys Acta

1801, 1260-1273.

[25] Basil, M. C., and Levy, B. D. (2016) Specialized pro-resolving mediators:
endogenous regulators of infection and inflammation, Nat Rev Immunol 16,

51-67.

[26] Yang, A., Wu, Y., Yu, G., and Wang, H. (2021) Role of specialized pro-
resolving lipid mediators in pulmonary inflammation diseases: mechanisms

and development, Respir Res 22, 204.

[27] Schebb, N. H., Kuhn, H., Kahnt, A. S., Rund, K. M., O'Donnell, V. B., Flamand,
N., Peters-Golden, M., Jakobsson, P. J., Weylandt, K. H., Rohwer, N.,
Murphy, R. C., Geisslinger, G., FitzGerald, G. A., Hanson, J., Dahlgren, C.,
Alnouri, M. W., Offermanns, S., and Steinhilber, D. (2022) Formation,
Signaling and Occurrence of Specialized Pro-Resolving Lipid Mediators-

What is the Evidence so far?, Front Pharmacol 13, 838782.

[28] Haeggstrom, J. Z., and Funk, C. D. (2011) Lipoxygenase and leukotriene

pathways: biochemistry, biology, and roles in disease, Chem Rev 111, 5866-

5898.

134



[29] Mashima, R., and Okuyama, T. (2015) The role of lipoxygenases in

pathophysiology; new insights and future perspectives, Redox Biol 6,297-310.

[30] Kuhn, H., Banthiya, S., and van Leyen, K. (2015) Mammalian lipoxygenases and

their biological relevance, Biochim Biophys Acta 1851, 308-330.

[31] Bishop, J. E., and Hajra, A. K. (1980) A method for the chemical synthesis of
14C-labeled fatty acyl coenzyme A's of high specific activity, Anal Biochem

106, 344-350.

[32] Blecher, M. (1981) Synthesis of long-chain fatty acyl-coA thioesters using N-

hydroxysuccinimide esters, Methods Enzymol 72, 404-408.

[33] Amagata, T., Whitman, S., Johnson, T. A., Stessman, C. C., Loo, C. P.,
Lobkovsky, E., Clardy, J., Crews, P., and Holman, T. R. (2003) Exploring
sponge-derived terpenoids for their potency and selectivity against 12-human,

15-human, and 15-soybean lipoxygenases, J Nat Prod 66, 230-235.

[34] Vasquez-Martinez, Y., Ohri, R. V., Kenyon, V., Holman, T. R., and Sepulveda-
Boza, S. (2007) Structure-activity relationship studies of flavonoids as potent
inhibitors of human platelet 12-hLO, reticulocyte 15-hLO-1, and prostate

epithelial 15-hLO-2, Bioorganic & Medicinal Chemistry 15, 7408-7425.

135



[35] Joshi, N., Hoobler, E. K., Perry, S., Diaz, G., Fox, B., and Holman, T. R. (2013)
Kinetic and structural investigations into the allosteric and pH effect on the
substrate specificity of human epithelial 15-lipoxygenase-2, Biochemistry 52,

8026-8035.

[36] Schwarz, K., Borngraber, S., Anton, M., and Kuhn, H. (1998) Probing the
substrate alignment at the active site of 15-lipoxygenases by targeted substrate
modification and site-directed mutagenesis. Evidence for an inverse substrate

orientation, Biochemistry 37, 15327-15335.

[37] Aleem, A. M., Tsai, W. C., Tena, J., Alvarez, G., Deschamps, J., Kalyanaraman,
C., Jacobson, M. P., and Holman, T. (2019) Probing the Electrostatic and
Steric Requirements for Substrate Binding in Human Platelet-Type 12-

Lipoxygenase, Biochemistry 58, 848-857.

[38] Ronowska, A., Szutowicz, A., Bielarczyk, H., Gul-Hinc, S., Klimaszewska-Lata,
J., Dys, A., Zysk, M., and Jankowska-Kulawy, A. (2018) The Regulatory
Effects of Acetyl-CoA Distribution in the Healthy and Diseased Brain, Front

Cell Neurosci 12, 169.

136



Chapter 4

Cryo-EM structures of human arachidonate 12S-
Lipoxygenase (12-LOX) bound to endogenous and
exogenous inhibitors

[This chapter has been adapted from publication, Cryo-EM structures of human
arachidonate 12S-Lipoxygenase (12-LOX) bound to endogenous and exogenous
inhibitors. (Glukhova et al. 2023, )

Jesse I. Mobbs!%*, Katrina A. Black®*>*, Michelle Tran®, Wessel A. C.
Burger?345, Hariprasad Venugopal’, Theodore R. Holman®, Michael
Holinstat®’, David M. Thal'># and Alisa Glukhova!-?345#

'Drug Discovery Biology and 2ARC Centre for Cryo-Electron Microscopy of
Membrane Proteins, Monash Institute of Pharmaceutical Sciences, Monash
University, Parkville, Vic, Australia; *Walter and Eliza Hall Institute of Medical
Research, Parkville, Victoria, Australia; “Department of Medical Biology and
SDepartment of Biochemistry and Pharmacology, University of Melbourne,
Melbourne, Victoria, Australia; *Department of Chemistry and Biochemistry,
University of California, Santa Cruz, Santa Cruz, CA, USA; "Ramaciotti Centre for
Cryo-Electron Microscopy, Monash University, Clayton, Vic, Australia;®Department
of Pharmacology, University of Michigan, Ann Arbor, MI, USA; Department of
Internal Medicine’®, Division of Cardiovascular Medicine, University of Michigan,
Ann Arbor, MI, USA;

*These authors made equal contributions
#Correspondence: david.thal@monash.edu and glukhova.a@wehi.edu.au

137


mailto:david.thal@monash.edu
mailto:glukhova.a@wehi.edu.au

Key Points

1) The first full-length structures of human arachidonate 12S-Lipoxygenase
(12-LOX) reveal mechanisms of oligomeric and conformational states
2) The structures uncover natural inhibitor of 12S-Lipoxygenase (12-lox) and

reveal a binding site of inhibitor ML355

Abstract

Human 12-lipoxygenase (12-LOX) is a key enzyme involved in platelet
activation and regulation of its activity has been targeted for treatment of heparin-
induced thrombocytopenia. Despite the clinical importance of 12-LOX, the exact
mechanisms of how it affects platelet activation are not fully understood, and the lack
of structural information has limited drug discovery efforts. In this study, we used
single-particle cryo-electron microscopy to determine the high-resolution structures
(1.7 A - 2.8 A) of human 12-LOX for the first time. Our results showed that 12-LOX
can exist in multiple oligomeric states, from monomer to hexamer, which may impact
its catalytic activity and membrane association. We also identified different
conformations within a 12-LOX dimer, likely representing different time points in its
catalytic cycle. Furthermore, we were able to identify small molecules bound to the 12-
LOX structures. The active site of the 12-LOX tetramer is occupied by an endogenous
12-LOX inhibitor, a long-chain acyl-Coenzyme A. Additionally, we found that the 12-
LOX hexamer can simultaneously bind to arachidonic acid and ML355, a selective 12-

LOX inhibitor that has passed a phase I clinical trial for treating heparin-induced
138



thrombocytopenia and has received fast-track designation by the FDA. Overall, our
findings provide novel insights into the assembly of 12-LOX oligomers, its catalytic
mechanism, and small molecule binding, paving the way for further drug development

targeting the 12-LOX enzyme.
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Introduction

Platelet activation is essential for maintaining haemostasis. However,
uncontrolled platelet activation leads to abnormal clot formation and an increased risk
of thrombosis and cardiovascular disease . Inhibition of platelet activation has been
shown as an effective treatment that reduces the morbidity and mortality of
cardiovascular ischemic events, such as myocardial infarction and stroke. Despite the
use of antiplatelet therapies such as aspirin and P2Y > receptor antagonists to reduce
thrombotic risk, a high prevalence of ischemic events leading to unacceptable levels of
morbidity and mortality remain. Due to this continued risk for thrombosis, the
development of alternative therapies to further limit occlusive thrombotic events is

warranted.

The enzyme, human 12-lipoxygenase (12-LOX, ALOX12), is highly expressed
in platelets 3, and its activation leads to the production of 12-
hydroperoxyeicosatetraenoic acid (12-HpETE), a prothrombotic oxylipin *°. The
inhibition of 12-LOX prevents platelet activation ®’, has a minimal effect on
haemostasis, and does not promote increased bleeding, a common side effect of other
antiplatelet therapies ®%°. The selective 12-LOX inhibitor, ML355 ', has passed phase
I clinical trials for the treatment of heparin-induced thrombocytopenia and has received
fast-track designation by the FDA. Despite 12-LOX being a promising target for
antiplatelet therapies there are no experimentally determined structures of the entire

human 12-LOX; thus, limiting our understanding of the mechanism and regulation of

12-LOX activity. Although structures of other LOX isozymes have been determined
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by x-ray crystallography !'"'°  they do not provide enough information to fully

comprehend the mechanism of 12-LOX oligomerization and inhibitor binding.

Here we present the first high-resolution structures (1.7-2.8 A) of human 12-
LOX determined using cryo-electron microscopy (cryo-EM). We show that 12-LOX
possesses a similar protein fold compared to other lipoxygenases''"'*>. From a single
sample of 12-LOX, we were able to determine cryo-EM structures in multiple
oligomeric forms from the monomer up to a hexamer. This observation is consistent
with prior studies that demonstrated the existence of multiple oligomeric forms of
lipoxygenases, including monomers, dimers and tetramers '®1, Similar to human 15-
LOX, we also captured 12-LOX in different conformational states that likely reflect the
different parts of the catalytic cycle for this enzyme — the “open” and “closed”
conformation !!. Due to the high-resolution features of the cryo-EM map, we were able
to identify an endogenous 12-LOX inhibitor, a long-chain acyl-Coenzyme A, that co-
purifies with the enzyme from mammalian cells. Finally, we were able to elucidate a
putative allosteric binding site for the phase II inhibitor ML355. Collectively, we
anticipate these structures guiding further research into the function of 12-LOX for
platelet activation and promote further drug discovery efforts at this clinically relevant

enzyme.

Materials and Methods

A more detailed methods section is provided in the Supplemental Data.
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Expression and purification

The human 12-LOX was expressed in Expi293 cells. Following cell lysis, the

protein was purified using Ni-affinity and size-exclusion chromatography (SEC).
Cryo-electron microscopy

Vitrification was performed at 1 mg/ml using UltrAufoil R1.2/1.3 300 mesh
holey grids and a Vitrobot Mark IV. Movies were collected at 0.82 A/pix on a G1 Titan
Krios microscope with the K3 detector. Data processing was performed following
standard pipelines in RELION v3.1'%%° and cryoSPARC?' with the aid of UCSF
MotionCor2 ?? and GCTF?. The 3D variability analysis (3DVA)** was used to assess
sample variability. Modelling was performed with the aid of the AlphaFold Protein
Structure Database?>?%, UCSF ChimeraX?’, COOT?®, PHENIX?’, MolProbity*° and the

GRADE webserver®!.
Steady-State Kinetics and ICso Determination

The 12-LOX enzyme kinetics was performed as described previously?2.

Liposome binding

A lipid suspension was made with the following molar ratios: 99.9:0.1 DOPC:

133

DSPE-PEG (i.e. DOPC). Liposomes were created using the literature protocol’” using

a 100 nm filter at a final concentration of 10 mg/mL.

Data availability.
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Atomic coordinates and the cryo-EM density maps have been deposited in the
Protein Data Bank and the Electron Microscopy Data Bank. The accession codes are
8GHB and EMD-40039 for 12-LOX monomers; 8GHC and EMD-40040 for dimers;

8GHE and EMD-40042 for tetramers and 8GHD and EMD-40041 for hexamers.

143



Results
High-resolution structures of 12S-Lipoxygenase

The purification of 12-LOX from mammalian Expi293 cells yielded an oligomeric
mixture of 12-LOX forms that were separated by size using size-exclusion chromatography
(SEC) (Fig. 1 and Supp. Fig. 1). The two main peak fractions primarily corresponded to a
dimer and a tetramer based on their size, however, the populations were heterogeneous and
contained small amounts of other oligomeric forms (Supp. Fig. 1E). Both SEC fractions
displayed similar enzyme kinetics with a key 0of 12 £ 0.9 s°! for the dimer and 4.8 = 0.2 s™! for
the tetramer. Both had a kea/Kwm value of 1.4 £ 0.1 s'TmM-!. The enzyme activities of both SEC
fractions were inhibited by ML355 with ICs¢’s of 1.6 £ 0.3 uM and 1.4 + 0.3 uM, for the dimer
and tetramer, respectively (Supp. Fig. 1C,D and Table S2). Prior efforts to determine
structures of 12-LOX using x-ray crystallography likely failed due to sample heterogeneity.
Thus, we turned to cryo-EM to determine the structure of 12-LOX from each SEC fractions.
To understand the binding mechanism of ML355, we added the inhibitor during protein

expression and purification used in cryo-EM.

Unexpectedly, the dimer peak from the SEC 12-LOX purification gave rise to multiple
high-resolution cryo-EM structures of 12-LOX in different oligomeric forms including
monomers (2.8 A), dimers (2.5 A), tetramers (2.3 A), and hexamers (2.6 A), all from the same
imaged grid (Fig. 1, Supp. Fig. 2, 4 and Table S1). In contrast, the tetramer peak yielded a
structure of only the 12-LOX tetramer (Fig. 1, Supp. Fig. 3,4 and Table S1) with an overall
resolution of 1.8 A. All oligomeric forms of 12-LOX exhibited significant intermolecular
flexibility determined by 3D variability analysis (3DVA) in cryoSPARC (Supp. Movies 1-
3)**. Thus, we employed local refinement (cryoSPARC) to improve the map resolution and

quality for the individual subunits (Supp. Fig. 2-5) within each oligomer. For the tetramer peak
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sample, this improved the resolution to 1.7 A allowing for accurate model building of the full-

length 12-LOX (residues G2 to 1663) (Fig. 2A-B).

The structural architecture of 12-LOX is typical of lipoxygenases with the N-terminal
B-barrel PLAT (polycystin-1-lipoxygenase o-toxin) domain and a C-terminal o-helical
catalytic domain (Fig. 2A). Structural alignments with other LOX structures (Supp. Fig. 6A)
revealed markedly similar folds with root mean square deviations (RMSDs) <1A with the
largest variations occurring in the PLAT domain (Supp. Fig. 6B). The active site of 12-LOX
is located in the catalytic domain, where a catalytic iron atom is coordinated by three conserved
histidine residues (H360, H365 and H540) as well as N544 and the carboxyl C-terminus of
1663 (Supp. Fig. 6C-D). Next to the catalytic iron is the typical LOX U-shaped lipid-binding
pocket that is lined with hydrophobic residues. The entrance to the active site is bordered by

an arched helix and an a2-helix in an extended conformation (Fig. 2A and Supp. Fig. 6C-D).
Oligomeric states of 12S-lipoxygenase

The biological unit of the 12-LOX oligomers appears to be a dimer arranged “head-to-
toe”. The tetramer and hexamer are made of a dimer of dimers and a trimer of dimers,
respectively (Fig. 1 and 2). The overall dimer substructure in each oligomeric form is
maintained mainly through Van der Waals interactions between the 02-04 helixes and the a3-
04 loop (Fig. 2B-D). The dimer substructures of the 12-LOX tetramer and hexamer were
virtually identical (RMSDs 0.78A), while the individual subunits of the dimer were rotated by
30°, due to change in the conformation of the a2-helix (described below) (Supp.Fig. 7).
Higher-level oligomerisation in 12-LOX tetramers was maintained through additional Van der
Waals interactions of the 02-helix and hydrogen bond interactions of the arched helix and (39-

B10 loop between neighbouring subunits (Fig. 2C). The architecture of the hexamers was
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supported by an additional hydrogen bonding network and a disulphide bond (C89-C89)

between neighbouring PLAT domains (Fig. 2D).

The oligomerisation of 12-LOX affects the accessibility of the active site to bulk
solvent. The entrance to the 12-LOX catalytic site is defined by the a2- and arched helixes and
is in the same plane as the predicted membrane-binding residues W70/L71/A180**. The
entrance is accessible to solvent in the 12-LOX monomer, dimer (the “open” subunit, see
below), and hexamer, but is obscured when the two dimers associate to form a tetramer due to
the adjacent subunit. (Supp. Fig. 8). Conversely, in the "closed" subunit of a 12-LOX dimer,

the occlusion is a result of a conformational change (explained further below).

To investigate whether the oligomerisation affects 12-LOX membrane binding we
tested the dimer and the tetramer SEC fractions (Fig. 1) for their ability to bind artificial DOPC
liposomes. Both 12-LOX preparations bind liposomes to a similar extent (21+/-6% and 36+/-

6% for dimers and tetramer peak, respectively) (Supp Fig. 1B).
Conformational changes of 12S-Lipoxygenase

The structure of the 12-LOX monomer in all oligomeric forms was similar, except for
the 12-LOX dimer. Similar to the arrangement within the 12-LOX tetramer and the hexamer,
the monomers in the dimer are arranged “head-to-toe”, with most of the contacts mediated via
hydrophobic interactions between the a2-helixes (Fig. 2B), previously determined by HDX-
MS35. However, contrary to the protein chains in the tetramer and hexamer, the individual
subunits in a dimer are not equivalent. Instead, they adopt either an “open” conformation (as
observed in the 12-LOX monomer, tetramer, and a hexamer) or a “closed” conformation,
predominantly facilitated by a large-scale motion of the a2-helix and corresponding
rearrangements of the neighbouring loops (Fig. 3). In the open conformation, the a2-helix
forms a long single helix that lies at the edge of the active site. Conversely, in the closed
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conformation, the a2-helix undergoes a rigid 23° pivot and rotation that blocks the entrance to
the active site reducing its internal volume (Fig. 3B). The conformational change of the o2-
helix also leads to a 30° rotation of the two monomers relative to each other and relative to the

dimer substructure observed in the 12-LOX tetramers and hexamers (Supp. Fig. 7).
Natural inhibition of 12S-Lipoxygenase by long chain fatty acid acyl-CoAs

In all of our 12-LOX structures the active site of the 12-LOX subunits in the open
conformation was occupied by extra density in the cryo-EM maps (Supp. Fig. 9), suggesting
the presence of a bound ligand. The shape of the density varied between oligomeric forms
suggesting different ligands. The high-resolution of the tetramer (1.7 A) and the hexamer (2.3
A) cryo-EM maps allowed us to model ligands into these densities with high confidence.
However, due to the lower resolution of the monomer and dimer cryo-EM maps, we were not
able to confidently identify the bound molecules. We hypothesized the observed densities were

either ML355 or an endogenous lipid(s) co-purified from Expi293 cells.

The 12-LOX tetramer is made of a dimer of dimers. The subunits at the inter-dimer
interface face each other with their lipid binding sites (Fig. 4A). Within each of the U-shaped
pockets, we observed a density that resembled a lipid tail. The lipid density extended out of the
binding site, spanning the gap between two neighbouring subunits (Supp. Fig. 10A). This
density was also present in the apo 12-LOX tetramer samples that were expressed and purified
in the absence of ML355 suggesting the ligand was co-purified from the HEK293 cells (data
not shown). To improve the resolution of the cryo-EM maps further, we performed a 3D
variability analysis (3DVA) on individual subunits within a tetramer (Sup Fig. 10B, Supp.
Movie 2). Using the cluster mode of the 3DV A, we were able to separate the protein chains
that were fully occupied with the molecule and reconstruct the corresponding 12-LOX subunits

and a full tetramer to a resolution of 1.9 A and 2.05 A, respectively (Fig. 4A-C). Furthermore,
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the 3DV A revealed that the lipid is only bound to one of the subunits at the inter-dimer interface
at a time (thus averaging to Y% lipid occupancy in the entire 12-LOX tetramer) (Supp. Fig. 10C,
Supp. Movie 4). In contrast, the opposite subunit was mostly empty with some weak non-
continuous density in the active site that could represent another unidentified lipid or

incomplete separation of the occupied vs. unoccupied subunits during 3DVA.

Because of the high resolution and quality of the density map, we were able to identify
the lipid as a fatty acid acyl-CoA ester with a tail approximately 18 carbons long and unknown
saturation (oleoyl-CoA was used for modelling purposes) (Fig. 4B). The CoA headgroup is
positioned at the inter-dimer interface at the entrance to the catalytic site, between the a2-helix
and the arched helix with the fatty acid tail extending into the U-shaped hydrophobic cavity
(Fig. 4C). The purine group of CoA forms CH-p interactions with 1413, a hydrogen bond with
Q406 of the arched helix, and cation-p interactions with the neighbouring molecule’s R290
(Fig. 4D). The carbonyl of the oleic acid forms a hydrogen bond with H596. The three
phosphate groups form electrostatic interactions with R189, R290, and R585 of the bound 12-
LOX, as well as R189, R290, K416 and R585 of the neighbouring 12-LOX subunit. Overlay
of these two subunits reveals that the polar residues at the dimeric interface undergo significant
rearrangement to better accommodate the interaction with oleoyl-CoA (Fig. 4F). The fatty acid

tail extends into the catalytic site, forming extensive hydrophobic contacts (Fig. 4E).

Due to the chemical lability of the acyl-CoA’s thioester and hence difficulty in
detection by mass spectrometry, we set out to confirm our structural findings by determining
whether fatty acid acyl-CoAs inhibit 12-LOX. We tested a panel of long chain acyl-CoAs with
different lipid tail length and saturation to determine their ability to inhibit 12-LOX catalysis
(Table S3). The 12-LOX inhibition by acyl-CoAs depends on both their length and saturation

status, with oleoyl-CoA (18:1) being the most potent inhibitor with an ICso of 32 +£ 4 uM. None
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of the tested acyl-CoAs were substrates for 12-LOX. These data confirm that oleyl-CoA is the
most potent inhibitor of 12-LOX, although the exact nature of the bound acyl-CoA in the

structure is unconfirmed.

ML355 binding of 12-LOX

In contrast to the tetramer structure, cryo-EM density within the active site of the 12-
LOX hexamer was identical across subunits and was distinct from the acyl-CoA. Moreover,
the density was of two independent molecules that could be perfectly fit with AA and ML355
(Fig. 5A-C). The AA molecule occupies the U-shaped hydrophobic cavity that was occupied
by the fatty acid tail of the acyl-CoA in the 12-LOX tetramer. The carboxyl group of AA
interacts with 12-LOX via a H-bond with H596, as predicted *, positioning the C11-C12
double bond in the vicinity of the catalytic iron. The remainder of the contacts are from Van
der Waals interactions with hydrophobic residues lining the channel of the active site (Fig. SE).

The position of AA is nearly identical to that of the anaerobic structure of coral 8R-LOX ¥7.

Docking and mutagenesis studies predicted ML355 to bind deep in the 12-LOX active
site %2, but our cryo-EM density maps showed no evidence of ML355 occupying that region.
Unexpectedly, however, a molecule of ML355 perfectly fit into the EM density found at the
entrance to the active site in the hexamer. Interactions of ML355 with 12-LOX include the
hydroxyl group of the 2-hydroxy-3-methoxyphenyl moiety forming H-bonds with the
backbone carbonyl of L178 and amide of A182 (Fig. SD). The sulphur of benzothiazole ring
forms a H-bond with R189 with the sulphonyl group within H-bonding distance to R290 and
R585. The sulphonyl interactions of ML355 mimic the interactions observed with the
phosphates from oleoyl-CoA and residues R189, R290, and R585. The rest of the molecule
forms Van der Waals interactions with M 185, 1413, L.589 and I 5993 (Fig. SD). To validate the

ML355 binding pose, we generated four 12-LOX mutants: L589A, LS589F, 4A

149



(R189A/R290A/R585A/K416A), and DLQN (R189D/R290L/K416Q/R585H) (Fig. SD).
Although all mutants folded correctly (based on their thermal unfolding profiles), LS89F, 4A,
and DLQN were catalytically inactive. Notably, the L589A mutation decoupled catalytic
activity from ML355 inhibition (Supp. Fig. 11 And B). This mutant displayed similar kinetics
as the wt 12-LOX but remained unresponsive to ML355 inhibition. Mass photometry
demonstrated that L589A also impaired the formation of higher-order oligomers associated
with ML355 or acyl-CoA binding (Supp. Fig. 11C). While these results support the identified
ML355 binding site, a more rigorous investigation into the mechanism of ML355 binding and

inhibition is required in the future.

Discussion

To our knowledge, this is the first study to use cryo-EM to determine high-resolution
structures of lipoxygenases. Compared to x-ray crystallography, the ability of cryo-EM to
separate heterogeneous samples into discrete populations revealed distinct 12-LOX oligomeric
states. Human LOXs display oligomeric diversity: while 5-LOX and 15-LOX primarily
function as monomers, they dimerize under high protein and salt concentrations'’”. On the
contrary, 12-LOX is primarily dimeric*®, but can form larger aggregates's. Other studies
suggested that most human LOXs can form high-order oligomers in solution®. Our structures
provide the first high-resolution insights into the diversity of 12-LOX oligomeric forms that

can likely be extended to other LOXs.

SAXS experiments predicted that all LOX dimers (12-LOX'¢, 15-LOX'® and 5-
LOX'7) have a similar organisation, including the “head-to-toe” arrangement of individual
monomers that are interacting through their a2-helixes. Prior to our structures, such an

111,13

arrangement was only directly observed in x-ray structures of rabbit 15-LOX- and human
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15-LOX-2%. While the overall dimer organisation is similar between all 3 enzymes, the relative

position of individual subunits varies, owing to differences in specific interacting residues.

Cryo-EM allowed us for the first time to observe structures of 12-LOX tetramers and
hexamers. Interestingly, both are made from the dimer building blocks that further oligomerise
either into the dimer of dimers or trimer of dimers. Prior studies suggested that reducing agents
might prevent the oligomerisation of 12-LOX !¢, proposing that higher-order oligomers form
through intramolecular disulphide bonds upon protein oxidation. Our 12-LOX hexamer
structure is consistent with this observation as it is stabilised by an intermolecular disulphide
bond (C89-C89). Other interactions in the dimer, tetramer and hexamer included an extensive
network of hydrophobic interactions and hydrogen bonds. As such, the assembly of 12-LOX
into dimers and tetramers is independent of the oxidation state of the enzyme, while higher-

molecular oligomers could represent a change to the oxidative environment of the cell.

The oligomerisation of 12-LOX might be a regulatory mechanism for enzyme activity
and/or membrane binding as the accessibility of the active site varies between different
oligomeric forms. The predicted membrane-binding residues for the 12-LOX are located in the
same plane as the entrance to its binding site. Interestingly, the membrane binding surface
within the 12-LOX dimer building block (present in dimers, tetramers and hexamers) is located
within the same surface plane. However, in the tetramer the membrane-binding surface and
active site entrance are further sequestered by interdimer contacts. As such, they might
represent inactive states or storage pools for the enzyme. While we did not observe significant
differences in AA oxidation rates or DOPC liposome binding between the dimer and tetramer
SEC peaks used for cryo-EM data collection, the data could possibly be explained by our

heterogeneous preparations containing a mixture of the 12-LOX oligomeric forms. Thus,
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further analysis using isolated 12-LOX oligomeric forms is necessary to better understand their

role in membrane binding and catalysis.

Intriguingly, the higher-order oligomers of 15-LOX-1 were found to induce pore
formation in the lead to organelle clearance during erythrocyte maturation*'. The two-ring
arrangement of the 12-LOX hexamer creates a channel with a diameter of ~30 A. While the
physiological role of this oligomeric species of 12-LOX requires further investigation, it is

tempting to speculate that similar conformations might exist in other LOXs.

The protein chains in the 12-LOX monomer, tetramer, and hexamer adopt “open”
conformation characterised by an extended a2-helix that pack along the entrance to the active
site. Such an a2 conformation is seen in many of the LOX structures, including coral 8R-LOX
37 human 15-LOX-2 ' and porcine 12-LOX (ALOX15)". In the 12-LOX dimer, one subunit
adopts an “open” conformation while another undergoes significant conformational change
involving a large-scale a2 movement. The alterations to the extended a2 conformation were
observed previously in crystal structures of stable 5-LOX '>#># (broken or disordered a2) and
15-LOX-1 13 (large-scale a2 movement). The 15-LOX-1 and now the 12-LOX are the only
LOXs that were captured forming non-symmetrical dimers with one subunit in the “open” and
one in the “closed” conformations. While the conformational change leading to the formation
of the “closed” conformation differs in the degree of the a2 movement and the subunit rotation

relative to each other, both result in the closure of the entrance to the active site.

The conformational change between the “open” and “closed” subunits in LOX dimers
might be linked to their catalytic cycle!® or be involved in inhibitor binding'!. Similar to the
15-LOX-1 structure!!, some of our 12-LOX oligomers demonstrate half occupancy of their
active sites. In the 12-LOX dimer, only the active site of the “open” subunit is occupied by

what appears to be a lipid density. This suggests that only half of the oligomeric subunits may
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be active at any given time, while the other subunit serves a regulatory role. This mechanism
could be responsible for differences in inhibitor binding observed previously between the
dimeric and monomeric 12-LOX (converted by introducing L183E/L187E mutations). Only
the dimer showed inhibition by ML355 (Ki = 0.43 uM), while monomeric 12-LOX was
unaffected®. Unfortunately, our dimer 12-LOX structure cannot distinguish between part-of-
the-site reactivity mechanism, where only one subunit is capable of catalysis, as described for
cyclooxygenases (COX)**, and the flip-flop mechanism, where the subunits are taking turns
at the catalysis as is the case for biotin carboxylase and transketolase *7434°, Additional analysis

is needed to understand the 12-LOX catalytic mechanism further.

One of the unexpected findings was the presence of the fatty acid acyl-CoA molecule
in the 12-LOX tetramer that co-purified with our enzyme from Expi293 cells. Fatty acid acyl-

CoA derivatives have long been known to inhibit platelet aggregation®*>!

in a chain, length,
and saturation-dependent manner. Specifically, the medium-chain acyl-CoA (palmitoyl,
stearoyl, oleoyl and linoleoyl) inhibit lipoxygenase activity in platelets at concentrations
ranging from 10 to 50 uM>?. We have confirmed that oleoyl-CoA inhibits 12-LOX at
micromolar concentrations. Thus, the presence of acyl-CoA in the binding site is intriguing,
particularly as the purified enzyme remains catalytically active. This paradox may relate to the
12-LOX reactivity mechanism and potential half-occupancy of active sites (described above).
However, the cause for the half-site occupancy of the tetramer is different from that of a dimer,
as the neighbouring subunits create steric hindrance preventing acyl-CoA binding to opposing
subunit. Considering that the levels of acyl-CoAs within the cell could reach micromolar
concentration >, the long chain acyl-CoAs could be physiologically important regulators of 12-

LOX function in the cell. The effect of acyl-CoA on platelet aggregation is thought to be

mediated through P2Y1 and P2Y12 receptors **. However, with the discovery that fatty acid
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acyl-CoA directly binds and inhibits 12-LOX, it might be possible that the inhibition of 12-

LOX could also contribute to this process.

Despite the presence of ML355 during the expression and purification of 12-LOX,
ML355 was only bound in the hexameric form of 12-LOX. It is likely, that ML355 was
competed out in the other oligomeric forms due to the presence of endogenous lipids. The
observed pose of ML355 is in contradiction to previously published docking/ mutagenesis
studies that predicted ML355 binding deep in the 12-LOX active site *>. However, the
simultaneous binding of ML355 and AA observed in our structure could explain the “mixed”
mode of ML355 inhibition described previously®’. Nevertheless, future studies are needed to
delineate the mechanism of ML355 inhibition with respect to different oligomeric forms of the

enzyme along with the role of endogenous inhibitors that may or may not be present in platelets.

In conclusion, this study presents the first high-resolution cryo-EM structures of 12-
LOX in multiple oligomeric forms, provides the first structural information on the clinically
relevant 12-LOX inhibitor ML355, shows evidence for conformational changes that might
accompany the 12-LOX catalytic cycle, and demonstrates that acyl-CoA can serve as
endogenous 12-LOX inhibitor. This structural information will aid future studies of 12-LOX
biology and its contribution to platelet activity, regulation of hemostasis and thrombosis, and
facilitate structure-based drug discovery efforts on a therapeutically validated enzyme for
regulation of immune thrombotic diseases such as heparin-induced thrombocytopenia and

thrombosis.
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Figure Legends

Figure 1. Different oligomeric forms of 12-LOX. (A) Size exclusion chromatography (SEC)
UV absorbance trace (280 nm absorbance) from 12-LOX purification. 12-LOX separated as
two distinct peaks, one corresponding to a tetramer (red box) and the other a dimer (blue box).
(B) Cryo-EM map of a 12-LOX tetramer from “tetrameric” SEC peak. (C) Cryo-EM maps of

different 12-LOX oligomers resolved from “dimeric” SEC peak.

Figure 2. Oligomeric structures of 12-LOX. Models of 12-LOX as a (A) monomer, (B)
dimer, (C) tetramer and (D) hexamer. Each subunit represented in a different colour and the
a2-helix coloured in pink and arched helix in cyan. Graphical representation of each oligomeric
state in bottom left and insets details the oligomeric interface. Interacting amino acids are
shown as sticks. (D) Cys39 (in red) contributes a disulphide bridge to the interface of the

hexamer. Fe atom is shown as a red sphere.

Figure 3. Conformational changes in the 12-LOX dimer. (A) Surface representation of 12-
LOX in the “open” (left) and “closed” states (right) showing the active site cavity of the dimer
12-LOX subunits. In the open conformation this cavity is occupied by a small molecule. (B)
An alignment of “open” and “closed” states shows a 23°C rotation and unwinding of the N-
terminal residues of the a2-helix. The inset shows zoomed-in view of the active site entrance.

The o2-helix is in cyan.

Figure 4. Acyl-CoA binding site in the 12-LOX tetramer. (A) Model of a 12-LOX tetramer,
with density in the catalytic site shown as cyan volume. Graphical representation is in right
corner. (B) Acyl-CoA model and the density. Density is shown as wire mesh, the model is in
sticks coloured by heteroatoms. (C) Model of acyl-CoA within the catalytic site of 12-LOX.
(D-E) 12-LOX residues that contact the acyl-CoA (orange) shown as sticks. (D) Contacts of
the adenosine tri-phosphate group. (E) Contacts of the acyl tail. (F) Conformational change of
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residues in contact with the acyl-CoA. Acyl-CoA bound subunit in purple and unbound in pink.

Fe atom is shown as a red sphere.

Figure 5. ML355 and arachidonic acid (AA) binding sites in the 12-LOX hexamer. (A)
Model of the 12-LOX hexamer with density in the catalytic site shown as grey volume.
Graphical representation in the bottom left. (B) Density for AA and ML355. Density is shown
as wire mesh, the models is in sticks (orange for ML355 and pink for AA) coloured by
heteroatoms. (C) Model of 12-LOX bound to ML355 and AA. (D-E) 12-LOX residues that
contact (D) ML355 (orange) and (E) AA (pink) shown as sticks. Fe atom is shown as a red

sphere.
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Figure 1
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Figure 1. Different oligomeric forms of 12-LOX. (A) Size exclusion chromatography (SEC) UV
absorbance trace (280 nM absorbance) from 12-LOX purification. 12-LOX separated as two distinct
peaks, one corresponding to a tetramer (red box) and the other a dimer (blue box). (B) Cryo-EM map of a
12-LOX tetramer from “tetrameric” SEC peak. (C) Cryo-EM maps of different 12-LOX oligomers resolved
from “dimeric” SEC peak.
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Figurae 2. Oligomeric structures of 12-LOX. Models of 12-L0X as (A) monomar, (B) dimer, (C) Tetramer
and (D) hexamer. Each subunit represented in a different colour and the a2-helix coloured in pink. Graphical
representation of each oligomeric state in boliom left and insats delails the oligomeric interfaca. Interacting
amino acids are shown as sticks. (D) Cys39 (in red) confributes a disulphida bridge to the interface of the
hexamear. Fe alom is shown as a red spherea.
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Figure 3
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[
-

Figure 3. Conformational changes in the 12-LOX dimer. (4) Surface represantation of 12-LOX in the
“closed” (left) and “open” states (right) showing the active site cavity of the dimer 12-LOX subunits. In the
opan conformation this cavity is occupied by a small molecule. (B) An alignment of “open” and “closad”
states shows a 23°C rotation and unwinding of the N-terminal residues of the a2-halix. The structures are
shown as carloons with cylindrical halixes, the a2-helix is in pink.
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Figure 4

Figure 4. Acetyl-CoA binding site in the 12-L0X tetramer. (&) Model of tetramarie 12-LOX, with density
in the catalytic site shown as cyan volume. Graphical representation is in right comer. (B) Acyl-Co& model
and the density. Density is shown as wire mash, the model is in sticks coloured by heteroatoms. (C) Model
of acatyl-CoA within the catalytic site of 12-LOX. (D-E) 12-LOX residues that contact the acetyl-Cof
{orange) shown as sticks. (D) Contacts of the adenosine tri-phosphate group. (E) Contacts of the acetyl tail.
{F} Conformational change of residues in contact with the acetyl-CoA. Acetyl-CoA bound subunit in purple
ard unbound in pink. Fa atom is shown as a red sphere.
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Figure 5. ML355 and arachidonic acid (AA) binding sites in the 12-LOX hexamer. (A) Model of
hexameric 12-LOX with density in the catalytic site shown as grey volume. Graphical representation in the
bottom left. (B) Density for AA and ML355. Density is shown as wire mesh, the models is in sticks (orange
for ML355 and pink for AA) coloured by heteroatoms. (C) Model of 12-LOX bound to ML355 and AA. (D-E)
12-LOX residues that contact (D) ML355 (orange) and (E) AA (pink) shown as sticks. Fe atom is shown as a
red sphere.
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Chapter 4

Investigating the Catalytic Efficiency of C22-Fatty Acids
with LOX Human Isozymes and the Platelet Response of the
C22-Oxylipin Products

[This chapter has been adapted from publication, Investigating the Catalytic Efficiency
of C22-Fatty Acids with LOX Human Isozymes and the Platelet Response of the C22-
Oxylipin Products (Tran et al. 2023, Archives of biochemistry and biophysics)
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Abbreviations:

LOX, lipoxygenase; h12-LOX, human platelet 12S-lipoxygenase; h15-LOX-1,
human reticulocyte 15-lipoxygenase-1; h15-LOX-2, human epithelial 15-
lipoxygenase-2; r15-LOX-1 or r12/15-LOX or rALOX15, rabbit 15S-LOX-1; c11-
LOX, coral 11R-LOX; COX, cyclooxygenase; WT h12-LOX, wild-type human
platelet 12S-lipoxygenase; SLO-1, soybean lipoxygense-1; ML355, h12-LOX
specific inhibitor; NSAIDs, nonsteroidal anti-inflammatory drugs; coxibs, COX-2
selective inhibitors; ICP-MS, inductively coupled plasma mass spectroscopy; SEC,
size exclusion chromatography; BSA, bovine serum albumin; DCM,
dichloromethane; EDTA, Ethylenediaminetetraacetic acid; HEPES, N-2-
hydroxyethylpiperazine-N’-2-ethanesulfonic acid; SDS-PAGE, sodium dodecyl
sulfate-polyacrylamide gel electrophoresis; PDB, Protein Data Bank; AA, arachidonic
acid; 12(S)-HpETE, 12(S)-hydroperoxyeicosatetraenoic acid; 12(S)-HETE, 12(S)-
hydroxyeicosatetraenoic acid; 12(S)-HETTE, 12(S)-hydroxyeicosatrienoic acid; d8-
12HETE, 12(S)-Hydroxyeicosatetraenoic Acid-d8; C22-FAs, 22 carbon long fatty
acids; DHA, cis-4,7,10,13,16,19-docosahexaenoic acid; 11-HDHA, 11(S)-hydroxy-
47,77,9E,137,16Z,19Z-DHA; 14-HDHA, 14(S)-hydroxy-47,72,10Z,12E,16Z,19Z-
DHA; 17S-HDHA, 17(S)-hydroxy-47,772,10Z,13Z,15E,19Z-DHA; 20-HDHA, 20(S)-
hydroxy-47,77,10Z2,13Z,16Z,18E-DHA; DPAn3, cis-7,10,13,16,19-docosapentaenoic
acid; 11-HDPAn3, 11(S)-hydroxy-7Z,9E,13Z,16Z,19Z-DPAn3; 14-HDPAn3, 14(S)-
hydroxy-77,10Z,12E,16Z,19Z-DPAn3; 17-HDPAn3; 17(S)-hydroxy-
772,10Z2,13Z,15E,19Z -DPAn3; DPAn6, cis-4,7,10,13,16-docosapentaenoic acid; 11-

HDPAn6, 11(S)-hydroxy-4Z,7Z,9E,13Z,16Z-DPAn6; 14-HDPAn6, 14(S)-hydroxy-
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47,72,10Z,12E,16Z — DPAn6; 17-HDPAn6, 17(S)-hydroxy-4Z,77,102,13Z,15E-
DPAn6; DTA, cis-7,10,13,16-docosatetraenoic acid; 11-HDTA, 11(S)-hydroxy-
72,9E,137,16Z-DTA; 14-HDTA, 14(S)-hydroxy-7Z,10Z,12E,16Z-DTA; 17-HDTA;
17(S)-hydroxy-772,10Z,13Z,15E-DTA; DTrA, cis-13,16,19-docosatrienoic acid; 13-
HDTTrA, 13(R)-hydroxy-14E,16Z,19Z-DTrA; 17-HDTrA; 17(S)-hydroxy-
13Z,15E,19Z-DTrA; DDiA, cis-13,16-docosadienoic acid; 13-HDDiA, 13(R)-

hydroxy-14E,16Z-HDDiA; 17-HDDiA; 17(S)-hydroxy-13Z,15E-DDiA.
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Abstract:

Omega-3 fatty acids, such as cis-4,7,10,13,16,19-docosahexaenoic acid
(DHA) and cis-4,7,10,13,16-docosapentaenoic acid (DPAn6), have been extensively
studied for their health benefits because they can be oxidized by lipoxygenases to
form bioactive oxylipins. In this study, we investigated the impact of saturation on the
kinetic properties and product profiles of human platelet 12-lipoxygenase (h12-LOX),
human reticulocyte 15-lipoxygenase-1 (h15-LOX-1), and human endothelial 15-
lipoxygenase-2 (h15-LOX-2) by using fatty acid substrates with differing degrees
unsaturation, including cis-4,7,10,13,16,19-docosahexaenoic acid (DHA) (22:6), cis-
7,10,13,16,19-docosapentaenoic acid (DPAn3) (22:5), cis-4,7,10,13,16-
docosapentaenoic acid (DPAn6) (22:5), cis-7,10,13,16-docosatetraenoic acid (DTA)
(22:4), cis-13,16,19-docosatrienoic acid (DTrA) (22:3), cis-13,16-docosadienoic acid
(DDiA) (22:2). With respect to kinetics, the loss of A* and A" (i.e., DTA) led to an
18-fold loss of kinetic activity of h12-LOX. h15-LOX-1 experienced no change in
kinetic capability for all the C22-FAs, but for h15-LOX2, the loss of both A* and A"
resulted in significantly lower k../Ku values, like that seen for h12-LOX. With
respect to the product profiles, h12-LOX produced mainly 14-oxylipins, with slight
variations in the 11- and 17-oxylipins. For h15-LOX-1, 14-oxylipin production
increased with loss of saturation, however, this trend switched to 17-oxylipins being
the major species upon loss of both A* and A" (i.e., DTA). h15-LOX-2 produced
mostly the 17-oxylipin products throughout the fatty acid series. This study also
investigated the effects of various 17-oxylipins on platelet activation; such as 17(S)-

hydroxy-4Z,7Z,10Z,13Z,15E,19Z-DHA (17-HDHA), 17(S)-hydroxy-
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72,10Z,13Z,15E,19Z -DPAn3 (17-HDPAn3), 17(S)-hydroxy-4Z,772,10Z,13Z,15E-
DPAn6 (17-HDPAnN6), 17(S)-hydroxy-77,10Z,13Z,15E-DTA (17-HDTA), 17(S)-
hydroxy-13Z,15E,19Z-DTrA (17-HDTrA), and 17(S)-hydroxy-13Z,15E-DDiA (17-
HDDiA). The results revealed that both 17-HDHA and 17-HDPAn6 demonstrated
anti-aggregation properties against thrombin or thrombin stimulation. 17-HDPAn3
exhibited agonistic properties, and 17-HDTA showed biphasic effects, inhibiting
collagen-induced aggregation at lower concentrations but promoting aggregation at
higher concentrations. Both 17-HDDiA and 17-HDTrA induced platelet aggregation.
Comparison between 17-HDTA and its corresponding 14-oxylipin (14-HDTA)
revealed inhibitory properties of 14-HDTA when stimulated with collagen or
thrombin. In summary, the degree of saturation and the location of oxidation appear
to influence the physiological activity of these oxylipins, with the general trend being
that more unsaturated oxylipins generally inhibit aggregation and less unsaturated
compounds promote aggregation. These findings enhance our understanding of the
role of oxylipins in platelet aggregation and provide insights into the role of fatty acid

distribution and specific LOX isozyme activity for cardiovascular health.
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Introduction

Omega-3 fatty acids are a group of essential fatty acids (FA) that are
important for preventing hypertriglyceridemia(/), hypertension(2), inflammation(3,
4), arrhythmia(3, 6), atherosclerosis(7, 8), and thrombosis(9, 10). cis-4,7,10,13,16,19-
docosahexaenoic acid (DHA) is a long-chain polyunsaturated fatty acid with six
double bonds (22:6) that is found in high concentrations in salmon, mackerel, and
tuna. DHA plays a role in preventing atherothrombosis, which is the formation of
blood clots within arteries(//-13). Docosapentaenoic acid (DPA), another essential
FA, is a 22 carbon long polyunsaturated fatty acid with five double bonds (22:5)(14,
15), which can be both an omega-3 (DPAn3) and an omega-6 fatty acid (DPAn6)
(15). These two DPA fatty acids have been shown to be important in the prevention
of atherosclerosis(76, 17). DPAn3 affects colorectal cancer(/8), chronic
inflammatory diseases(79, 20), myocardial infarct(2/), while DPAn6 affects
stroke(22). In addition, higher levels of cis-7,10,13,16,19-docosapentaenoic acid
(DPAn3) have been shown to be associated with improved cognitive function,
specifically memory(23-25). One other essential FA, cis-7,10,13,16-docosatetraenoic
acid (DTA), is a 22-carbon long polyunsaturated fatty acid with four double bonds
(22:4), it composes 17.5% of all fatty acids found in cerebral grey matter(26, 27), has
been shown to have an inverse association with fetal growth(28), and is positively
associated with primary open angle glaucoma, a disease that leads to vision loss and

blindness(29-33).
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The biological benefits of these fatty acids can be attributed to the fact that
they can be oxidized into oxylipins by lipoxygenases (LOXs). Lipoxygenases are a
family of enzymes that catalyze the oxidation of polyunsaturated fatty acids (PUFAs)
to form a variety of biologically active lipid mediators, including leukotrienes and
lipoxins(34-39). There is a wide spectrum of substrates that can be catalyzed by
lipoxygenase isozymes, with more than 300 fatty acids being cataloged in the human
body(40-42). A key chemical property of LOX substrates is the presence of the 1,4-
pentadiene moiety, with its position relative to either the carboxylate or methyl end of
the fatty acids dictating which LOX isozyme is a competent catalyst(43-45).
Arachidonic acid (AA) is the canonical substrate of LOX isozymes due its high levels
in the human body and thus the LOX isozymes are named according to their

positional specificity with AA(46-50).

In order to understand the positional specificity mechanism of LOX isozymes,
the cavity requirements of various LOX isozymes have been investigated through
site-directed mutagenesis and docking, identifying critical amino acids required for
fatty acid oxidation(47, 51-56). To this end, it has been determined that for human
platelet-type 12-lipoxygenase (12-LOX) and human reticulocyte 15-lipoxygenase-1
(h15-LOX-1) the fatty acid substrate enters the active site methyl-end first, with the
depth of the cavity determining which carbon is oxidized(43, 57, 58). Specifically,
Phe414 pi-pi stacks with substrate double bonds and residues 417 and 418 define the

bottom of the cavity in both LOX isozymes (54, 59, 60).
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With respect to the biological role of LOX isozymes, platelet activation is
highly dependent on LOX products, as seen by the varied aggregation response with
the addition of oxylipins(22, 59, 61-67). The 12-oxylipin of AA and eicosapentaenoic
acid (EPA, C20:5) do not inhibit platelet aggregation, while the dihomo-y-linolenic
acid (DGLA, C20:3) product does inhibit aggregation, indicating the positional
importance of unsaturation with respect to 12-oxylipin activity(62, 63). Interestingly,
the 15-oxylipins of all three of these C20 fatty acids inhibit platelet aggregation,
indicating that both the level of unsaturation and the position of the oxidation are
critical to the selectivity of receptor binding(6/). This hypothesis is extended to DHA
(C22:6), where its 11-, 14- and 17-oxylipins are all potent aggregation inhibitors, with
their potency increasing with the loss of saturation at either end of the C22-oxylipin
(i.e., DPAn3 and DPAn6 oxylipins versus DHA oxylipins)(63, 65, 68, 69). These data
highlight the biological importance of unsaturation, length, and oxidation position of

oxylipins with respect to platelet activation.
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In the current work, the kinetics, product profile and platelet activity of a
family of C22-FAs against h12-LOX, h15-LOX-, and h15-LOX-2 were performed.
This C22 family of fatty acids includes DHA (22:6), DPAn3 (22:5), cis-4,7,10,13,16-
docosapentaenoic acid (DPAn6) (22:5), DTA (22:4), cis-13,16,19-docosatrienoic acid
(DTrA) (22:3), and cis-13,16-docosadienoic acid (DDiA) (22:2) (Figure 1). By
quantifying the catalytic efficiency of these C22-FAs and examining the distribution
of oxylipins, their biological availability was determined. Finally, the platelet activity

was determined of these oxylipins, establishing the effect of double bonds positioning

/\:/E/E/\:/E/E/\)LOH DHA (22:6)

19 16 13 10 7 4
o
/E/E/\:/E/E/U\/H\OH DPAn3 (225)
19 16 13 10 7 4

W\:/E/E/EA)LOH DPAnG (22:5)
WWLOH DTA (22:4)

M:/\:M/\)LOH DTrA (22 23)
MMWLOH DDiA (22:2)

Figure 1. C22-FAs used in this study.

on platelet aggregation.

2.Experimental Procedures
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2.1 Chemicals

Fatty acids used in this study were purchased from Nu Chek Prep, Inc. (MN,
USA). All other solvents and chemicals were reagent grade or better and were used as

purchased without further purification.

2.2 Expression and Purification of 12LOX, h15-LOX-1, and h15-LOX-2.

Recombinant expression and purification of his-tagged h12-LOX (Uniprot
entry P18054), h15-LOX-1 (Uniprot entry P16050) and h15-LOX-2 (Uniprot entry
015296) were performed using nickel-affinity chromatography, as previously
described (70, 71).The purity of h12LOX, h15-LOX-1 and h15-LOX-2 were assessed
by SDS gel to be greater than 85%. The metal content was assessed on a Finnigan
inductively-coupled plasma-mass spectrometer (ICP-MS), via comparison with iron
standard solution and applied to the kinetic parameters. Cobalt-EDTA was used as an

internal standard.

2.3 Product Determination and Isolation

h15-LOX-1 (0.125 uM, pH 7.5), h12-LOX (0.300 uM, pH 8.0), h15-LOX-2
(0.5 uM, pH 7.5 were reacted in 2 mL of 25 mM HEPES at room temperature and
ambient oxygen. The enzymatic turnover was monitored by absorbance at 234 nm,
with 20 uM fatty acid reacted until 20% turnover occurred (DHA, DPAn3, DPAn6,

DTA, DTrA and DDiA). The reactions were quenched with 1% glacial acetic acid
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and extracted three times with dichloromethane (DCM). The products were then
reduced with trimethyl phosphite and evaporated under a stream of nitrogen gas. The
reaction products were reconstituted in methanol and analyzed via liquid
chromatography-tandem mass spectrometry (LC-MS/MS). Chromatographic
separation was performed using a C18 column (Phenomenex Kinetex, 4 um, 150 x
2.0 mm). Mobile phase solvent A consisted of 99.9% water and 0.1% formic acid,
and solvent B consisted of 99.9% acetonitrile and 0.1% formic acid. Analysis was
carried out over 60 min using isocratic 50:50 A:B for 0-30 min followed by a
gradient from 50:50 A:B to 75:25 A:B from 30 to 60 min. The chromatography
system was coupled to a Thermo-Electron LTQ LC-MS/MS instrument for mass
analysis. All analyses were performed in negative ionization mode at the normal
resolution setting. MS/MS was performed in a targeted manner with a mass list
containing the following m/z ratios containing the following m/z ratios of 343.2 = 0.5
(HDHAs), 345.2 + 0.5 (HDPAs), 347.2 + 0.5 (HDTAs), 349.2 £ 0.5 (HDTrAs), 351.2
+ 0.5 (HDDiAs) were used (see Supporting Information, Figures S1-S5). All
analyses were performed in negative ionization mode at the normal resolution setting.
Matching retention times, UV spectra, and fragmentation patterns for four common
fragments were used to identify products without standards. To identify the known
standards, at least three common fragments were used to identify the products (listed
in the supporting information). DHA fragmentations used to identify our oxylipins
were from previous literature(59, 72). The commercially obtained standards that were
used were: d8-12-HETE, 17-HDHA, 14-HDHA, 11-HDHA, and 12-HETE. It should

be noted that the enzyme products coeluted with the known standards, so this fact
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along with the catalytic nature of LOX isozymes allowed us to assume all products
were of the S-configuration, except for the products obtained from reverse substrate

insertion.

For product isolation for platelet activity, the same protocol was used except
for the high-performance liquid chromatography (HPLC) purification method and
amounts of enzyme and fatty acid used. The products were purified isocratically via
HPLC on a Higgins Haisil Semi-preparative (Sum, 250 mm x 10 mm) C18 column
with 45:55 acetonitrile:water, and 0.1% acetic acid. Oxylipin production reactions
required at least 2 hours to complete. 17-HDHA was synthesized from DHA (50 uM)
and h15-LOX-1. 17-DPAn3 was synthesized by SLO-1 and DPAn3 (50 uM), and 17-
DPAn6 was synthesized by SLO-1 with DPAn6 (50 uM). 17-HDTA and 14-HDTA
were synthesized by reaction of DTA (50 uM) with h15-LOX-1 and h12-LOX
respectively. 17-HDTrA was synthesized by reaction of DTrA (50 uM) with SLO-1.

17-HDDiA were synthesized by reaction of DDiA (50 uM) with SLO-1.
2.2 Steady-State Kinetics

h12-LOX, h15-LOX-1 and h15LOX-2 reactions were performed at 22°C in a
1 cm? quartz cuvette containing 2 mL of 25 mM HEPES (pH 7.5) with substrates
(DHA, DPAn3, DPAn6, DTA, DTrA, and DDiA). All substrate concentrations varied
from 0.25 to 25 uM. Concentrations of all substrates were determined by measuring
the amount of oxylipins produced from complete reaction with SLO-1.

Concentrations of oxylipins were determined by measuring the absorbance at 234 nm.

Reactions were initiated by the addition of h12-LOX (130 nM), h15-LOX-1 (300 nM)
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and h15-LOX-2 (325 nM). Product formation was determined by the increase in
absorbance at 234 nm for oxylipin products (€234nm = 25,000 M~ cm™!) with a Perkin-
Elmer Lambda 45 UV/Vis spectrophotometer. KaleidaGraph (Synergy) was used to
fit initial rates (at less than 10% turnover), to the Michaelis-Menten equation for the
calculation of kinetic parameters.

2.2 Oxylipin titration in human platelet aggregometry

All research involving human subjects was carried out in accordance with the
Declaration of Helsinki and approved by the University of Michigan Institutional
Review Board (approval number: HUMO00100677). Written informed consent was
obtained prior to blood collection. Washed platelets were isolated from human whole
blood via serial centrifugation and resuspended at a concentration of 3.0 x 108
platelets per milliliter in Tyrode’s buffer (10 mM HEPES, 12 mM NaHCO3, 127 mM
NaCl, 5 mM KCI, 0.5 mM NaH>PO4, 1 mM MgCl,, and 5 mM glucose), as
previously published (65, 73, 74). Platelets (250 ul at 3.0 x 10® platelets per milliliter)
were dispensed into glass cuvettes and oxylipin at the indicated concentrations (0—40
uM) was added to the platelet solution. The aggregation response to each oxylipin
was measured in a Chrono-log Model 700D lumi-aggregometer for 10 min at 37°C.
Oxylipins that did not induce platelet aggregation were subsequently added to 250 pl
of platelets and incubated for 10 min at 37°C to determine if the oxylipin had an
inhibitory effect. Oxylipin-treated platelets were stimulated with an ECgo
concentration of either collagen (Chrono-log) or thrombin agonist under stirring

conditions (1,100 rpm) at 37°C. Platelet aggregation was recorded for 10 min. Bar
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graphs are shown below (Figures 2-5), however, aggregation dose responses are
shown as Figures S6-S9 in the supporting information.
Results:
h12-LOX Kkinetics and product profile of fatty acids

The kear for h12-LOX with DHA, DPAn3, DPAn6, and DTA at 22 °C was 13
+£045!,7.1+£0.5s! 11+£0.95s", and 0.40 £ 0.05 5!, respectively; however, DTrA
and DDiA were not substrates (Table 1). The kcu/Ku for h12-LOX with DHA,
DPAn3, DPAn6, and DTA at 22 °C was 7.4 £ 0.3 uM's1, 4003 uM's!,53 £ 1
uM'st and 0.30 £0.03 uM's!, respectively (Table 1). These data indicate that the

loss of either A* or A!® double bonds of DHA (i.e., DPAn3 and DPAn6) does not

Table 1: Kinetics values of h12-LOX with various C22-FAs. NA =no
activity

. koK Ky

DHA 13 (0.4) 7.4 (0.3) 1.7 (0.3)

DPAn3 7.1 (0.5) 4.0 (0.3) 1.8 (0.4)

DPAn6 11 (0.9) 53 (1) 2.2(0.2)

DTA 0.40 (0.05) 0.30 (0.03) 1.1 (0.09)
DTrA NA NA NA
DDiA NA NA NA

significantly affect the kear or kear/Km values. However, losing both A* and A" (i.e.,
DTA) causes more than a 10-fold decrease in the kcor and kcq/Kar values and the loss

of additional double bonds (i.e., DTrA and DDiA) leads to complete loss of catalysis.
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The latter results can be easily explained due to the lack of a 1,4-diene in the
appropriate position relative to the active site iron for DTrA and DDiA, however the
10-fold loss of activity for DTA relative to DPAn3 and DPAnG is less clear. The loss
of both A* and A!” would make DTA more flexible and more hydrophobic due to the
increase in saturation, which could affect its positioning in the active site. Another
possible explanation is the loss of an aromatic interaction. Previously, it was observed
that F414 of h12-LOX pi-pi stacked with A!! of AA(54), therefore it is possible that
there is an aromatic residue which could pi-pi stack with both A* and A'®, leading to a
loss of

catalytic activity for DTA. For example, a loss of activity relative to saturation
was previously observed where the k.. value for mead acid (20:3) was ten-fold less

than that found for AA (20:4), illustrating how the loss of a double bond could have

Table 2: Product distribution of h12-LOX with various fatty acids. n/d =
not detected, NA = no activity
17-product 14-product 11-product
DHA n/d
90+ 1 10+1
DPAn6 n/d n/d
100 =+1
DPAn3 4+1 751 21+0.5
DTA 11£0.2 76+3 12+1
DTrA NA NA NA
DDiA NA NA NA

drastic effects to LOX activity(54). It should be noted that the k.. and kco/Kum values
of DHA, DPAn3, DPAn6 with h12-LOX correlated well with our previous work (54,

61, 65,72, 75).
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With respect to product formation, h12-LOX with DHA and DPAn6 produced
mostly the 14-oxylipin products, with the 14-oxylipin:11-oxylipin ratios being 90:10

and 100:0, respectively (Table 2), consistent with previous work (64, 67, 73). There

is an increase in promiscuity in product formation with DPAn3 and DTA, with 17-

oxylipins, 14-oxylipins, and 11-oxylipins being made in the ratios of 4:75:21 and

11:76:12, respectively. Nevertheless, h12-LOX still produces mainly the 14-oxylipin

product for all the C22-FAs which had activity. Considering that an increase of the

17-oxylipin relative to the 14-oxylipin occurs when the substrate enters the active site

less deeply, and the 11-oxylipin occurs when the fatty acid enters more deeply, it

Table 3: Kinetic values of h15-LOX-1 with various C22- appears that
FAs. .
loss of either
kcat kcat/KM KM A4 or bOth A4
DHA 1.6 (0.1) 0.49 (0.03) 3.3(0.7)
and A" leads

DPAn3 1.0 (0.1) 0.72 (0.1) 1.4 (0.5)

DPAn6 1.7 (02) 0.47 (01) 3.7 (03) to less precise
DTA 2.5 (0.04) 0.35 (0.01) 7.2(0.1) o
DTrA 1.6 (0.06) 0.37 (0.02) 43(0.2) oxidation.
DDiA 3.3 (0.04) 0.81 (0.06) 4.1(0.2) This is

consistent

with the substrate not being held as tightly in the active site, possibly due to an

increase in flexibility/hydrophobicity and/or a loss of pi-pi stacking (vide supra) (54,

56, 57,61, 65, 72, 75, 76). 1t is interesting to note that this hypothesis for product

formation parallels the lowered rates observed for DTA but not DPAn3. This could

indicate that the product ratios are more sensitive to enzyme/substrate interactions,

indicating that saturation at A* is critical for product profiling, while the loss of both
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A* and A" is more critical for kinetic efficiency. We are currently investigating

specific active site amino acid interactions with A* and A" through mutagenesis in
order to tease out the specific interactions.

h15-LOX-1 Kkinetics and product profile of fatty acids

The keas for h15-LOX-1 with DHA, DPAn3, DPAn6, DTA, DTrA, and DDiA
at22°Cwas 1.6 +0.1s",1.0£0.1s',1.7£02s!,and 2.5+ 0.04 s}, 1.6 £ 0.06 57!,
and 3.3 £ 0.04 s respectively (Table 3). The ke./Ky with DHA, DPAn3, DPAn6,
DTA, DTrA, and DDiA at 22 °C was 0.49 = 0.03 uM!'s!,0.72 £ 0.1 uM!'s!, 0.47 +
0.1 pM1's! and 0.35+0.01 uM s, 0.37+£0.02 uM s, and 0.81 £ 0.06 uM''s™!,
respectively (Table 3). Surprisingly, there were no significant changes in the kc. or
kea/’Ku values with the loss of multiple double bonds in the C22-FA scaffold,

indicating that the degree and/or placement of unsaturation does not affect h15-LOX-

Table 4: Product distribution of h15-LOX-1 with various C22-FAs. n/d
= not detected.
17 -product | 14 -product | 13-product | 11-product
DHA 48+3 45+2 n/d 7205
DPAn6 37 + 3 63 + 3 n/d n/d
DPAn3 23 43 77 + 3 n/d n/d
DA 68 +2 23+ 1 n/d 5+ 0.4
DTrA 82+ 1 w/d 18+1 n/d
DDiA 8642 n/d 1442 n/d
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1 kinetics appreciably. This is consistent with past literature results which reported
that the loss of the A5 double bond in AA did not affect the kinetic values for h5-
LOX-1. (61). It should be noted that the k. and kco/Ky values of DHA with h15-
LOX-1 correlated well with our previous work (54, 61, 65, 72, 75).

With respect to product profiling, h15-LOX-1 reacts with DHA, DPAn6, and DPAn3
producing both the 14-oxylipin and 17-oxylipin products, with a preference for the 14-
oxylipin products with DPAn3 and DPAn6 (Table 4). With DHA as the substrate, the ratio of
17HDHA:14HDHA:11HDHA was 48:45:7, which is consistent with previous work (54, 61,
65, 72, 75). With DPAn6 as the substrate, the ratio of 17-HDPAn6:14-HDPAn6 was 37:63,
with no 11-product being made. With DPAn3 as the substrate, the ratio of 17-HDPAn3:14-
HDPAn3 was 23:77. However, with DTA as the substrate, the product preference shifts to the
17-oxylipin product, with the ratio of 17-HDTA:14-HDTA:11-HDTA being 68:23:5. For
DTrA and DDIA, the ratio of 17-HDTrA:13-HDTrA is 82:18 and 86:14, respectively. The
17-oxylipin was the majority product because the 14-oxylipin is not catalytically feasible due

the position of the 1,4-diene relative to the methyl end of the substrate.

Analyzing the kinetic and product data for h15-LOX-1, it is observed that saturation
does not affect enzymatic rates significantly, but the product profile is affected. When both
the A* and A" double bonds are removed, there is a novel shift in the product specificity that
has not been reported previously. For DHA, DPAn6, and DPAn3, the 14-oxylipin is the
majority product, but for DTA, the 17-oxylipin is the majority product, indicating that DTA,
slides less deep into the cavity site of h15-LOX-1 than DHA, DPAn6, and DPAn3, thus
making more 17-oxylipins. Since DTA is both more flexible and more hydrophobic than
either DPAn3 or DPAn6, this effect could be due to a general binding mode change. Another

explanation could be that there is a specific residue interacting with the double bonds of
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DTA, pulling it further into the active site. However, considering that the effect is only
observed when both D* and D' are removed, it appears there is not one interaction that is

important, but rather that there is a synergistic effect between the two double bonds and the

Table 5: Kinetic values of h15-LOX-2 with various C22-FAs.
kcat kcat/KM KM
DHA 3.0 (0.1) 0.78 (0.07) 3.9(0.3)
DPAnN3 1.5 (0.07) 0.38 (0.08) 3.8(0.4)
DPAn6 2.0 (0.1) 0.76 (0.2) 2.6 (0.5)
DTA 0.13 (0.3) 0.032 (0.004) 4.0 (0.4)
DTrA 0.029 (0.08) 0.022 (0.003) 1.3 (0.2)
DDiA 0.014 (0.02) 0.045 (0.005) 0.31 (0.03)

active site residues. Previously in the literature, a pi-pi interaction between the D' or D'
double bond of AA and F414 was observed, but the D!! and D'* double bonds are in close
proximity so in theory F414 could interact with both double bonds (57, 77). The distance
between D* and D' double bonds of DHA is approximately 4.5 angstroms, greater than that
between D!! and D'* and thus one critical amino acid interaction seems unlikely.
Nevertheless, H425 is within 5 angstroms of F414, suggesting the possibility that H425 could
be at least partially responsible for the observed kinetic effects. We are currently beginning a
mutagenesis campaign to probe the role of H425 and other active site residues that affect C22
substrate catalysis. With respect to DTrA and DDiA, 17-oxylipin is the major product
because 14- oxylipin is not catalytically feasible. Due to improper double bond positioning
relative to the active site iron, both fatty acids appear to flip and enter the active site in the
opposite orientation. This reverse orientation produces the 13-oxylipin from DTrA and

DDiA, as is seen for h5-LOX catalysis (54, 55,71,72).

h15-LOX-2 kinetics and product profile of fatty acids
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The kear for h15-LOX-2 with DHA, DPAn3, DPAn6, DTA, DTrA, and DDiA
at22°Cwas 3.0+ 0.1s7,1.5£0.07s,2.0+0.1 s, and 0.13 £ 0.3 5!, 0.029 = 0.08
s!, and 0.014 £ 0.02 7!, respectively (Table 5). The keo/Ky with DHA, DPAn3,
DPAn6, DTA, DTrA, and DDiA at 22 °C was 0.78 £ 0.07 uM's™!, 0.38 £ 0.08, 0.76
£0.2 uM s, and 0.032 £ 0.004 pM''s!, 0.022 £ 0.003 uM!'s7!, and 0.045 £ 0.005
uM's! respectively (Table 5). There is no significant difference in kcar O kear/Ku
values with the loss of either D* or D!'” from DHA (i.e., DPAn3 and DPAn6).
However, the loss of both D* and D'°, such as for DTA, DTrA and DDiA, leads to
more than a greater than 10-fold difference in the kc.s and kca/Kpr for h15-LOX-2. As
previously proposed for h12-LOX (vide supra), this loss of reactivity could be due to
an increase in flexibility/hydrophobicity of the fatty acid, or a loss of a specific

interaction with an active site residue, such as pi-pi stacking (76-78).

Table 6: Product distribution of h15-LOX-2 with various C22-FAs.
n/d = not detected.
17-product 14 -product 13-product
DHA 94+ 1 6+1 n/d
DPAn6 96 + 1 4+1 n/d
DPAnN3 92 +4 8+ 4 n/d
DTA 100+ 1 n/d n/d
DTrA 88+1 n/d 12+1
DDiA 3745 n/d 6345
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With all C22-FAs, h15-LOX-2 produced mostly the 17-oxylipins, consistent with its
high level of specificity (Table 6). With DHA, DPAn6, DPAn3, and DTA, the ratios between
the 17-product:14-product were 94:6, 96:4, 92:8, and 100:0, respectively. An exception to
this trend is the production of the 13-product with DTrA and DDiA, with the ratio of 17-
HDDIiA:13-HDDiA being 88:12 and 37:63, respectively. As discussed previously for h15-
LOX-1 (vide supra), the production of the 14-oxylipin is not possible due to the positions of
the double bonds relative to the terminal methyl, and thus 13-oxylipin from h15-LOX-2 and
DTrA and DDiA is most likely due to the fatty acid entering the active site carboxylic acid

end first, as seen for h5-LOX (55).

Excluding the production of the 13-oxylipin, the degree of unsaturation does not
affect the product profile for h15-LOX-2 substantially, which could be due to a lack of pi-pi
stacking. Previous literature has shown that F414 is involved in pi-pi stacking with the
substrate for h12-LOX and h15-LOX-1, but this residue does not exist in the active site of
h15-LOX-2 (55, 76), which could explain the lack of dependence on saturation for product

production.

Platelet aggregation effect of C22-oxylipins with variation of oxidation position and

degree of unsaturation.
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The C22-oxylipins were assessed for their ability to regulate platelet aggregation,
either through a stimulatory role, an inhibitory role, or in a biphasic capacity. Previously, it
was demonstrated that 17-HDHA was a potent anti-aggregation effector molecule. (63, 68,
79) In the current investigation, this family of 17-oxylipins with 22 carbons was investigated
further, with 17-HDPAn3, 17-HDPAn6, 17-HDTA, 17-HDTrA, and 17-HDDIA being
assessed. In the present investigation, 17-HDHA demonstrated inhibition of collagen-

stimulated platelets at low concentrations (24 +/- 10% aggregation at 5 mM), while higher
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Figure 2: Inhibition of platelet aggregation with 17-HDHA and 17-HDPAnN6.

concentrations of 17-HDHA were required to inhibit thrombin-stimulated platelets (63 +/-
10% aggregation at 25 mM) (Figure 2). 17-DPAn6 had comparable potency with 14 +/- 4%
aggregation at 5 mM when stimulated with collagen and 29 +/- 9% at 25 uM when stimulated
with thrombin (Figure 2). Interestingly, 17-DPAn3 showed no inhibitory affects but did
have agonistic properties with 26 +/- 10% aggregation at 5 uM with no platelet stimulation.
17-HDDiA and 17-HDTrA were also agonists with 55 +/- 10% and 84 +/- 2% at 5 uM,
respectively (Figure 3). 17-HDTA is the unusual oxylipin of this family of 17-oxylipins. At
0.5 uM of 17-HDTA, 20 +/- 10% platelet aggregation was observed with collagen added,

making it a more potent inhibitor than either 17-HDHA or 17-HDPAn6. However, at higher
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concentrations, 17-HDTA was an agonist. At 5 uM of 17-HDTA, 41 +/- 10% aggregation
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Figure 3. Agonistic effect of platelet aggregation with 17-HDPAn3, 17-HDTrA and 17-

was observed with no platelet stimulation (Figure 4).

In general, these data indicate that as the 17-oxylipin loses saturation, it converts
from a platelet activation inhibitor to a platelet activation agonist (Table 7). The transition
point appears to be between 17-HDPAn3 and 17-HDPAn6, with loss of D' maintaining the

inhibitory properties of the 17-HDPAnG6, but loss of D* leads to agnostic properties (i.e., 17-

Collagen (ECyg: 0.125-0.5ug/mL) HDPAn3).
100; . 100 Interestingly, 17-
= 80 280y - HDTA, which has
5 5
= 604 = 60 lost both D* and D'°,
2 2
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< 20 < 20 .
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17-HDTA (uM) 17-HDTA (uM) speculate that D* and
Figure 4. Biphasic effect of platelet aggregation with 17-HDTA. D' on the 17-
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oxylipin regulate two distinct receptor pathways. The mechanism of action of these 17-

oxylipins is currently being investigated to better understand these intriguing results.

With respect to the 14-oxylipins, it has previously been observed that 14-HDHA is a
potent aggregation inhibitor with 20% aggregation at 5 uM with collagen stimulation(65). 14-
HDPAn6 was also shown to be a potent inhibitor, with 5% at 1 uM when stimulated with
collagen and 10% at 1 uM, when stimulated with thrombin (22). Considering the similar
potency between the 14-oxylipins and the 17-oxylipins, the platelet aggregation effect was
determined for 14-HDTA to determine if the same transition to agonist as seen for 17-HDTA
would also be observed for 14-HDTA. Contrary to the data for 17-HDTA, 14-HDTA was
only an inhibitor, with 4.8 +/- 1% aggregation at 5 uM when stimulated with collagen and 49
+/- 10% at 10 uM when stimulated with thrombin (Figure 5). These data indicate that the 14-
oxylipins do not follow a similar platelet effect mechanism as do the 17-oxylipins and thus,

the change in location of oxidation affects their mechanism of actions. This result is like that
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Figure 5. Inhibition of platelet aggregation with 14-HDTA.

seen for the 12- and 15-oxylipins derived from AA, where 12-HETE induces pro-thrombotic

platelet activity, while 15-HETE induces anti-thrombotic activity (67, 63). It should be noted
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that due to the lack of activity of h12-LOX against DTrA and DDiA, the isolation of 14-

oxylipin products from these fatty acids was not achieved.

CONCLUSION:
Table 7: Effects of oxylipins on platelet aggregation.
Oxylipin  |[nhibition Effect Inhibition Effect Agonistic Effect

Thrombin Stimulation (Collagen Stimulation [No Stimulation

17-HDHA 63 + 10% @ 25 uM 24 +10% @ 5 uM None
17-DPAn6 29 + 9% @ 25 uM 14 +4% @ 5 uM None
17-DPAn3 |None None 26 £ 10% @ 5 uM
17-HDTA  |None 20+ 10% @ 0.5 pM 41 £10% @ 5 uM
17-HDTrA |None None 84 + 2% @ 5 uM
17-HDDiA |None None 55+ 10% @ 5 uM
14-HDTA 49+ 10% @ 10 uM 4.8+ 1% @5 puM None

In summary, the kinetic rates and product preference of each of the three LOX

isozymes, h12-LOX, h15-LOX-1 and h15-LOX-2, is generally not affected if either D* or D
is removed from DHA (i.e., DPAn3 or DPAn6). However, if both D* and D'° are removed,
the rate for both h12-LOX and h15-LOX-2 is reduced more than 10-fold, suggesting that the
increased flexibility and hydrophobicity, due to the lower saturation state of DTA, leads to a
less-productive ES complex. For h15-LOX-2, the rate and product distribution are affected
even further with decreased unsaturation (i.e., DTrA and DDiA), indicating the ES complex
becomes even more un-productive with additional flexibility and hydrophobicity. In contrast,
the kinetic values for h15-LOX-1 do not change appreciably with decreasing degrees of
unsaturation, indicating an ES complex that is less dependent on flexibility and
hydrophobicity than that for h12-LOX and h15-LOX-2. Interestingly, while the kinetics of
h15-LOX-1 are not affected by the unsaturation of the substrate, the product profile is

affected. As the C22-FAs become less unsaturated, more of the 17-oxylipin is produced
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indicating a reduced penetration of the substrate into the active site. It is unclear why the
C22-FAs have reduced active site penetration as their flexibility and hydrophobicity are
increased, however, it is possible that the loss of a specific pi-pi interaction with an active site
residue is lost, lowering the energetics of active site insertion. We are currently investigating
if a specific active site residue interacts with the fatty acids and accounts for these data

through mutagenesis.

With respect to the effect the 17-oxylipins had on platelet activity, the degree of
unsaturation of C22-FA-derived oxylipins had substantial effects, on both inhibition and
aggregation. The highly saturated 17-oxylipins (i.e., 17-HDHA and 17-HDPAn6) exhibited
inhibitory effects on platelet aggregation, with the effect being larger with collagen
activation. However, as saturation decreases, the effect of the 17-oxylipin switches to
agonistic. The transition occurs with 17-DPAn3, which is purely agonistic and 17-HDTA,
which is mixed inhibitor/agnostic, with the key chemical feature being the loss of D*.
Surprisingly, the 14-oxylipin of DTA, 14-HDTA, has a different effect on platelet
aggregation. While 14-HDTA inhibits platelet aggregation with both thrombin and collagen,
17-HDTA is inhibitory at low concentrations but agonistic at high concentrations. These
findings highlight the complexity of platelet regulation by oxylipins and may have
implications towards their biological significance. For example, since h15-LOX-1 reacts
equally well with each of these four C22-FAs, but their 17-oxylipin effects on platelet
aggregation are orthogonal to each other, the micro-distribution of these C22-FAs in one’s
diet could have distinct consequences with regards to platelet activity and hence
cardiovascular indications. In addition, although platelets do not contain 15-LOX isozymes,
the oxylipins produced by 15-LOXs are highly potent biomolecules towards platelet

activation, suggesting that other cells, such as leukocytes may influence platelet function
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significantly. We are currently investigating the inhibitory and agonistic mechanism of action

these oxylipins to determine the biochemical requirements for these distinct platelet effects.
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