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Abstract

We're all on a quest for improved heart health, but what do we really know about it? A daily
regimen of aspirin can help some people with heart disease. We need to lower our cholesterol,
and increase our intake of omega fatty acids. There is simply no health benefit to taking extra
vitamin E, and it’s not known why. Apart from cardiac tests with radiopharmaceuticals,
what role does nuclear technology play in this story? It turns out that cold and thermal
neutrons are important tools for the biophysicists studying these topics. We will review some
recently published studies that are advancing our understanding of how cholesterol, vitamin
E, and aspirin all work at the molecular level, inside the membrane of our cells. These insights
could not have been learned without access to research reactor neutron beams such as those
at the Canadian Neutron Beam Centre, and how this new knowledge has really engaged the
broader health science community into new ways of thinking about these molecules.

1. Introduction

The molecular mechanism by which drugs and nutrients interact with the membranes of
our cells has become a central issue in pharmacological sciences. Cellular membranes are
complex assemblies that are much more than simple permeable barriers or passive substrates
for proteins. Rather, they play an active role in many cellular functions, and they have a rich
metabolism of their own. Many of these functions rely on a diverse array of lipids, vitamins,
sterols, proteins and carbohydrates.

One area of particular interest for the health of Canadians is cardiovascular diseases, which
are the leading cause of death in adult Canadians. Of the six types of cardiovascular diseases
highlighted by Health Canada, ischemic heart disease is the leading cause of death, account-
ing for 54% of all cardiovascular deaths [1, 2|. Ischemic heart disease occurs when the blood
supply to the heart muscle (myocardium) is cut off. Commonly, ischemia is a result from
the accumulation of cholesterol-rich plaques in the coronary arteries (atherosclerosis).

The blockage of blood flow is not the only life threatening condition, which arises from
ischemia. When treated, the restoration of the blood supply (reperfusion) can cause further
damage to the myocardium, through oxidative stress, specifically free radical damage. The
damage done during blood restoration is known as ischemia-reperfusion injury and also
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occurs during surgery when blood vessels are cross-clamped [3]. Ischemia-reperfusion injury
has been extensively studied, but the underlying molecular mechanisms of the pathology and
treatments remain a mystery [4].

Below we discuss the role neutrons have played in the understanding of three small molecules
with significant implications in the cause (cholesterol), preventative measure (aspirin) and
recovery (vitamin E) of myocardium ischemia and reperfusion injury. Most interestingly,
the availability of neutron beams is crucial to obtain molecular level information in these
systems.

2. The Need for Neutrons

Compared to other biophysical techniques, neutron scattering offers many advantages for the
study of biological systems at the atomic level. Firstly, it does not rely on bulky fluorophore
or spin label probes, which can drastically alter the physical properties of model membrane
systems. Instead, neutrons scatter from even light elements (e.g., H, C, N, O, etc.) commonly
found in biological systems, and are able to distinguish between isotopes of the same element,
with the substitution of hydrogen for deuterium being commonly used to systematically
manipulate contrast, as shown in Figures 1 and 2 [5]. Scattering from individual components
of the system (i.e. lipid, solvent or protein) can be suppressed through contrast matching,
allowing for robust determination of bilayer organization, as shown in Figure 2.
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Figure 1: Schematic of possible neutron contrast variation experiments for a membrane (gray) with a
protein inserted (pink). The left diagram represents the system with no contrast matching. The protein is
highlighted in the centre diagram when the solvent (water) is contrast matched to the lipid bilayer. Membrane
properties can be studied the diagram on the right when the solvent (ie. water) is contrast matched to the
protein.

3. Cholesterol

In mammalian cells, as much as 90% of all cholesterol can be found in the plasma mem-
brane [14]. Cholesterol has been well established as a mediator of cell membrane fluidity. By
interacting with lipid tails, cholesterol causes the membrane tails to be constrained thereby
reducing membrane fluidity.

The action of cholesterol’s membrane mediation is observed through the formation of highly
ordered domains (patches) of membrane enriched with cholesterol, as depicted in Figure 3.
Interestingly these patches are a unique lipid phase which requires the presence of cholesterol
and is named the liquid ordered phase (L,). The cholesterol poor counterpart to L, is the
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Figure 2: Biological systems have an intrinsic ability to be labeled due to the abundance of hydrogen (1H)
atoms that can be replaced (labeled) by deuterium (*H). The substitution of deuterium atoms for hydrogen,
at selective locations, provides contrast between the “labeled” sample (left) and the “unlabeled” sample
(middle). The difference in scattering length density between the labeled and unlabeled sample yields the
precise location and distribution of the 2H label (red circle, right).

thinner and more disordered liquid disorder (L4) phase. At high concentrations of cholesterol,
immiscible cholesterol bilayers may form [15, 16]. These cholesterol "plaques’ often occur in
people with elevated cholesterol, and play a role in diseases such as atherosclerosis [17].

An study of nanosized domain formation in free-floating bilayers was conducted by Heberle et
al. by small angle neutron scattering. In order to mimic a complex biological membrane,
this pioneering study examined four-component model systems containing a saturated phos-
pholipid, varying ratios of mono- and di-unsaturated phospholipid and a constant cholesterol
concentration for the presence of domains [18]. Domain sizes were found to increase with
unsaturation (di-unsaturation : mono-unsaturation ratio) but more interestingly there is a
direct correlation between the domain size and the bilayer thickness mismatch of Ly and L,.
These results were one of the first probe-free to observe these cholesterol rich nanodomains,
as well as the first to demonstrate how functional domains in cells may be regulated through
changes in phospholipid composition.

Armstrong et al. has observed the existence of cholesterol induced highly ordered lipid do-
mains within the L, phase of a binary phospholipid:cholesterol system [19]. Using coherence
length dependent neutron diffraction, the authors were able to, unambiguously and for
the first time, resolve signals of L, domains from L4 regions. In single phospholipid systems
L, was believed to be a homogeneous phase. In addition to the presence of these ordered
domains existing Armstrong determined, for the first time, dynamic properties cholesterol
imposes on the L, and did so before the formal observation of these domains [20, 21]. The
nanoscale dynamics L, were observed using an in-elastic neutron scattering technique,
which does not rely on the use of bulky and perturbing probes. The domains in the cholesterol
induced L, phase appeared softer than the Ly phase, with a reduced membrane viscosity, but
were more ordered than the gel phase. It is believed that cholesterol’s “property amplifying”
ability is one of the the driving forces for the formation of the hypothetical lipid rafts.

These studies, for the first time, give a detailed molecular picture of the fluid structure of
lipid membranes. Cholesterol leads to the formation of ordered patches, which are enriched
with cholesterol, and drastically different properties as compared to their surroundings. This
change in membrane homeostasis has been shown to lead to reduced health in individuals
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Figure 3: A) Lipid vesicle containing containing L, domains. B) Small angle neutron scattering (SANS)
curve which contains structural information about the bilayer as well as bilayer organization. C) Schematic
of the membrane information contained within the SANS curve.

with high cholesterol. Some of the reduced health effects include high blood pressure and
hypertension, which increases the risk for ischemic heart disease.

4. Aspirin
A common treatment for the prevention of ischemia related events, in individuals with in-
creased cholesterol levels, is a daily low-dose of acetylsalicylic acid (aspirin) [22, 23].

Unlike a-tocopherol, aspirin has long been associated with specific interactions when intro-
duced into the body. Aspirin interacts with the cycloxygenase (COX) pathway, inhibiting
platelet aggregation [24]. In patients with high cholesterol, a reduction in platelet aggre-
gation can decrease the incidence of blocked arteries and reduce the chance of myocardial
events [25]. This was long believed to explain the low-dose aspirin therapy. Recently, the role
of the COX pathway in the low-dose aspirin therapy has been called into question, given the
growing awareness of so-called “aspirin resistance” [26]. Platelets from aspirin resistant pa-
tients often appear unaffected by the drug, likely through COX independent mechanisms [27].
The confusion surrounding aspirin has been recently discussed in the media [28].
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At the same time, there is an increasing evidence for a role of the lipid membrane structure
and composition in platelet function [29]. Aspirin has recently been shown to strongly
interact with membranes, both real and synthetic, residing in the lipid headgroup region [30,
31]. In particular, when introduced in model membranes, aspirin has been shown to dissolve
harmful cholesterol plaques leading to a more fluid, healthy bilayer [32]. In addition, aspirin
is believed to interact with the membranes of red blood cells, making them more fluid and
compressible, which could allow them to flow past barriers with greater ease [33].

We have recently performed neutron diffraction experiments on model membranes con-
taining cholesterol and aspirin. The data suggests aspirin locally alters the lipid environment
when introduced into membranes. By interacting with lipid headgroups, aspirin is able to
increase lipid fluidity and compressibility, opposing the effect of cholesterol. By working
against the effects of cholesterol, aspirin is able to frustrate the formation of lipid domains,
fundamentally changing the membrane’s structure and organization. Using the coherence
length dependent neutron diffraction technique, we were able to well resolve the nano-
scale changes in lipid structure induced by aspirin. Neutron diffraction gives unprecedented
details of the molecular organization in membranes and enables us to develop molecular
models, as shown in Figure 4.

5. Vitamin E

There is simply no clear evidence for the health benefits of supplementing our diets with
additional vitamin E (a-tocopherol), except of course, for specific deficiency syndromes [6].
This is true whether for general heart-health, or as part of conventional treatments of con-
ditions such as ischemia-reperfusion injury. This despite in the case of myocardial ischemia
reperfusion injury, where maintaining redox homeostasis is pivotal in the survival of vic-
tims [7].

Tocopherol pretreatment is often used to prevent myocardial ischemia reperfusion injury in
the case of bypass surgery patients [3]. However, different studies examining the benefits of
tocopherol pretreatment yield contradictory results [3, 8]. What is missing is a clear molecu-
lar mechanism of vitamin E antioxidant action in a cellular membrane, or if such antioxidant
action exists in vivo at all. This is especially true when considering the conflicting data in
the literature. For example, some argue that it functions as an antioxidant, while others
argue from the same evidence that it has some other, not yet identified task. For example,
Traber and Atkinson write: “...all of the observations concerning the in vivo mechanism of
action of a-tocopherol result from its role as a potent lipid-soluble antioxidant” [9]. However
in the same journal issue, Azzi takes the counter argument that “... a-tocopherol is not able,
at physiological concentrations, to protect against oxidant-induced damage...” [10].

Recently we have shown evidence of an antioxidant mechanism for a-tocopherol, which
correlates strongly with its physical location in a model lipid bilayer [11]. The data addressed
the overlooked problem of the physical distance between the vitamins reducing hydrogen and
lipid acyl chain radicals. Our combined data from neutron diffraction, nuclear magnetic
resonance (NMR) spectroscopy, and ultraviolet (UV) spectroscopy studies all suggest that
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Figure 4: A) Neutron diffraction data obtained from model membranes containing cholesterol and aspirin.
B) A 3D cartoon of a membrane containing cholesterol and aspirin, as determined by the neutron data.
The cartoon highlights the regular distribution of aspirin(dark square on the membrane), leading to the
frustration of lipid raft structures C) Cartoons highlighting the altered lipid environments introduced by
aspirin. Aspirin interacts with the lipid headgroups leading to an increase in lipid tail separation, and an
increase in lipid fluidity

reduction of reactive oxygen species and lipid radicals occurs specifically at the membrane’s
hydrophobic-hydrophilic interface, as shown in Figure 5. Such a conclusion has eluded
scientists for decades because no one had yet determined the location a-tocopherol with
precision until we applied neutron diffraction with deuterium labeling

A follow up study determined, by means of small angle neutron diffraction, that not only
is a-tocophero’s hydroxyl group located high in the membrane, but its tail also resides far
from the center of bilayers of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) [12].
In addition, Marquardt et al. located the hydroxyl group of a-tocopherol above the lipid
backbone in 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), 1-palmitoyl-2-

oleoyl-sn-glycero-3-phospho-L-serine (POPS) and sphingomyelin, suggesting that a-tocopherol’s

location near the lipid-water interface may be a universal property of the vitamin [12].

Another important result which has originated from thermal neutron scattering was deter-
mining the location of vitamin E in the prototypical lipid dimyristoyl-phosphatidylcholine
(DMPC). Without exception, the data point to a-tocopherol’s active chromanol moiety re-
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siding deep in the hydrophobic core of DMPC bilayers, a location that is in stark contrast
to a-tocopherol’s location in other lipids. The discovery of a-tocopherol’s residence in the
centre of a DMPC bilayer explains some of the conflicting and inexplicable data found in the
literature regarding a-tocopherols behaviour in DMPC bilayers versus other phospholipid
bilayers [13].
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Figure 5: Schematic of a-tocopherol in a model lipid membrane as determined by neutron
diffraction. The zone of a-tocopherol antioxidant action is confined to the region of the
glycerol ester and above, extending practically to the aqueous phase. Although a-tocopherol
can either terminate a lipid radical or intercept diffusing reactive oxygen species, its different
locations within bilayers correlate well with its primary activity.

6. Concluding Remarks
In this paper, we hope to have shown that neutron beams are an indispensable tool for
cutting—edge research in molecular biology and pharmaceutical sciences.

Biological themed research remains a small and slowly growing component of the science
conducted at neutron beam facilities. Annual report data from the Institut Laue-Langevin
(Grenoble, France) tracks growth in experimental proposals classified as “biology” from 6%
in 2002 to 10% in 2013. However, many experiments classified as “soft condensed matter”
often have applications in biochemistry and molecular biology, and including these, as many
as 1 in 8 instrument—days at the ILL is devoted to science involving some biologically related
material.

One reason for the slow growth of using neutrons for biological research is the difficulty of
new knowledge breaching the wall separating biology from neutron physics. Translating the
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results described above to clinical use is a daunting challenge, as these results are guided by
methods and techniques drawn more from physics, and are far removed from petri dishes
and cages of biochemical and animal research.

Most of these experiments are guided by physics—trained biophysicists, working in collabo-
ration with colleagues from biochemistry and biology departments. Ultimately, it will be up
to these biologists to flesh-out the theories necessary to reach clinical application.

However, we continue to recruit biochemists and biologists to consider conducting neutron
beam experiments. Insights such as these shown above afford physiologists a molecular
picture otherwise unattainable without the use of neutrons. One important way to make
entry into this field easier for biologists lay outside the research reactor.

Deuterium plays an important role in neutron scattering for biology, and to that end many
neutron beam laboratories have established their own ancillary laboratories dedicated to the
incorporation of deuterium into biological molecules and systems.

For example, the Center for Structural Molecular Biology at the Oak Ridge National Lab-
oratories (utilizing the High Flux Isotope Reactor) established the Bio-Deuteration Lab for
this express purpose. The European Photon and Neutron Campus (EPN-campus), home of
the Institut Laue-Langevin reactor, now shares its grounds with the Institut Biologie Struc-
turale, and through the Partnership for Structural Biology, has established the Deuteration
Laboratory platform (D-LAB).

It is thought that with a better knowledge foundation of how to incorporate deuterium
into biological materials, more biologists will feel free to design more interesting neutron
experiments. This also has the additional benefit that this knowledge will also help those
researchers using nuclear magnetic resonance techniques.
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