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Abstract

Mitochondria are involved in many essential cell functions, including the production of energy
and cellular metabolism. Hence, a better understanding of how mitochondria adapt to different
interventions may have implications for both health and performance. The ability to distinguish
fibre-specific changes may help resolve some of the debate concerning the effects of different
types of exercise on mitochondrial biogenesis. Skeletal muscle fibres represent a large proportion
of cell types in humans, with specialised contractile and metabolic functions that depend on a
large number of associated proteins with extensive posttranslational modifications. Many of these
skeletal muscle proteins are present in a cell-specific or a fibre-type dependent manner. However,
while the size principle has clearly demonstrated the recruitment of different fibre types with
exercise of different intensities, the methods for studying mitochondrial protein adaptations have
mostly been confined to the analysis for whole-muscle samples that contain a mixture of type I
and II fibres. Recent advances in proteomics by mass spectrometry (MS) allow for the
quantification of thousands of proteins in small biological samples, providing the potential to

analyse changes in mitochondrial proteins in single muscle fibres.

This research describes a proteomic workflow for fibre typing and the subsequent identification
of mitochondrial proteins within single human skeletal muscle fibres by MS, even when fibres
have been prepared in a high detergent matrix. Fibre types were verified based on the relative
abundance of myosin heavy chain (MYH) isoforms, which was determined by dividing the
intensity-based absolute quantification of the respective isoform (MYHI, MYH2, MYH4,
MYH?7) by the sum of the intensities of all four MYH isoforms. This protocol also allows for
incorporation of tandem mass tag (TMT) labelling for increased identification of lowly abundant
proteins using a TMTpro-16 plex. This permitted a three-tiered comparison of mitochondrial
protein content from different fibre types applied to a post vs. pre exercise training study design

comparing two different types of exercise training performed by 23 men.

The developed proteomic workflow quantified the levels of 536 known mitochondrial proteins,
representing more than 45% of the total mitochondrial proteins in single muscle fibres. Analysis
of proteins associated with known cellular pathways within the mitochondria demonstrated
distinct trends of fibre-type specific protein responses to different types of exercise. This research
aims to further the application of proteomic technologies to better understand how specific
mitochondrial proteins are altered in response to the stress of exercise at the resolution of single

skeletal muscle fibres.



Chapter 1

Review of Literature

Training and Mitochondrial Proteins: Current
Approaches & Future Perspectives



1 Role of Mitochondria in Health and Performance

Mitochondria are essential, membrane-enclosed organelles that consist of more than 1100
proteins that allow for many different functions. They have an important role in
generating cellular energy, mostly in the form of adenosine triphosphate (ATP). The
mitochondria also participate in many other cellular processes, such as the oxidation of
carbohydrates and fatty acids and cell-signalling (93, 120, 249). Additionally,
mitochondria are a source and target of free radicals, and are involved in programmed
cell death (apoptosis) (108). Given the above, it is not surprising that mitochondrial
alterations may contribute to some human diseases, such as neurodegenerative disorders,
cardiomyopathies, metabolic syndrome, insulin resistance, cancer, and obesity (51, 248,
328) (Figure 1.1a). Mitochondrial characteristics have also been associated with
endurance performance (225, 277) (Figure 1.1b). Hence, a better understanding of how
mitochondrial proteins adapt to different interventions may provide insights for
improving both health and human performance. Although mitochondria are found in most
tissues involved in cellular energy generation via oxidation phosphorylation (OXPHOS),
they are particularly abundant in skeletal muscle and this will be the main focus of this

review.
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Figure 1. 1- a.) Summary of diseases or medical conditions that have been linked to sub-optimal
mitochondrial characteristics. b.) Relationship of changes in mitochondrial content (measured by CS
activity) to alterations in endurance performance (reported as arbitrary units). Increases in markers of
mitochondrial content due to chronic muscle use (e.g. endurance training) lead to improvements in
endurance performance. Decrements in markers of mitochondrial content brought about by chronic disuse.
Adapted from Irrcher et al. (146).

1.1 Skeletal Muscle and Mitochondria
1.1.1 Skeletal Muscle

Skeletal muscles are highly specialised tissues with primary roles in locomotion, the
maintenance of posture, and metabolism. Skeletal muscles are composed of individual
muscle fibres - multinucleated single cells with a diverse range of properties that allows
the same muscle to be used for a broad repertoire of functional tasks (Figure 1.2a). Since
the first half of the 19th century, scientists have distinguished fibre types on the basis of
their colour as red or white (related to myoglobin content) (221) and their contractile
properties as fast and slow (Table 1.1). A more complex scheme emerged at the end of
the 1960s, when alkali and acid preincubation of muscle fibres combined with

histochemical staining for myofibrillar ATPase led to the identification of three major



fibre types in adult human skeletal muscles - type Ia, I1a, and IIb (now referred to as IIx)

(14, 37,77, 236). Based on ATPase staining, it has typically been reported that the vastus
lateralis of young, healthy humans contains 25 to 60% type I fibres (180). A parallel
classification based on histochemical determination of metabolic enzymes (e.g., SDH and
LDH activity) and the analysis of functional properties (e.g., contraction time, fatigue-
resistance, etc) produced three analogous fibre types - slow (long contraction time),
oxidative, fatigue resistant fibres; fast (short contraction time), oxidative, less fatigue
resistant fibres; and fast, glycolytic, quickly fatigued fibres (283). However, while there
is correlation between fibre-type determinations based on metabolic properties and
myofibrillar ATPase staining, these two classifications are not interchangeable (244, 297,
299). Many studies have reported a wide range of variations of metabolic enzyme
activities in each fibre type and a large overlap has been found between fibre types

determined via these two classifications (33, 122, 260).

Essentially, fibre-type classification depends on the method used. There are a number of
disadvantages with fibre typing based purely on ATPase staining - where there is
considerable overlap between all fibre types and, in particular, between type Ila and IIx
fibres. (260). Fibre typing based on enzyme activity measurements can also give
misleading results (78). With the exception of type I fibres, metabolic properties are
loosely coupled with molecular properties of the myofibrillar apparatus but due to
pronounced metabolic heterogeneity means that this relationship does not appear to
extend beyond the two major groups of fast-twitch and slow-twitch fibres (96). The
assessment of metabolic enzyme activity levels has revealed pronounced scattering
within and between different fibre types (245). It should be noted, however, that the
relative proportion of the different fibre types varies strikingly between species, and in
humans shows significant variability between individuals. In contrast to rat and mouse
IIx fibres, human IIx fibres have the lowest level of SDH activity compared with all other
fibre types. Therefore, it is not justified to extrapolate results from transgenic mice to
human muscles assuming that each fibre type has similar properties in different species
(281, 283). Furthermore functional and molecular heterogeneity present in human muscle
appears different from that described in the muscles of small mammals such as rat or
rabbit (33) and greater fibre-type variation exists between mammalian than non-

mammalian species (191).



Thus, there is a lack of correlation and distinction for specific fibre types between
detection methods. For example, type Ila determined by ATPase or enzyme activity does
not necessarily equate to that type Il identified by myosin heavy chain (MYH) (246, 261).
Therefore, MYH isoforms, rather than typing based ATPase, provide more perspicuous
bases for defining type I and type II fibres. Subsequent research has also demonstrated
that histochemical ATPase reactivity is based on the presence of specific MYH isoforms,
which also determine functional properties such as maximum shortening velocity,
maximum power output, and rate of tension redevelopment (298) (245, 296). The
evaluation of MYH isoforms has revealed four main muscle fibre types in mammalian
muscle, one slow (type I) and three fast (Ila, IIx, and IIb) types (283) (Figure 1.2b).
Human muscles lack fast type IIb fibres (although it is present in genes; MYH4); this is
the fastest and most glycolytic fibre type that is observed in rodent muscles (64, 283).

While each fibre type is characterised by its predominant MYH isoform, there exists a

spectrum of fibre types with pure or hybrid MYH composition (1 - 1/2A - 2A - 2A/2X

- 2X - 2X/2B - 2B) (41). The coexpression of multiple MYH isoforms within a single

fibre also occurs under normal conditions (24). The expression of two or more MYHs
with the same fibre may help explain why there is a strong correspondence between fibre-
type determinations based on MYH content and myofibrillar ATPase staining among

most (296, 300), but not all (33, 262), skeletal muscle fibres.

Myosin heavy chain single-fibre studies have demonstrated a relationship between ATP
phosphorylation potential and MYH isoform complement (24, 213). This relationship
corresponds to different tension costs and provides an additional rationale for the MYH-
based fibre type diversity and transitions. Among the two available methods for MYH-
based fibre type distinction, single-fibre electrophoresis appears to be superior to
immunohistochemistry (24, 213, 214). The electrophoretic separation of MYH isoforms
in single fibres is quantitative and, as opposed to immunohistochemistry, yields important
information on MYH isoform proportions in hybrid fibres. In addition to differing
contractile properties, fibres containing different MYH isoforms also display different
surface membrane properties, calcium homeostasis, and mitochondrial characteristics
(19, 73, 121, 283). The identification of specific MYH isoforms seems to be a more
sensitive, more reproducible, and less subjective method for categorising muscle fibres
than ATPase and SDH staining (201, 262). As such, the identification of MYH isoforms
appears to be the best choice for fibre type delineation (244, 283, 319).
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1.1.2 Mitochondria Distribution in Skeletal Muscle

In skeletal muscle, mitochondria range in size from 0.1 to 5.0 um in diameter (93) and
are classified according to their location. Those situated under the sarcolemma are called
subsarcolemmal (SS) mitochondria, whilst those interspersed throughout the myofibrils
are termed intermyofibrillar (IMF) mitochondria (Figure 1.2c to f). Intermyofibrillar
mitochondria are distributed between myofibrils and sarcomeres within the
microfilaments (F-actin) and microtubules (79, 285). The IMF pool embodies
approximately 75% of the entire mitochondrial population. There is a close proximity of
the majority of mitochondria with the myofilaments, which minimises diffusion distance
and enables the efficient conversion of chemical energy to mechanical work. In addition,
a reticulum connects SS and IMF mitochondria to provide a pathway for energy
distribution along the cell. (267). The two different mitochondrial pools differ in
biochemical properties and function, with IMF mitochondria possessing an
approximately 3-fold higher maximal respiration rate and ATP production rate compared
to their SS counterparts (56). Additionally, the two distinct mitochondrial subpopulations
exist as a continuous reticulum in slow (type 1) and fast fibres (type Ila, IIx and IIb) with
distinct subcellular localisation and morphology. Subsarcolemmal mitochondria show a
large, lamellar shape, whereas IMF mitochondria have been shown to be smaller and
more compact and located between the myofibrils in close proximity to the triads where

calcium is released from sarcoplasmic reticulum (170).

1.1.3 Mitochondria Structure

Mitochondria contain an inner and outer membrane (Figure 1.2f to g) composed of
phospholipid bilayers and proteins. The outer mitochondrial membrane (OMM), which
encloses the entire organelle, has a protein-to-phospholipid ratio similar to the eukaryotic
plasma membrane and contains many integral proteins and enzymes involved in a diverse
range of activities. The inner mitochondrial membrane (IMM) contains proteins with four
main functions: (1) those that carry out the oxidation reactions of the respiratory chain;
(2) ATP synthase, which forms ATP in the matrix; (3) specific transport proteins that
regulate the passage of metabolites into and out of the matrix; and (4) mitochondrial
protein import mechanisms. The IMM is compartmentalised into numerous cristae, which

expand the surface area of the IMM and enhance its ability to generate ATP. The



compartment inside the IMM is defined as the matrix and hosts mitochondrial (mt) DNA,
ribosomes, and the enzymes of the tricarboxylic acid (TCA) cycle. The TCA cycle, which
includes the enzyme citrate synthase (CS), is the final common pathway for the oxidation
of fuel molecules such as carbohydrates, lipids, and amino acids (102). The mitochondrial
DNA encodes 37 proteins, of which 13 are essential polypeptides of the electron transport
chain (ETC). However, the vast majority of the mitochondrial proteome (>1,100 proteins)
consists of nuclear-encoded proteins that are imported via the import machinery into the
mitochondria where they combine with those encoded by mtDNA. The import machinery
consists of specialised import proteins containing transition pores, such as the translocase
of the outer membrane that allow proteins to cross the OMM and the translocases of the

inner membrane that allow protein transport within or across the IMM (6, 27, 270).

1.1.4 Fibre-Type Specific Characteristics of Mitochondria in Skeletal
Muscle

Little is known about how mitochondrial proteins differ in different fibre types. However,
it has been shown that mitochondrial characteristics, such as volume density, enzymes,
respiratory function, and morphology, vary in different skeletal muscle fibre types. These
results depend to some degree on the species studied, the age of the individuals, the
amount of physical activity of the participants, and whether or not specific fibre types
have been considered in the analyses. Nonetheless, key fibre-specific mitochondrial
characteristics are highlighted below and provide some insights into potential differences

in mitochondrial proteins between fibre types.

a.) Volume density
Differences in total mitochondrial protein will be reflected by differences in
mitochondrial volume (as determined by TEM), which has been reported to vary
within different fibre types. Mitochondrial volume ranges from 5% to 25% of the
total fibre volume in rat EDL muscle (282). In human fibres, the mitochondrial
volume varies from 6% in type I fibres to 4.5% in type Ila fibres and 2.3% in type IIx
fibres (135, 161, 232). Additionally, exercise training has been shown to increase
mitochondrial content in all fibre types (as measured by citrate synthase activity and

mitochondrial volume) (252).



b.) Enzymes — Differences in mitochondrial volume density between fibre types are also
reflected by differences in a range of mitochondrial enzymes (proteins that act as
biological catalysts) (135, 145, 162). It has been shown in isolated mitochondria
from the skeletal muscle of rabbits that the activity of citric acid cycle enzymes (e.g.,
CS, malate dehydrogenase (MDH), and SDH) is approximately double in type I

compared with type II fibres. Furthermore, enzymes of the the mitochondrial carnitine

shuttle (e.g., carnitine palmitoyltrans-ferase I (CPT1)) has an obligatory role in (3-

oxidation by permitting acyl-CoA translocation from the cytosol, and is more highly
expressed in type I fibres (163). Lastly, the activity of 3-hydroxy-acyl-CoA
dehydrogenase (BHAD), a key enzyme of B-oxidation, is higher in type I than in type
IT fibres. This work was further validated by a proteomic study of protein expression
demonstrating that the entire B-oxidation pathway was upregulated in type I/Ila

mitochondria (232).

In contrast, the activity of isocitrate dehydrogenase (an enzyme in the citric acid cycle
and regulator of oxidative capacity) was roughly two-fold higher in type II than type
I fibres (136, 148). Mitochondrial generation of hydrogen peroxide is two- to three-
fold higher in type II fibres than in slow oxidative type I fibres. Further diversity
included the high concentration of mitochondrial glycerol-3-phosphate
dehydrogenase (GPDH) in type II fibres (148). The GPDH shuttle reveals an
important difference between mitochondria of type II and type I fibres; that is, the
differential distribution of mitochondrial GPDH, which can be considered as a marker
of glycolytic metabolism and is more abundant in type IIx/b fibres and results in
decreased expression of oxidative SDH enzyme (242). These enzyme results highlight
that the content of individual mitochondrial proteins in different fibre types will likely
depend not only on the amount of mitochondria present but also the metabolic
properties of the different muscle fibres. However, because mitochondria can
comprise less than 3% of skeletal muscle volume density, it is difficult to discern
relative mitochondrial protein expression differences from mitochondrial enzyme
differences in the whole-muscle samples, leading to the need for single-fibre studies

(92).
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c.) Function — Differences in mitochondrial enzyme activities suggest there are also
likely to be differences in the intrinsic respiratory properties of mitochondria from
type I and II skeletal muscle fibres, including adenosine diphosphate (ADP)
sensitivity and coupling efficiency with ATP stimulated respiration, ATP
phosphorylation potential, the regulation of respiration by (ADP), and respiratory

capacity in response to the availability of different substrates (247).

i) ADP Sensitivity

The greater ADP sensitivity of mitochondria of type I fibres is believed to be due
to functional coupling between mitochondrial creatine kinase (CK) and ADP
(241, 329). Comparative analysis of human fibre bundles with variable
percentages of type II and type I fibres shows that the ADP sensitivity is

negatively correlated with type 1 fibre area and oxidative potential (247).

ii) Maximal ADP-stimulated respiration.

Maximal respiratory capacity of mitochondria from predominantly type I and type
IT fibres has been measured in several species. In general, studies performed on
isolated mitochondria have reported little to no fibre-type difference for maximal
ADP-stimulated respiration in the presence of substrates feeding the respiratory
chain at the level of complex I, complex II, or complex IV (247). In contrast,
substantial differences exist between mitochondria from type I and type II muscle

fibres with type I having a higher capacity to oxidise fatty acids (206).

iii) ATP phosphorylation potential

Type I and II fibres have shown marked diversity in oxygen consumption when
maximally stimulated with ADP (247). Studies on single fibres of rabbits rats have
revealed a difference in regulation of mitochondrial activity between slow type I
and fast type II, where the ATP phosphorylation potential determined by the ratio
between ATP to free ADP was higher in type II fibres compared to type I (38, 57,
244). For instance, ATP generation in type I fibres was observed at 6 mmol/kg
dw/s, which precisely matches the ATP consumption of type I fibres during
maximal isometric contraction. On the other hand, ATP consumption of type II
fibres during maximal isometric contraction was observed as more than double

(17.6 = 26.6 mmol/kg dw/s) (33) and greater than it’s ability to generate ATP.
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iv) Substrate availability

Substrate availability for mitochondria differs among fibre types. Acetyl-
Coenzyme A is provided by two sources: 1) from fatty acids (FA) via activation
to acyl-CoA, transfer into the mitochondria via carnitine-acyl-transferase, and
degradation to acetyl- CoA via B-oxidation, and 2) from pyruvate, derived from
glycolysis via the pyruvate dehydrogenase (PDH) enzyme. The contribution of
FA from B-oxidation to the tricarboxylic acid (TCA) cycle is higher in slow than
fast fibres, such that type I fibres have greater availability and higher utilisation
of free fatty acids than type II fibres. This results in a higher rate of maximal
respiration with a fat fuel compared to its counterparts type IIx/IIb which had

increased expression of glycolytic substrates (163, 169).

V) Sex Differences

Sexual dimorphism has been found in the mitochondria of skeletal muscle of rats
where females displayed higher mitochondrial DNA (mtDNA) and protein
content, OXPHOS machinery and activities of OXPHOS related enzymes (98,
323) compared to male counterparts. Additionally, there were fibre-specific
differences inferred by skeletal muscle type comparing gastrocnemius (fast) and
soleus (slow) muscles of male(98). In humans, mitochondrial differences in
skeletal muscle have been indirectly inferred from results obtained in adipose
tissues, where the expression of some mitochondrial genes are higher in women

than men (223).

d.) Morphology — As mitochondrial function has been strongly linked to mitochondrial
morphology (97) the above findings suggest that mitochondrial morphology may also
vary between the different fibre types. Studies have observed distinct mitochondrial
shape and configuration for human skeletal muscle fibre types (227). Mitochondrial
are typically classified in terms of four shapes - networked, rod-like, punctate, or large
and round (179). Compared to type II fibres, type I fibres exhibit higher fusion rates
and contain elongated mitochondrial networks with more densely packed crista (86,
148). Additionally, type Ila fibres possess a more elongated mitochondria network
than type IIx and IIb fibres (204), which have been reported to contain fewer, small,
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punctate mitochondria (Figure 1.2h) (167). Structural features of mitochondria in type
I and type Ila fibres are similar, but type I fibre mitochondria were found to be more
stubby in shape (227). Switching of type IIx fibres (more glycolytic) to Ila type fibres
(more oxidative) is associated with elongation of mitochondria, suggesting that

mitochondrial fusion is linked to metabolic state (82, 204).

Given the fibre-specific differences in mitochondrial volume, function, and morphology,
it is reasonable to hypothesise that mitochondrial proteins might be present in different
amounts depending on the specific energy requirements of each muscle fibre type. An in
vivo study in rats that inhibited complex V activity resulted in fibres with completely
fragmented mitochondria having no interconnections, whereas the addition of oxidative
media resulted in interconnected, highly tubular mitochondria, suggesting that
mitochondrial morphology can dynamically respond to the OXPHOS activity of each
individual fibre (82). Similarly, 4 weeks of voluntary running in rodents was accompanied
by a 30% increase in type I/Ila (more oxidative fibres), due to a switch from IIx/IIb to
ITa fibres, and the “switched” fibres (expressing both the Ila and IIx/Ilb markers)
exhibited a more elongated mitochondrial morphology (204). Thus, the exercise regimen
promoted substantial changes in fibre types that was associated with a significant change
in mitochondrial morphology. As interventions that alter the metabolic properties of the
different muscle fibres also alter mitochondrial morphology, this suggests that
interventions such as exercise may also alter the relative content of individual
mitochondrial proteins in different fibre types. However, while it is well known that
exercise causes an increase in total mitochondrial protein content, relatively little is
known about fibre-specific mitochondrial adaptations following exercise training —

especially in humans (219, 335-337).
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Figure 1. 2— Mitochondrion Structure (a) Structure of a skeletal muscle fibre. (b) Image of bundle of single
muscle fibres, and how they may be represented by different fibre types in a staining image. Transmission
electron microscopy high resolution image of a human single muscle fibre showing sub-populations of IMF
and SS within a single fibre. (c) Two sub-populations of mitochondria can be found: subsarcolemmal
mitochondria (SS) and intermyofibrillar mitochondria (IMF). (d) Transversal illustration of a skeletal
muscle fibre. Mitochondria create a reticulum that connects SS and IMF mitochondria (e¢) Transmission
electron microscopy transversal image from a human skeletal muscle biopsy showing the nucleus (N), and
the SS and IMF mitochondria. (f) Image of a mitochondrion. High-resolution imaging allows visualization
of the densely-packed cristac within a mitochondrion. (g) Image of how a mitochondrion is usually
illustrated in textbooks or research articles. Notice how the mitochondrial DNA (mtDNA) and the
mitochondrial ribosomes are found in the matrix. The electron transport chain respiratory complexes are
located on the IMM, and for the most part in the cristae. (h) Variation in mitochondria size between fibre

types (204)
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1.2 Skeletal Muscle Mitochondria and Training
1.2.1 Mitochondrial Biogenesis

The term genesis is derived from the Greek word for creation; however, mitochondria are
not newly formed but are rather the result of the incorporation of new proteins into pre-
existing sub-compartments and protein complexes (271). In this context, mitochondrial
biogenesis has been defined as ‘‘the making of new components of the mitochondrial
reticulum” (27, 203). The outcomes of mitochondrial biogenesis may include changes in
mitochondrial content, mitochondrial respiratory function, or other aspects of
mitochondrial quality such as increases in cristae density or supercomplex formation
(109, 150, 222). The process of mitochondrial biogenesis is complex as mitochondria are
composed of proteins derived from both the nuclear and the mitochondrial genomes. The
networks of mitochondrial biogenesis has not been completely elucidated, however, the
expression of mitochondrial proteins encoded in the nuclear genome have been linked
fundamental participation in OXPHOS, mitochondrial protein import, mtDNA
transcription and replication, and subsequently regulated by transcription factors and

transcriptional coactivators (66).

Exercise-induced mitochondrial biogenesis is believed to be initiated by homeostatic
perturbations i.e., changes in muscle energy turnover, reactive oxygen species, and
metabolite accumulation. It is then thought these homeostatic disturbances are sensed and
initiate a unique series of intracellular signalling events, including the activation of
exercise-responsive kinases and transcription factors, which then coordinate the
transcription of nuclear and mitochondrial genes (203). The messenger RNA (mRNA) is
then translated into specific mitochondrial proteins, followed by the assembly of the
multi-subunit protein complexes that contribute to the numerous and diverse functions of
the mitochondria (130, 292). Measurements of individual changes in mitochondrial
proteins allow researchers to better understand the events underlying mitochondrial

biogenesis in response to exercise training.

Common signalling proteins measured in exercise studies include the
activation/phosphorylation of AMP kinase (AMPK) (171, 318), p38 mitogen-activated
protein kinase (MAPK) and Ca?"Calmodulin- dependent kinases II (CaMKII) (130, 332).

When it comes to monitoring regulators and/or co-activators of exercise -induced
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mitochondrial biogenesis it is common to measure members of the PGC-1 family, which
consists of peroxisome proliferator-activated receptor y co-activator 1a (PGC-1a), PGC-
1B, and PGC-1-related coactivator (PRC). PGC-1a transcript is the most widely studied
of the three and is expressed in many tissues, with the highest abundance found in
oxidative tissues such as skeletal muscle (280). PGC-1a is a transcriptional coactivator
that has been shown to regulate mitochondrial content and respiration in muscle cells
(334) and also metabolic control in rat skeletal muscle (164). Subsequent studies in
humans have shown that exercise training leads to an increase in PGC-1a protein content
in the nucleus (186, 332). PGC-1a has emerged as a principal coordinator through the
coactivation of nuclear transcription factors encoding mitochondrial proteins (130, 184).
It therefore plays a pivotal role in the adaptive response to exercise and the modulation
of mitochondrial biogenesis (230, 254). The tumour suppressor p53 has also been shown
to be an important regulator of mitochondrial biogenesis (275) and via regulation of
downstream targets pS3 can control mitochondrial function by modulating the balance
between glycolytic and oxidative pathways (200, 327). It is assumed/suggested that
regular and repeated activation of these pathways leads to increases in mitochondrial size,

structure and function (193).

Synthesis rates of individual mitochondrial proteins remains in its infancy, but has
previously been investigated in vivo in both animal and human skeletal muscle to
understand the translational and transcription regulation of genes with the highest
synthesis rates observed in a mitochondrial compared to contractile proteins (151, 266).
Thus, the relatively rapid rate at which mitochondria respond to different types training
permits studies of mitochondrial protein adaptations to different types of exercise training

in humans.

1.2.2 Influence of Training Characteristics

Physiological responses to exercise are mediated by characteristics of the exercise
stimulus, and are primarily determined by exercise volume and intensity (152). Although
there are many different ways to characterise exercise, for the purpose of this review
exercise training has been characterised as moderate-intensity continuous training
(MICT), high-intensity interval training (HIIT), or sprint interval training (SIT) (Figure

1.3). MICT has been defined for this purpose as consisting of continuous exercise
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performed at an intensity below 75% Wmax (though there is a lack of consensus on a
strict intensity for this training type). The term moderate-intensity continuous training
(MICT) is used for comparative purposes to describe exercise that is performed in a
continuous manner and at lower intensities than HIIT. HIIT is defined as ‘near maximal’
efforts generally performed at an intensity that elicits > 75% (but often 80-95%) of
maximal heart rate. In contrast, SIT is characterised by efforts performed at intensities
equal to or greater than the pace that would elicit maximal oxygen uptake (VOzpeak) and
includes ‘all-out’ or ‘supramaximal’ efforts. Additionally, these training types can be

characterised by specific oxygen uptake kinetics and blood lactate responses (152).

Cellular stress occurs in proportion to exercise intensity (75), and higher intensities of
exercise elicit greater metabolic perturbations than moderate intensities (80, 322). For
example, phosphocreatine response has been observed to decline during moderate-
intensity exercise but is attenuated in the moderate-to-heavy exercise condition (157,
268). Increased contractile activity also results in an increased ADP/ ATP ratio (117)
(Figure 1.3f). Reactive Oxygen Species (ROS) are produced within the mitochondria
during the production of ATP and have been shown to follow a similar pattern to
ADP/ATP ratio following increased exercise intensity (307) (Figure 1.3g). Higher
exercise intensities are associated with greater improvements in mitochondria respiration
(especially relative to training duration) (27). In contrast, training volume has been
suggested to be a primary determinant of the exercise-induced increase in mitochondrial
content in humans (29) — although, this is currently a topic of ongoing scientific debate
(28). However, there is little information on the relationship between training

characteristics and changes in mitochondrial proteins.
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1.2.3 Mitochondrial Protein & Exercise Training
1.2.3.1 Animal Studies

Based on observations of early work in the 1950s, which revealed a strong relationship
between the ability of a muscle to perform prolonged submaximal exercise and its content
of respiratory enzymes (i.e., throughout Cytochrome c oxidase) (126), Holloszy
hypothesised that total mitochondrial protein content might also be linked to the level of
habitual muscle contractile activity (126). To test this hypothesis, male Wistar rats
performed an intense program of treadmill running with a combination of MICT and SIT
(120 min of continuous exercise, with 12 sprints at 42 m per min, each lasting 30 seconds,
interspersed at intervals through the workout, 5 days per week for 12 weeks). An increase
in skeletal muscle mitochondrial protein content was observed (see Figure 1.4) (126).
This increase in mitochondrial protein was associated with a parallel increase in the
ability to produce ATP and prolonged endurance running time after training (126).
Similar increases in mitochondrial protein content in rats (94, 95, 127) and also in guinea

pigs (15) were observed in subsequent studies following exercise training.
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Figure 1. 4 — Representation of pioneering studies demonstrating increase of mitochondrial protein in
response to exercise training in both animals (126) and humans (209).
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1.2.3.2 Human Studies

While early studies on changes in mitochondrial proteins with exercise training were
limited to research performed on animals, the introduction of the Bergstrom muscle
biopsy technique (21, 22) (Figure 1.5) paved the way for researchers to investigate
whether exercise training induced similar changes in mitochondrial protein content in
humans. Morgan et al. (209) was one of the first to validate changes in mitochondrial
proteins in human skeletal muscle after endurance exercise training. In agreement with
previous animal studies (126), they observed a similar fold change of 1.31 in humans
compared to 1.57 in rats. Similarly, a later study by Granata et al. (106) investigating the
effects of training volume observed a 1.42-fold increase with training compared to
baseline and a further increase of mitochondrial protein content of 2.21 fold compared to
baseline with increased training volume. Evidence shows that training volume is an
important determinant of increases in skeletal muscle mitochondrial content (106, 132).
While these studies established that endurance exercise training can increase total
mitochondrial protein, they don’t tell us how individual proteins respond to training.
Recent research has indicated that mitochondrial proteins may respond differently to
nuclear proteins (286), where a systematic upregulation of nuclear and mitochondrial
genes targeted by peroxisome proliferator-activated receptor y coactivator 1 (PGC-1) was

not observed following different intensities of exercise training.

Figure 1. 5 — Bergstrom muscle biopsy technique, modified with suction, being performed on the
vastus lateralis of a human volunteer

20



1.3 Mitochondrial Proteins and Training

1.3.1 Immunoblotting

The traditional approach to assess changes in individual proteins is the western blot
technique. With this technique, proteins from a sample are denatured, separated on a gel,
and then transferred onto a membrane (Figure 1.6). The presence of a certain protein is
then determined by using putatively specific antibodies for the proteins of interest. The
density of the detected band reflects the relative abundance of the protein in the sample,
when the system is calibrated (220). The application of the western blot technique to
skeletal muscle and exercise physiology has increased since its introduction in the early
1980’s. This method has been extensively applied to detect mitochondrial proteins in
whole-muscle samples (summarised in Table 1.2 & Figure 1.7). For the purpose of this
review, we have defined a protein as mitochondrial if it is listed as part of The Integrated
Mitochondrial Protein Index (IMPI) (293, 294) and/or MitoCarta 2.0 (43, 258) - a list of
all the genes and proteins that make up the mammalian mitochondrion. IMPI identifies
1626 genes in humans, with 1184 known mitochondrial and 442 predicted from
experimental data, whereas MitoCarta 2.0 provides an inventory of 1158 human genes

encoding proteins with strong support of mitochondrial localisation.

Fundamental to western blotting success are a number of important considerations
associated with sample fractionation, sample loading amount, calibration, and antibody
specificity. In particular, the antibody must only detect a single species as output readings
are unable to indicate whether they are reflecting single or multiple species. Typically,
antibody datasheets do not provide tissue-specific data, or comprehensive sample
preparation information, and it is imperative that researchers undertake their own
antibody validation work on their particular protein and tissue of interest, which
unfortunately is often overlooked (16, 88). Western blotting outcomes can also be
influenced when either the density of proteins detected lie within a nonproportional region
of a standard curve or a standard curve is not taken into account for data analyses, which
is based on the underlying assumption that a directly proportional relationship exists
between the amount of sample loaded and the density obtained for the protein band(s) of
interest. At times there is a possibility of true changes being overlooked through the
simple mistake of using band density alone and/or through analysing too much sample
(207). This linearity is most likely to hold true within a narrow detection range between

calculated density and protein loaded. Proportionality optimisation of standard curves is
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crucial to improve the quantitative nature of western blotting, which is typically
considered semiquantitative at best (90, 220). In order to determine lowly expressed
proteins, it has been shown that many of these may be better detected by dramatically
reducing the amount of sample loaded - as is the case with a single cell (fibre). This has
the ability to detect proteins in small samples of 5 to 10 pg total muscle mass (1 to 3 pg
total protein), which is an order of magnitude less than often used (220). In the following
sections some key training studies that have utilised western blotting to investigate

specific mitochondrial proteins in response to exercise are highlighted.

1. Load samples on SDS-Page gel 2. Separate samples on SDS-Page gel 3. Electrophoretically transfer fractionated 4. Block Membrane with neutral protein (BSA
proteins onto PDVF or nitrocellulose membrane or milk)
Gel Membrane

O3\ / (—@

52
45

NGV VN
IS SIS =

b
2
Density (arbitrary units)

0~ T T T T T T

Protein Load (ug)

5. Incubate the membrane with primary 6. Incubate the k with hor dish 7. Incubate the blot with chemilumi 8. Standardised calibration curve
antibody specific to target protein. Wash. peroxidase (HRP)-labelled secondary HRP substrate and expose to film.
antibody specific to primary antibody. Wash.

Figure 1. 6— Overview of the western blotting Procedure 1. Samples are loaded on a Sodium Dodecyl
Sulfate—Polyacrylamide Gel Electrophoresis (SDS-PAGE) gel 2. Samples separated on the gel. 3. Transfer
of separated proteins onto polyvinylidene difluoride (PDVF) or nitrocellulose membrane. 4. Membranes
are blocked with a neutral protein. 5. Incubation with primary antibody specific to target protein. 6.
Incubation with secondary antibody. 7. Incubation with chemiluminescent substrate and expose to film. 8.
Generation of a standard calibration curve.
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Table 1. 2 - Summary of Mitochondrial Proteins Investigated by Immunoblotting in

Response to Different Types of Training

23

Downregulated No Significant Upregulated
Change

Mitochondrial Training Type Animal Human Reference

Protein

ACADI v (63)

ACSLI v (303)

ACSL4 v (303)

ACSL5 v (303)

ACSL6 v (303)

ACOT v (166)

ALASI v (158, 332)

ATP5A1 (CV) _ v v (48, 55, 134, 339)

v v (106) (48, 52, 109, 133,

340)

ATP5B (CV) _ v (74, 133)

BAX v v (23, 80)

BCL2 v v (23, 80)

CAT v (34)

CISD1 v (340)

CISD2 v (340)

CKMT2 v v (52, 339)

COXI (CIV) v v (34, 49)

COXII (CIV) v NV (49, 106, 134, 144, 185,
276, 339)

COXIV (CIV) v v (3, 34,49, 52, 55, 58,
80, 81, 89, 112, 133,
158, 169, 187, 193, 199,
239,274, 279, 301, 311,
332)

v (48)

COXVI (CIV) NV (276)

CPT1 v v (52,311)

CS v v (106, 112, 134, 279,
332)

CYCS v v (32, 58, 158)
(58)

DHPR NV (133)




Mitochondrial
Protein

DRP1
FABP1

FIS1

Training Type

Animal

Human

Reference

(80, 81, 158, 208)

311)

(239)

AN NN

(168, 199, 208)

(158)

~

(11)

GAPDH

(208, 332)

(175)

(133)

~

(112)

~

(63)

(3,9, 205)

@11)

(211, 276)

(81, 211, 276)

(81)

(23, 76, 80)

(63)

(199)

(239)

(239)

(74)

(185)

(48, 63, 81, 106, 158,
199, 208, 335)

AN N BN BN BN BN BN BN BN BN N NS

(48, 80)

(340)

MT-COI (CIV)

(109, 205, 340)

(340)

(340)

NDUFAS (CI)
NDUFAS (CI)

NDUFAG9 (CI)

(74)

~

(52, 63, 81, 106, 133,
134, 144, 339, 340)

(48)

(109, 186, 193, 194,
313)

3)

(324)

OMA1

(11)

OPAl

(11, 80, 158, 205)
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Mitochondrial
Protein

PARK

PDH

Training Type

Animal

Human

Reference

(11) (208)

SDHA (CII)
SDHB (CII)

SLC25A19

TOMM20

(49, 158)

(63, 133)

(313)

AN NN

(208)

(158)

~

(340)

(106) (3)

(109)

(48,52, 81, 133, 134,
158, 194, 313, 340)

SRR IR

(48, 339)

(52,237)

(166)

AN Y Y Y RN

(166)

(3,34, 74,211, 272)

~

(175)

~

(340)

(106) (3) (49, 199, 272)

3)

TRAP1

UQCRC2 (CIII)

(9,276)

(80, 81, 272) (81, 143)

(52, 81, 134, 143, 215,
339, 340)

AN RN BN BN BN BN

(48)

VDACI1

(84, 339)

VDAC2

(339)

VDAC3

(339)
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Figure 1. 7- Differentially expressed mitochondrial proteins following exercise training identified in humans and animals by immunoblotting. Created with
BioRender.com
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1.3.1.1 Animal Studies

The protein content of selected subunits of the five complexes of the ETC is routinely
used as a biomarker of changes in mitochondrial content following a training intervention
(177). Consistent with the previously reported increase in total mitochondrial protein
following exercise training (Figure 1.4), studies have reported increases in subunits of the
mitochondrial electron transport chain complexes (Table 1.2). This is consistent amongst
training types, although SIT has not been performed with animal species. The complex
IV (cytochrome oxidase, COX) subunits play a crucial role in aerobic respiration by
catalysing the transfer of electrons from reduced cytochrome c¢ to molecular oxygen
(274). In particular, cytochrome ¢ oxidase subunit 1 (COXI) has been investigated as it is
a common protein in skeletal muscle and has been shown to result in rapid increases in
its protein content following exercise (performed by rats) (332). The most common
subunit investigated in response to training is subunit I'V (COXIV), which has repeatedly
been shown to increase in response to training (63, 199, 272, 313). While most studies
reported increases in respiratory chain subunits (c.f. Table 1.2), one study comparing
training types in mice found a different response in these subunits with significantly
greater increases in all respiratory chain subunits for the HIIT compared to the MICT
cohort (48). This suggests that mitochondrial proteins may respond differently to varying

volumes and intensities of training

Further studies have used a variety of exercise protocols to challenge mouse muscle in
order to determine the impact on specific mitochondrial proteins involved in the assembly
and organisation of mitochondria and mitochondrial dynamics. For example, training
resulted in increases in mitochondrial organisational proteins, such as 5-aminolevulinate
synthase (ALAS) (332) and a similar increase was observed for mitochondrial import
receptor subunit TOM22 and the mitochondrial transcription initiation complex -
Transcription factor A (TFAM) (272) was also observed. Markers of mitochondrial
dynamics have been looked at where regulators of mitochondrial fission, mitochondrial
fission 1 protein (FIS1) and Dynamin related protein 1 (DRP1) were all upregulated
following MICT (208). Additionally, muscle expression of the internal mitochondrial
membrane cristae remodelling regulator OPA1 was increased in conjunction with

increases in general markers of mitophagy and autophagy such as PTEN Induced Kinase
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1 (PINK1) (208). Conversely, expression of outer mitochondrial membrane fusion

markers (MFN1 and MFN2) were unchanged by exercise training in mice (48, 208).

While most mitochondrial proteins increased in response to training, some decreased or
remained unchained providing evidence that not all mitochondrial proteins respond the
same way to the stress of exercise. The key finding from protein specific analysis by
western blot is that it began to give evidence of different responses to different proteins,
giving new insights beyond total mitochondrial protein analysis. Though similarities exist
between animals and humans, literature has shown differences in contractile properties
of skeletal muscle (281, 283) and thus it is important to expand this research to determine

possible alterations in mitochondrial proteins responses in humans.

1.3.1.2 Human Studies

Following on from animal studies, many studies have used the western blotting technique
to investigate changes of mitochondrial proteins in human skeletal muscle in response to
exercise training. These studies have focused on specific proteins contributing to
OXPHOS, mitochondrial dynamics (including markers of mitofission and mitofusion),
the TCA cycle, and fatty acid B-oxidation. Overall, many of the proteins observed to
change in animals have also been observed in humans (even though in humans this is on
mixed fibre samples). Some of these findings are highlighted below, but this research in
humans has extended evidence that different mitochondrial functional classes respond

differently to exercise training.

Increases in subunits of complex I-V have been reported in several studies though a
variable response were observed depending on training type in complex V (Table 1.2).
Studies investigating changes in contrasting training types, types, such as MICT and SIT,
have revealed similar increases in complex IV subunits (COXII and COXIV) with
reported increases of up to 126% (89, 168). Complex II; succinate dehydrogenase (SDH)
has shown training induced increases of up 52% suggesting differences in specific
mitochondrial ETC subcomplex protein responses (161). Additionally, complex I subunit
NDUFAS has been shown to increase with all training types (81, 105, 133, 144), though
a discrepancy in response to SIT was observed for subunit NDUFA9, which increased in

other modes of training (186, 193, 194, 313). Complex III subunit, ubiquinone,
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(UQCRC2) reported increases in all training types in humans (81, 133, 143), which was
contrary to a finding in mice (48) (cf Table 1.2).

Additionally, training volume may be a critical factor affecting changes in mitochondrial
content, whereas relative exercise intensity is an important determinant of changes in
mitochondrial respiratory function. While associated changes in mitochondrial content
and mitochondrial respiration are typically reported, a dissociation between these two
parameters has been observed in numerous studies (106, 150) whereby higher training
statuses were associated with relatively larger values of mass-specific mitochondrial
respiration than CS activity. For example sprint interval training induced an increase in
mass-specific respiration despite no change in mitochondrial content (as assessed by CS
activity). Conversely, moderate training did not change mass-specific mitochondrial
respiration (29). Thus, an improvement in mitochondrial function of human skeletal

muscle can take place independently of changes in mitochondrial content.

To a slightly lesser extent, mitochondrial proteins involved in the TCA cycle and fatty
acid oxidation have been investigated. Citrate synthase, a TCA precursor that is involved
in the subpathway that synthesises isocitrate from oxaloacetate, has been shown to
increase by up to 102% in response to MICT (168). Conversely, isocitrate dehydrogenase
(IDH) was found to not change with SIT (81). B-subunit (HADHB), a mitochondrial
protein that is required for B-oxidation of fatty acids in mitochondria, increases in
response to MICT (112) as does Carnitine palmitoyltransferase 1 (CPT1), which catalyses
the first step in long-chain fatty acid import into mitochondria. Differing responses to
HIIT have been found with fatty-acid binding protein (FABP1), with either increases or
no significant change to training (239, 311).

It has also been shown that stress applied in the form of exercise can affect the abundance
of proteins associated with mitophagy, fission and fusion within the skeletal muscle (190,
233, 275). Markers of mitofusion (MFN1, MFN2) and mitofission (FIS1) have been
shown to increase with MICT providing insight on mitochondrial dynamics within human
skeletal muscle to suggest mitochondrial adaptations with increases in the range of 41 to
55 % for mitofusion proteins and up to 117% for fission (168). These adaptions to MICT
were also observed by Axelrod et al. (11) for the same proteins that influence

mitochondrial dynamics, in addition to increases in protein expression of Dynamin-like
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120 kDa protein (OPA1) and metalloendopeptidase (OMA1) which contribute to
mitochondrial quality control. However, a decrease in the expression of Parkin protein
and FIS1 was observed (~50%). In response to HIIT Granata et al (106) found no
significant changes to MFN2 or DRP1. While the regulation of mitochondrial protein
Apoptosis Inducing Factor (AIF) showed consistent findings in differing training types
with no change in the protein content of AIF observed following MICT (3) or after both
high and reduced volume HIIT. Thus there are contrasting results in regard to changes in
the different mitochondrial remodelling proteins and further research is needed to better

determine the effects of different types of exercise on these proteins.

Chaperone and transport proteins that typically result in the greater import of matrix
precursor proteins into mitochondria (310) have also been investigated in human training
studies with varying responses to heat shock proteins which have revealed in most cases
no significant changes with training types (3, 80, 81, 205). Uncoupling protein, UCP3, an
anion carrier and important mediator of thermogenesis responds differently to training
type, with increases to MICT and decreases with SIT interventions. While transporter
protein, monocarboxylic acid transporter (MCT1 and MCT?2) that allows lactic acid to
enter the mitochondria increases in response to HIIT (239). Additionally, the protein
import machinery composed primarily of the translocases of the outer membrane (TOM
complex) including receptor proteins such as TOM20 has been shown to increase in
response to chronic contractile activity; however, research also showed MICT showed
did not alter the response of TOM20 but did evoke a 1.4-fold increase in mitochondrial
heat shock protein 70 (HSP70) (3).

In many cases, changes in mitochondrial proteins between animal in humans are similar
with training. Some discrepancies appear to exist in protein responses with SIT studies.
Comparisons of SIT in humans and animals models have many limitations as animals
(i.e., rodents) do not have the ability to do higher intensity training in a controlled manner.
Additionally, this may indicate increases in some individual mitochondrial protein
responses may differ between species and training types. Furthermore, some evidence
suggests volume and/or intensity affects changes in mitochondrial proteins, but this has

only been done for a select few mitochondrial proteins.
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Despite obvious successes and the convenience of western blotting as a method (which
was developed decades ago) for protein detection, limitations still exist with this method.
For instance, the use of western blotting is semiquantitative at best and available
antibodies can be of poor specificity (90). Antibody reagents are poor or non-existent for
many proteins (196). Therefore, it is imperative that researchers undertake their own
antibody validation for tissue specific analysis (220). A more fundamental limitation of
this method lies in its targeted nature. Using a priori antibody selections, researchers can
only find what they look for. Thus, unexpected effects in proteins will often go
undiscovered. As a result, the cell is not seen as a whole system and researchers explore
the same coverage repeatedly. For example, of the studies highlighted in Table 1.2, only
a small fraction (less than 60, or only approximately 5 %) of the more than 1100 proteins
collated in the MitoCarta inventory for mitochondrial proteins have been reported (43).
Another limitation is that these analyses are typically done on whole muscle and therefore
we make assumptions and don’t truly know the changes relative to changes in total

mitochondrial protein at a fibre-specific level.

The increasing use of proteomic approaches, which allow the large-scale study of
proteins, has the potential to increase our understanding of the breadth and complexity of
changes in mitochondrial protein following exercise training. In most cases, proteomics
will reveal more changes than previously anticipated and provide greater scope for a
greater array of new scientific findings. It is important to take advantage of recent
advancements in proteomic techniques to give a more accurate representation and move
beyond the measurement of a few proteins to measure training-induced changes in

hundreds to thousands of mitochondrial proteins in skeletal muscle fibres (218, 234, 284).
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1.3.2 Proteomic Approaches

Powerful mass spectrometry (MS)-based technologies now provide unprecedented
insights into the composition, function, and control of the proteome, shedding light on
complex biological processes — including the effects of exercise training on mitochondrial
proteins. Proteomics is essentially the large-scale study of proteins. Virtually every mass

spectrometry—based proteomic workflow consists of three distinct stages:

(1) Protein samples are isolated from their biological source and optionally fractionated.
The final protein sample is then digested, and the resulting peptide sample is further
fractionated and typically separated by chromatography (when using liquid
chromatography based mass spectrometry - LC-MS).

(11) The peptides are subjected to qualitative and quantitative mass-spectrometric analysis.
Fundamentally, MS measures the mass-to-charge ratio (m/z) of gas-phase ions. Mass
spectrometers consist of an ion source that converts analyte molecules into gas-phase
ions, a mass analyser that separates ionised analytes based on their m/z ratio, and a
detector that records the number of ions at each m/z value. The mass analyser is central
to MS technology, and for proteomics research the common types of mass analysers are
quadrupole, ion trap, and time-of-flight mass analysers. They vary in their physical
principles and analytical performance. “Hybrid” instruments have been designed to
combine the capabilities of different mass analysers (114). In tandem MS (MS/MS),
selected LC-MS peaks are analysed by a collision-induced dissociation (CID) and a

second MS scan recorded.

(i11) In the analysis of LC-MS/MS data, the relative abundance of species in a sample is
generally quantified by the spectral count or some measure of the species’ ion abundance
derived from an analysis of its feature peak signature in LC-MS space. The large data sets
generated are then analysed by suitable software tools to deduce the amino acid sequence
and, if applicable, the quantity of the proteins in a sample. The peptide identity is assigned
to the tandem mass spectrometry (MS/MS) spectra through database searching and a

subsequent statistical analysis of the search results is performed (160) (Figure 1.8).
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The data acquisition is typically categorised into two forms, either data dependent
acquisition (DDA) or data independent acquisition (DIA). In MS, DIA is a method of
molecular structure determination in which all ions within a selected m/z range are
fragmented and analysed in a second stage of tandem mass spectrometry. In DDA, a fixed

number of precursor ions are selected and analysed by tandem mass spectrometry (110).
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Figure 1. 8- Overview of LC-MS-based proteomics : Proteomics workflows begin with proteins being
extracted from biological samples (i.e. skeletal muscle tissue). In the sample-preparation stage proteins are
extracted and digested by a sequence-specific enzyme such as trypsin. Current methods of protein
preparation are highly efficient and can be performed in 96-well plates. Peptides are then separated by
means of chromatography and ionised, after which they are introduced into the vacuum of a mass
spectrometer. Each MS scan results in a mass spectrum, measuring mass to charge ratio (m/z) values and
peak intensities. Based on observed spectral information a full spectrum of the peptides is acquired at the
MSI1 level followed by the collection of as many fragmentation spectra at the MS2 level. Database
searching is typically employed to identify the peptides most likely responsible for high-abundance peaks.
Finally, peptide information is rolled up to the protein level, and protein abundance is quantified using
either peak intensities or spectral counts (160). A quadrapole—orbitrap mass analyser is depicted. b.) Results
are then interpreted using software packages such as MaxQuant. Samples can be multiplexed with tags and
the fragment spectra are interpreted. Peptide identities can also be transferred when the peptide is
fragmented in only one of the runs but matches precisely the mass and elution time of an aligned peak
(known as the 'match between runs' feature in MaxQuant). Peptides/proteins can also be subjected to label-
free quantification at the MS2 level. In this case, the fragment-ion intensities that are unique to a specific
peptide are used for quantification. In multiplexed shotgun proteomics, up to sixteen samples are labelled
differentially so that they release reporter ions that can be distinguished in the MS2 spectra (4).

Fundamental explanations behind the achievement of mass spectrometry in proteomics
incorporate its intrinsic specificity to identify the nature of the proteomics workflow and
its potential for extreme sensitivity that theoretically could identify down to a single ion.
Practically, it has been challenging for researchers to reach the full potential of the
technique; however, innovative ways of implementing mass spectrometry as a

widespread detector of protein identity, abundance, precise chemical state, and cellular
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context are continually being devised. At present, no single mass-spectrometry-based
system or method can determine by itself these diverse dimensions for proteome data (4).
Here the main proteomic approaches that have been utilised for the analysis of skeletal

muscle are highlighted.

Historically, gel-based proteomics was one of the most commonly used methods for
separating protein complexes. Among these methods, two-dimensional-polyacrylamide
gel electrophoresis (2-DE) was one of the first and most popular methods used to
simultaneously separate, identify, and quantify proteins when subsequently coupled with
mass spectrometric identification. Although 2-DE was first introduced more than three
decades ago, several challenges and limitations to its efficacy still exist. Quantitation of
proteins using 2-DE has been limited due to the lack of robust and reproducible methods
for detecting, matching, and quantifying spots, as well as some physical properties of the

gels.

2-DE consists mainly of two steps of separation. In the first dimension, protein molecules
are separated depending on their isoelectric point (pl) under a pH gradient. In the second
dimension, proteins are further separated by mass, this can result in low reproducibility,
and different types of proteins can often be missed due to the difficulty in separating
membrane-bound, hydrophobic proteins. Notably, highly acidic or basic proteins are
neither easily extracted nor solubilised. This difficulty in extraction relies mainly on the
solubilisation power of the buffer used (195). Additional sources of error in the gel
analysis is unequal precipitation of the proteins between gels. Thus, horizontal or vertical
shifts can be seen in two-dimensional (2D) gels, necessitating alignment of all the gels to
areference gel. After gel alignment, spot detection and removal is performed, which may
introduce further errors. The excised gel plugs are then transferred to microplates or other
vessels for proteolytic digestion and further MS analysis. Mismatched spots compromise
the ability to detect differentially expressed proteins since different proteins are
mistakenly grouped together for the analysis, causing analysis challenges and introducing

potential bias.

Two-dimensional difference gel electrophoresis (2D-DIGE) is a modified form of 2-DE
that allows one to compare two or three protein samples simultaneously on the same gel.

The proteins in each sample are covalently tagged with different colour fluorescent dyes

34



that are designed to have no effect on the relative migration of proteins during
electrophoresis. Proteins that are common to the samples appear as “spots” with a fixed
ratio of fluorescent signals, whereas proteins that differ between the samples have
different fluorescence ratios. A limitation of 2D-DIGE is the fact that proteins without
lysine cannot be labelled, and additionally the method requires special equipment for
visualisation and fluorophores tend to be very expensive (325). As with 2-DE, extracted

proteins are identified by subsequent MS analysis.

A LC-MS-based proteomic experiment requires several steps of sample preparation.
Complex mixtures of proteins are first subjected to lysis to break cells membrane using a
lysate buffer followed by enzymatic cleavage using a proteolytic enzyme. The resulting
peptide products are analysed using a mass spectrometer as previously mentioned. A
standard experiment has the following key steps (i) extraction of proteins from a sample,
(i1) fractionation to remove contaminants and proteins that are not of interest, (iii)
digestion of proteins into peptides, (iv) post-digestion separations to obtain a more
homogeneous mixture of peptides, and (v) analysis of ionised proteins by MS. In LC-
MS/MS, for example, the most abundant peptides are selected in the first MS step for
further fragmentation in the following MS step, and only peptides selected for further
fragmentation have a chance to be identified (160). The two fundamental challenges in
the analysis of MS-based proteomics data are then the identification of the proteins
present in a sample, and the quantification of the abundance levels of those proteins.
There are a host of informatics tasks associated with each of these challenges. With MS,
no individual method is able to identify all proteins. Additionally, matrix-assisted laser
desorption/ionization (MALDI) and electrospray ionisation (ESI) do not favour
identification of hydrophobic peptides and basic peptides (47) (Figure 1.8). Significant
technological progress that was made in MS over the last decade has substantially
improved the quality of proteomics data. Of many possible instrument configurations,
quadrupole—orbitrap analysers dominate DDA proteomics. With the Orbitrap analyser the
ion motion is determined by an electrostatic field, providing higher resolving power,
detection limits, dynamic range, and speed of analysis, which also lends itself to
multiplexing techniques (345). This has now been applied to extremely complex
biological samples with challenging dynamic ranges, such as skeletal muscle tissues. The
ability to apply a single shotgun (a typical term for bottom-up proteomics referring to

identification of proteins by proteolytic digestion prior to MS analysis) experiment for
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the detection of functionally important low-abundant proteins in addition to thousands of
other proteins has been a significant development in understanding the breath and
complexity of proteins at the cellular level in skeletal muscle. The key to this application

is using a simple and controlled sample preparation protocol (47).

Notwithstanding some of the limitations described above, proteomics techniques enable
researchers to undertake more comprehensive investigations and provide a pragmatic
approach to discovering novel changes at the protein level. Recent publications have
described the skeletal muscle proteome (270) and the changes that occur during
development (61), ageing (61, 218, 228), obesity (123), and type 2 diabetes (46), or in
response to experimental interventions such as denervation (40) and chronic low-
frequency stimulation (70, 71). Early proteomic studies identified that most of the
proteins of skeletal muscle are localised in the sarcomere (i.e., myosins, actins, troponins,
tropomyosins, and auxiliary proteins of sarcomeric units), representing about 55-60% of
the total proteins. Mitochondrial proteins constitute around 6% of the total proteins found
in skeletal muscle (258), confirming its importance in muscle for energy metabolism.
Many of these sarcomeric, glycolytic, and mitochondrial proteins proteins exist in
different isoforms, which may also affect the functionality and protein synthesis in

skeletal muscle (100).

The application of proteomics to investigate the effect of exercise training on
mitochondrial proteins is in its infancy, with only four studies in animals (31, 40, 166,
338) and only four studies in humans (74, 107, 129, 134) have been published in the area
of exercise training. A summary of proteomic training studies is presented in Table 1.3.
These studies have evolved from gel-based proteomics in both animals and humans, with
their previously discussed limitations, to the adoption of shotgun in-solution proteomics
coupled with LC-MS in human training studies (Figure 1.9a). The evolution of the use of
proteomic methods to investigate responses to training and exercise over the past decades
is presented in Figure 1.9b. Studies investigating changes in the mitochondrial proteome
in response to exercise have increased, though limited and even fewer studies have delved
into long-term training effects. Over time, the ability to identify differentially expressed
mitochondrial proteins has provided novel insights into the process of muscular plasticity

and placed key importance on the development of exercise-based strategies in the
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prevention and therapy of many chronic inflammatory and degenerative diseases that are

accompanied by muscle deconditioning.
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1.3.2.1 Animal Studies

Although an earlier study utilised proteomics to investigate mitochondrial protein
changes in rodent cardiac muscle in response to aerobic training (31), only three studies
in rodents have investigated these changes in skeletal muscle (40, 166, 338). Burniston
(40) was the first to progress from cardiac to skeletal muscle. Animals in the exercise
group trained for 30 minutes at 70 to 75% of their VOnpeak for 4 days/week for 5 weeks.
The study identified 187 gel spots corresponding to 40 unique proteins by 2-D gels and
11 identified by MS that were differentially expressed after training. Changes were
observed in four mitochondrial proteins. The only protein consistent with the earlier study
in cardiac muscle (31) was TPI1, a protein associated with glucose metabolism that was
also increased in skeletal muscle. However, two other glycolytic proteins were reported
to decrease (lactate dehydrogenase A and [B-enolase). Exercise-induced increases in
aconitase (ACO2), which had not previously been observed were also reported.
Mitochondrial ACO2 is important in the catalysis of the reversible conversion of citrate

to isocitrate in the TCA cycle.

Another study (338) had rats perform daily HIIT over 5 days (14 x 20-s swimming bouts,
10 s rest). Using 2-DIGE, they identified 800 detected matched spots and 13 proteins with
altered expression after HIIT. Of these, five were mitochondrial including three OXPHOS
proteins (two complex I subunits NDUFS1 and NDUFS2 and one complex V, ATP
synthase b-subunit (ATP5B)). There was also two TCA proteins - oxoglutarate
dehydrogenase (OGDH) and mitochondrial malate dehydrogenase (MDH). This is the
first report to show that exercise training induces NDUFS protein expression, which
catalyse NADH oxidation with concomitant ubiquinone reduction and proton export out
of mitochondria. While up-regulation of ATP5B after HIIT was detected by 2D-DIGE
analysis, this was not shown to significantly differ when validated with western
immunoblot analysis. These discrepancies could be attributed to unsatisfactory specificity
of the antibodies to these proteins (88, 250). The combination of proteomic technology
and a training protocol previous utilised in another study (315) that had shown increases
in citrate synthase following HIIT revealed new information on mitochondrial proteins

not previously investigated by other analysis techniques.
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It's worth noting that in these early proteomic studies many proteins that would be
expected to change based on earlier studies investigating mitochondrial protein responses
to training using classical immunoblotting techniques were not observed (e.g. CS,
COXIV, NDUFAS8 and MFN1/2; Table 1.2). In addition, these studies using 2-DE tend
to resolve a high abundance of myofibrillar proteins, and glycolytic enzymes, and yet
only relatively few mitochondrial proteins. This was further observed in a later 2DE
proteomic study of MICT in mice where only 5 mitochondrial proteins were observed to
be differentially expressed including ATP5SA which is inherently related to the regulation
of creatine kinase (CKMT?2), glucose and pyruvate metabolism related PDHA1, TCA
cycle related MDH2, and previously reported ACO2 (45). The lack of overlap between
the 2-D and 2DIGE studies raises further questions regarding the sensitivity of the two
methods. This highlights an important consideration regarding the reporting of 2-D gel
and 2-DIGE analyses. Clearly, when a gene product is present as multiple 2-D gel spots,
it is misleading to report a change in expression of an individual spot as being indicative
of a change in the expression of the entire gene product. A more appropriate approach
would be to report which gene products are present as multiple spots and which of these
spots were altered by the experimental intervention. While all these early studies launched
the field of proteomics in exercise sciences, confirming some data obtained from
transcriptomic studies, it should be noted that the use of gel electrophoresis methods is
limited to the analysis of abundant and soluble proteins. Many variables can interfere with
the results observed in studies using 2-DE, including the protein extraction protocol, the
pl and molecular mass ranges used to separate the proteins, the immobilised pH gradient
(IPG) strip length, how missing values are addressed, and even the particular statistical

analysis used.

More recently, a study of mice eating various diets, which trained for 20 weeks for
6km/day found an increased number of 134 differentially expressed proteins (DEP) using
a sensitive LC-MS coupled with tandem mass tagging (TMT) labelling technology. The
study found significantly enriched mitochondrial proteins in endurance-trained chow-fed
mice related to OXPHOS (36 DEP), fatty acid metabolism (19 DEP), and mitochondrial
transport (17 DEP) (166).
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1.3.2.2 Human Studies

Two studies have used gels and MS to investigate training-induced mitochondrial
proteins in human skeletal muscle. Similar to the animal studies, changes in relatively
few mitochondrial proteins were identified. The first application of proteomic techniques
to human muscle investigated the impact of six weeks of interval training (6 x 1-min bouts
at 90—-100% VO2max, interspersed by 4 min at 50% VOo2max) for 30 minutes three times
per week (129). Protein expression profiling was performed using differential analysis of
2-DE gels, complemented with quantitative analysis of tryptic peptides from 1-DE gel
lane-segments. Using a false discovery rate (FDR) of 10%, they observed 20 gel spots
that were significantly changed (from 256 spots detected). The gene products
differentially expressed after interval training were categorised as metabolic enzymes,
myofibrillar proteins, heat shock proteins, and transport proteins. Yet again, due to the
high abundance of myofibrillar proteins and glycolytic enzymes, relatively few
mitochondrial proteins were resolved using broad-range 2-DE. However, using 1-DE
combined with LC-MALDI and iTRAQ they confidently identified increases in the
expression of seven mitochondrial proteins involved in oxidative phosphorylation
(complex I subunit NDUFV1, complex II SDHA, and complex V ATP synthase a and 3
subunits (ATP5A1 & ATP5B)), fatty acid metabolism (ACADVL & HADHA), and the
TCA cycle ( ACO2); the latter was consistent with the findings by Burniston in animals
(40). Training significantly increased the expression of succinate dehydrogenase
ubiquinone flavoprotein (SDHA), which has previously been reported as a marker of
mitochondrial density (65, 135, 145, 162). Interval training also increased the expression
of proteins that catalyses the last three steps in the B-oxidation of fatty acids -hydroxyacyl-
CoA dehydrogenase (HADHA) and acyl-CoA dehydrogenase (ACADVL). The increased
expression of this enzyme suggests a greater capacity to oxidise fatty acids, which aligns

with findings of previous studies (39).

A subsequent study examined the effects of two weeks of short-term endurance training
(60 min per session at the target exercise intensity of 80% VOzpeak On 14 consecutive
days) on the mitochondrial proteome in the skeletal muscle of sedentary participants (74).
Mitochondria-enriched protein fractions were obtained from skeletal muscle biopsies at
baseline and following training. It should be noted that the use of the mitochondrial

fraction of the skeletal muscles may assist in reducing issues associated with the large
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amount of myofibrillar proteins. The samples were subjected to 2-D Difference Gel
Electrophoresis (2-DIGE) analysis with subsequent MS followed by database
interrogation to identify the proteins of interest. Thirty-one proteins were identified as
differentially expressed after either 7 or 14 days of training, and 17 of these were
mitochondrial proteins. These proteins included subunits involved in OXPHOS, enzymes
of the TCA cycle, as well as chaperone and mitochondrial transport proteins. Notably,
differential expression of proteins involved in the TCA cycle (malate dehydrogenase 2,
(MDH2) and Fumarase (FH)) were observed. An increase in the expression of
mitochondrial transport Adenylate Kinase 3 (AK3) was also observed. Additionally,
chaperone proteins (10 kDa Heat Shock Protein; mitochondrial (HSPE1) and protein
disulfide isomerase A3 (PDIA3) were found to increase, while a-Crystallin B chain
(CRYAB)) protein was found to decrease. These are proteins that have been less notable
in classical training studies. There were also changes in associated malate-aspartate
shuttle protein glutamic-oxaloacetic transaminase (GOT2) and manganese superoxide
dismutase (SOD2) protein, which binds to the superoxide by-products of oxidative
phosphorylation and converts them to hydrogen peroxide and diatomic oxygen. Only two
mitochondrial proteins, both subunits of ATP synthase (ATP5A1 & ATP5B), were
commonly expressed by Egan’s (74) and Holloway’s (129) study. It should be noted,
however, that both studies utilised different gel separation techniques and also performed
different types of training (HIIT vs MICT). There was an additional overlap of ATP5B
with an animal study using HIIT (338). A novel observation in this proteomic research
was the reduction in the abundance of the complex IV subunit COX5A, which was not
previously observed but its analogous protein is repeatedly reported to increase with
training when analysed by western blot (3, 187, 193, 199, 272, 274, 301, 311, 333). An
increase in COX complex activity has also classically been observed in response to
exercise training (126). Classical immunoblotting studies have repeatedly reported
increases in complex I proteins following both HIIT and MICT, whereas the application
of proteomics has shown there is differentiation between training type and functional
pathways (c.f. Table 1.2). The application of proteomics to humans began to reveal
additional proteins either typically seen with immunoblotting analysis or those that are

known to be part of functional pathways but not targeted in training studies.

As noted earlier, while providing important new information, there are limitations to gel-

based approaches. The use of more sensitive methods was required to counter some of
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the limitations and led to the development of state-of-the-art proteomic strategies such as
gel-free mass spectrometry-based methods, including shotgun proteomics linked to label-
free or stable isotope-based relative quantifications. When applied to exercise studies,
this unlocked a transition from “blind proteomics”, which creates databases as resources
for further biological follow-up, to specific-driven proteomics, in which proteomics is
based on clearly defined biological questions in an integrative perspective and proteins

are identified from an ever increasing database of mitochondrial proteins (43, 85).

Granata et al. investigated how different training volumes influence mitochondrial
proteins. Ten healthy participants performed HIIT during three consecutive training
phases of normal-volume training, followed by high-volume training and 2 weeks of
reduced-volume training. Using LC-MS, the study quantified the relative abundances of
1411 proteins from an enriched mitochondrial fraction, including 721 known
mitochondrial proteins across all participants and timepoints. The study readily detected
cytoskeletal proteins associated with the mitochondria, and their levels had a strong
inverse correlation with the relative abundances of mitochondrial proteins. The study
overcame this via structural remodelling in-silico, allowing the identification of 184
mitochondrial proteins differentially regulated in response to different volumes of
exercise training. Highlights include a temporary repression of oxidative phosphorylation
and an increase in amino acid degradation with an initial training volume, followed by
increases in tricarboxylic acid cycle and mitochondrial biogenesis proteins with
additional training. As seen in Figure 1.10, many of the differentially expressed
mitochondrial proteins observed in Granata’s study correspond with typical findings of
all recent immunoblotting studies (c.f. Table 1.2). In addition, a further 173 mitochondrial
proteins that have not previously been studied with the targeted nature approach of
immunoblotting techniques were observed. Novel observations by Granata include the
ability to observe an unprecedented number of mitochondrial proteins that respond to
training. In particular, changes were observed for a host of mitochondrial ribosomal
proteins (i.e., MRPSS5, MRPS22, & MRPL4 mitochondrial ribosomal protein S5,
mitochondrial ribosomal protein S22, and Mitochondrial Large Ribosomal Subunit
Protein 4). Of note, the study identified differentially expressed mitochondrial proteins
related to the following GO and KEGG pathways; 42 proteins involved with OXPHOS
(12 complex I, 2 complex 2, 5 complex III, 2 complex IV, 5 complex V) and respiratory

chain processes including novel cytochrome c-heme lyase (HCCS) which links
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covalently the heme group to the apoprotein of cytochrome c, 49 proteins with TCA cycle
& other metabolism, 29 mitochondrial proteins associated with fatty acid oxidation, 15
mitochondrial proteins associated with pyruvate metabolism and ubiquinone synthesis,
18 mitochondrial proteins associated with protein import and organisation and an
additional 32 mitochondrial proteins associated with crisate formation and various
cellular functions. This included metaxin-1 and metaxin-2 (MTX1 and MTX2), which
were also observed as being differentially expressed in single-fibre proteomic studies

with denervation (174).

The crossover of proteins identified in the early human training studies is shown in Figure
1.10a. There is limited cross over in the proteins identified and there has been an
increasing number of proteins identified in the latter years with the advancement of
proteomic technologies. In all three human studies, ATP synthase subunits o & [} were
the only mitochondrial proteins consistently identified as upregulated. This is not
surprising given its role in skeletal muscle, with contractile activity being directly
dependent on the supply of adenosine triphosphate (ATP) to three ATPases. This analysis
highlighted a training-related proteome signature characterised by the up-regulation of
the capacity for ATP generation. In addition SDHA, ACADVL, ACO2 were common to
Holloway and Granata, and AK3, Creatine Kinase Mitochondrial 2 (CKMT?2),
dihydrolipoamide dehydrogenase (DLD), FH, HSPE1, MDH2, NADH:Ubiquinone
Oxidoreductase Subunit A13 (NDUFA13), SOD2 and TUFM were common to Granata
and Egan. These proteins belong to a mixture of pathways associated with the tri-
carboxylic acid (TCA) cycle, complexes essential for the breakdown of molecules to
produce energy in cells, mitochondria organisation and transport, fatty acid beta-
oxidation, and cristae formation, representing proteins that are not typically targeted by

western blot training studies, highlighting the discovery potential of MS.

In addition, prior to Granata’s work some recent studies utilising proteomic technologies
have investigated the influence of HIIT in conjunction with various treatments (134, 142).
A study using gel-free based proteomics observed dominantly upregulated pathways that
were related to the mitochondria, in particular poteins associated with oxidative
phosphorylation, which represented 57% of the total number of proteins upregulated, as
well as metabolic pathways, including glycogen metabolism. Of the 486 proteins

identified as human skeletal muscle proteins, training upregulated the expression of 26

43



proteins and downregulated the expression of 6 proteins (134); of these, 21 were
mitochondrial and 10 were in common with the work of Granata et al. This included
complex I subunits NDUFA2 and NDUFS6 and complex V subunits ATP5H and ATP5J.
Additionally, 2DE proteomic analysis of the response of type 2 diabetes participants with
HIIT have shown alterations of 13 mitochondrial proteins involved in energy metabolism
via glycolysis, the TCA cycle, OXPHOS, or B-fatty acid oxidation. Of these, common to
Granata and other proteomic training studies there were changes in MDH2, mitochondrial
creatine kinase (CKMT?2), isoform 1 of succinyl-CoA ligase (ADP-forming) subunit beta
(SUCLA2), isoform cytoplasmic of fumarate hydratase (FH), trifunctional enzyme
subunit alpha (HADHA), and complex subunit V. ATP5A1. In a similar manner to
training, the power of physical activity to alter mitochondrial proteins was demonstrated
in another proteomic study employing isotopic labelling techniques. The study focused
on assessing the association of daily physical activity with the muscle proteome in healthy
individuals and found that high levels of physical activity were coupled with an
overrepresentation of 102 mitochondrial proteins, including those in the TCA cycle and
chaperone proteins (320). This analysis identified 27 mitochondrial proteins in common

with Granata’s training study.

The key findings of proteomic studies investigating the response to human training is
presented in Figure 1.10b, which provides insight into the numerous cellular processes
identified. Further to this, the biological processes represented by the 203 differentially
expressed mitochondrial proteins in these four training studies were examined by
performing enrichment analysis of Gene Ontology (GO) biological processes using the
Protein ANalysis THrough Evolutionary Relationships (PANTHER) classification
system (316). This analysis has highlighted processes significantly (P < 0.05) represented
by the mitochondrial proteome and includes those processes associated to mitochondrial
functions in skeletal muscles such as oxidative phosphorylation (OXPHOS), glycolysis,
the tricarboxylic acid (TCA) cycle, mitochondrion organisation/ transport, fatty acid beta-

oxidation, and cristae formation.

The lack of common differentially expressed proteins identified in each of the training
studies leads to the question as to why there is a lack of commonality. Can this be
attributed to the type of training performed or is it a matter of technology and

methodology with increased capacities of more current MS instrumentation in addition
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to the preparation of samples? Indications from several immunoblotting studies have
shown that mitochondrial proteins can respond differently to training type (c.f. Table 1.2).
Furthermore, as previously stated, the use of 2D-DIGE and 1D & 2D gels require the gels
to be excised and then digested for loading into the MS instrumentation. More recent
methodologies perform lysis, alkylation, and digestion in the one vessel decreasing the
likelihood of sample loss. In the early era of proteomics, gel electrophoresis was a
dominant technique of sample preparation for mass spectrometry analysis. Particularly,
2D electrophoresis provided high-resolution proteome separation, and was regarded as
the standard methodology for the separation of proteomes from a wide-range of tissue
types. However, gel electrophoresis turned downwards in its application due to the
progress of other separation techniques, including liquid chromatography and ionisation
techniques, with resulting gel-free proteomics finally becoming dominant players at
present. Analysis of publication counts related to “gel-based” and “gel-free” proteomics
(quoted from PubMed, ttps://www.ncbi.nlm.nih. gov/pubmed/) reveal a rapid decline in
gel-based approaches from 2009, whereas, in contrast, gel free approaches that can handle
highly complex peptide mixtures without gel-separation have seen a steady increase from

that point in time (165) (Figure 1.11).

These various methods for studying mitochondrial protein adaptations in skeletal muscle
represent analysis have been confined to the analysis of whole-muscle samples, where
the results may be confounded by changes in a mixture of type I and II fibres. Integrating
recent advances in proteomic techniques and MS with the study of single fibres could
provide new information regarding mitochondrial protein changes that are divergently

regulated in type I and II fibres in response to exercise training.
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Figure 1. 10— (a.) Number of mitochondrial proteins identified as differentially expressed by individual
training studies in humans (b. ) Biological processes by gene ontology (GO) enrichment analysis in which
the identified proteins are mainly involved. The bars represent —logio(P), where P represents the
significance of each GO biological process enriched by the mitochondrial proteins. The P-value was
computed using GO enrichment analysis by Protein ANalysis THrough Evolutionary Relationships
(PANTHER) (316). (c.) Network model describing cellular processes and interactions of the Differentially
Expressed Proteins (DEP) in mitochondria. Colours denotes the study in which the specific protein was
identified, and any DEPs mutually identified. Only ATP5A & ATP5B were identified as changing with
exercise in all 3 studies. In addition SDHA, ACADVL, ACO2 were common to Holloway and Granata
AK3, CKMT2, DLD, FH, HSPE1, MDH2, NDUFA13, SOD2 and TUFM were common to Granata and
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common to Granata and Hostrup. Created with BioRender.com
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Table 1. 3- A summary of studies that have focused on the proteomic profiling of skeletal muscle in response to exercise training

Year Exercise Training Protocol Species Volume Protein Detection Number of | Results
(Reference) (tissue) a. total Separation Differentially
duration Expressed
b. volume x Mitochondrial
intensity Proteins
2006 (31) Training - six weeks of progressive Rats (heart - a. 225 min 2-DE MALDI- 4 . 2-fold increase, in TCA associated DLST (dihydrolipoamide S-
treadmill training 5 days/wk, 1 h in left succinyltransferase) protein, &
. . TOF/TOF . . J . . .
duration (n=30) ventricular b. 180 e  2-fold increase in associated glucose metabolism proteins triosephosphate
free wall) ’ MS isomerase 1 (TPI1) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
5 days/week. 5 min runs at 33 m/min . OXPHOS related ATP synthase D-chain (ATP5D) decreased by 60%
were alternated with 5-min in which
the speed was incrementally
increased each minute to a maximum
of 66 m/min The total duration was
10 min for the first week and was
increased 2 min each day thereafter
2008 (40) Moderate intensity exercise study 4 | Rats a. 600 min 2DE MALDI- 4 e Changes in related glucose metabolism proteins lactate dehydrogenase A and f-
days/wk, over 5 weeks. (n=12) (Skeletal b. 450 TOF enolase . ' '
. Decrease in TCA associated aconitase (ACO2)
Animals in the exercise group trained Muscle - . Increase in in associated glucose metabolism protein TPII.
for 30 min at 70-75% of their VO. plantaris)
peak, which equated to a treadmill
speed of 12 m/min
2010 (338) HIIT (Swimming) - For 5 days, rats | Rats a.20 s bouts, | 2D-DIGE MALDI- 5 e Altered expressions in OXPHOS proteins in complex I subunits NDUFS1 and
performed H.IIT, .WhICh cor}smted of (Skeletal total bouts TOF/TOF NDUF SZV and complexv V ATP synthase b-subunit (ATP5B) ' '
14 20-s swimming exercise bouts e Changes in TCA proteins oxoglutarate dehydrogenase (OGDH) and mitochondrial
carrying a weight (14% of the body | Muscle - unspecified MS malate dehydrogenase (MDH),
weight), and 10-s pause between enitrochleari | b. n/a
bouts. (n=4) p :
s muscle)
2018 (166) MICT - 20 weeks, 6 km/day Mice a. unspecified LC-MS 134 Significantly enriched mitochondrial proteins in endurance trained chow-fed mice
. . related to:
(gastrocnemi | b.n/a with TMT . OXPHOS (36 DEP),
us) labelling . fatty acid metabolism (19 DEP), and

. mitochondrial transport (17 DEP)
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Year Exercise Training Protocol Species Volume Protein Detection Number of | Results
(Reference) (tissue) a. total Separation Differentially
duration Expressed
b. volume x Mitochondrial
intensity Proteins
2009 (129) HIIT - six weeks of progressive Human a. 540 min 2-DE & 1- | LC- 7 Interval training increased:
treadmill training 3 days/week, 30 . OXPHOS proteins - Complex I - NDUFV1, complex II SDHA and complex V
. . Skeletal b. 324 DE MALDI- i
min duration (n=5). (Skeleta ATP synthase a- and b-chains (ATP5A1 & ATP5B)),
Muscle - TOF/TOF e Greater expression of in fatty acid metabolism proteins (ACADVL & HADHA)
Session — 6 x 1-min bouts at 90— vastus MS  with e Increase in TCA associated ACO2
100% VOnzpeax, interspersed by 4 min . .
at 50% VOspens. lateralis) iTRAQ
labelling
2011 (74) MICT for 60 min per session at the Human a. 840 min 2D-DIGE LC-MS 17 Extensive remodelling of the mitochondrial proteome occurring after just 7 days of
target exercise intensity of 80% (Skeletal b. 672 exercise training. Including alterations in:
VO,pea 0n 14 consecutive days (n=8) : . OXPHOS complex I units NDUFA13, NDUFAS, NDUFAS8 and complex V ATP
Muscle - subunits ATP5A1, ATP5B, and associated by-product manganese superoxide
vastus dismutase (SOD2) protein
) . Increases in TCA proteins malate dehydrogenase 2, (MDH2) , Fumarase (FH))
lateralis) . Increases in mitochondrial transport and chaperone proteins (Aspartate
aminotransferase (AK3), 10kDa Heat Shock Protein; mitochondrial (HSPE1),
protein disulfide isomerase A3 (PDIA3), and a-Crystallin B chain (CRYAB)
. Increase  Glucose metabolism associated protein  Glutamic-oxaloacetic
transaminase (GOT2)
2017 (134) HIIT - four weeks of 3 days/week, 30 | Human a. 360 min LC-MS 21 Dominated by training response in OXPHOS proteins including:
min duration (n=5). (Skeletal b. 672 . OXPHOS complex I units NDUFA2, NDUFS6, NDUFB6, NDUFB3, & NDUFBS,
: complex I unit SDHA, complex III URCRH subunit, complex IV subunit COX5A,
. . N Muscle COX6C and complex V ATP subunits ATPSH, & ATPS5J
Session — 3 x 10-min bouts at 85% . h lated mitochondrial . dad in 2
VOspea, with 30 s all out sprint at the | vastus . lnf:rease responses in 7'ot er related mitochondrial proteins, and a decrease in
end ) mitochondrial proteins including a decrease in PARK7 which plays an important
lateralis) role in cell protection against oxidative stress
2019 High-intensity interval training during | Human a.2296 min LC-MS 184 184 differential expression mitochondrial proteins were identified in response to training,
. 3 consecutive training phases of relating to the following pathways:
blished .. Skeletal b.307
(unpublished) normal-volume training (4 weeks — (Skeleta e 42 proteins involved with OXPHOS and respiratory chain
(107) 3/wk), followed by 20 d of high- | Muscle - . 49 proteins with TCA cycle
volume training f{‘nfi 2 weeks of vastus . 29 proteins with fatty acid beta oxidation
reduced-volume training (n=10). ) e 15 mitochondrial proteins associated with pyruvate metabolism and glucose
lateralis) metabolism, & another metabolism and additional
. 78 mitochondrial proteins associated with various other cellular functions.

2-DE - two dimensional- polyacrylamide gel electrophoresis, 1-DE — 1 dimension gel electrophoresis, 2D-DIGE - two-dimensional fluorescence difference gel electrophoresis, LC-MS — Liquid Chromatography coupled with Mass Spectrometry.

MALDI - matrix-assisted laser desorption/ionisation. TOF -Time of Flight
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Figure 1. 11 — Publication counts related to “gel-based” and “gel-free” proteomics. The number of
publications was taken from PubMed (https://www.ncbi.nlm.nih. gov/pubmed/). Adapted from (165).

1.4 Fibre-Specific Protein Responses with Training

The size principle states that under load, motor units (a motor neuron and all of the
skeletal muscle fibres it innervates) are recruited from smallest to largest. In practice, this
means that slow-twitch fibres (type I), which have a lower threshold of activation, will be
utilised at lower exercise intensities, whereas fast-twitch fibres (type Ila and IIx), which
have a higher recruitment threshold, will be recruited at higher intensities (Figure 1.12).
Skeletal muscle fibre recruitment is therefore related to exercise intensity (273, 326), and
it has been hypothesised that higher exercise intensities might stimulate greater
adaptations in type II fibres relative to lower exercise intensities (118, 119, 202). This
highlights that one of the main limitations of analysing of changes in mitochondrial
proteins in whole-muscle lysates is that observations may be confounded by the
heterogenous nature of a typical muscle sample composed of a mixed-fibre population
(i.e., a variable proportion of type I and type II fibres), which consequently may mask the

changes occurring in individual fibre types.
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Figure 1. 12— Recruitment of muscle fibres is dependent on the intensity and duration of contraction. A
hierarchal recruitment pattern of type I to Ila to IIx/b occurs as force output of the muscle increases from
low to high. During low-intensity exercise, slow-twitch, type I fibres are recruited, which have a high
capacity for fat oxidation and a low capacity for glycogenolysis-glycolysis. An increase in contraction
intensity results in a proportional increase in the recruitment of type Il muscle fibres, which by their intrinsic
characteristics generate more ATP from glycolytic pathways (27).

The ability to isolate, identify, and accurately quantify proteins in individual fibres could
overcome these shortcomings, providing enhanced understanding of the adaptive
response to training compared with typically performed whole-muscle analyses. Current
technologies now enable a single human muscle fibre segment to be quantitatively
analysed for targeted proteins by western blotting techniques. These advances have
identified fibre-specific abundances of proteins related to the contractile apparatus (i.e.,

myosin heavy chains) (219, 220).

Nonetheless, aside from initial findings by Murphy (219) and Christensen et al. (53)
looking at a few mitochondrial proteins, there has been little research investigating the
mitochondrial proteins of different fibre types in humans. Evidence from rodent studies

suggests that mitochondrial adaptations to exercise occur in a fibre type-specific manner
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(72, 314); however, the interaction between fibre type and exercise intensity has received
less attention in humans, as most studies examine adaptations at the whole-muscle level.
Fibre-specific changes may contribute to some of the debate concerning the effects of
different types of exercise on mitochondrial biogenesis. Given the fibre-specific
mitochondrial characteristics, it seems reasonable to hypothesise that mitochondria
adaptations will be fibre-specific. There is evidence of this being shown in rats; however,

there is little research on fibre-specific mitochondrial adaption to training in humans.

1.4.1 Single-Fibre Immunoblotting

One of the first studies assessing protein changes in single fibres by western blotting was
Kristensen et al. (171). These authors observed that most measured proteins were equally
affected in type I and II fibres following a single moderate-intensity exercise session (30
min at 70 % VOzpeak), Whereas there was a fibre-specific regulation of some proteins (e.g.,
AMPK phosphorylation) following high-intensity exercise (6 x 1.5-min bouts 95%
VO2peak Interspersed by 2.5 min at 40% VOzpeak ) (171). Since then, only three studies
have specifically investigated the adaptability of mitochondrial proteins to exercise
training in single muscle fibres taken from humans (Table 1.4) (194, 312, 337). Due to
the limited starting material, these studies only probed for three proteins representative
of OXPHOS and mitochondrial dynamics (i.e., COXIV, NDUFA9, MFN2). All three
studies utilised slight variations of HIIT and reported increases in COXIV protein in
whole-muscle; however, only two reported similar increases of this protein in type I and

type 11 fibres.

Wyckelsma et al. (337) investigated the effects of HIIT in older adults on the abundance
of mitochondrial proteins (COXIV, NDUFA9, and MFN2) in whole-muscle homogenates
and pools of single muscle fibres using immunoblotting techniques. There was a higher
abundance of the mitochondrial respiratory chain subunits COXIV and NDUFA9 in type
I compared with type II fibres at rest, and these results were similar in the older and
younger cohorts. Following 12 weeks of HIIT, older adults exhibited an increase in
mitochondria content in whole-muscle homogenates (assessed by CS activity). When
examined in pooled single fibres, there were increases in COXIV in both type I and 11
fibres and NDUFAO9 in type II fibres, while there was a decline of MFN2 in type II fibres.

The results suggest fibre-specific differences for training-induced changes in proteins of
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the respiratory chain and mitochondrial dynamics. An in-depth analysis of individual
results, however, reveals that in some individuals there was an increase of MFN2 in
whole-muscle lysates and yet a decline in both fibre types. Given the fibre type ratio of
the cohort was roughly 50:50 of type I and type II fibres, such a discrepancy in individual
protein response between whole muscle and single fibres is difficult to explain (Figure
1.13). As such, caution is needed when interpreting the results of immunoblot analyses

of single fibres.
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Figure 1. 13— Modified figure from Wyckelsma et al. (335) demonstrating potential discrepancy in
individual protein response between whole muscle and single fibres; in this example, MFN2 is shown as.
Each colour used for Pre and Post symbols on the graphs indicates the same participant (consistent across
all figures).

Similarly, Maclnnis et al. (194) examined the role of exercise intensity and/or the pattern
of muscle contraction on the regulation of skeletal muscle adaptations in whole-muscle
samples and pooled single fibres with the same immunoblotting protocol. The protein
content of COXIV, NDUFA9, and MFN2 increased in both training groups (i.e., HIIT
and MICT) in whole muscle. While COXIV and NDUFA9 were more abundant in type I
than type II fibres, training did not increase the content of COXIV, NDUFA9, or MFN2
in either fibre type (194). This again indicates that fibre-specific alterations following

training do not always correspond with the results obtained in whole-muscle
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homogenates. Training was conducted only over a two-week period, and perhaps longer
training periods are required to observe fibre-specific changes. While the abundance of
respiratory chain complexes in the two fibre types was consistent with the earlier study
by Wyckeslma (335), they did not see a similar training effect as was observed with 12
weeks of training. Conversely, research by Tan et al. (312), investigating the influence of
HIIT on fibre-type-specific adaptations in overweight women, also revealed higher
COXIV protein intensity in type I compared to type II fibres, but found that training
increased the content of COXIV in both fibre types. There was a greater response in type
I fibres compared to type I (27% and 46% increase in COXIV protein content in type |
and type II fibres from baseline fibre type response, respectively). At the whole-muscle
level, there was a ~27% increase in COXIV protein content following HIIT. This 6-week
training protocol showed parallel responses to the observations by Wyckeslama. In
general, these studies showed correlations in fibre-type differences for mitochondrial
protein in respiratory chain complexes of COXIV and NDUFA9, while there were
discrepancies in the studies for training responses. These studies provided new insights
into fibre-specific responses of mitochondrial proteins to training, but also highlight the
complexity and importance of sample preparation when analysing small protein amounts
in single fibre. Considering that around 80% of the total cellular pool of muscle fibres
consists of myofibrillar proteins, it is difficult to accurately analyse the less abundant
mitochondrial proteins. A centrifugation step is often undertaken to remove the
myofibrillar proteins; however, this can result in a significant loss of up to 80% of the
sarcoplasmic reticulum. This can consequently have adverse effects for investigations of
skeletal muscle mitochondria enrichment with potential disruption of the intracellular

organelles and critical protein—-membrane interactions (220).

Little is known about biological variation stemming from the percutaneous muscle
biopsies in heterogeneous skeletal muscle. A recent study has that shown variability in
fibre-type distribution increased when fewer than 150 muscle fibres were quantified. This
helped prompt an evolution of the single-fibre immunoblotting technique, from research
based on a single fibre with limited starting material to utilising a combination of dot
blotting to identify fibre types and the pooling of single fibres to increase starting material
and protein content (16). A study by Christiansen et al. (16) reported that the greatest
between-run variabilities were seen with single fibres, where the linear regression slopes

were statistically different for SERCA1 and AMPK2 protein content, but not for total
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protein. As groups of single fibres increased to four pooled single fibres, variability was
reduced and the greatest decrease in variability was seen with groups of 10 or 20 fibres.
Based on this, pooling a minimum of 10 fibres may give the best representation for
western blot analysis. This would also allow more proteins to be analysed. Given the
heterogeneity of fibre types in whole-muscle lysates in western blotting, the need to
reduce variability in single fibres should be paramount to the ability to detect differences
in fibre-specific responses. Also to be taken into consideration is the method of fibre
typing for immunoblotting studies, which is based on MYH. Proteomic investigations
have shown that even in individual fibres there can still be multiple isoforms of MYH,
and thus a single fibre type should be based on the purity (i.e. percentage of the dominant
MYH isoform) (216).

The main insight obtained from single-fibre studies is that we begin to see fibre-specific
differentiations in the response to training, which to date has focussed on a small number
of respiratory chain sub-units. Although overall, training-induced changes in very few
mitochondrial proteins in single fibres have been analysed thus far (COXIV, NDUFA9
and MFN2 — only three of the more than 1100 of mitochondrial proteins). Recent
advances in single-fibre proteomics have the potential to discover changes in a greater
range of mitochondrial proteins at the single-fibre level. This approach is complicated by
the fact that the low amount of proteins in individual muscle fibres compromises in-depth
proteome analysis and thus comes with its own challenges, which is discussed in

subsequent sections.
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Table 1. 4- Summary of Human Single-Fibre Mitochondrial Protein Exercise Training Studies by Immunoblotting

Reference Participant Characteristics Training Protocol Training Volume Detection Method Findings
a. Total volume
b. volume x
intensity
Wyckelsma et al. | ¢ n= 8 (2 females, 6 | 36 sessions of HIIT (4 x 4 min cycling | a. 1008 min Single fibre was fibre- COXIV and NDUFAJ greater in type I vs type 1l fibres
2017 (335) males) intervals at 90-95% of the HRmax , | b.806.4 typed using the dot | Mfn2 in type II fibres of older adults following training and 1COXIV protein
. Age -69.9 +3.8 years | interspersed by 4 min of recovery where at blotting and western content in both type I and type II fibres were observed. No significant change
e BMI - 751 % 12.8 kg | 50-60% HRumax) over 12 weeks blotting in type | NDUFA9 but 1 in type II fibres were observed
m> Pooling: type I and no fibre type difference between the older adults and young groups with
. VO peak 25.1 + 6.1 type II consisted of 4 training
L.mL kg' min”' —11 fibres
Maclnnis et al. | ¢  n=10 (male) 6 sessions of unilateral leg exercise protocol | a. 180 min Single fibre was fibre- COXIV and NDUFAJ greater in type I vs type II fibres
2017 (194) o  Age-23+1years with  HIIT [4 % (5min at 65% Wpe and | b. 173 HIIT, typed using the dot training did not increase the content of COXIV, NDUFA9 or MFN2 in either
e  BMI-25+1kgm-2) 2.5 min at 20% Whpeak )] or MICT (30 min at | 90 MICT blotting and western fibre type
e VO; peak 2.6 + 02 | 50% Wpe ), were performed 10 min apart on blotting No difference in MICT vs HIIT for either fibre type
L.mL kg™ min™* each day, in an alternating order. The work Pooling : type I 7.0
performed per session was matched for MICT 2.9 and type II 9.0 +
and HIIT over 2 weeks 5.2
Tan et al, 2018 | e n=13 (female) 18 sessions of HIIT (10 x 60-sec cycling | a.360 min Fibre  typing by COXIV greater in type [ vs type II fibres
(312) o Age:26+7 years; intervals at ~90% HR max, interspersed by 60's | b. 252 immunohistochemical training T COXIV protein content in both type I and type II fibres
e BMI:30+ 4kg m? of recovery) over 6 weeks analysis and western
. VO; peak: 2.16 + 0.45 blotting for analysis

L mL kg ' min!

Pooling: type I and
type II consisted of 25
fibres
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1.4.2 Single-Fibre Proteomics

Whole-muscle analysis is confounded by the influence of other tissues such as connective
tissue, blood vessels, and nerves (218, 229). Nonetheless, despite the power of proteomics
techniques, there continues to be an absence of data on protein changes occurring in type
I and II fibres in response to exercise and training. In part, this can be attributed to the
adverse dynamic range caused by highly abundant sarcomeric proteins that account for
over 50% of total signal, with myosin heavy chain ranking highest (216). Proteins from
all other muscle compartments, including the mitochondria, are confined to the lower half
of the MS-signal range (216). Additionally, single-muscle fibres contain very limited
protein amounts compared to typical starting amounts in proteomic projects (tens to
hundreds of times less). This limits the capabilities of the MS to fragment the more low

abundant proteins (64, 229).

To overcome these difficulties, Murgia et al. (207) devised a single-step sensitive
workflow to describe the proteome of mouse single muscle fibres and to describe the
contractile and metabolic features of single muscle fibre types (see Figure 1.12). Their
workflow began with the establishment of a deep skeletal muscle proteome for whole-
muscle samples digested using the filter-aided sample preparation (FASP) method and
with the resulting peptide mixture then separated into 12 fractions by isoelectric focusing
(138, 330). This procedure was able to identify approximately 6500 proteins. They then
developed a workflow for single-muscle fibre proteome analysis, which is performed in
a single vessel to reduce sample loss using the method of Kulak et al. (173). The analysis
of this workflow was initially applied to mice (216) and then to ageing human skeletal
muscle (218) to identify proteins in specific fibre types. The deep proteome workflow
was combined with MaxQuant analysis software and employed its ‘match between runs’
(MBR) feature (60). Briefly, the MBR algorithm assesses each identified peak in a MS1
spectrum from an LC-MS/MS run and compares its retention time to unidentified peaks
in another. An identification is transferred if an unidentified peak with the same properties
(e.g., m/z) is found within a specified retention time window. As retention time is critical
for the algorithm to function, the MBR algorithm first realigns compared chromatograms
before attempting to transfer identifications. Thereby, identifications through peptide-

spectrum matches (PSMs) from one run can be transferred to peaks having no tandem
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MS information in another run (183). In this case, MaxQuant was used to transfer peptide
identifications from the deep muscle proteome, where a given peptide is much more likely
to have been fragmented, to a single fibre, where often only the intact peptide has been
measured. The benefits using MBR is that it assists in achieving higher precision and

fewer missing values in protein quantification.

To perform fibre type assignment by MS in a reproducible manner, the MYH isoforms
were assigned based on having more than 80% sequence identity using the relative
abundance of MYH isoforms. Type Ila and IIx fibres tended to have a higher degree of
heterogeneity than type I and IIb fibres. Virtually all single fibres express two or more
MYH isoforms at low levels; thus, fibres were classified as type I if their relative
abundance was over 80% of MYH?7, IIb if containing over 80% of MYH4, and, due to
the greater heterogeneity, Ila if containing over 60% of MYH2, and IIx if containing >
60% MYHI1 (Figure 1.14). This discovery provided an unprecedented method for fibre-
type-specific analysis, making the prospect of analysing proteins in single muscle fibres
possible at the proteomic level. To quantify the variability of the muscle fibre proteome
among different donors, median protein abundances across all individuals and samples
were compared using the MaxQuant label-free quantification (LFQ) algorithm (59).
Despite the limitations identified above, this new workflow allows for not only

qualification of proteins in different fibre types but also quantification (216).

The limited number of single-fibre studies employing proteomics is summarised in Table
1.5, which includes only two studies in mice and two in humans. In their initial mouse
study, Murgia et al, identified that different fibre types have differing capacities for
substrate utilisation (218) and revealed an unexpected diversity and specialisation in the
metabolic properties of individual fibre types (216). Their single-fibre proteomic study
detected a total of 654 proteins annotated as mitochondrial, with an average of more than
270 quantified in individual fibres. The majority of the components of the respiratory
chain and TCA cycle were quantified in each fibre. By normalising the mitochondrial
content (using cytochrome ¢ or succinate dehydrogenase as indicators of mitochondrial
quantity), they found notable differences in major pathways of OXPHOS, fatty acid beta-
oxidation, and the TCA cycle at a fibre-specific level. Similar pathway observations have
been seen prior to single-fibre proteomics in fibre types (92) with single-fibre research

providing further evidence for the existence of distinct subsets of mitochondrial proteins
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in specific fibre types that may not have been observed by whole-muscle analysis.
OXPHOS proteins were typically more abundant in type Ila fibres. With respect to fatty
acid beta oxidation, type I fibres had higher protein levels for enzymes involved in this
pathway, including ACADL, HADHA, the ETFA and ETFB complex, and ETFDH. Also
more prevalent in type I than type II fibres were proteins located in the mitochondrial
outer membrane involved in the conversion of fatty acids to fatty acyl-CoA esters via
ACSLI, and proteins involved in fatty acid import at the inner mitochondrial membrane
(e.g., CPT2A). The same held true for proteins involved in ketone body metabolism, such
as OXCTI1- an enzyme responsible for acetoacetyl-CoA production from acetoacetate,
and ACAT1 - which converts acetoacetyl-CoA into acetyl-CoA. Conversely, proteins
associated with the regulation of glucose and pyruvate dehydrogenase (PDH) metabolism
and the TCA cycle show greater abundance in type IIx fibres. The protein Pyruvate
Dehydrogenase Phosphatase Catalytic Subunit 1 (PDP1), a protein involved in pyruvate
metabolism, was more than two-fold more abundant than in other fibre types.
Additionally, isocitrate dehydrogenase 3 (IDH3), a member of the TCA cycle, displayed
higher abundances in type IIx fibres, whereas it was lowest in IIb fibres. Further findings
related to pyruvate metabolism and TCA pathways were significant variations in
Mitochondrial Pyruvate Carrier 1 (MPC1) and MPC2, which are located in the
mitochondrial inner membrane and had not previously been investigated in skeletal
muscle. The ratio of the two subunits differed in the two fibre types, with MPC2 more
abundant in type I, IIa, and IIx fibres, whereas MPC1 had higher levels in type 1 compared
to IIx and IIb fibres. The most noteworthy consideration we begin to see with this first
proteomics study at a single-fibre level is the array of mitochondrial proteins that are
observed to differ at a fibre-specific level, along with their associated functional
pathways, which had previously remained overlooked via the analysis of whole-muscle

samples and with the a priori nature of immunoblotting techniques.

The hundreds of mitochondrial proteins identified in the four fibre types revealed a
multifaceted picture that clearly established that mitochondria differ in the various muscle
fibre types not only quantitatively but also qualitatively. This supports the notion of
metabolic specialisation that is finely tuned to the physiological properties of muscle
fibres. With further streamlining of the technology, similar experiments could now be
performed to explore changes in mitochondrial proteins as a function of muscle use or

disease perturbations. An animal study by Lang et al (174) investigated fibre-type protein
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remodelling after denervation leading to muscular atrophy. More than 200 mitochondrial
proteins were detected across all fibre types, with a slight decrease in the number of
mitochondrial proteins in type Ila fibres of the soleus and type IIb fibres of the EDL after
denervation compared with type-I fibres from the soleus after denervation. Common
observation to animal studies was fibre-specific substrate utilisation in the TCA cycle.
Lang reported that TCA proteins IDH3B and IDH3G, and D-beta-hydroxybutyrate
dehydrogenase (BDHI1), and the mitochondrial ribosomal protein S36 (MRPS36), were
still more abundant in type-Ila fibres than in type-I fibres after denervation, which was
consistent with the findings of Murgia et al. (216). The mitochondrial contact site and
cristae organising system (MICOS) that modulate respiratory complexes was another
complex that exhibited heterogeneous regulation. Although most members were
significantly downregulated after denervation, metaxin-2 (MTX2) was upregulated in
both type I and type Ila fibres. This has potential implications for cristate formation and
protein import into mitochondria because it is localised at the outer mitochondrial
membrane. Analysis of the OXPHOS complexes (I-V) revealed downregulation of
complex III and IV in type-Ila and -1Ib fibres after denervation, whereas these proteins
were less affected in type-I fibres. The results of this study highlight the need to
investigate fibre-type-specific changes of mitochondrial proteins in response to different

stressors (e.g., activity and inactivity).

Murgia et al. went on to further apply their workflow to the first study on human single
muscle fibres. This combination led to the quantification of more than 60,000 peptides
and 5400 proteins in 152 single human muscle fibres across eight donors; on average they
obtained 2,100 proteins per single muscle fibre. The fibre-type-specific analysis of the
cohort still revealed variability among individuals (in terms of the number of proteins and
fibre type composition between samples), but this was outweighed by functional
similarity between their fibre types. There was a correlation between the proteins
identified in fibre types of donors ranging from 0.85 to 0.95 for the least to the most
similar individuals. When compared to pooling fibres, they found Pearson correlation
coefficient were higher with a median of 0.93. The power of this method is shown by the
ability to identify 757 mitochondrial protein across all donors. Unique donors had
between 300 to 500 mitochondrial proteins, where, for instance, analysis of a select donor
revealed 589 mitochondrial proteins in a single type I fibre and 359 mitochondrial

proteins in a selected type II fibre.
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Common amongst the small number of single-fibre proteomics studies is greater
abundance of mitochondrial proteins associated with OXPHOS in respiratory chain
complexes in type I fibres, a known feature of human muscle (131). This was also
common in human single-fibre immunoblotting studies that showed greater amounts of
COXIV protein (194, 312, 335). In contrast, type II fibres tended to have a greater content
of proteins involved in the TCA cycle and OXPHOS. Contrary to this was the findings in
single fibre mice studies, which revealed more abundant OXPHOS proteins in type Ila
fibres and a greater abundance of beta-oxidation proteins in type I fibres. The other
notable fibre-type difference in mice is for the TCA protein isocitrate dehydrogenase, in
which IDH3 is significantly higher in type IIx fibres. In human muscle, there is a higher
abundance of IDH2 than IDH3 in type II fibres.

In response to aging, Murgia et. al (218) saw a decrease in mitochondrial protein content
in both type II and type I fibres; this observation is in line with many previous studies
(154). Intriguingly, this was associated with an increase in the mitophagy pathway and a
decrease in the fusion machinery - two mechanisms that may at least partly explain age-
related mitochondrial defects (218). Amongst this information there was complete
quantification of all five respiratory chain complexes, comprising both the nuclear- and
mitochondrial-encoded subunits, that clearly shows that OXPHOS respiratory chain
proteins are more abundant in type I than in type Ila fibres, though content did reduce
with age. GO-annotated mitochondrial proteins showed no age-related changes in type
ITa fibres. Further to this, mitochondrial pathways related to aging and linked to type 2
diabetes were also identified by these analyses with the expression of proteins involved
in mitochondrial dynamics such as MFN2 and OPA1 strongly declining with age.
Additional differential response in glycolysis during aging and fibre types were observed
with increased expression in type I old fibres and a decrease in type Il compared to their
young counterparts. Specifically, there was a several-fold decrease of MAOA in type I
fibres, which is a protein that stimulates glucose uptake in skeletal muscle by acting on
GLUT4 translocation (218). This study hints to the power and capacity of proteomics to
identify many proteins and mitochondrial mechanistic pathways related to fibre types in
a single shot. The only other human single-fibre proteomic study investigating
mitochondrial disease showed a correlation with a decline in OPA1 in aging muscle (217).
This study also revealed that complex IV subunits of the respiratory chain were more

abundant in COX+ stained fibres (representative of cytochrome c¢ oxidase to succinate
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dehydrogenase ratio (COX/SDH) staining with linked functioning electron transport to
complex IV) that are associated with type I fibres. Defective fibres also showed greater
abundance of fatty acid oxidation proteins in type I but not type II muscle fibres.
However, a key observation in most of these studies is the small sample size used for
analysis (n=8 and 18-20 single fibres per donor). Additionally, it could be speculated that
key mitochondrial changes observed in aging may exhibit opposite changes with exercise.
Thus, further studies are required to investigate the effects of exercise on mitochondrial

proteins in single fibres.

While the single-fibre studies summarised in Table 1.5 demonstrate good coverage of
structural and metabolic features of the muscle fibre proteome, the challenge of
dominating signals of sarcomeric proteins remains with an average identification of 60%
of proteins annotated to the sarcolemma and 70% of sarcoplasmic reticulum proteins in
single fibres observed. Murgia’s (216-218) work employs Label Free Quantification
(LFQ), which has a relatively simple workflow suitable for numerous sample matrices;
however, given that low abundant proteins generate a limited set of peptides with ion
signal for quantification making them generally difficult to quantify, LFQ can typically
be subject to limitations of the maximal number of samples than can be easily analysed
without introducing batch effects (36, 238). Non-biological experimental variation or
such “batch effects" are commonly observed across multiple batches of microarray
experiments, often rendering the task of combining data from these batches difficult. The
ability to combine microarray data sets is advantageous for researchers to increase
statistical power to detect biological phenomena from studies where logistical
considerations restrict sample size or in studies that require the sequential hybridisation
of arrays (5). Thus, the ability to use labelling techniques such as Tandem Mass Tags
(TMT) has the advantage of potentially providing extensive pre-fractionation that can be
performed with approaches to minimise batch effects and a possible alternative to LFQ
proteomics to detect low-abundant mitochondrial proteins in single muscle fibres.
Additionally, the use of MBR in this research typically increases the peptide identification
(183, 226). This strength can also represent the primary difficulty in assessing the
accuracy of MBR, in this case resulting in increased observation of mitochondrial
proteins. Nonetheless, these single-fibre studies have presented the ability to discover in
excess of 5000 proteins and 250 to 750 mitochondrial proteins in a single-shot experiment

with the potential of further application to exercise training.
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Figure 1. 14- Single shot workflow for Single Muscle Fibre Isolation and Analysis adapted from (216)

a.) Single fibre isolation followed by lysis, reduction and alkylation and MS analysis to acquire
mass/charge data and converted by MaxQuant for protein analysis and fibre typing.

b.) MS-based quantification of MYH isoforms reveals pure-type fibres and different combinations of
mixed-type fibres. The scatter graph shows the percent expression of the four adult isoforms of MYH
in all analysed fibres, distributed along the x axis. Fibres from older donors have a black contour.
Fibres were ordered and ranked based on the prevalence of expression of MYH7 (blue diamonds),
MYH2 (green squares), and MYHI1 (grey triangles) isoforms. MYH4 (cross) which are essentially not
expressed in humans.
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Table 1. 5- Summary of MS-based Proteomics Studies Using Single Fibres
Reference | Sample Type | Preparation Detection Analysis Number of Findings
Method Method Method Mitochondrial
Proteins
Identified
2015 (216) | Mice Single shot for | LC-MS MaxQuant with | 654 e OXPHOS proteins >in Type Ila fibres.
(n=10) single fibres & | (linear match  between Beta > in Type I fibres (ACADL, HADHA, ETFA and ETFB)
Filter-aided quadrapole runs Fatty acid conversion and ketone metabolism proteins > in Type I fibres ( ACSL1,
sample Orbitrap MS) CPT2A., OXCTI)
preparation e InTCA cycle IDH2 > in Type I fibres and <in Type IIx/b fibres
(FASP) followed IDH3 >in Type I fibres
by isoelectric
focusing for
whole muscle
2017 (218) | Human Single shot for | LC-MS MaxLFQ  with | 757 e OXPHOS proteins in Type I > Type Ila fibres.
Sex =Male single fibres (linear match between <in MFN2 & OPA1 in Type I with ageing
m = 8, 4 quadrapole runs
young/4 old). Orbitrap MS)
2018 (217) | Human Single shot for | LC-MS MaxQuant with | 217 <the OPAL in type I fibres
(n=6, 3 control, | single fibres (linear match  between >fatty acid oxidation proteins occur in defective type I but not type I muscle fibres
2 mitochondrial quadrapole runs Complex IV subunits were more abundant in type I fibres (associated with COX+)
disorder) Orbitrap MS)
Sex = Male
18 single fibres
2018 (174) | Mice In silico | LC-MS/MS MaxQuant LFQ | 672 e Type-I fibres >in proteins than type-Ila fibres of soleus and type-IIb fibres of the EDL
(n=3) grouping of fibre | (QExactive with Andromeda after denervation
150 pooled | types. Stop and | MS) IDH3 >in Type Il fibres after denervation
single fibres Go (C18 stage e  Beta-hydroxybutyrate dehydrogenase (BDH1), and the mitochondrial ribosomal
tip) er peptide protein S36 (MRPS36) in type Ila >type-I fibres after denervation
extraction
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1.5 Conclusions

During the past two decades, the application of molecular techniques to exercise biology
has led to the identification of multiple molecular pathways with key roles in promoting
training-induced mitochondrial biogenesis. However, linking many of these signals to
defined metabolic responses and specific changes in protein expression in skeletal muscle
that occur as a consequence of exercise has proved more difficult. This is because many
of these pathways are not linear but are instead part of a complex network, with feedback
regulation and transient activation (116). The advances of various proteomic approaches,
can be used in combinations with computational approaches to resolve the complex

biological interactions associated with diverse exercise responses (343).

Future research in the field of exercise science requires increasingly sophisticated
approaches to understand the critical nodes of energy homeostasis and how these
pathways are upregulated in response to exercise training and disrupted in a number of
disuse-related disorders. The development of MS-based proteomics has provided us this
sophistication and decisively improved our understanding of physiological changes in
skeletal muscle. The successful miniaturisation of the proteomic workflow has provided
the mechanism by which we can now perform single cell proteomics of different fibre
population leading to a comprehensive coverage of the skeletal muscle proteome. The
results of such research in not only skeletal muscle but muscle fibre types will hopefully
spark the advent of individualised exercise prescription for enhanced health and

performance (240).
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Aims

1. To investigate training-induced changes in mitochondrial proteins in single muscle
fibres from humans.
2. To elucidate how different types of training affect mitochondrial proteins in different

fibre types.

The hypothesis of this proposed research project was:

That different types of exercise would induce fibre-specific changes to some
mitochondrial proteins given that the types of training chosen should require very
different skeletal muscle fibre recruitment. It is hypothesised that MICT will elicit
mitochondrial protein changes related to type I fibres and oxidative pathways. Whereas,
SIT will have greater expression of proteins related to type II fibres and glycolytic

pathways.

Contribution to Knowledge

This study will contribute further evidence of the effects of different types of exercise
(moderate and high-intensity exercise) on fibre-specific mitochondrial adaptations.

Statement of Significance

It is known that mitochondria play a key role in skeletal muscle function and health.
Through a better understanding of how to target specific adaptations within the
mitochondria, and subsequently differently fibre types, it may be possible to add valuable
information for optimising the exercise prescription to enhance skeletal muscle

mitochondrial adaptations to improve health and performance.
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Chapter 2

Conceptual Framework and Methodology
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2. Conceptual Framework and Methodology

2.1 Research design overview

An overview of the study design can be seen in Figure 2.1. In brief, the study was
conducted as part of a larger study on muscle samples that had already been collected by
Javier Botella as part of his PhD (HRE17-075). A summary of the training design can be
found in Figure 2.3. The study consisted of an 8-week training intervention, where
participants were randomly divided into two groups that performed either moderate-
intensity training or sprint-interval training. These two types of training were chosen as
they should require very different skeletal muscle fibre recruitment. Single muscle fibres
from muscle biopsies collected pre and post training from the vastus lateralis muscle were
analysed for this study.

a.

Muscle Biopsy Samples
(n =12/group)

Phase | /\ Phase Il

Single Fibre Method Application to
Optimisation for Exercise Study
Proteomics l
/\ . Analyse Single
Single Fibre Determine optimal Muscle Fibres by
Pooling method for extraction Optimised MS-
and processing of based Proteomics
protein material

— 1

Compare Target Compare Target Compare
Proteins within protein responses Target Proteins
Exercise Types within Pre & Post between Fibre
(SIT vs MICT) Exercise groups Types

Figure 2. 1- a. General Outline of Research to be Undertaken. b. Single Fibre Analysis and Comparisons
by MS on exercise study for groups of Moderate Intensity Training (MICT) and Sprint Interval Training
(SIT).

The first phase of this masters’ project focused on the method optimisation for the
digestion of single muscle fibres and obtaining suitable amounts of protein for
identification by MS-based proteomics in single muscle fibres. The second phase of the
project was directed towards the application of this optimised single-fibre method to the
training study and quantification of mitochondrial proteins in type I and type Il muscle

fibres pre and post training.
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2.2 Participants

Prior to this study commencement, participants were provided with enough written and
oral information as needed before voluntarily signing the informed consent form. Samples
were collected according to an approved ethics application, which conformed to the
standards set by the latest revision of the Declaration of Helsinki (Application ID:
HRE17-075). Selection criteria for the study were based on recruiting participants
considered physically active, but not conducting any systematic training (more than 3

sessions per week) for the previous 3 months.

The sample size (n) required to reach a significant level of 0.05 with a sufficient power
of 80% was calculated for the following variables: mitochondrial volume, mitochondrial
cristae density, and mitochondrial respiration. This was based on studies with a lower
training volume or duration than the present study, and previous research has shown that
differences between groups are likely. Based on this a sample size of 8-14 per group was

suggested as sufficient to reach the level of significance required.

A total of 28 participants were recruited and their characteristics are summarised in Table
2.1. After initial screening and testing, they were matched by the power attained at the
lactate threshold (WLT) and randomly assigned to the moderate-intensity-continuous-
training (MICT) (n=14) or sprint-interval-training (SIT) (n=14) group. Twenty-three
participants completed the study, whilst five (two from the MICT and two from the SIT
group) withdrew from the study due to time constraints and one was excluded from
analysis as the sample was too fibrotic (Figure 2.2). There was no significant difference

between groups for baseline characteristics (i.e., age, BMI, VO2 max, or Wpeak).
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[ Enrollment ] Assessed for eligibility (n= 28)

Randomized (n= 28)

v

[ Allocation ] A
Allocated to MICT (n=14) Allocated to SIT (n= 14)

v v

[ Training Follow-Up ]
Discontinued intervention due to time Discontinued intervention due to time
constraints (n=3) constraints (n=2)
A
Analysed (n=11) [ Analysis ] Analysed (n=12)

Figure 2. 2- Flow diagram of the progress through the phases of a parallel randomised trial of MICT and
SIT groups.

Table 2. 1- Participant Characteristics

Measurement MICT group SIT group
(n=11) n=12)
Age (years) 26.4+5.8 27.5+£53
Body Mass (kg) 73.6 £10.1 75.5+9.7
Height (m) 1.80 £0.1 1.80 £0.1
BMI (kg/m?) 23.7+£29 23.5+£29
Wpeak (W) 301 +46 320+ 70
VO:2max (mL/min/kg) 52.0+76.8 51.7+7.1

MICT: Moderate intensity continuous training; SIT: sprint interval training; VO2max: maximal oxygen
uptake. All values are mean + SD

2.2.1 Physical Activity and Nutritional Control

Participants were requested to maintain a normal dietary pattern and physical activity
throughout the study. To minimise the variability in muscle metabolism, participants were
provided with a standardised dinner (55 kJ/kg of body mass (BM), providing 2.1 g
carbohydrate/kg BM, 0.3 fat’kg BM, and 0.6 g protein’kg BM) and breakfast (41 klJ/kg
BM, providing 1.8 g carbohydrate/kg BM, 0.2 g fat’kg BM, and 0.3 g protein/’kg BM) to
be consumed 15 h and 3 h before the biopsies. Furthermore, participants were requested
to keep a nutrition diary in which they record the last 3 meals before each performance

test (i.e., GXT and 20-km Time Trial), and were asked to replicate this post-testing.
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2.3 Testing

Before and after training, participants were assessed for various measures of aerobic
fitness. The maximal oxygen uptake (VO2xmax) and lactate threshold (LT), obtained from
a graded exercise test (GXT), incorporating stages of 3 min in duration, followed by a
VOomax confirmation bout. Moreover, a 20-km time trial (20-km TT) was conducted to
obtain a direct measure of endurance performance (26, 106). To reliably measure these
parameters, participants underwent a familiarisation session of each test, spread over the
two weeks preceding the start of the baseline testing. Previous research by our group has
shown that 1 familiarisation trial is sufficient to obtain reliable measures of these
parameters. In addition, oxygen consumption (VO,), rating of perceived exertion (RPE),
heart rate (HR), and blood lactate (La) were sampled during the testing and during
selected training sessions (i.e., the experimental day, and the first exercise session of the

4th, 8th and 12th week).

24 Training

The training was based on previous research within our group (104, 106), and the
polarised training approach (304), and followed a classical periodisation model (4-week
mesocycles composed of 3 weeks of progressive overload followed by a week of reduced
load). Both groups trained 3 to 4 days/week for 8 weeks (Figure 2.3). Training intensity
for the MICT group was established at 10% less than the first lactate threshold (90% of
the lactate threshold 1 (LT1) for 60-120 min, 3-4/wk over 8 wk). The sprint interval
training group (SIT) group involved 4 to 8 sprints of 30-second “all-out” cycling bouts
against a resistance set at 0.075 kg/kg body mass, interspersed with a 4-min recovery
period between sprints (91, 104). Training sessions and load distribution was done in the
same way as the MICT group (3-4/wk, over 8 wk). Due to the nature of this type of
training, it was not possible to match the work completed by the MICT group.
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Figure 2. 3- Schematic overview of the timeline of the testing and exercise training session before and after
the 8-week period. GXT = Graded exercise test; fam = familiarisation session; 20kmTT = 20 kilometre
time trial; 4kmTT = 4 kilometre time trial; submax = submaximal. Two training groups performed the
training over the 8 week period. MICT - + 10% of the first lactate threshold (~ 90% of the lactate threshold
1) for 60 — 120 min sessions. SIT — 30 s all out bout for 20 — 40 min per session.

2.5 Muscle analysis
2.5.1 Single Muscle Fibre Isolation

Skeletal muscle biopsies (50 to 100 mg in total, divided into smaller segments) were
obtained under local anaesthesia (lidocaine hydrochloride, 5 mg/mL) from the vastus
lateralis pre and three days post training. One piece of muscle was placed in RNALater
(Thermofisher) on the biopsy day and stored at 4 degrees, and then separated on ice into
single fibres within a few days. Forty fibres were individually isolated, and cut into half,
with one half of the fibre stored in RNALater ™ (Thermofisher) and the remaining fibre
halves were placed in a Laemmli solution (a solubilising buffer) (219). The Laemmli
solution was composed of; 4% (v/v) sodium dodecyl sulfate (SDS), a thiol agent of 10%
(v/v) B- mercaptoethanol, 20% (v/v) glycerol, 0.125 M tris-hydroxymethyl-
aminomethane (tris)-HCI; and 0.015 % (v/v) bromophenol blue, pH 6.8. Each fibre was
diluted with 5 uL of 3x the solubilising buffer 2:1 (v/v) with 10 puL of 1x Tris-CI (pH 6.8)
(219, 337). These fibre segments were then immediately frozen in liquid nitrogen and

stored at -80°C.

2.6 Single Muscle Fibre Analysis — Immunoblotting
2.6.1 Muscle Fibre Typing (Dot Blotting)

To assess muscle fibre types, PVDF membranes were activated in 95% ethanol for 15 to
60 s and then equilibrated for 2 min in transfer buffer (25 mM Tris, 192 mM glycine, pH
8.3 and 20% methanol). The wet membrane was then placed on a stack of filter paper
(one to two pieces soaked in transfer buffer on top of one dry piece). The single fibre

samples in the Laemmli solution were then thawed and vortexed, but not centrifuged to
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avoid pelleting and hence loss of any of the skeletal muscle protein (219). Samples were
spotted to a specific part of the membrane in aliquots equating to 1/8 of a fibre segment
(i.e., 1 pL) using a multi-channel pipette. This was repeated twice, once for type I
detection and another time for type II. After complete absorption of samples, the
membrane was placed on top of a dry piece of filter paper to dry for 2 to 5 min before
being reactivated in 95% ethanol for 15 to 60 s and equilibrated in transfer buffer for 2
min. After three quick washes in Tris-buffered saline-Tween (TBST), the membrane was
blocked in 5% non-fat milk in TBST (blocking buffer) for 5 min at room temperature.
Following blocking, the membrane was rinsed with TBST and then incubated in MHClIlIa
(#A4.74, Developmental Studies Hybridoma Bank [DSHB]) or MHCI (#A4.840, DSHB)
antibody overnight at 4 degrees with gentle rocking. On the second day, membranes were
washed in TBST and then incubated in secondary antibody IgG (MHClla, #A32723,
ThermoFisher Scientific) or [gM (MHCI, # Cat # A-21042 4, ThermoFisher Scientific)
at room temperature for 1 h with rocking. Lastly, membranes were washed in TBST and
then exposed to Clarity enhanced chemiluminescence reagent (BioRad, Hercules, CA,
USA), imaged (ChemiDoc MP, BioRad), and analysed for signal density (ImageLab
5.2.1, BioRad). Using images of all the membranes, it was possible to determine the fibre
type of each sample (I and Ila) or if no MHC protein was present (54), which would
indicate unsuccessful collection of a fibre segment (Figure 2.3). Samples with signal
density in both type I and Ila membranes were discarded (i.e., I/Ila hybrid, 2 different

fibres in the same sample).
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Figure 2. 4- Fibre Typing by dot blotting. This example shows membrane images for the identification of
fibre types in a single participant. Type I fibres a.) presence of MHCI and type II b.) presence of MHClla
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2.7 Proteomic-Based Analysis

Liquid chromatography-mass spectrometry (LC-MS/MS) based proteomics was used to
elucidate how different types of training affect fibre types. The analysis protocol followed
the steps summarised in Figure 2.4, requiring single fibre isolation and pooling, lysis,
reduction, and alkylation performed via a protein processing method that was determined
in the optimisation phase (see Chapter 3). Once fibre type is confirmed by dot blotting,
volumes of individual lysates of the same fibre types are pooled together for further
analysis. The optimal number of fibre segments to be pooled is described in section 3.3,
this was determined to be 6 fibre segments following optimisation. This method differed
from the in-stage tip method previously used by Kulak et al. (173) and Murgia et al. (216),
as the single fibre samples were prepared in a Laemmeli buffer for fibre type
determination by dot blotting. Quantitative multiplexed labelled MS analysis was
performed at Monash Proteomic and Metabolomic Facility and the protein identification
was derived from values of all known mitochondrial proteins identified in the

mitochondrial proteome (MitoCarta 2.0 and/or IMPI ) database.
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Figure 2. 5- Workflow for characterisation of single human skeletal muscle fibres 1.) Single fibre
preparation and isolation 2.) Fibre pooling 3.) Lysis, reduction, alkylation, and digestion 4.) Check
reproducibility 5.) Labelling and MS LC-MS analysis 6.) Data analysis.

2.7.1 SP3 Protein Sample Processing

Fibres were prepared in 5 pL. of a 2x SDS solubilising buffer (0.125 M Tris-Cl, pH 6.8,
4% SDS, 10% glycerol, 4 M urea, 5% 2- mercaptoethanol, 0.001% bromophenol blue)
diluted 2 times (vol/vol) with 1 x Tris-Cl, pH 6.8. Fibres immersed in the SDS buffer
were then pooled according to fibre type and further lysed with heating at 95°C for 10
min. Following, pooled fibres were sonicated for 20 min (Bioruptor, Diagenode, 20 cycles
of 30 s). Samples were then diluted to 1% SDS with 100 mM HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) buffer. Samples were then alkylated with
chloroacetamide (475 mM CAA, Sigma) (the concentration was dependent on the
concentration of 2-mercaptoethanol). Twenty uL of beads ((Seramag Speedbead carboxyl
Beads (GE Life Sciences) — 1:1 mix of hydrophilic (Cat No. 45152105050250) and
hydrophobic (Cat No. 65152105050250) beads in liquid chromatography (LC) grade H>O
at 10mg/mL of each bead type (20 mg/ml beads total)), were added to the samples.
Samples were shaken at room temperature for 8 min using a thermo mixer at 1600 rpm
and subsequently placed on place on magnet (Invitrogen™ DynaMag™-2 Magnet,
FisherScientific). The lysis buffer was discarded, and the protein was bound to the beads.
Beads were then washed beads with 3 x I mL of 80% (v/v) ethanol and 50 uL of digestion
Buffer is added (10% trifluoroethanol, CF:CH-OH, in 100 mM HEPES, pH 8.5) and
shaken for 2 min. 200 ng/5 uL of LysC was added to each sample and incubated at 37°C
for 1-2 hours with shaking 1500 rpm. Following 200 ng/5 uL of trypsin was added and
incubated overnight at 37°C with shaking at 1500 rpm. Peptide purification was
performed the following day where 2x SDB-RPS (Styrenedivinylbenzene-reverse phase
sulfonated ) discs stage tips (68, 257)were prepared by equilibration by centrifuging at
500 g for 3 min in the following order: 1) 50 uL of acetonitrile (CH sCN) ii) 50 uL of 30%
methanol (CH30OH) containing 0.2% Trifluoroacetic acid, CFzCO: (TFA) iii) 50 uL of
0.2% TFA. Following to the stage-tips, 150 uL of 1% TFA was added and the peptides
were loaded onto the stage-tips containing the 1% TFA. Peptides were then centrifuged
through the column at 1000 g, for 2-3 min. Stage tips were washed with 2 x 100 uL of
0.2% TFA, then with 40 uL of 90% isopropanol (C3HsO) containing 1% TFA. Peptides

were then eluted by adding 60 uL of 80% acetonitrile containing 5% ammonium
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hydroxide. Samples were vacuum centrifuged for 45-50 min at 45°C and reconstituted in
20 uL of loading buffer (0.1% formic acid, CH20: , 2% acetonitrile) for subsequent LC-
MS/MS analysis.

2.7.2 S-Trap

Fibres were placed into 5 puLL of a 2x SDS solubilising buffer (0.125 M Tris-Cl, pH 6.8,
4% SDS, 10% glycerol, 4 M urea, 5% mercaptoethanol, 0.001% bromophenol blue)
diluted 2 times (vol/vol) with 1 x Tris-Cl, pH 6.8. Fibres were pooled according to fibre
type and further lysed with heating at 95°C for 10 min. Following, pooled fibres were
sonicated for 20 min (Bioruptor, Diagenode, 20 cycles of 30 s). Reduction and alkylation
of disulfides was performed by adding chloroacetamide (40 mM, CAA, Sigma) and
further incubated for 30 min at 50°C. The SDS lysate is acidified with 12% aqueous
phosphoric acid at 1:10 for a final concentration of ~1.2% phosphoric acid and mixed.
This step was essential as the proteins are filtered at this pH. The high percentage of
methanol can then precipitate the protein out, which will be retained on top of the S-trap
Following 350 pL of S-Trap buffer (90% Methanol (MeOH), 100 mM
triethylammounium bicarbonate (TEAB), C7H17NO3) was added to the acidified lysis
buffer (final pH 7.1). A colloidal protein particulate was instantly formed in this step.
With the S-Trap micro column in a 1.7 mL tube for flow through, the acidified SDS
lysate/MeOH S-Trap buffer mixture was added into the micro column. The micro column
was then centrifuged at 6500 rpm for 30 s until all SDS lysate/S-Trap buffer had passed
through the S-Trap column. Protein was then trapped within the protein-trapping matrix
of the spin column. The captured protein was then washed with 350 pLL S-Trap buffer;
with centrifugation and washing repeated three times. The spin column was then
transferred to a fresh 1.7 mL tube (this aided in preventing contamination of the
digestion). For best results, the S-Trap micro column was rotated 180 degrees between
the centrifugations washes. The S-Trap micro column was then moved to a clean 1.7 mL
sample tube for the digestion where the protease (trypsin and LysC) 1:50 in 125 pL of 50
mM digestion buffer is added a (1:50 wt:wt) into the top of the micro column. Sample
was then centrifuged at low speed at 1000 rpm for 30 s and any solution that passes
through is returned to the top of the column. (The protein-trapping matrix is highly
hydrophilic and will absorb the solution, however, it was important to ensure there was

no bubble at the top of the protein trap). The column was transferred to a fresh tube and
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incubated at 37°C overnight (~16 hours). For 96-well plates the protease combination

was added at 1:25 in 125 pL of 50 mM digestion buffer and incubated for 1 hour at 47°C.

Peptides were eluted with 80 uL each of digestion buffer (50mM TEAB) and then 0.2%
aqueous formic acid to the S-trap protein trapping matrix centrifuged at 3600 rpm for 60
s for each elution. Hydrophobic peptides were recovered with an elution of 80 uL. 60%
(v/v) acetonitrile containing 0.2% formic acid and then centrifuged at 6500 rpm for 60 s.

Elutions were pooled.

Further peptide purification was performed as required with 2x SDB-RPS discs stage tips
are prepared and sample is loaded onto the stage-tip. Peptides are then centrifuged
through the column at 1500 g for 3 min. Stage tips are washed with 100 uL of 90%
isopropanol (C3HgO) containing 1% TFA and then washed again with 0.2% TFA in 5%
acetonitrile and centrifuged for 4 min following each wash. Peptides are then eluted by
adding 100 uL of 60% acetonitrile containing 5% ammonium hydroxide and centrifuged
for 4 min to collect elution. Samples are lyophilised down to dryness with the SpeedVac
(CentriVap Benchtop Centrifugal Vacuum Concentrator, # 7810038, VWR) and

reconstituted for labelling and subsequent MS analysis.

2.7.3 TMTpro Labelling

TMTpro Label Reagents (ThermoFisher) were equilibrated to room temperature and 20
uL of anhydrous acetonitrile is added to each tube. Dried samples were reconstituted in
0.5 M HEPES buffer, pH 8.5. The desired amount of TMTpro label was added and
incubated at 20 °C for 1 h with shaking (1000 rpm). Following the reaction is quenched
by adding a final concentration of 0.25% of hydroxylamine to peptide and TMT mixture,
and further incubated at 20 °C for 30 min. Samples are lyophilised down to dryness with
the SpeedVac and reconstituted in loading buffer. Each sample was fractionated into 16
fractions using basic pH reverse phase C18 liquid chromatography. Peptides were
subjected to basic-pH reverse-phase high pressure liquid chromatography (HPLC)
fractionation. Labelled peptides were solubilised in buffer A (10 mM ammonium
hydroxide) and separated on an Agilent HpH Poroshell120 C18 column (2.7 um particles,

2.1 mmi.d., and 5 cm in length).
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2.7.3.1 TMT Labelling Strategy

Multiplexing techniques have recently extended from 11 to 16 plex, which not only
increases sample throughput but accommodates complex experimental designs such as
this training study which provided the ability to label 16 samples in one go and then merge
as one sample through the LC-MS. A 16-plex allows for an expanded number of
treatments such as replicates, and dose-response or time-course measurements can be
analysed in the same experiment with basically no missing values across all samples
extending the statistical power across the entire system (182). The main study used
TMTpro 16-plex version with a different reporter and mass normaliser than earlier TMT
versions (i.e., TMT-6 plex). A limitation of tag-based proteomic strategies is ion
interference-related ratio distortion resulting from fragmentation and analysis of
background ions co-isolated with those of interest. Each sample is differentially labelled
such that when pooled, the signal-to-noise values of sample-specific reporter ions
represent the relative abundance of each protein. As such, the degree of ion interference
by the level of TMT signal detected in channels where a specific protein should be absent
can be assessed (36). To best accommodate for possible reporter ion interferences, the
following sampling strategy to be performed in a 96-well plate was used (see Figure 2.6).
Reporter ion interference (RII) targets were classified according to a typical product data
sheet for 16-plex TMTpro Label Reagents from ThermoFisher Scientific, as summarised

in Table 2.2.
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Table 2. 2- Reporter ion interference classification for all TMT batches, specifying
the reporter mass tag, the reporter channel within the MS3 scan output and the
target channels for primary (+1 Da) and secondary (—1 Da) reporter ion interference

Mass tag Reporter channel —1Da (secondary RII) +1Da (primary RII)

TMTpro'®-126 1 - 127C
TMTpro'®-127N 2 126 128N
TMTpro'®-127C 3 126 128C
TMTpro'®-128N 4 127N 129N
TMTpro'®-128C 5 127C 129C
TMTpro'®-129N 6 128N 130N
TMTpro'®-129C 7 128C 130C
TMTpro'®-130N 8 129N 131N
TMTpro'®-130C 9 129C 131C
TMTpro'®-131N 10 130N 132N
TMTpro'®-131C 11 130C 132C
TMTpro'®-132N 12 131N 133N
TMTpro'®-132C 13 131C 133C
TMTpro'®-133N 14 132N 134N
TMTpro'®-133C 15 132C 134C
TMTpro'®-134N 16 133N 135N
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Figure 2. 6- a.) Reporter ion interference for 16-plex. b.) Sampling strategy for 96 well plate. Samples
labelled by participant ID — M (MICT) or S (SIT) and I (Type I fibre) or II (Type II fibre)

2.7.4 Liquid Chromatography and MS

Peptides were loaded onto a 2 cm PepMap trap column (ThermoFisher) and separated
using a PepMap 75 um x 50 cm column (ThermoFisher) with a gradient of 2-30% MeCN
containing 0.1% FA over 120 min at 250 nL/min at 40 °C. The Orbitrap Fusion mass
spectrometer was operated with the following parameters: an MS1 scan was acquired
from 375-1575 m/z (120,000 resolution, 2e5 AGC, 50 ms injection time) followed by
MS?2 data-dependent acquisition with collision-induced dissociation (CID) and detection
in the ion trap (4e3 AGC, 150 ms injection time, 30 NCE, 1.6 m/z quadrupole isolation
width, 0.25 activation Q). To quantify TMTpro reporter ions, a synchronous precursor
selection MS3 scan was performed higher-energy collisional dissociation (HCD) and
detection in the orbitrap (120 to 750 m/z, 1e5 AGC, 250 ms injection time, 60 NCE, 2.5
m/z isolation width). The total cycle time was set to 2.5 s. The acquired raw data was
analysed with Proteome Discoverer 2.4 (ThermoFisher) and the non-normalised protein

reporter intensity was exported to Excel and further analysed in R.

2.8 Normalisation

Normalisation was performed using a combination of trimmed mean of M values (TMM)),
sample loading (SL), and ComBat methods(155, 189, 251, 264). When normalising for
SL, the loading amount for the MS is adjusted so that the amount of peptide per sample
is as equivalent as possible. The TMM method uses the average or median signal and is

typically applied to use a single multiplicative factor to further adjust the samples to each
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other. Further to this, ComBat allows users to adjust for batch effects in datasets where

the batch covariate is known, using methodology described in Johnson et al. (155).

2.9 Statistical analysis

Statistical analysis was performed using the R package Limma (295) to conduct the
differential expression analysis on the relative protein abundances after first performing
normalisation technique as described in section 2.8. Differential expression values were
determined by comparing the expression of samples against the average expression of all
other samples (background) by fitting data to a linear model. The resulting differential

expression values were then filtered for an adjusted p-value of < 0.05.

To focus on proteins specifically associated fibre type, the differential expression results
from Limma were first filtered to include only those proteins that were significantly
differentially expressed in the type I fibres than in the type II fibres for each training
condition (MICT and SIT) and time (pre and post) (adjusted p value <0.05; log2 fold
change >1). The comparisons were made according to the hierarchy in Figure 2.7.
Mitochondrial proteins were identified by annotation using both the Integrated
Mitochondrial Protein Index (IMPI) and Mitocarta 2.0 databases (43), which has recently
updated to version 3.0 (258).

To better characterise the proteomics changes, gene ontology and enrichment analysis
were performed by investigating non-random associations between proteins and over-
represented Gene Ontology (GO) conducted using Database for Annotation,
Visualization and Integrated Discovery (DAVID) (137) and Protein ANalysis THrough
Evolutionary Relationships) (PANTHER) to classify proteins (316).
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Figure 2. 7- Single Fibre Analysis and Comparisons by MS on exercise study for groups of Moderate
Intensity Training (MICT) and Sprint Interval Training (SIT).
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Chapter 3

Methodological Optimisation

Optimisation of Proteomic Processing Method for
Single Muscle Fibre Analysis

The aim of this study was to develop an optimised protein processing protocol capable of
confirming fibre typing and pooling of single fibres by immunoblotting, and thus a further
capacity identify an increased depth of protein coverage of single muscle fibre cells in a
high detergent matrix. Part of this work has been presented at Victorian Muscle Network

Symposium for Students and ECR — Australia, 2020.
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3.0 Sample Protein Processing Optimisation

For discovery proteomics, sample preparation procedures should comprehensively and
reproducibly capture the protein inventory with minimal artifactual modification,
degradation, or contamination (10). Furthermore, it is ideal to eliminate complications
arising from interference with downstream processes (e.g., digestion, labelling reactions,
and ionisation) (10). Simultaneous cell lysis and protein solubilisation is typically
achieved by combining physical and chemical (detergent) methods. In-solution digestion
is often more efficient than using digestion incorporating gels (see Chapter 1), and peptide
extraction from a gel matrix is limited by diffusion kinetics whereas in-solution digestion
produces greater peptide yields and can enhance peptide coverage. However, virtually all
detergents cause interferences with mass spectrometry (MS) and require removal to the
highest degree possible. Achieving such a comprehensive preparation strategy can be a
tedious and challenging task when dealing with single-cell samples with minimal
amounts of protein. Often, there is no ideal detergent for all applications and results often
vary for the same application. The efficacy of detergents for extracting and solubilising
proteins can be further refined by additives, such as chaotropes (urea and thiourea), and
trial and error is typically the best strategy to find the optimal extraction method (10). The
choice of detergent and buffer was predetermined in this research as fibre type was first
determined via dot blotting of fibres in Laemmli buffer prior to the pooling of fibres for

MS analysis.

The high concentrations of detergents (0.5 to 4%) associated with the Laemmli buffer
used in this research is typically required for protein membrane extraction and efficient
solubilisation of an array of proteins for western blotting but is often incompatible with
downstream processes involved with gel free proteomic approaches. These detergents can
inhibit trypsin activity (important for the digestion of proteins), suppress MS electrospray
ionisation, compromise chromatographic separation, and generate high-abundance ions
that interfere with MS analysis (321). Hence, their elimination is as crucial for subsequent
analytical manipulations as the removal of inherent interfering compounds (lipids, nucleic
acids, phenolic compounds, carbohydrates, proteolytic and oxidative enzymes, and
pigments) (111). While dilution can minimise the adverse effects of those detergents on
proteolysis, these efforts can become problematic when working with minute amounts of

protein such as single-fibre muscle cells. To minimise protein modifications and
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proteolysis arising from such interfering compounds, the purification method should also
be considered, such as utilising solid-phase extraction techniques for the digested
peptides. Efforts to optimise protein sample preparation from single muscle fibres in this
study encompassed: a) optimising cell lysis with chemical and physical methods, b)
comparison of two protein processing methods to handle high-detergent concentrations
and c) a further purification method for use in conjunction with multiplexing techniques
using isotopic labels. The optimisation process also aimed at determining the optimal
number of pooled fibres with respect to protein abundance and proteome coverage (in
particular mitochondrial proteins) (Figure 3.1). In addition, fibre typing by dot blotting
was verified via MS analysis. The optimised protocol presented in this work entails a one-
step extraction method utilising an optimal lysis method followed by purification with
reverse phased membranes. This work presents a significant step towards implementation
of efficient proteome analysis of single muscle fibres that can be used in conjunction with

immunoblotting techniques.
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Figure 3. 1- Workflow for characterisation of single human skeletal muscle fibres 1.) Optimise protein
processing — including lysis, reduction, alkylation, and digestion 2.) Confirm fibre typing 3.) Optimise fibre
pooling 4.) Check reproducibility 5.) Labelling and MS LC-MS analysis 6.) Identify mitochondrial

proteins.

3.1 Comparison of Methods for Protein Processing of Samples with High
Detergent Concentration

3.1.1 Single-pot, Solid-phase-Enhanced Sample-Preparation (SP3)

A critical step in proteomics analysis is the optimal extraction and processing of protein
material to ensure the highest sensitivity of downstream detection. Achieving this requires
a sample-handling technology that exhibits unbiased protein manipulation, flexibility in
reagent use, and virtually lossless processing. Two common methods for protein
processing were trialled to address these needs. The first was the single-pot, solid-phase-
enhanced, sample-preparation (SP3) technology (Figure 3.2). SP3 is a paramagnetic
bead-based approach for rapid, robust, and efficient processing of protein samples for
proteomic analysis, which uses a hydrophilic interaction mechanism for exchange or

removal of components that are necessary to facilitate cell or tissue lysis, protein
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solubilisation, and enzymatic digestion (e.g., detergents, chaotropes, salts, buffers, acids,
and solvents) before downstream proteomic analysis. SP3 has previously been used as an
efficient method to accommodate the different requirements imposed by various tissue

types, including skeletal muscle (67, 159, 212).

The fibre samples in this study were originally prepared in a Laemmli buffer for the
western blot analysis needed to perform the fibre typing. Thus, one of the key issues to
be addressed when selecting a protein processing method for subsequent proteomic
analysis was the use of a protocol that could manage high detergent-based samples. The
SP3 protocol consists of non-selective protein binding and rinsing steps that are enabled
through the use of ethanol-driven solvation capture on the surface of hydrophilic beads
and elution of purified material in aqueous combining compatibility with a substantial
collection of solution additives. It has been reported to result in minimal losses and
recovery of proteins in large or small amounts across numerous organisms (140, 141, 159,
290) and thus was a good candidate for investigation in this single-fibre study. The SP3
protocol is simple and efficient and can be easily completed by a standard user in ~30
min, including reagent preparation. To date, there has been minimal research utilising the
benefits of SP3 to facilitate examination complex protein mixtures such as skeletal muscle
(17, 159). Figure 3.1 describes the steps involved in performing SP3 in bottom-up

proteomics, using a simplified protein clean-up scenario (141).
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Figure 3. 2— Illustration using a simplified protein clean-up scenario with Single-pot, Solid-phase-
Enhanced Sample-Preparation (SP3) to provide a simplified platform for the processing of protein samples
before MS-based proteomics analysis. The schematic depicts the SP3 workflow for performing clean-up to
remove unwanted contaminants from a mixture of proteins. Proteins are bound to magnetic beads via a
hydrophilic interaction mechanism. The bound beads are then rinsed to facilitate removal of unwanted
contaminants from the proteins. Purified proteins are subsequently eluted for downstream analysis (141).
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3.1.2 Suspension-Trapping (S-Trap)

The alternative protein processing method investigated was the suspension trapping (S-
Trap™) method, which combines the advantage of efficient SDS-based protein extraction
with rapid detergent removal, reactor-type protein digestion, and peptide clean-up (344).
This protocol is specific for proteins solubilised in strong SDS (~ 5%), as was the case
for our Laemmli buffer (~ 3.3% SDS). The sample is acidified and introduced into the
suspension trapping tip, incorporating a depth filter and hydrophobic compartments, filled
with the neutral pH methanolic solution. The instantly formed fine protein suspensions
were trapped in the depth filter stack, which is a crucial step aimed at separating the
particulate matter in space. SDS and other contaminants are removed in the flow-through,
and a protease is introduced. Following the digestion, the peptides are cleaned up using
the tip's hydrophobic part. The methodology allows processing of protein loads down to
the low microgram/submicrogram levels (344). The typical protein concentration of a
single muscle fibre has previously been indicated to be in the range of 1.2 to 2.7 ng (54,
219); however, given the very small amount of tissue in the samples used in this study, it
was not possible to assess the muscle weight or total protein in absolute terms. A further
benefit of the S-Trap™ is that it dissolves even poorly soluble proteins (like membrane
proteins), which are often left behind in the pellet. Reduction and alkylation are also

performed in high SDS precluding any precipitation at this step (see Figure 3.3).
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Figure 3. 3 - S-Trap Protocol Schematic - Proteins are solubilised in SDS, and subsequently reduced and
alkylated. Samples are acidified and the S-Trap methanolic buffer is added. The protein suspension is then
formed. After the centrifugation, the protein suspension is trapped in the quartz stack. Following washes
with the S-Trap buffer and ammonium bicarbonate, a protease is added. After incubation with the protease
enzyme, the S-trap column is washed and peptides captured in the S-Trap are subsequently eluted. Modified
from (253).
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3.13 Sample Preparation assessment

The first pilot study investigated two protein processing methods. As shown in Table 3.1
and Figure 3.4, both processing methods were able to successfully extract and identify
proteins on varying pools of fibres (note that the number of fibres refers to a fibre
segment, as described in section 2.5.1, which was approximately half a single muscle
fibre). While both methods were able to identify many proteins on as few as two pooled
fibres, the S-Trap method was able to identify more proteins. For example, when eight
fibres segments were used 840 proteins were identified with SP3 and 1247 proteins

identified with the S-Trap.

Table 3. 1- Results summary from Pilot 1 comparing Suspension Trapping (S-Trap)
and Single-pot, Solid-phase-Enhanced Sample-Preparation (SP3) protein
processing protocols

Sample Number of Peptide #Proteins #Peptides Fibre Type
Processing  Fibre Conc.
Method segments (mg/mL)
SP3 2 0.021 386 1119 2
SP3 4 0.036 721 2785 1
SP3 8 0.069 840 4233 2
SP3 16 0.082 917 4157 1
S-Trap 2 0.994 786 4702 2
S-Trap 8 1.372 1247 9027 2
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Figure 3. 4- Comparison of coverage for the number of proteins identified by S-Trap and SP3 protein
processing methods investigated in pilot 1.
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Given the increased number of proteins identified by the S-Trap method compared to
SP3, it appeared to be the optimum candidate to move forward as the method of choice
for the study and further testing. To further strengthen the selection of the S-Trap method,
an additional consideration was the detection of mtDNA-encoded proteins. These
proteins are typically difficult to detect as they are very hydrophobic (44) and they were
only detected with the S-Trap method. Of the 13 possible mtDNA-encoded proteins, only
5 were detected with 8 fibre segments (MTATP6, MT-ND1, MT-NDS5, MT-COland MT-
CO2) and only 1 was detected with 2 fibres (MT-CO2). Another approach to gauge the
strength of a method is by looking at abundant core proteins such as complex V subunits,
of which 13 (ATP5A1, ATP5B, ATP5C1, ATPSD, ATPSI, ATP5J2, ATPSL, USMGS,
ATPSF1, ATPSH, ATP5J, ATP50, and ATPIF) of the possible 20 subunits (25, 156)
were observed with both the S-Trap and SP3 method. Nonetheless, given the increased
proteome coverage of the S-Trap method and greater efficiency it was chosen as the

preferred method.

3.1.3.1 Sample Extraction

Following the first pilot study, the next phase investigated the S-Trap protocol with an
extra peptide purification step using stage tips with SDB-RPS (Styrenedivinylbenzene-
reverse phase sulfonated) discs. The discs are typically used for purification and
concentration of analytes for analysis to reduce analytical interferences. The Stage-tip is
produced by punching a plug out of a disc made from Empore™ C18-SDB-RPS
extraction disc with a syringe needle, which is then directly placed and tightly stuffed into
the narrow end of a 200 pL pipette tip. Sometimes these filters are known to leak if not
packed correctly and this can be tested with a buffer; however, this was not performed at

the time of the experiment (83).

To further assist with cell lysis and protein extraction additional sonication to improve
the protein coverage was incorporated with Bioruptor sonication. Samples were lysed in
the Laemmli buffer, with additional sonication via a Bioruptor that uses state-of-the-art
ultrasound technology to efficiently disrupt and homogenise tissues. The S-Trap protocol
was then repeated to ensure sufficient protein extraction and additional replicates to
observe the effect of peptide purification with the SDB-RPS stage tips. Results are shown

in Table 3.2. The additional cell lysis produced a similar depth of protein coverage to that

88



observed in the initial pilot. Furthermore, additional peptide purification did not have a
significant effect (p = 0.42) on the number of proteins observed (Figure 3.5).
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Figure 3. 5— Number of proteins observed across all samples. Fibre type is indicated and extra peptide
purification step using stage tips with SDB-RPS (Styrenedivinylbenzene-reverse phase sulfonated) discs is
indicated by SDB.

Table 3. 2- Summary of Results from Pilot 2 Comparing the Inclusion of Peptide
Purification Step Using Stage-Tips with SDB-RPS (Styrenedivinylbenzene-reverse phase
sulfonated) Discs

Sample Number Conc. #Proteins #Peptides Fibre Type
Processing of Fibre  Peptide
Method Segments (mg/mlL)

S-Trap 4 0.192 781 7141 1
S-Trap +SDB 4 0.06 761 6368 1
S-Trap 4 0.25 764 7623 2
S-Trap 4 0.199 802 7699 1
S-Trap + SDB 4 0.069 799 7268 1
S-Trap 4 0.184 765 7623 2

An additional consideration for optimisation is the use of a protease. Trypsin is the most
popular protease used in MS due to its high proteolytic activity and cleavage specificity.
Trypsin comes with its own limitations, as digestion with trypsin is rarely complete and
tightly folded proteins can often resist proteolysis (278). Also, as previously discussed,
reagents with high detergent concentrations in protein preparation can inhibit trypsin

activity. Supplementing trypsin with Lys-C can often addresses these shortcomings, and
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when used in combination to digest proteolytically resistant proteins this has been shown
to provide an increased number of identified peptides and proteins, higher analytical
reproducibility, and more accurate protein quantitation (278, 309). While using trypsin
alone can miss a number of cleavage sites, analysis of various protein samples has shown
that the use of a trypsin/Lys-C mix can increase the number of identified proteins by up
to 20% and the number of identified peptides by up to 40% (278). In pilot 3, a mixture of
LysC & trypsin as the protease was trialled, which slightly enhanced the number of
proteins observed for 6 fibre segments (Table 3.3); there was an average of 1029 proteins
+ 65 for all samples in pilot 4. A regression analysis of fibre segments and proteins
identified in previous pilots with just trypsin predicted that 6 fibres should identify
approximately 969 proteins; thus a 6% improvement was observed with a mixture of
proteases. In addition, it is worth noting that the number of proteins in type I and type II

fibres were similar (p = 0.47)

Table 3. 3- Results Summary from Pilot 3 and Depth of Proteome Coverage for a Fixed
Pooling of 6 Fibre Segments Using S-Trap with SDB-RPS Clean-up and a Protease mix of
Trypsin/LysC

Sample Number Number of #Proteins #Peptides Fibre Type
Fibre Segments
1 3 882 7453 1
2 6 1037 8635 1
3 6 1089 9923 1
4 6 937 8677 2
5 6 1051 9451 2
6 9 1135 10744 Mix

3.2 Validation of Fibre Typing

The fibre type of single fibres was determined by dot blotting using myosin (MYH)
antibodies (53) and fibres of the same type were then pooled. This method was chosen to
reduce biological variability between participants by enabling the pooling of fibres prior
to MS analysis. The validity of using dot blotting to accurately determine fibre type prior
to pooling for MS analysis was a critical consideration in the current study, as antibodies
can be cross-reactive or non-specific resulting in false positives (53). The accuracy of the
fibre typing was therefore validated using the results of the MYH isoforms detected via
MS. Following the data processing methods for determining fibre types in the papers by

Murgia (218), fibre types were assigned based on the abundance of myosin heavy chain
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(MYH) isoforms. The relative amount of each MYH isoform was determined by dividing
the intensity-based absolute quantification (IBAQ) of the respective isoform (MYHI,
MYH2, MYH4, MYH?7) by the sum of the intensities of all four MYH isoforms. Fibres
were classified as type I if the relative abundance of MYH7 was > 80%, as type-Ila if
MYH2 > 60%, as type-1Ix if MYH1 > 60% (Figure 3.6a-d). Using this approach results
compare well to the classification of human single muscle fibres reported by Murgia (218)
(Figure 3.6e), and there was a good correspondence between fibre typing determined via
dot blotting and proteomics all in experiments (p>0.05). This provided good confidence
to proceed with the pooling of fibres according to the dot blotting method so as to reduce

biological variability and increase protein coverage.
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33 Fibre Pooling

A study by Christiansen et al. (54) reported that the greatest between-run variabilities
were seen when performing immunoblotting with single skeletal muscle fibres, where the
linear regression slopes were statistically different for SERCA1 and AMPKp2 protein
content but not for total protein. This variability was attributed to the difficulty in isolating
single fibres of the same size, where fibre size is weighted heavily on fibre radius and less
on fibre length (54). As groups of single fibres increased to four pooled single fibres,
variability was reduced and the greatest decrease in variability was seen with groups of
10 or 20 fibres. Based on this, it was suggested that pooling a minimum of approximately
10 fibres may give the best representation for western blot analysis. An additional benefit
of fibre pooling is that it provides sufficient reference material for use in many
experiments (259). The pooling of samples is also recommended for proteomic analysis,
as it provides a representative proteome of all of the samples that are detected in
comparative samples and is needed for reliable quantification (69). However, it is not
known how many fibres are needed to obtain a representative pool of single muscle fibres

and to optimise the number of proteins detected.

The initial examination of how the number of proteins changed with increasing pooling
is shown in Figure 3.7, where an increasing number of proteins and peptides identified
was observed with the increased number of pooled fibres. However, there was not much
difference from 6 to 9 fibre segments with the number of proteins identified appearing to
plateau beyond 6 fibres. Based on this, a fixed fibre pooling of 6 fibre segments was
chosen for the main training study to allow for sufficient protein coverage and to provide
reduced heterogeneity with the same number of pooling across all samples. In addition,
this was the minimum number of a single fibres for each fibre type for a particular

participant (Appendix 1).
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Figure 3. 7— Depth of Coverage in pooled single fibre samples for the number of proteins and peptides
identified from pilot 1 & 3.

34 Reproducibility

Following this, the reproducibility of the protein processing protocol across 6 samples
(this included 3 replicates from the same participant) of pooled fibres was analysed.
Reproducibility was assessed by comparison of the presence of proteins and their
corresponding IBAQ or label free quantification (LFQ) intensity among replicates. As
shown in Figure 3.8a, there was a strong correlation between samples (R? =0.9545).
Additionally, there was a high dominating presence of sarcomeric proteins of type I
myosin heavy chain (MYH) 7 and type I MYH 2, in addition to actin (ACTA1). As
previously highlighted, MS analysis of muscle tissue is often challenging due to these
highly abundant sarcomeric proteins. Given single muscle fibres contain very limited
protein amounts compared to typical starting amounts in whole muscle, it was promising
to see the range of proteins observed. Applying LFQ intensity, by which MaxQuant
computes protein intensities as the sum of all identified peptide intensities to normalise
globally across all samples, an increase was observed in the correlation coefficient to
0.9991 strengthening support for the reproducibility of the protein processing protocol.
Core mitochondrial proteins of OXPHOS and TCA cycle were also repeatedly identified
across samples (Figure 3.8). Interestingly, there appears to be an order in the intensity of

electron transport chain complexes, which corresponds to a previous proteomic study of
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mitochondria, that observed a highly ordered mitochondrial architecture involving
electron transport chain proteins rather than a random unorganised protein pool based on
the protein abundances (188). Good reproducibility was also observed among replicates
of fibre types, where the most abundant protein along the line of identity of samples
pooled for type I fibres was MYH7 (Figure 3.8b) and whereas the most abundant protein
in the samples pooled for type 2 fibres was MYH2 (Figure 3.8c). Notably, the presence

and abundance of key mitochondrial proteins remains consistent among fibre types.
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3.5 Isotopic Labelling

To cope with the challenges arising from the analysis of a large number of biological
samples in proteomics, strategies have been developed to allow for multiple samples to
be analysed in parallel through multiplexing isotopically tagged peptides. The most
widely used MS multiplexing method is tandem mass tagging (TMT) (317). Multiplexing
by TMT provides the ability to increase sample throughput in proteomics studies and
reduce the “missing values” problem (proteins that are not identified in all samples) that
arises from the random sampling methods common in data-dependent acquisition (DDA)
proteomics (8, 238). Another major advantage is the inherent high reproducibility
between samples due to the samples being combined after labelling and co-analysed. In
addition labelling can assist in reducing the MS signal drift for a number of samples that
can often translate to subsequent batch effects with high sample volume numbers. Further,

the precision of the quantification within a multiplexed TMT batch is high (12, 36, 181).

TMT reagents are composed of an amine-reactive group, a mass normalisation group, and
a reporter ion group. The amine-reactive group can label peptides. The reporter ion
provides the abundance of a peptide upon MS analysis in individual samples being mixed
(62). Thus, labelled peptides simultaneously elute as a single composite peak with the
same m/z value in an MS1 scan and further fragmentation of the labelled peptides during
the subsequent MS2 or MS3 scans generates reporter ion peaks of differing mass enabling

quantification across large samples numbers (182, 259) (Figure 3.9).
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Figure 3. 9— a.) Structure of commercially available TMT (tandem mass tags) b.) The peptide modified by
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Since ion selection step reduces the noise levels, it is advantageous (182, 259).
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Labelling is usually very efficient; however, when primary amino groups are present
elsewhere in the sample they may interfere with the labelling reaction since they can react
with the amine-reactive isobaric mass tags (50, 259). Hence, proper sample preparation
is imperative for the success of an isobaric labelling-based quantification technique and
includes either avoiding the use of primary amine-containing buffers such as tris and
ammonium bicarbonate or performing sample clean-up prior to the isobaric labelling
reaction (259, 341). Additional influences can come from the choice of alkylating agents
that may interact with the buffers. For example, the alkylating agent chloroacetamide
(CAA) possesses a free amine for exchange, whereas a less frequently used alternative of
N-(tert-butyl)-2-lodoacetamide does not possess a free amine (172). Furthermore, various
factors including ratio compression and reporter ion dynamic range can cause an
underestimation of changes in relative abundance of proteins across samples, reducing
the ability of the isotopic labelling. Thus, it is imperative to optimise ratios and labelling
in ideal combinations for experimental design and optimal data acquisition to increase the

precision and accuracy of the measurements (259).

To improve detection limits and achieve a reliable estimate of quantification, it is
recommended that the labelling efficiency be determined for each isobaric labelling
experiment. The labelling efficiency can be ascertained by searching the data separately
against protein databases using TMT modifications as variable instead of fixed
modifications. Using these parameters both labelled and unlabelled peptides can be
identified and used to calculate labelling efficiency, which is defined as the percent of
labelled peptides among all identified peptides (259) and where ideally all peptides are
fully labelled (7).

The efficiency of the TMT labelling was investigated as a strategy to be to be utilised in
the main study to multiplex large sample numbers. As with any protein processing
strategy, completeness of reaction and elimination of side reactions are a primary concern.
One of the first studies utilising TMT-zero and TMTpro-zero on trypsinised human cell
lysates was able to achieve small fractions of unlabelled peptides (231), with labelling
efficiencies 0f 95.4% (TMT-zero) and 97.6% (TMTpro-zero) (182). However, taking into
consideration that trypsin digests arginine and lysine (231), while TMT labels free amine
(N-terminus and lysing) (182, 259), if a peptide with blocked N-terminus (e.g.,

acetylation) and ends with arginine, it can result in the peptide not being labelled,
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reducing the reaction yield and labelling efficiency. Consequently, this required serious
consideration for a complex matrix as was the case with samples prepared in Laemmli
buffer. Additionally, post-translational modification on the N-terminus or lysine makes
them inaccessible to labelling and potential low confidence in peptide identification needs
to be excluded. Thus, while a previous study reported > 95% labelling efficiency, a target
of at least 90% labelling efficiency consistently across all samples was selected as a

reasonable aim for this study provided consistency was achieved across all samples.

As seen in Figure 3.10, a poor labelling efficiency was initially observed with the use of
TMTpro-zero at varying TMT to peptide ratios. This was suspected to be predominantly
a consequence of the low pH in the dried sample and/or due to possible interfering
compounds in the Laemmli buffer, such as the primary amine tris and B-mercaptoethanol
(259, 341). Mercaptoethanol is used for disulfide bridge reduction to reduce fragmenting
of disulfide-linked peptides; however, tris(2-carboxyethyl-phosphine (TCEP) and
dithiothreitol (DTT) are typically used in proteomic experiments as they are more stable

and often prevent further disulfide scrambling (308, 342).
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Figure 3. 10— Labelling Efficiency of TMTpro-zero. Peptide to TMT ratio is indicated on the x-
axis.  ---- indicates target threshold of 90% labelling efficiency
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In the earlier pilots, SDB stage-tips were initially tested in the proteomic workflow (c.f.
section 3.1.3.1). Given they did not enhance the number of proteins identified in a label
free environment, the use of SDB-RPS stage-tips was deemed an extra time consuming
step. However, to achieve greater than 90% labelling efficiency, it appeared that a further
clean-up of the samples before TMT labelling was required. Thus, the use of SDB-RPS
stage-tips to remove the amine-containing buffers and any residual B-mercaptoethanol
was reintroduced into the workflow to be trialled in combination with TMT labelling.
Samples were also reconstituted in a stronger concentration of HEPES to ensure pH was
not too acidic and the labelling reaction was allowed to proceed for 1 h, as suggested by
the manufacturer. These modifications to the protocol increased labelling efficiency to >
90% when a ratio of 1:16 or 1:32 of peptide to TMT was used (Figure 3.11). It can be
seen that without effective sample clean-up measures the labelling efficiency was
compromised, possibly affecting N-terminal residues where the percentage of labelled

amino acids dropped to below 50% (259).
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Figure 3. 11- Labelling Efficiency of TMT with and without clean-up in pool of single skeletal muscle
fibres. Peptide to TMT ratio is indicated on the x-axis. ---- indicates target threshold of 90% labelling
efficiency

Ideally, the goal is to achieve optimal labelling efficiency without diluting the sample
excessively or having an overabundance of TMT label. Thus, a labelling ratio of 1:16

peptide to TMT was selected as the optimal condition for the main study and this was
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further assessed in subsequent tests to validate the 1:16 peptide to TMT ratio in
conjunction with proteolytic S-Trap digestion of 1 h for increased sample throughput.
Using this streamlined protocol, overnight digestion achieved 99% + 2.3 labelling
efficiency. This is comparable to that previously observed by Li et al. (182). However, a
shorter digestion period of 1 h was preferred to enable a shortened experimental protocol
and to allow for sample processing of a large sample-set within a week. It was found that
using a short digestion period of 1 h at a higher temperature of 47 °C (compared to an
overnight digestion at 37 °C) was able to achieve sufficient number of peptides (Table
3.4) and labelling efficiency (> 90%) to meet the previously recommended criteria (182)
(Figure 3.12). This became the selected parameters for the adapted streamlined—TMT-
based protocol combined with S-Trap protein processing technique of 96 samples in the
main training study. Thus, the final protein processing protocol employed cell lysis with
Bioruptor sonication and SDS detergent in the Laemmeli buffer followed by protein
extraction with S-Trap using 1 h of digestion with a combination of Trypsin and LysC
and further peptide purification with SDB-RPS stage tips. This was followed by efficient
TMT labelling of samples.

Table 3. 4- Labelling Efficiency and Digestion Results Comparing 1 h and Overnight
Digestion S-Trap Protocols combined with SDB-RPS Clean-Up

Description Peptide:TMT *Number of  *Number of *No Labelling
Ratio Fixed Variable modifications  Efficiency (%)
modifications modifications
SDB- Overnight Digestion 1:16 5924 5887 - 100.0
SDB- Overnight Digestion 1:16 7226 7425 - 97.3
SDB-1h Digestion 1:16 7010 7781 - 90.1
SDB-1h Digestion 1:16 6192 6854 - 90.3
SDB-1h Digestion No TMT - - 8081 -
SDB-1h Digestion No TMT - - 8256 -

*Number of peptides observed
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Figure 3. 12-Labelling Efficiency of TMT comparing 1 h and Overnight Digestion S-Trap protocols
combined with SDB-RPS clean-up. Peptide to TMT ratio was fixed at a ratio of 1:16. ---- indicates target
threshold of 90% labelling efficiency.

3.6 Mitochondrial Proteins

As previously highlighted, the mitochondrion houses not only pathways for energy
metabolism, such as OXPHOS and the TCA cycle, but many additional pathways, such
as heme biosynthesis, fatty acid/amino acid oxidation, pyrimidine biosynthesis, calcium
homeostasis, and apoptosis. Of the estimated 1158 proteins in the mitochondrial
proteome (MitoCarta 2.0 (43)), approximately 300 have no known function and an
additional 300 have only domain annotations based on similarity from analysis by various
researchers (43, 44). These proteins could be new components of well-studied pathways
or, alternatively, represent components of pathways not previously appreciated to even

reside in mitochondria.

The most complete mitochondrial catalogue is the MitoCarta catalogue, which contains
1158 gene loci that encode mitochondrial proteins. The MitoCarta catalogue is estimated
to be 85% complete. Based on a Bayesian probabilistic model that incorporates run-
through data and a prior probability that 7% of all mammalian genes are mitochondrial,
it has predicted that there are 1050 to 1400 genes that encode mitochondrial proteins and
have a dynamic range of abundance. Recent MS/MS analysis supports the high
abundance of these proteins. Based on rough estimates of protein abundance across
muscle tissues, the three most abundant mitochondrial proteins are ATPSA1, ATP5B, and

ACO2 (44).
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Given the focus of the current study is on mitochondrial protein changes, I also
investigated the coverage of mitochondrial proteins observed across the pilot studies. The
number of mitochondrial proteins was analysed by filtering through the MitoCarta 2.0
database (43). In general, good coverage of mitochondrial proteins is seen across the
pilots. In all pilot studies, the three most abundant mitochondrial proteins were observed
(i.e., ATP5A1, ATP5B and ACO2). The strength of the protein processing protocol can
further be assessed by looking at dominant subunits of the electron transport complexes.
Analysing complex I subunits in the first trial, there were 39 of 44 detected; this was
similar to that observed by deep fractionated proteomics for Hela cells, which was
promising (305). On average, we were able to identify in the range of 200 to 360
mitochondrial proteins, which was found to represent greater than 35% of the total
quantified proteins in single skeletal muscle fibres. Additionally, in pilot three we
observed 36 complex I proteins without further fractionation (Figure 3.13). Given the
complex starting matrix in this study (required to pool fibres), this compared well to one
of only two other single skeletal muscle fibre proteomic studies in humans (218). The
aforementioned study prepared single fibres with the more stable DTT, and lysed the
fibres in sodium deoxycholate (SDC) for further sample processing, and were able to
identify 300 to 500 mitochondrial proteins in single skeletal muscle fibres (218). Thus,
the results in the protocol optimisation provide a solid baseline to move forward and
observe differentially expressed mitochondrial proteins as a consequence of training in

single skeletal muscle fibres.

104



No. of Proteins

Pilot Number

B Mitochondrial Proteins Complex | Proteins

Figure 3. 13— Number of mitochondrial proteins identified with each pilot study and the corresponding
Complex I proteins observed. Proteins were classified as mitochondrial by matched filtration through
MitoCarta 2.0 (43).  --—---- refers to the total of 44 quantifiable complex I subunits.

Further to this, I explored the functionality of the mitochondrial proteins identified and
how these proteins are spread across these functions. An examination of the cellular
processes represented by the > 300 mitochondrial proteins identified in all the pilot
studies was performed using enrichment analysis of Gene Ontology (GO) biological
processes through Protein ANalysis THrough Evolutionary Relationships (PANTHER)
(316) and Database for Annotation, Visualization and Integrated Discovery (DAVID)
(137). This identified that detected mitochondrial proteins were included in processes
associated with mitochondrial functions in skeletal muscles, such as oxidative
phosphorylation (OXPHOS), glucose metabolism, the tri-carboxylic acid (TCA) cycle,
mitochondrion transport, B-oxidation, and cristae formation (Figure 3.14 a-c). At a
cellular component level, mitochondrial proteins appear to dominate within the inner
membrane, with the highest proportions belonging to the respiratory chain complexes,

followed by the outer member and the intermembrane space.
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analysis. GO analysis was performed using Protein ANalysis THrough Evolutionary Relationships
(PANTHER) (316) and Database for Annotation, Visualization and Integrated Discovery (DAVID) (137).
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3.7 Conclusions

Mitochondrial biology has been studied extensively for decades using traditional
biochemical and molecular approaches. The comprehensive characterisation of its protein
inventory opens up exciting new opportunities for the system-level analysis of this
organelle in health and disease. The optimisation data presented in this chapter provided
a new methodology for the combination of dot blotting for fibre typing and the analysis
of single fibres in a high detergent matrix. This allows the application of this methodology
to the analysis of training adaptations in the mitochondrial proteome in single skeletal
muscle fibres. The key optimisation findings are summarised in Figure 3.15, which
included a reproducible method utilising S-Trap protein extraction for sample processing
in combination with SDB peptide clean-up to observe over 1000 proteins in pools of 6
fibres segments with a TMT labelling efficiency of > 90% when using a 1-h trypsin/LysC
digestion combination. This research also highlights that optimal extraction and
processing of protein material is crucial to ensure the highest sensitivity for the

downstream detection of proteins in complex matrices, such as skeletal muscle.
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It is anticipated that mitochondrial proteomics applied to exercise and training will be a
fast-moving area in the coming years, as we can see the advantage of being able to identify
thousands of proteins in a single experiment compared to traditional immunoblotting
techniques. This research hopes to be at the forefront of improved understanding of how
mitochondrial proteins function together in pathways and complexes in single fibres in
response to training and possibly the localisation within the mitochondrion. It may be
possible for hundreds of currently uncharacterised mitochondrial protein responses to
training to be linked to functions as a consequence of the utilisation of proteomic

technology.
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Chapter 4

Training and Mitochondrial Protein Responses in
Single Muscle Fibres

The aim of this chapter is to explore the mitochondrial protein responses in single muscle
fibres following 8 weeks of training. In the previous chapter, an optimised protein
processing protocol capable of fibre typing and handling single muscle fibres in a high
detergent matrix was described. This method was then used to elucidate which
mitochondrial proteins are regulated in different fibre types following 8 weeks of
moderate-intensity or sprint interval training. Part of this work has been presented at

Australian Physiological Society Student and ECR Forum — Australia, 2020.
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4.0 Measuring Fibre Specific Changes in Response to Training by Proteomics

For many years, different analysis techniques have been used to investigate physiological
adaptations induced by exercise training in skeletal muscle. This includes investigating
changes in specific proteins, which was dominated by immunoblotting techniques.
Among the new trends in exercise physiology research is quantitative proteomics by mass
spectrometry (MS), which plays a key role in allowing quantitative comparisons of
changes in protein expression and post-translational modifications after perturbations
such as exercise. The limitations of gel-based methods have been addressed via the
development of gel-free techniques based on in-solution separation and digestion, protein
labelling, peptide fragmentation, and high throughput MS instruments to improve

reproducibility and depth of coverage of proteome data acquisition (243, 259).

Due to the heterogeneity of mammalian samples and their wide range of protein content,
there are some important sample preparation considerations (as discussed in Chapter 3)
that have to be taken into account to ensure successful proteomic analysis. Optimal
protein identification data by gel-free methods often depends on successful tissue
harvesting, cell lysis, and protein extraction procedures, followed by protein
quantification (243). Using a combination of suspension-trapping, peptide purification
(using SDB-RPS, Styrenedivinylbenzene-reverse phase sulfonated), TMT labelling, and
further fractionation with LC-MS/MS, we compared the protein abundance of isolated
single muscle fibres pooled by fibre type, obtained from 23 healthy male individuals
before and after two types of training (Moderate Intensity Continuous Training; MICT

and Sprint Interval Training; SIT).

4.1 Batch Correction

There are numerous factors that can make data analyses challenging in experiments where
more than one set of isobaric tag reagents are used. Our study required numerous 16-plex
reagent labelling sets to permit a three-tiered comparison of treatment groups (training),
time, and fibre type. To help ensure the sources of measured differences between groups
were due to the biological variations, normalisation is required to remove unwanted batch
effects that may result from other unwanted sources of variation such as inaccuracies in
protein assays and pipetting errors. Applying normalisation to make samples similar,

without removing or affecting biological differences, improves the power and precision
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across all batches and is a critical component of the processing pipeline for proteomic
analyses (36). After conducting a very large-scale proteomics analysis across multiple
TMT 16-plex batches, it was essential to be aware of the potential for batch variation to
affect data quality and to normalise accordingly in an objective manner (264). Figure 4.1
shows that appropriate normalisation of 8 TMT sets incorporating 92 biological replicates
with 4 technical replicates was able to appropriately remove batch effects. The
multidimensional scaling (MDS) plot demonstrates complete removal of any substantial
clustering. Here we used ComBat methodology (155), which allows users to adjust for
batch effects in datasets using a known batch covariate (see Chapter 2). This data
underlines the importance of normalising for batch effects, within each TMT batch. This
allowed for objective data normalisation to minimise the batch effects, as has been

reported (36, 155). Data normalisation can be found in the Appendix 2.
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Figure 4. 1- Multidimensional scaling (MDS) plot showing variation among TMT batches following
normalisation of raw data. Each colour represents a TMT 16-plex batch, showing complete removal of
significant clustering.
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4.2 Protein Detection

Utilising the optimised proteomic workflow described in Chapter 3 (Figure 4.2a) enabled
a total of 3141 proteins to be identified in all samples, with 81% (2534 proteins) of these
identified with high FDR confidence. Of these 2534 proteins, 66% were identified in over
70% of the total samples - with any extra missing data being imputed with a kNN (k-
nearest neighbour) imputation. This ensured the data is robust and provides a stringent
cut off in which to assess the biological difference within the data. The variability of the
muscle fibre proteome is demonstrated in Figure 4.2b, which compares differences in
proteins identified pre and post training and between fibre types. Almost all proteins were
quantified in both fibre types (98%) and at both times (98%). The strong overlap between
the conditions of time and fibre type further supports the strength of the developed
methodology to reduce variability amongst samples. Thus, the variability amongst
individuals and the length of fibres isolated is outweighed by similarities within the

muscle proteome.

Gene Ontology (GO) analysis (Figure 4.2¢) demonstrates good coverage of structural and
metabolic features of the muscle fibre proteome, including contractile, sarcomeric,
ribosomal, and mitochondrial proteins. This included greater than 50% of proteins
annotated to the sarcolemma and contractile proteins in pooled single fibre samples. The
sensitivity of the method is also demonstrated by good coverage of proteins in less
abundant compartments such as the mitochondrion and ribosome. The highest ranked
proteins in terms of abundance detected in individual samples was dominated by

sarcomeric proteins.

On average, 1832 of total proteins per sample were quantified in pooled single fibres
reflecting approximately 60% of the total quantified proteins measured in all 96 samples.
Individual number of proteins quantified per samples is shown in Figure 4.3,
demonstrating any variability amongst individual samples prior to normalisation.
Following normalisation and removal of outliers, an average of 1516 total proteins were

annotated per sample.
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To further quantify the variability of the muscle fibre proteome among different
participants and fibre types, we compared protein identification across all individuals and
report correlation coefficients between each variable and other individuals. Most similar
samples are reflected by a darker red colour. According to the correlation matrix, proteins
identified in samples labelled as type I fibres were highly correlated with each other in
terms of the presence of proteins identified when derived from different participants for
both pre and post training conditions, as were type II fibres (Figure 4.4). This indicates
functional similarities between fibre type despite biological variability amongst

individuals.
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4.2.1 Detection of Mitochondrial Proteins

The proteomic workflow identified 694 annotated known and predicted mitochondrial
proteins, with 536 known mitochondrial proteins across all 96 samples for both pre and
post samples and all training and fibre types. This represents greater than 45% of the
known mitochondrial proteins. This is comparable to a previous single-fibre proteomic
study of aged humans, which annotated 634 known mitochondrial proteins across all
single fibres (218). Of note, Murgia et al. (216) used categorical annotations based on
Uniprot keywords (i.e., mitochondrion), which can give an overrepresentation of
mitochondrial proteins identified. For example, the original single fibre study quotes the
identification of 654 proteins annotated as mitochondrial; however, when this is
annotated with a robust database such as Integrated Mitochondrial Protein Index (293,
294) only 391 proteins are annotated as mitochondrial. This further strengthens the
robustness of the methodology presented in Chapter 3 for the identification for

mitochondrial proteins.

Of this list of proteins, the most abundant mitochondrial proteins were ATP synthase
subunit beta (ATP5B), followed by Aconitate (ACO2), MICOS complex subunit MIC60
(IMMT), and ATP synthase subunit alpha (ATP5A). These observations are supported
by recent MS analysis identifying ATP5B, ATPSA, and ACO2 as the three most abundant
mitochondrial proteins based on estimates of protein abundance across muscle tissues (8).
In addition, a proteomic study of protein composition and function of red and white
skeletal muscle mitochondria also found ATP5B to be the most abundant mitochondrial
protein in red and white porcine skeletal muscle (92). This overlap with previous research
identifying common highly abundant proteins reveals strength in the current methodology
to identify both high and lowly abundant proteins. The sum PEP Score is used to rank
protein abundance on the basis of the posterior error probability (PEP) values of the
peptide spectrum matches (PSMs). Based on the aforementioned, the top 20
mitochondrial proteins in terms of confidence in identification across all samples are

presented in Table 4.1.
One of the highly abundant mitochondrial proteins was MICOS complex subunit MIC60

(IMMT), which is part of the mitochondrial contact site and cristae organising system

(MICOS). It is also a central player in membrane shaping and crosstalk, and helps shapes
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crista junctions and mitochondrial membrane contact sites. These MICOS proteins

provide an extended membrane surface for the accumulation of OXPHOS respiratory

chain complexes I to V and shape a micro-compartment that is optimised for ATP

production (331). IMMT specifically is required to link mitochondrial functions at crista

junction and mediates the interaction of MICOS with numerous other protein machineries

of the mitochondria (331).

Table 4. 1- Most Abundant Mitochondrial Proteins Annotated Across All Samples

Description Gene Symbol Functional Class Sum PEP
Score*
ATP synthase subunit beta, ATP5B OXPHOS (CV) 797
Aconitate hydratase, ACO2 TCA 651
MICOS complex subunit MIC60 IMMT MICOS 650
ATP synthase subunit alpha, ATPSA OXPHOS (CV) 636
Heat shock cognate 71 kDa protein HSPAS Chaperone 632
Trifunctional enzyme subunit alpha, HADHA Fatty Acid Beta-Oxidation 617
60 kDa heat shock protein, HSPD1 Chaperone 602
Stress-70 protein, HSPA9 Chaperone 568
Creatine kinase M-type CKM Creatine metabolic 565
process/phosphorylation
Phosphoglycerate kinase 3 PGK1 Glycogenesis 551
Heat shock 70 kDa protein 1B HSPA1B Chaperone 547
Very long-chain specific acyl-CoA | ACADVL Fatty Acid Beta- 517
dehydrogenase, Oxidation
NAD(P) transhydrogenase, NNT TCA 515
Heat shock-related 70 kDa protein 2 HSPA2 Chaperone 506
NADH-ubiquinone oxidoreductase 75 | NDUFSI OXPHOS (CI) 504
kDa subunit
2-oxoglutarate dehydrogenase, OGDH TCA 481
Acetyl-CoA acetyltransferase, ACATI Fatty Acid Beta- 473
Oxidation
Creatine kinase S-type, CKMT2 Creatine metabolic 454
process/phosphorylation
Trifunctional enzyme subunit beta, HADHB Fatty Acid Beta-Oxidation 431
3-ketoacyl-CoA thiolase ACAA2 Fatty Acid Beta-Oxidation 382

*Sum PEP Score This score is calculated on the basis of the posterior error probability (PEP) values of the
peptide spectrum matches (PSMs). A high Sum PEP score indicates a high ratio of abundance for peaks

identified for a given peptide.
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The large protein list of annotated known mitochondrial proteins was analysed using
Database for Annotation, Visualization and Integrated Discovery (DAVID) for functional
analysis of the overrepresentation of key gene ontology (GO) biological processes. The
key terms are highlighted in the network presented in Figure 4.5. Of the 45% possible
mitochondrial proteins identified in single muscle fibres, the dominant pathways
identified were associated with electron transport and in particular respiratory chain
complex I assembly, followed by mitochondrial translation. Proteins involved with fatty

acid beta-oxidation were also highlighted as secondary key processes.
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Figure 4. 5- The gene sets for GO terms were visualised using the Cytoscape 3.8.2 Enrichment Map plugin
(287). Each node represents a GO biological process term. The node colour indicates the significance of
the term’s enrichment. The darker colour (red) indicates more significant enrichment. The edges are related
to the relationships between the selected terms, which are defined based on the genes that are shared in a
similar way. Gene ontology determined using Database for Annotation, Visualization and Integrated
Discovery (DAVID) (137).

4.3 Fibre Type Differences

Skeletal muscles are heterogeneous tissues composed of different fibre types, which can
be identified by their expression of specific myosin heavy chain (MYH) isoforms (101).
The extensive research that has investigated different characteristics, including structural,
functional, and metabolic characteristics of these fibre type responses, was reviewed in

Chapter 1. However, little is known about possible fibre-type-dependent differences in
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the regulation of mitochondrial proteins. Furthermore, the methods for studying
mitochondrial protein adaptations in skeletal muscle have mostly been confined to the
analysis of whole-muscle samples, where the results may be confounded by the analysis
of changes in a mixture of type I and II fibres. Integrating proteomic techniques could
provide new information regarding protein regulation and specifically mitochondrial
protein adaptations that are divergently regulated in type I & II fibres at the resolution of
single muscle fibres. The top enriched proteins were the contractile and sarcomeric titin,
myosin (MYH7>MYH2 >MYHI1), and actin. MDS was conducted to determine whether
MS analysis of type I and type II fibres reveal distinct protein profiles across all samples.
Clear separation of both fibre types was observed in both dimensions, illustrating that

there are two distinct protein clusters for types I and II fibres (Figure 4.6).
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Figure 4. 6— Multidimensional scaling (MDS) plot showing variation among samples based on fibre type.
Each point represents a participant’s sample, and the distance between the points correlated to the
dissimilarity between the samples. The plot highlights the fibre types and illustrates that there are two
distinct clusters showing the separation between fibre types I and II.
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Proteomic features of the different fibre types pre-exercise are presented in a volcano plot
(Figure 4.7). Type 1 fibres were characterised by an expected clear difference in
contractile proteins such as MYH?7 and troponin slow skeletal type 1 (TNNT1), whereas
type II fibres possessed a greater MYH2, troponin fast skeletal type 3 (TNNT3), and
calcium binding proteins calsequestrin (CASQI1). Functionally, notable metabolic
differences between fibre types can be demonstrated by the differentially expressed
proteins highlighted, where mitochondrial proteins are greater in type I fibres. This
includes electron transport chain subunit NDUFB3 (NADH:Ubiquinone Oxidoreductase
Subunit B3), and fatty acid proteins such as hydroxyacyl-CoA dehydrogenase
trifunctional multienzyme complex for subunist o and § (HADHA and HADHB).
Conversely, more glycolytic proteins, such as glycerol-3-phosphate dehydrogenase 1 and
2 (GPD1 and GPD2), phosphoglycerate kinase (PGK1), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), had greater differential expression in type II fibres. This is
understandable given early studies established that glycolytic enzymes (such as GPD
(13)) varied in different skeletal muscle types, with a higher expression observed in type
IT fibres (13). Most studies on muscle fibre heterogeneity have focused on two main areas
within fibre types - contractile response and metabolism (283). However, as confirmed in
this single-fibre research, the diversity between muscle fibres is not restricted to
contractile proteins (i.e., myosin isoforms) and metabolic enzymes (such as glycolytic or
mitochondrial proteins), but extends to a range of subcellular systems, including ionic
transport and cellular calcium signalling (283). Fibre-type differences were also observed
for lactate dehydrogenase, with the o unit more expressed in type II fibres and the B unit
having greater expression in type I fibres. The response of these proteins has previously

been reported in some studies (13) to depend on fibre type and training (40).
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Figure 4. 7- Volcano plot of statistical significance against fold change highlighting the most significantly
different proteins between type I (blue) and II (red) fibres pre-training (MICT & SIT combined).

4.4 Training Responses

4.4.1 Training Responses for Total Single Fibre Proteome

The adaptive response to exercise training is dependent on variations in exercise-induced
changes in muscle load, energy requirements, and dynamics of calcium exchange (75).
Endurance training is typically known to augment respiratory capacity, with increases in

the ability to oxidise fatty acids and carbohydrates (2, 128). Skeletal muscle possesses the
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capacity to rapidly modulate the rate of energy production and substrate utilisation in
response to locomotion powered by actin-myosin cycling (75). The modulation of this is
believed to be dependent on training load (193). A comparison of protein responses for
pre and post training over 96 samples for two types of training loads (i.e., MICT and SIT)
was analysed. The resulting training sample distributions was assessed globally using a

MDS of all proteins highlighting any groupings between training types (Appendix 3).

Further to this, proteomic features of the different fibre types post training are presented
in volcano plots (Figure 4.8). Overall, an increased number of differentially expressed
proteins was observed post MICT (Figure 4.8a) compared to post SIT (Figure 4.8b).
Similarly, features observed in different fibre types pre-training (Figure 4.7) remained
post-training for both modalities; this was highlighted by increased DE proteins related
to slow contractile fibres and fatty acid oxidation in type I fibres and more fast contractile
and glycolytic proteins in type II fibres. There was a decreased number of observed

mitochondrial proteins post SIT, which is discussed in the subsequent section.
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Further statistical analysis, using Linear Models for Microarray Data (Limma) (295), was
conducted to determine the differential expression of proteins in different fibre types.
There were 24 proteins differentially expressed between type I and II fibres pre MICT,
whereas post MICT there were 101 differentially expressed proteins between type I and
IT fibres. This suggests MICT led to a greater difference between fibre types following
training. Conversely, analysis of differentially expressed proteins pre SIT found 76
proteins differentially expressed pre-training and 73 differentially expressed proteins
post-training. This suggests SIT does not have a significant effect on altering the number
of differentially expressed proteins between fibre types (Figure 4.9). This observation is
further substantiated when comparing all four conditions, where there are 34 unique
differentially expressed proteins post MICT, whereas post SIT there are only 14 unique
differentially expressed proteins. A table of all differentially expressed proteins in all

conditions can be found in Appendix 4.
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Figure 4. 9— Venn diagram showing the differentially expressed (DE) proteins when comparing type I to
type Il fibres. a.) MICT pre and post comparison of overlapping DE proteins. b.) SIT pre and post
comparison of overlapping DE proteins. ¢.) Overall training comparison of MICT and SIT pre and post for
overlapping DE proteins.
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Given that exercise training is known to be an important factor in improving cellular
adaptions, the question of whether volume or intensity of exercise were more important
for training-induced increases in protein responses still remains unclear. Exercise training
volume has been suggested to be a primary determinant of the exercise-induced increase
in mitochondrial content in humans (27-29). However, as mitochondria can comprise less
than 3% of skeletal muscle volume density, it is difficult to discern relative mitochondrial
protein expression differences in whole-muscle samples. This leads to the need for single-
fibre studies (92). The results provide evidence that training volume has a greater effect
on changes in mitochondrial protein expression, with MICT resulting in a greater number

of differentially expressed proteins post training compared to SIT.

Research has also shown that skeletal muscle mitochondria regulate substrate metabolism
during moderate-intensity exercise, with increased mitochondrial content promoting a
greater reliance on fat oxidation and a comparative decrease in carbohydrate utilisation
(75, 115, 193). As a result, it is reasonable to hypothesise that proteins, and more
specifically mitochondrial proteins, might be present in different amounts depending on
the specific energy requirements of each muscle fibre type. Enrichment analysis of Gene
Ontology (GO) biological processes for the 80 differentially expressed proteins between
fibre types (based on comparisons of type I/type II fibre ratio) pre and post MICT
revealed that the top enriched proteins were dominated by muscle and sarcomeric
organisation, followed by glycolytic processes and fatty acid beta oxidation (detailed

enrichment mapping can be found in the Appendix 5).

4.4.2 Training and Fibre-Specific Responses of Mitochondrial Proteins

Further examination found 30 differentially expressed mitochondrial proteins between
fibre types post MICT. Enrichment analysis was used to map the hierarchical organisation
of pathways by GO enriched proteins (Figure 4.10). Conversely, the 24 mitochondrial
proteins observed post SIT that were differentially expressed between type I and type 11
fibres were notably clustered in relation to the tricarboxylic acid cycle (TCA). This aligns
with research stating there are relationships with mitochondrial functions and substrate
utilisation (115), and provides further divergence of this utilisation between training type

and fibre type with the volume of MICT (255).
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Figure 4. 10- REViGO Scatterplot of the Enriched GO Cluster Representatives from mitochondrial protein analysis. Fibre type GO enrichment analysis for differentially
expressed proteins with adjusted p-value cut off of 0.05 for type I compared to type II fibres. a.) MICT — post b.) SIT — post. GO terms along with their p-values were
further summarised by REViGO reduction analysis tool that condenses the GO description by removing redundant terms (306). The remaining terms after the redundancy
reduction were plotted in a two dimensional space. using a similarity of 0.7, with SimRel as semantic similarity measure. Colours indicate the p-value (generated from
DAVID (137)) of enrichment according to the legend. The size of each bubble reflects the count of each term among the enriched term list. Bubbles of more general
terms are larger.
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The proteins identified as being significantly changed post MICT (Figure 4.11) and SIT
(Figure 4.12) based on comparisons of type I/type II fibre ratio were next determined.
Positive numbers indicate proteins that had a greater fold change in type I compared with
type II fibres. Of the 54 differentially expressed mitochondrial proteins post training,
there were 18 mitochondrial proteins in common between MICT and SIT. Figure 4.11
highlights mitochondrial proteins post MICT that were not observed post SIT. As
highlighted with the GO enrichment analysis, it was found that the differentially
expressed mitochondrial proteins following MICT that increased in type I compared to
type II were related to fatty acid oxidation (i.e., electron transfer flavoprotein subunit beta
(ETFB), acyl-CoA synthetase short chain family member 1 (ACSS1), and carnitine O-
acetyltransferase (CRAT)). Also noted are mitochondrial proteins related to
mitochondrial dynamics (i.e., Parkinsonism associated deglycase (PARK7) and
eukaryotic translation elongation factor 1 beta 2 (EEF1B2)). These findings are consistent
with the single muscle fibre proteomics of mice, which revealed mitochondrial
specialisation amongst fibre types and that type I fibres had the highest protein levels of
enzymes responsible for fatty acid beta oxidation - including ETFB, HADHA, and
ACSS1 (216, 284). It is generally accepted that tissue-specific functional differences are
met with upregulation of protein expression of entire pathways (153), and an increase in
the capacity for fat oxidation is a classic metabolic adaptation to endurance training as
indicated by higher rates of fat oxidation (20, 197). In a study utilising labelling by
isobaric tag for relative and absolute quantitation (iTRAQ), it was found that the most
evident difference in mitochondrial pathways was related to fat metabolism and that there
was an increased expression of fatty acid beta oxidation proteins in red (typically
associated with type I fibres) compared with white muscle mitochondria. These results
are also consistent with the main findings of the MICT response in type I compared to

type II fibres in this study (92).

A recent study performing immunoblot analysis of pooled single muscle fibres found that
type I muscle fibres have a coordinated upregulation of proteins controlling intramuscular
lipid storage, mobilisation, and oxidation following endurance training (289). Endurance
training and muscle fibre-type-specific abundance of lipid regulatory proteins, including
hormone-sensitive lipase (HSL), Perilipin (PLIN) and 3-hydroxyacyl-CoA

dehydrogenase (HAD), were found to have a greater expression in type I compared with
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type Ila fibres. Although no significant effect of training was detected in pooled single
fibres for HSL and PLIN by Shaw et al. (289), a greater abundance of HAD was detected
in the endurance-trained group (289). While PLIN and HSL are not considered to reside
entirely in the mitochondria (258), the phosphorylation of these proteins are essential for
the mobilisation of fats in adipose tissue and demonstrate a preference for type I fibre
utilisation for fatty acid oxidation pathways following endurance training. This trend is
somewhat in parallel with the observations of the differential expression of specific fatty
acid proteins following MICT in type I compared to type Il fibres in this single-fibre
study. Furthermore, both HAD o and B subunits were observed post MICT to be
differentially expressed in type I to type II fibres. The HADA o subunit was also observed
to be differentially expressed in type I to type II fibres following SIT, while PLIN was
observed to be differentially expressed in type I to type II fibres pre training. This also
typifies the results observed by Shaw et al. (289) in endurance-trained individuals, where

HAD, a key enzyme in beta-oxidation, was also elevated in human type I fibres.

Another protein with greater expression in type I compared to type II fibres following
MICT was heat shock chaperone protein a-crystallin B chain (CRYAB) — a protein that
plays a role in skeletal muscle remodelling through induction as a stress response to
various stimuli, including contractile activity, and which also plays an important role in
sarcomere stability (218). The dysfunction of CRYAB has also been associated with a
reduction of mitochondrial mass and respiratory chains deficiencies (42). A previous
proteomic training study (74) reported a decrease in CRY AB, which was in contrast to
other reports that show increases in this protein after periods of endurance training (210).
A study of aged muscle also reported a decline in the expression of this protein (218), yet
MICT in the current study appears to reverse this effect, improving the expression level
of this protein in type I muscle fibres. The discrepancy in these findings is at present
unexplained, but hypothesised to be related to the duration of the exercise training
programme (74). Egan’s study was 2 weeks, which is of a much shorter duration than the

8-week training study presented here.
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Figure 4. 11- Scatterplot showing proteomics data. Points indicate proteins that were differentially
expressed (adj. p-value < 0.05) with a positive fold change in type I compared with type II fibres.
Mitochondrial proteins that were only identified in POST MICT are labelled.

In the SIT group, mitochondrial proteins that had a greater increase in type I compared to
type II fibres were more associated with the TCA cycle - such as isocitrate dehydrogenase
2 (IDH2), succinate-CoA ligase, GDP-forming, beta subunit (SUCLG2), and
dihydrolipoamide dehydrogenase (DLD). SIT appears to recapitulate previous
observations for type IIx single fibres, where greater abundances in proteins associated
with the regulation of pyruvate dehydrogenase and the TCA cycle were also reported
(216, 284). Highlighted is IDH2, where it has been proposed that the NADP
(Nicotinamide adenine dinucleotide phosphate) dependant IDH2 enzyme works in the
reverse direction of the TCA cycle and converts a-ketoglutarate into citrate as a source
for fatty acid synthesis (216). This coincides with the large fold change observed
following SIT for IDH2, which has a unique pattern of expression and has previously
been shown to be more abundant in type I single fibres (216). This supports the notion
that the IDH2 enzyme is a large contributor to the TCA cycle. In particular, it was
previously observed that IDH2 levels are very high in type I fibres, slightly lower in Ila,
and much lower in IIx fibres (p <0.05) (216, 284). Another hypothesis to explain the high
amount of IDH2 protein in type I muscle fibres in response to SIT, is that the forward
direction of the TCA cycle generates NADPH to buffer against reactive oxygen species
(ROS) produced during mitochondrial respiration. During NADPH generation in
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mitochondria, the major proteins involved are IDH2 and the NNT (Nicotinamide
nucleotide transhydrogenase) that couples the hydride transfer between NADH and
NADP+ to proton translocation across the inner mitochondrial membrane. Notably, NNT
was also one of the most abundant mitochondrial proteins observed overall in this
research. Thus, it has been suggested that the continuously active type I fibres have a
greater capacity to cope with the higher levels of ROS production. ROS species have been
inherently linked to SIT (176, 194).

Another mitochondrial protein of note that was differentially expressed in type I
compared to type II fibres following SIT was oxo-isovalerate dehydrogenase subunit beta
(BCKDHB). This mitochondrial matrix enzyme complex is involved in the catalysis of
the degradation of branched-chain amino acids to generate NADH and carbon dioxide.
BCKDH is structurally similar to pyruvate dehydrogenase (PDH) and believed to be
regulated in an analogous manner. The mitochondrial PDH catalyses the oxidative
decarboxylation of pyruvate, linking glycolysis to the TCA cycle and fatty acid synthesis
(30). Interestingly, mono-amine oxidase (MAOB) was observed to be positively
differentially expressed in type I fibres following both SIT and MICT. This particular
mitochondrial protein is involved in deamination and generating ROS and was previously
observed to decrease in the type I fibres of aged humans. This result hints that exercise
training reverses this aging effect in type I fibres. In contrast, phosphoglycerate kinase 1
(PGK1) was observed to decrease in type I compared to type II fibres following both
MICT and SIT. This enzyme, as part of the glycolytic pathway, was previously found to
be higher in type I compared to type II fibres and to have a decreased expression in aged
single fibres (218). This provides further evidence that exercise is able to counteract some

of the effects of aging.
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Figure 4. 12- Scatterplot showing proteomics data. Points indicate proteins that were differentially
expressed (adj. p-value < 0.05) with a positive fold change in type I compared with type II fibres.
Mitochondrial proteins that were only identified in POST SIT are labelled.

Pioneering studies in both animals and humans have shown that markers of mitochondrial
content increase with training (27, 29, 177, 209). While it has been reported that
mitochondrial protein content is greater in type I compared to type II fibres, little is known
about the effects of training (92). The overall effect of training on mitochondrial protein
abundance in different fibre types was investigated. Known mitochondrial proteins were
analysed in both the type I and II fibres and are presented as quantitative proteomic
protein plots demonstrating the change between average abundance of mitochondrial
proteins pre and post training for each fibre type (Figure 4.13). The mitochondrial fibre
type changes are summarised in Table 4.2, whereby the change in mean z-score pre to
post training reflects an overall increase or decrease in mitochondrial protein abundance.
The gradient of mitochondrial proteins in type I fibres indicates a positive increase
following training (V z-score = 0.096), whereas overall mitochondrial proteins in type Il
fibres appears to decrease with training (V z-score = -0.090). This suggests training affects
mitochondria as suggested in the literature (126, 147, 209); however, more novel is that

this change predominantly resides in type I fibres.
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Figure 4. 13— Training and Fibre Type — Profile plots illustrate the z-score intensity average for all known
mitochondrial proteins annotated in type I fibres (blue) and type II fibres (red) for pre and post training for
both training types (V Z-score represented by the black line).

Table 4. 2— Summary in Changes in Fibre Types in Mitochondrial Proteins of Single
Fibre Samples*

Fibre Type Vz-score V Summary
I 0.096 1
1 -0.090 !
* Increase - 1( z > 0.05)

No Change - & (-0.05>2z<0.05)
Decrease - | (<0.05)
V z-score — Change in mean z-score

4.5 Functional Pathway Responses

Human and animal single fibre proteomic studies have previously identified that
mitochondria from different fibre types have divergent capabilities for substrate
utilisation (216, 218). However, given that mitochondria comprise only a small
proportion of skeletal muscle, it can be difficult to distinguish changes in mitochondrial
proteins in different fibre types. Here I focus on the changes of specific mitochondrial
functional groups in different fibre types following different types of training. Exercise
training was associated with changes in multiple mitochondrial proteins involved in
oxidative phosphorylation, the tricarboxylic acid cycle, and fatty acid oxidation, as well

as several components of mitochondrial dynamics.
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4.5.1 Oxidative Phosphorylation (OXPHOS)

One of the prime functions of mitochondria is its involvement in the oxidative
phosphorylation (OXPHOS) system located in the mitochondrial cristae, which is
composed of the complexes of the electron transport chain (ETC) and the ATP synthase
(139). The protein content of selected subunits of the five complexes of the ETC is
routinely used as a biomarker of changes in mitochondrial content following a training
intervention (177). Consistent with the previously reported increase in total mitochondrial
protein following exercise training, studies have reported increases in the respiratory
chain subunits of the mitochondrial ETC complexes (147). In the present study, the
content of each ETC complexes subunits has been presented in quantitative proteome
profile plots, demonstrating the average abundance from pre to post training in each
exercise training and fibre type (Figure 4.14). The global changes are summarised in
Figure 4.15, whereby the change in mean z-score pre to post training is reflected by an
overall increase (V z-score > 0.05) or decrease (V z-score < 0.05) of the ETC subunit

abundance and subsequently discussed for each complex.
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Figure 4. 14- Complex I-V — Profile plots illustrate the z-score intensity average for all known mitochondrial proteins (grey) along with known subunits of complexes
I to V (each complex is depicted by a different colour) pre and post training for both MICT (Moderate Intensity Continuous Training) and SIT (Sprint Interval Training)
training in both type I and II fibres (V Z-score represented by the black line).
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Complex I (CI), NADH:ubiquinone oxidoreductase, is the largest component of the
mitochondrial OXPHOS system. As a major entry point for electrons to the respiratory
chain, it has been suggested to be an important rate-limiting determinant of overall
respiration and to play a central role in energy metabolism. It also has a critical role in
apoptosis and cell proliferation, and thus its function in response to exercise perturbations

can be a strong indicator of the functional response (109, 288).

The response to training of all annotated subunits of CI proteins in both fibre types can
be seen Figure 4.14. Results show a clear fibre-type difference for the protein response to
training type. On average, we see a positive gradient trend in type I fibres for MICT (V z-
score = 0.348), whereas there is a decrease for SIT (V z-score = -0.261). Conversely, in
type II fibres, there is no distinct change in gradient as a consequence of MICT (V z-score=
-0.012); there is a slight negative gradient in CI subunits as a consequence of SIT (V z-
score = -0.165). These results are somewhat contrary to the findings of the limited single-
fibre training studies (employing immunoblotting techniques), where an increase in the
CI subunit NDUFA9 was observed for type Il fibres, but not type I fibres following high-
intensity interval training (HIIT) in older adults (335). A similar study comparing MICT
and HIIT in young adults observed no difference for either fibre type (194). Given the
current results show significant upregulation of multiple CI subunits following high-
volume MICT, this supports that training volumes plays a crucial role in fibre-type
dependant response of CI subunits. This finding may help resolve the ongoing discussion
on whether volume or intensity are more important for training-induced improvements in
mitochondria (27, 194) and provide further insight to the divergent regulatory process
within fibre types.

Further investigation of the remaining complexes (I to V) indicates a similar fibre-type
dependence on training volume, with similar responses observed to those observed for CI
following MICT. There was a positive enrichment (V z-score > 0.05) for the expression
of the protein subunits of complexes II, III, IV, & V for type I fibres (Figure 4.15), but
little overall change in gradient patterns observed for type II fibres. In type II fibres,
complex II increases (V z-score = 0.087), complex III shows no overall change (0.05 >V
z-score < -0.05), whereas complex IV and V show a decrease (V z-score = <0.05). As

with CI, following SIT there was a decrease for complexes II to IV subunits (V z-score =
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<0.05) and no change with complex V (V z-Score = <0.05) in type I fibres and, on
average, a negative gradient profile (V z-Score = <0.05) for complex II to V subunits of

proteins in type II fibres.

The first single-fibre proteomics study in aged humans reported a decrease in the
expression of ETC subunit proteins in both fibre types (218), while our results suggest
training reverses some of these changes. In previous studies investigating protein levels
of the ETC, changes in whole-muscle have been shown to significantly increase after
training. Changes in complex I and complex II have also been shown to positively
correlate with changes in complex III and IV, the final acceptors of electrons in the
respiratory chain (109). While this study by Greggio et al. (109) showed that training
significantly affected the distribution of ETC complexes, this was performed following
MICT in the elderly on whole-muscle lysates; thus, the extrapolation of these findings to
differing training and/or at the fibre-type level is difficult. Indeed, in this study there was
a positive correlation for the responses of CI to V to MICT for type I fibres (V z-score >
0.05), a decrease for type II fibres in complexes IV and V, and little change in complexes
I and III. In contrast, following SIT there was generally a negative response of proteins
in these complexes in both fibre types (V z-score < 0.05). The differing responses of these
complexes suggests the possibility for numerous regulatory pathways of OXPHOS
adaptations to physical training (109). Additionally, not only did Greggio et al. (109)
observe increases in the individual electron transport chain (ETC) but also of
supercomplexes, revealing a novel adaptive mechanism for increased energy demand
where complex I was almost exclusively found assembled in supercomplexes in muscle
mitochondria, whereas other complexes are redistributed in stoichiometric ratio. While
the contribution of supercomplexes is not completely understood, and cannot be
discerned specifically by LC-MS based proteomics, the plasticity of these complexes to
freely move can play an important contribution to our understanding of OXPHOS
adaptions as they also play roles in ROS production by facilitating electron transport
across the complexes (1, 87, 99, 109). Another whole-muscle study found no difference
in the response to MICT (with the inclusion of sprints) in Complex II, III, IV, and V
protein content before and after the training intervention (35). This was more akin to the
responses observed in type II fibres in this study, particularly with SIT. The difference

observed vetween our research for MICT in type I fibres compared to that in whole-
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muscle samples by Brandt et al. (35) further suggests that protein responses in OXPHOS

complexes are divergently regulated in different fibre types.

Other single-fibre immunoblotting studies have also investigated fibre-type responses of
complex IV subunit cytochrome oxidase (COXIV) following training. Two of the three
single-fibre studies found increases of COXIV protein content in both fibre types
following HIIT (312, 335). These responses are similar to our observations for the type I
fibre response in complex IV for MICT but differ from the type II fibre trends in both
training types. Conversely, one of the single-fibre studies found no difference in COXIV
protein content following either MICT or HIIT (194). It is difficult to discern whether the
differences in these single-fibre studies are a consequence of population, training type or

duration, or quantitative specificity of the analysis method used.
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Figure 4. 15- The respiratory chain complexes, showing the cumulative mean z-score intensity change in
fibre type for all proteins identified in each complex shown following a.) Moderate Intensity Continuous
Training (MICT) and b.) Sprint Interval Training (SIT). For each complex, the changes are reported in type
I (blue bar) and type II fibres (red bar).

Aside from a few single-fibre studies that have used immunoblotting techniques, how
these OXPHOS proteins are regulated in different fibre types in response to exercise has
remained predominantly limited to whole muscle samples. The size principle states that
fibre types are recruited according to intensity, and thus it is reasonable to assume that
proteins may respond differently in a single fibres following different training intensities.
How individual proteins respond on a fibre-type level remains largely unknown but is
fundamentally important to further our knowledge of how skeletal muscles adapt to

training. The current results show that OXPHOS proteins are typically upregulated in
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type I fibres following training performed at a lower intensity (i.e., MICT). While it was
hypothesised that type II fibres would have greater expression following training
performed at the higher intensity (i.e., SIT), this does not appear to hold true for
mitochondrial proteins involved in OXPHOS.

4.5.2 Individual OXPHOS Protein Trends

Individual changes in OXPHOS complexes are also summarised in the heatmap displayed
in Figure 4.16. The assembly of CI subunits is organised into six modules (N, Q, ND1,
ND2, ND4 and ND5) that are involved processes such as catalytic activities, redox active
centres, Fe—S clusters, forming the proton channels, and other important assembly and
stabilisation operations within the CI (291). As noted in section 4.5.1, complex | appears
to display an overall increase in type I fibres following MICT. The biggest changes were
reflected by increases in CI subunits associated with Q and ND4 assembly modules (i.e.,
ND4 module - NDUFB11 & NDUFB4, Q-NDUFAS, and NDUFS7). This is then
followed by increases in subunits associated with module ND2 and N. This is reflected
by a similar, though less pronounced, increases in type II fibres for Q & ND4 following
MICT. The assembly in type II fibres following MICT appears to differ with decreases
observed in subunits associated with the NDI1 (e.g., NDUFA13) and module N
(NDUFAG®).

Following SIT the same cluster of subunits responded differently and had the opposite
response in type I fibres for Q and ND4 assembly modules, coupled with a more
pronounced decrease in type II fibres. Similar to MICT, proteins associated with the other
modules (N, ND1, ND2, ND5) increased in type I fibres following SIT and tended to
decrease in type II fibres. These results suggests a fibre-type dependence in assembly of
Cl in response to training. In single fibres at baseline, individual subunits have previously
been reported to be higher in type I than type II fibres with a decline in abundance with
age (218). The few single-fibre immunoblotting studies that analysed subunit NDUFA9
reported an increase in type II but not type I fibres in older adults following 12 weeks of
HIIT (336). Another single-fibre study observed non-significant increases for both fibre
types following two weeks of training in MICT and HIIT (194). These findings were
contradictory to that observed in this research, where there was a slight decrease in the z-

score following both training types for NDUFA9.
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Complex III subunits (UQCRCQ and UQCRCI1) have previously been reported to be
tightly linked with CI subunits (i.e., NDUFA11 and NDUFB9) (113). In the current
training study, NDUFA11 and UQCRCI1 increased in both type I and II following MICT
but decreased in both type I and type II fibres following SIT. NDUFB9 and UQCRCQ
decreased in both type I and II fibres following MICT, whereas, following SIT there were
increases in NDUFB9 in both type I and II fibres and decrease in both fibres for
UQCRCQ.

Complex IV subunits have previously been reported to have a greater abundance in type
I than type II fibres in younger adults (218, 336). In the current study, there was an
increase in complex IV subunits in type I fibres following MICT and a general decrease
in type I fibres following SIT. Interestingly, COXS5A increased in all conditions except in
type II fibres following MICT. COX4I1 has been previously shown to increase in both
type I and II fibres following HIIT (312, 336). This agrees with observations following
MICT for type I but not type II fibres but is contrary to the decline observed in both type
I and type II fibres following SIT. Additionally, Maclnnis et al. (194) observed no training
effect on COX41A in both type I and II fibres following 2 weeks of MICT and HIIT.

CV is the last enzyme in the OXPHOS system, utilising protons generated by complexes
I, III and IV to power ATP synthesis. The assembly of complex V starts with ATPSFI1A
(a-subunit) and ATPSF1B (B-subunit) subunits, followed by a series of assembly steps
mediated by the assembly factors ATPAF1 and ATPAF2 respectively (124). The analysis
of these CV subunits suggest that exercise places an increased demand on the use of ATP;
this is particularly observed in type I fibres where o and B subunits both display an
increase following MICT. There was also an increased abundance of these subunits in
type I fibres following SIT. The assembly units of CV generally showed increases in type

I fibres following both training modalities, and these tended to decrease in type II fibres.

These varying changes in individual subunits of the ETC complexes have previously been
suggested to support the concept of possible multiple regulatory layers of respiratory
chain adaptations to exercise training (109). In addition, given we have highlighted that
individual proteins can respond differently in different fibre types following training, this

also further questions the validity of selecting a single protein subunit to be representative
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of changes observed in the OXPHOS subunits in different fibre types following training,

as is often the case when performing immunoblot analysis.
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Figure 4. 16- Proteomic quantification of individual proteins identified in each complex of the electron transport chain
in pooled single human muscle fibres. The expression of the complex subunit is measured by the z-score and subdivided
by fibre type (type I & type 1) and training type (M/MICT -Moderate Intensity Continuous Training, S/SIT — Sprint
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Interval Training). Changes are compared from pre and post training. The colour scale represents Z score as indicated.
Complexes are labelled from I-V and the names of the mitochondrial subunits are also included.

4.5.3 Mitochondrial Ribosomes

Mitochondrial ribosomes are important for protein synthesis within the mitochondria.
Thus, changes in mitochondrial ribosomal proteins were also investigated (Figure 4.17).
In response to MICT, profile gradients (V z-score > 0.05) increased for both fibre types,
whereas the opposite was observed for SIT. This suggests that the volume of MICT was
sufficient to induce significant mitochondrial protein synthesis in both fibres whereas SIT
does not provide a sufficient stimulus to alter protein synthesis. The MICT results agree
with another proteomic study, which revealed larger changes in mitochondrial ribosomal
proteins in whole muscle following HIIT (265). This increase in ribosomal proteins also
supports the role for greater translational capacity in response to longer training duration.
Robinson et. al (265) also hypothesised that translational level regulation is a predominant
factor of mitochondrial biogenesis in humans in response to exercise training, which was

further substantiated with an increase in ribosomal protein content.
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Figure 4. 17— Mitochondrial Ribosomes —Profile plots illustrate the z-score intensity average for all
known mitochondrial proteins (grey) with mitochondrial ribosome proteins annotated in pink (V z-score -
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black), pre and post training for both MICT (Moderate Intensity Continuous Training) and SIT (Sprint
Interval Training) in both type I and II fibres.

4.5.4 Other Common Functional Pathways

Three prominent pathways that are known to contribute to the function and generation of
energy within the mitochondria are fatty acid (FA) oxidation, mitochondrial dynamics,
and the TCA cycle. The content of proteins that are known markers residing within each
of these pathways were analysed in both the type I and II fibres and are presented as
quantitative proteomic protein plots demonstrating the change between average
abundance of these mitochondrial proteins pre and post training for each fibre type
(Figure 4.18). The global changes are summarised in Table 4.3, whereby the change in
mean z-score pre to post training is reflected by an overall increase or decrease of the

protein abundance and subsequently discussed for each functional pathway.

Table 4. 3— Summary in Changes of Functional Pathways in the Mitochondrial
Fraction of Single Muscle Fibre Samples*

V Z- -score V Summary V Z- -score V Summary
TCA 0.624 0 -0.026 o
Type I
Fatty Acid Oxidation 0.7761 T 0.034 < ype
Mitochondrial 0.3399 1 -0.132 !
Dynamics
V Z- -score V Summary V Z- score V Summary
TCA -0.027 s 0.0076 o
- - Type 11
Fatty Acid Oxidation 0.1011 ! 0.0138 < ype
Mitochondrial 0.053 1 -0.153 !
Dynamics
* Increase - 1( z > 0.05)

No Change - & (-0.05>2z<0.05)
Decrease - | (<0.05)
V z-Score — Change in mean z-score
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Figure 4. 18— Common Functional Pathways — Profile plots illustrate the z-score intensity average for
all known mitochondrial proteins (grey), Fatty Acid Oxidation (black profiles, V Z-score - yellow),
Mitochondrial Dynamics (light blue profiles) and the Tricarboxylic Acid (TCA) Cycle (brown profiles), (V
z-score black) pre and post training for both MICT (Moderate Intensity Continuous Training) and SIT
(Sprint Interval Training) in both type I and 11 fibres.
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4.5.4.1 Fatty Acid Oxidation

Mitochondrial fatty acid (FA) oxidation is sometimes an under-appreciated pathway that
is crucial for mitochondrial function (224). Despite considerable progress during recent
years, our understanding of how FA oxidation is controlled during exercise remains
incomplete. In general, FA are known to be transported across the mitochondrial
membranes and to enter the FA beta-oxidation pathway, which produces acetyl-CoA and
reducing equivalents (e.g., NADH). The long-chain nature of fatty acids results in the
generation of large amounts of aerobic ATP. At moderate exercise intensities of ~50—
70% VO max, both fat and carbohydrate contribute substrate from stores inside and

outside the muscle (115, 192).

Responses of all annotated proteins associated with FA oxidation to training and fibre
type against all mitochondrial proteins are presented in Figure 4.18. Results show a clear
fibre type variation of protein responses to training type. On average, there was an
increased gradient trend in type I fibres for MICT (V z-score= 0.776), whereas these
proteins do not appear to change with SIT ( V z-score= 0.034). In type II fibres, proteins
also appear to be regulated by MICT, with a decrease in gradient ( V z-score =-0.1011).
On the other hand, FA proteins in type II fibres showed no considerable change pre and

post training following SIT (V z-score = -0.034).

One of the key FA mitochondrial proteins that was identified in the dataset was carnitine
palmitoyltransferase-1 (CPT1p), which has previously been reported to be differentially
expressed in different fibre types (169). It has also been identified as an important enzyme
that controls mitochondrial uptake of FA and functions as the rate-determining step in 3-
oxidation. Our results provide evidence that the expression of mitochondrial proteins
important for FA oxidation depend on fibre type and are enhanced by endurance training.
Moreover, we show that mitochondria play distinct metabolic roles in both fibre type-
specific and exercise-induced regulation of FA oxidation. These findings support the
emerging view that skeletal muscle are inherently unique in different muscle fibre types

and display distinct adaptations in response to energy stress (169).

As morphologically dynamic organelles, mitochondria change shape through fusion and

fission-related mechanisms that depend on the available energy supply as well as the
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levels of stress. Thus, mitochondrial dynamics play an important role in mitochondrial
adaptation to cellular metabolic demands (302). The responses of proteins known to be
associated with mitochondrial dynamics against all mitochondrial proteins was also
investigated and is shown in Figure 4.18. Results show a clear difference for changes in
protein abundance in response to MICT, where gradients for both type I and type II fibres
increased (V z-score= > 0.05). In contrast, gradients for both fibre types decreased in

mitochondrial dynamic proteins following SIT (V z-score= < 0.05).

Given that the magnitude of change was greater in fibre types following MICT, this
suggests that this type of training provides a more potent stimulus to increase these
mitochondrial dynamics related proteins. This is consistent with the only other study that
has compared MICT and SIT previously (103). At the single-fibre level, an upregulation
of mitochondrial dynamics proteins mitofusion 2 (MFN2) and mitochondrial dynamics
protein 49 (MiD49) in aged human skeletal muscle was reported following HIIT - with
an increased abundance of MFN2 specific to type Il muscle fibres (336). This somewhat
agrees with our findings following MICT, although we see this increase in both fibre
types. This discrepancy may be related to different training and population types, or may
indicate that a single protein is not truly reflective of overall changes in proteins
associated with mitochondrial dynamics. A single-fibre study in aged humans found a
strong decline in the expression of proteins involved in mitochondrial fusions, such as
MFN2 and dynamin-like protein OPA1 (218). Again, our results suggests continuous
aerobic training has the opposite effect and increases the expression of these proteins in

both fibre types.

4.5.4.3 Tricarboxylic Acid (TCA) Cycle

The TCA cycle is a tightly regulated pathway that constitutes an epicentre in cell
metabolism, as multiple substrates can feed into it. In terms of the metabolic pathways,
the TCA cycle in the mitochondria is involved in producing reducing equivalents and
accepts acetyl-CoA mainly from fatty acid, pyruvate, or amino acid oxidation. During
aerobic exercise, increasing mitochondrial calcium concentrations activate the isocitrate
and a-ketoglutarate dehydrogenase enzymes in the TCA cycle and a third enzyme, citrate
synthase, controls TCA-cycle flux (115). In addition, the regulation of the TCA cycle and
its constant feedback with OXPHOS is critical to keep the cells in a stable state (198).
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Responses of all annotated proteins associated with the TCA cycle against all
mitochondrial proteins are also presented in Figure 4.18. Results show a clear fibre-type
difference for the protein response to different types of training. On average we see a
positive gradient trend in type I fibres for MICT (V z-score= 0.624), whereas there was
little change following SIT (V z-score= -0.026). Conversely, in type II fibres, there was
no distinct change in gradient as a consequence of either MICT or SIT ( V z-score= -

0.027 & 0.0076 respectively).

Our observations of increased basal TCA cycle proteins following training in single fibres
was consistent with prior studies on muscle of endurance-trained individuals, which have
reported increases in mitochondrial number and oxidative enzyme content in trained
muscle, accompanied by an enhanced capacity for respiration and fatty-acid oxidation
(18). The only research on single fibres in aged humans also quantified the expression of
all the enzymes of the TCA cycle, with the majority of these enzymes slightly decreased
or unchanged in aged fibres regardless of fibre type (218).

4.5.4.4 Glycolysis

As previously mentioned, type I and type II fibres differ in the relative role of glycolysis
and oxidative phosphorylation. Type II fibres rely more upon glycolytic processes to
generate ATP at a rapid rate. The differential response in glycolysis from fibre types
prompted us to analyse how these glycolytic proteins respond to training. Responses of
all annotated proteins associated with glycolysis are presented in Figure 4.19 and
summarised in Table 4.4. As expected, the expression of these proteins was higher in type
IT than in type I fibres. On average we see a negative gradient trend in type I fibres for
MICT (Vz-score = -0.492) and a marked difference in the response to SIT with higher
Vz-scores (Vz-score= 0.0119). Conversely, in type II fibres, there is no distinct change
in gradient as a consequence of SIT (Vz= -0.024) and a slight decrease is observed
following MICT (Vz= -0.153). Though changes are relatively small in type II fibres for
glycolytic proteins, it should be noted that the baseline of z-score intensities are higher
overall relative to type I (average Vz-score= -0.089 for type II compared to Vz-score= -

0.323 for type I fibres for both training types).
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Figure 4. 19 -Glycolysis —Profile plots illustrate the z-score intensity average for known mitochondrial
proteins (grey) with glycolysis proteins annotated in aqua (V z-score black) pre and post training for both
MICT (Moderate Intensity Continuous Training) and SIT (Sprint Interval Training) in both type I and II
fibres.

Table 4. 4 - Summary of Changes of Glycolytic Proteins of Single Muscle Fibre

Samples*
V Mean Z-Score V Summary V Mean Z-Score V Summary
Type I -0.492 l 0.019 e
Type II -0.153 l -0.024 e
* Increase - 1( z > 0.05)

No Change - & (-0.05>2z<0.05)
Decrease - | (<0.05)
V z-Score — Change in mean z-score

The expression of glycolytic proteins has previously been explored in single-muscle
fibres, with the expression of the majority of glycolytic enzymes reported to be greater in
older type I fibres compared to younger type I fibres. In contrast, the same proteins
showed a clear decrease in older type II fibres (218). Type II fibres, however, have been
extensively reviewed and reported to have the highest glycolytic activity (178, 283), and
a greater content of glycolytic enzymes such as glycerophosphate dehydrogenase (GPD)
(263, 269). GPD was a protein that was notably identified as being differentially
expressed in type II fibres compared to type I fibres (c.f. Figure 4.7 & 4.8). Furthermore,

type Il fibres having higher z-score intensities overall for all the glycolytic proteins
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annotated in both training modalities compared to the type I counterparts (Figure 4.19).
The observations in this research show slight to no change overall for these protein in
type II fibres in response to either training. A study investigating glycolytic enzyme
activity following SIT found no significant change in glycolytic enzyme
phosphofructokinase following training except under hypoxic conditions (256), which
agrees with the minimal overall change observed in single fibres following SIT in the
present study. Another study by Jacobs et al. (149) found an increase in the percentage of

type II fibres and PFK enzyme activity following SIT (149).

4.6 Conclusions

The current study utilised two very different exercise training prescriptions, whereby the
MICT group’s training volume was~ 5 fold higher than the SIT group and the intensity
was ~ 5 fold higher in SIT versus MICT. This study may further contribute to the ongoing
discussion on whether volume or intensity is a more important determinant for improving
mitochondrial adaptations to training and delve further into how these adaptations are
regulated amongst different fibre types. Overall, greater upregulation of mitochondrial
proteins was observed following MICT; this upregulation was predominantly seen in type
I fibres. Type II fibres displayed a higher presence of glycolytic proteins. Mitochondrial
proteins that were differentially expressed following MICT were more related to fatty
acid oxidation, whereas SIT saw differential expression of mitochondrial proteins
associated with the TCA cycle. Changes in mitochondrial proteins associated with key
functional pathways, including OXPHOS, the TCA cycle, FA oxidation, and
mitochondrial dynamics were dominated with observed increase in responses following
MICT that were observed mostly in type I fibres. The response to SIT was variable but
on average the abundance of proteins related to these pathways was found to decrease
following training in both type I and type II fibres. This research has also demonstrated
the value of utilising a proteomic approach to explore fibre-specific changes to exercise
training in thousands of proteins. The results show that multiple proteins within the same
functional pathways change in the same direction. However, some proteins appear to
respond differently in the same functional pathways. Utilising a single protein as
representative of the changes in a given functional class may not always provide results

that are representative of the actual changes occurring.
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Chapter 5

Conclusions and Future Directions

The overall goal of this thesis was to develop a proteomic workflow capable of identifying
mitochondrial proteins at the resolution of single muscle fibres in healthy humans. This
workflow was then used to investigate the effects of both training intensity and volume
on mitochondrial proteins in different fibre types, and to ultimately provide new insights
into training-induced mitochondrial adaptations at a fibre-specific level. The aim of the
first part of the study (described in Chapter 3) was to develop a robust proteomic
workflow that could handle a high-detergent matrix, allowing for fibre typing by
immunoblotting, in addition to further isotopic labelling for identification of lowly
abundant proteins in different fibre types. The purpose of the second part of the study
(described in Chapter 4) was to apply the developed proteomic method to examine fibre-
specific differences pre and post training between two training types: moderate-intensity-
continuous training (MICT) and sprint interval training (SIT) and examining differences

between fibre types.
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5.1

Summary of Key Findings

Chapter 3:

A new proteomic methodology was developed that allowed dot blotting for fibre
typing and the subsequent analysis of pooled single skeletal muscle fibres via
mass spectrometry (MS) in a high-detergent matrix.

Fibre typing by MS was based on the relative abundance of myosin heavy chain
(MYH) isoforms, which was determined by dividing the intensity-based absolute
quantification of the respective isoform (MYH1, MYH2, MYH4, MYH7) by the
sum of the intensities of all four MYH isoforms. Fibre typing according to
proteomic data was consistent (p>0.05) with the dot blotting results in all
experiments.

This methodology can be applied to the analysis of training adaptations in the
mitochondrial proteome. More than 35% of mitochondrial proteins were detected
in pooled single-fibre samples.

The key optimisation findings included a reproducible method that utilised
suspension trapping (S-Trap) protein extraction for sample processing in
combination with styrenedivinylbenzene- reverse phase sulfonate (SDB-RPS)
peptide clean-up in 6 single muscle fibre segments.

A labelling efficiency of >90% was achieved with tandem mass tag (TMT)
labelling when combining 1 h of digestion with a combination of trypsin and
LysC.

This enabled identification of over 1000 proteins in a pooled sample of 6 single
muscle fibre segments

The incorporation of TMT labelling allowed for increased identification of lowly
abundant proteins using TMTpro-16 plex. This permitted a three-tiered
comparison of mitochondrial protein content from different fibre types to be
applied to a post vs. pre exercise training study design comparing two different
exercise training types from a total of 24 human participants.

This research also highlights that optimal extraction and processing of protein
material is crucial to ensure the highest sensitivity for the downstream detection

of proteins.
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Chapter 4:

o Utilising the optimised proteomic workflow described in Chapter 3 enabled a total
of 3141 proteins to be identified within all samples, with 66% of these proteins
being identified in over 70% of the total samples

e The proteomic workflow identified 536 known mitochondrial proteins across all
96 samples. This represented greater than 45% of the known mitochondrial
proteins.

e C(lear separation of fibre types was observed, illustrating that there are distinct
differences in the mitochondrial proteome of type I and type II fibres. Type I fibres
showed a higher presence of mitochondrial proteins notably associated with fatty
acid oxidation. Type II fibres displayed a higher presence of glycolytic proteins.

e Mitochondrial proteins that were differentially expressed following MICT were
more related to fatty acid oxidation, whereas SIT was associated with the
differential expression of mitochondrial proteins associated with the tricarboxylic
acid (TCA) cycle.

e Mitochondrial proteins associated with key functional pathways, including
oxidative phosphorylation (OXPHOS), the TCA cycle, fatty acid oxidation, and
mitochondrial dynamics, were observed to increase following MICT - especially
in type I fibres. SIT displayed a more variable response, but on average the
abundance of proteins related to these pathways were found to decrease following
training in both type I and type II fibres.

o This research has also demonstrated the value of utilising a proteomic approach
to explore fibre-specific changes following exercise training in thousands of
proteins in a single experiment. The results show that multiple proteins within
functional pathways often change in the same direction; however, some proteins

behave differently in key regulatory processes (i.e., OXPHOS).
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5.2 Conclusions & Future Directions

Proteomics applied to exercise training still remains in its infancy. Only a few studies
have investigated training-induced changes (74, 107, 129, 134), and until this research
there was limited research on changes in mitochondrial proteins at a fibre-specific level
(194, 218, 335). The emergence of proteomics has introduced new opportunities to
explore the complexity of biological networks underlying the tissue-specific responses
(125). It is anticipated that mitochondrial proteomics applied to exercise and training will
be a fast-moving area in the coming years. An ‘omics’ approach has the potential to
replace the targeted based approaches, such as immunoblotting, that have laid the
foundation for our understanding of functional changes that regulate exercise adaptations
in humans. This research hopes to be at the forefront of providing an improved
understanding of how mitochondrial proteins function together in pathways and
complexes within single skeletal muscle fibres in response to training. Hence, it is
possible for hundreds of currently uncharacterised protein responses to training to be

linked to functional changes with the utilisation of proteomic technology.

Previous research has highlighted that exercise training typically upregulates pathways
involving OXPHOS and the TCA cycle (235). This was further observed in this research
with a deeper delve into differences in training intensity and fibre types. Many studies
observing training-induced changes have been conducted in whole muscle, which has a
combination of type I and type II fibres. This research highlights that single fibres display
a distinct difference in their proteome characterisation. Following training, increases in
the abundance of mitochondrial proteins are predominantly observed in type I fibres.
From a functional pathway perspective, there was an increase in mitochondrial proteins
related to fatty acid oxidation in type I fibres following MICT. There were also further
changes in numerous subunits of OXPHOS. While it was observed that multiple proteins
within functional pathways often trend in the same direction, some proteins behave
differently to assemble key regulatory processes within complexes of the respiratory

chain.

Given the large difference in each group’s training volume and intensity, it was expected
that a more divergent response would be observed as a consequence of training. However,
most of the changes in differential expression were observed at a fibre-specific level when

comparing fibre types as opposed to comparing training. Given skeletal muscle is
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dominated by sarcomeric proteins, it was reasonable to investigate the mitochondrial
fraction to observe further mitochondrial changes that seemed to respond more to training
volume. This study may further contribute to the ongoing discussion on whether volume
or intensity is a more important determinant for improving mitochondrial adaptations to
training, and how these adaptations are regulated amongst different fibre types. Despite
the limited upregulation following SIT, the increased presence of glycolytic proteins in
type II fibres and the observed changes in many fatty acid proteins indicates that future
research employing other omic approaches in single-fibre cells (e.g., metabolomics and
lipidomics) may be warranted to better understand training-induced changes at a fibre-
specific level. Given the size principles states that skeletal muscle fibre recruitment is
related to exercise intensity, with the extensive proteome data obtained it would be
worthwhile investigating changes in contractile proteins with respect to training types to

further corroborate the size principle.

53 Significance and Practical Applications

This research has helped develop a method that can be applied to investigate fibre-specific
changes as a consequence of exercise training. The application of this method to
investigate changes following different fibre types of training may help to optimise
training-induced adaptations. Lastly, given the many roles of mitochondria and links to
some human diseases (51, 248, 328), a better understanding of how mitochondrial
proteins adapt to different interventions may provide insights for improving both health

and human performance.
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Appendix 1 — Participant Characteristics and Fibre Types
PRE POST

GROUP Woeak W/kg kg VO2max Wopeak W/kg kg VO2max
1CB SIT 320 4.27 75 64.21 352 4.76 74 61.85
EIN MICT 320 4.00 80 53.88 368 4.78 77 58.78
41A SIT 284 3.49 81.4 45.00 294.5 3.57 82.4 43.38
5AF MICT 197 3.03 65 48.21 235 3.65 64.3 51.39
6UP MICT 3125 4.71 66.4 58.43 330 4.95 66.6 67.63
7SL MICT 297 4.38 67.75 55.44 306 4.65 65.8 55.26
8PF SIT 330 4.95 66.7 52.69 371 5.38 69 58.17
10EC SIT 363 5.24 69.3 63.27 365.5 5.18 70.6 67.68
11cp SIT 333 3.53 94.3 54.38 365 4.05 90.1 56.54
13EP MICT 371 4.25 87.3 53.83 385 4.43 87 53.98
15RR SIT 369 4.85 76.1 54.07 366 4.69 78 49.11
16JB MICT 338 5.20 65 63.60 371 5.70 65.1 61.12
17AA SIT 270 4.05 66.7 46.85 300 4.55 66 47.24
18RI SIT 319 3.84 83.1 48.76 310 3.88 80 47.22
19BC MICT 285 3.03 94.2 36.93 330 3.51 94.1 40.27
20JW SIT 270 3.40 79.5 45.93 300 3.66 81.94 54.42
21LC MICT 320 4.24 75.5 53.82 356 4.73 75.34 54.82
22T) MICT 270 3.91 69 49.93 285 4.10 69.48 46.61
23IE SIT 484 5.69 85 56.39 495 5.84 84.7 59.12
24SC SIT 198 3.60 55 42.57 213 3.76 56.58 44.41
25AC SIT 300 3.96 75.8 46.09 330 4.32 76.38 47.80
26JE MICT 330 4.10 80.5 47.38 363 4.51 80.5 48.20
271D MICT 270 4.21 64.2 50.57 309 4.80 64.4 52.21

28NS MICT 415 4.45 93.3
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Appendix 2 - Normalisation

a.) Raw MS data b. ComBat/TMM data

0.14

0.15
1

0.12
]

Density
0.06 0.08 0.10
1 ] 1
Density
0.10
I

0.04
1
0.05
1

0.02
1

0.00
1

Intensity Intensity

Normalisation - Distribution density plots visualising the expression values for the batches both a.) raw data before normalisation and b.) after sample loading (SL),
ComBat and trimmed mean of M values (TMM) normalisation have been completed.
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Appendix 3 — Training Type Variation
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Multidimensional scaling (MDS) plot showing variation among samples based on training type (M — MICT,
S- SIT), for pre and post training. Each point represents a participant sample, and the distance between the
points correlates to the dissimilarity between the samples. The plot highlights the training types and
illustrates no distinct clusters between MICT & SIT.
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Appendix 4 — Differentially Expressed Proteins based on LIMMA analysis
Differentially Expressed Proteins Annotated in MICT POST — Type I compared to

Type II Fibres

*Known and predicted mitochondrial proteins are highlighted in red
Description SYMBOL logFC AveExpr P.Value adj.P.Val
troponin T1, slow skeletal type TNNT1 1.957307 23.18153  2.73E-10 5.91E-08
myozenin 2 MYOZ2 1.924706 20.97949  3.76E-06 1.97E-04
myosin heavy chain 7 MYH7 1.868053 27.78824  1.67E-10 4.99E-08
myosin light chain 3 MYL3 1.803415 25.33432  1.27E-08 1.28E-06
myosin light chain 2 MYL2 1.758478 25.67884  1.97E-10 4.99E-08
ATPase ATP2A2 1.693755 22.32439  7.15E-09 7.74E-07

sarcoplasmic/endoplasmic
reticulum Ca2+ transporting 2

PDZ and LIM domain 1 PDLIMI 1.65833 19.805  3.78E-08 3.19E-06
dihydropyrimidinase like 3 DPYSL3 1.325757 19.35748  2.65E-09 3.97E-07
lactate dehydrogenase B LDHB 1.137575 20.96691  1.56E-04 4.31E-03
argininosuccinate synthase 1 ASS1 1.103258 17.13309  8.46E-04 1.71E-02
calsequestrin 2 CASQ2 1.049838 21.3872  4.21E-05 1.48E-03
transglutaminase 2 TGM2 0.968655 16.67703  2.28E-04 5.87E-03
cytochrome b5 reductase 1 CYBS5R1 0.963864 21.19349  2.14E-06 1.25E-04
glutamic--pyruvic GPT2 0.96177 14.25543  4.49E-05 1.55E-03
transaminase 2

acyl-CoA synthetase short- ACSS1 0.956827 16.46071  4.21E-05 1.48E-03
chain family member 1

isopentenyl-diphosphate delta IDI2 0.922736 18.41265  2.84E-03 4.44E-02
isomerase 2

tropomyosin 3 TPM3 0.77359 26.46363  2.54E-03 4.13E-02
monoamine oxidase B MAOB 0.736942 19.1476  9.39E-05 2.90E-03
electron transfer flavoprotein ETFB 0.734874 20.99639  1.96E-04 5.30E-03
beta subunit

cytochrome b5 reductase 1 CYBS5R3 0.690853 17.79281  2.60E-04 6.47E-03
ankyrin repeat domain 2 ANKRD2 0.675159 21.79186  2.45E-03 4.08E-02
thymopoietin TMPO 0.622707 14.8017  2.04E-03 3.60E-02
aldehyde dehydrogenase 7 ALDH7AI 0.611049 18.17868  3.11E-03 4.76E-02
family member Al

hydroxyacyl-CoA HADHA 0.581203 23.53946  2.97E-05 1.16E-03

dehydrogenase/3-ketoacyl-
CoA thiolase/enoyl-CoA

hydratase

myotilin MYOT 0.57911 22.69717  2.07E-04 5.49E-03
crystallin alpha B CRYAB 0.546024 23.09548  4.58E-04 1.01E-02
Dnal heat shock protein family DNAJA4 0.540162 17.69229  1.52E-04 4.31E-03
myomesin 3 MYOM3 0.539528 22.16595  7.32E-04 1.50E-02
kelch like family member 40 KLHL40 0.536497 18.40065  2.78E-03 4.40E-02
EH domain containing 2 EHD2 0.528316 18.72471  2.21E-03 3.74E-02
carnitine O-acetyltransferase CRAT 0.510211 21.37039  8.82E-05 2.85E-03
thiosulfate sulfurtransferase TST 0.50706 18.78854  1.16E-03 2.17E-02
enoyl-CoA hydratase 1 ECHI 0.496938 20.60774  3.25E-03 4.93E-02
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hydroxyacyl-CoA
dehydrogenase/3-ketoacyl-
CoA thiolase/enoyl-CoA
hydratase

enoyl-CoA delta isomerase 2

aldehyde dehydrogenase 1
family member Al

voltage  dependent  anion
channel 1

tyrosine 3-
monooxygenase/tryptophan 5-
monooxygenase activation
protein zeta

Parkinsonism associated
deglycase

replication protein A3
creatine kinase, M-type
calcium binding protein 39

nucleosome assembly protein 1
like 4
triosephosphate isomerase 1

amylo-alpha-1, 6-glucosidase,
4-alpha-glucanotransferase
protein phosphatase 1
regulatory subunit 3A
abhydrolase domain containing
14B

karyopherin subunit beta 1

eukaryotic translation
elongation factor 1 beta 2
phosphorylase, glycogen,
muscle

phosphoglucomutase 1

calcium voltage-gated channel
auxiliary subunit beta 1
quinoid dihydropteridine
reductase

bisphosphoglycerate mutase

aldehyde dehydrogenase 1
family member L1
WD repeat domain 44

unc-45 myosin chaperone B

glucose-6-phosphate
isomerase

LDL receptor related protein
associated protein 1

pyruvate kinase, muscle

chloride intracellular channel 5

protein phosphatase 3
regulatory subunit B, alpha
syntrophin beta 1

carboxymethylenebutenolidase
homolog
calsequestrin 1

glutaredoxin

cordon-bleu =~ WH2  repeat
protein
calpain 1

HADHB

ECI2
ALDHI1A1

VDACI1

YWHAZ

PARK?7

RPA3
CKM
CAB39
NAP1L4

TPI1
AGL

PPP1R3A
ABHDI14B

KPNBI1
EEF1B2

PYGM

PGM1
CACNBI1

QDPR

BPGM
ALDHILI1

WDR44
UNC45B
GPI

LRPAP1

PKM
CLIC5
PPP3R1

SNTB1
CMBL

CASQI
GLRX
COBL

CAPNI1

0.484324

0.4837
0.431194

0.40215

0.348561

-0.2941

-0.32242
-0.32248
-0.39727
-0.43774

-0.44452
-0.4525

-0.45268
-0.46947

-0.47082
-0.47465

-0.48151

-0.50641
-0.52531

-0.54496

-0.54818
-0.55509

-0.55894
-0.55998
-0.56186

-0.56668

-0.56706
-0.57425
-0.57961

-0.58958
-0.59946

-0.61754
-0.61982
-0.62592

-0.65384
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22.73727

20.33485
20.63843

22.59442

19.22855

22.39147

14.70287

26.9748
18.32842
19.01536

25.06695
23.03362

20.18666

18.20301

17.81223
21.07172

24.66872

23.18993
19.0859

20.10354

16.75452
19.51926

15.0234
20.34457
23.22389

16.90396

24.57778
17.60242
18.75103

18.57457
21.01549

23.22241
16.87863
16.95584

17.63091

1.22E-03

1.03E-03
3.04E-04

2.47E-03

1.21E-04

1.94E-03

3.07E-03
3.36E-04
3.43E-04
8.49E-06

2.56E-04
1.02E-03

2.14E-03

4.06E-04

5.44E-04
3.60E-04

2.73E-03

5.29E-06
6.42E-05

1.17E-04

6.22E-04
3.95E-05

4.73E-04
9.41E-04
2.22E-03

1.56E-04

4.25E-04
5.26E-04
1.48E-05

9.33E-04
1.49E-04

5.91E-06
1.64E-03
2.16E-04

1.16E-03

2.25E-02

1.97E-02
7.44E-03

4.08E-02

3.59E-03

3.46E-02

4.75E-02
8.07E-03
8.13E-03
4.02E-04

6.47E-03
1.97E-02

3.73E-02

9.19E-03

1.15E-02
8.41E-03

4.36E-02

2.67E-04
2.12E-03

3.55E-03

1.29E-02
1.46E-03

1.02E-02
1.85E-02
3.74E-02

4.31E-03

9.48E-03
1.12E-02
6.39E-04

1.85E-02
4.31E-03

2.89E-04
2.95E-02
5.65E-03

2.17E-02



calcium voltage-gated channel
subunit alphal S
phosphoglycerate mutase 2

protein phosphatase 3 catalytic
subunit alpha

aldolase, fructose-
bisphosphate A

leucine rich repeat containing
20

protein phosphatase 3 catalytic
subunit beta

myozenin 3

phosphorylase kinase
regulatory subunit alpha 1
phosphorylase kinase

regulatory subunit beta
glyceraldehyde-3-phosphate
dehydrogenase
glycerol-3-phosphate
dehydrogenase 1
phosphorylase kinase catalytic
subunit gamma 1
phosphofructokinase, muscle

enolase 3
fructose-bisphosphatase 2
phosphoglycerate kinase 1

nicotinamide nucleotide
adenylyltransferase 1
CD38 molecule

lactate dehydrogenase A

ATPase
sarcoplasmic/endoplasmic
reticulum Ca2+ transporting 1
adenylate kinase 1

glycerol-3-phosphate
dehydrogenase 2

inositol polyphosphate-1-
phosphatase

PDZ and LIM domain 7

myosin light chain 1

myosin heavy chain 2
tropomyosin 1

actinin alpha 3

troponin T3, fast skeletal type

myosin light chain,
phosphorylatable, fast skeletal
muscle

troponin C2, fast skeletal type

troponin 12, fast skeletal type

CACNAI1S -0.6564
PGAM2 -0.67082
PPP3CA -0.71534
ALDOA -0.71992
LRRC20 -0.72349
PPP3CB -0.73023
MYOZ3 -0.73578
PHKAL1 -0.77279
PHKB -0.78076
GAPDH -0.78917
GPD1 -0.82743
PHKG1 -0.83917
PFKM -0.87614
ENO3 -0.93079
FBP2 -0.95082
PGK1 -0.95297
NMNATI1 -1.00679
CD38 -1.02909
LDHA -1.03565
ATP2A1 -1.06432
AK1 -1.08148
GPD2 -1.13718
INPP1 -1.13995
PDLIM7 -1.25464
MYL1 -1.38316
MYH2 -1.42716
TPM1 -1.5956
ACTN3 -1.77867
TNNT3 -1.96642
MYLPF -2.14491
TNNC2 -2.2117
TNNI2 -2.23687
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16.43761

25.12976
17.05611

25.80808

18.53058

16.80377

19.54415
18.86648

19.26296

26.629

22.51647

18.3265

23.30436
25.86054
21.79191
24.80978
14.91277

15.29989
23.37492
24.334

23.4138
17.58765

15.89397

18.583
26.46139
28.55243
24.99201

23.1772
24.33804
26.16793

24.14638
24.16901

1.03E-05

2.38E-07
9.15E-05

2.35E-06

2.56E-03

4.94E-07

2.17E-03
3.85E-04

3.09E-05

2.10E-08

1.53E-08

1.62E-03

1.02E-06
2.52E-09
1.71E-06
1.38E-09
6.26E-07

2.51E-05
1.17E-05
1.56E-06

5.57E-09
4.81E-07

2.34E-06

2.93E-05
1.56E-11
2.88E-09
4.90E-05
2.56E-05
1.22E-11
3.14E-15

6.59E-09
1.42E-10

4.73E-04

1.90E-05
2.89E-03

1.27E-04

4.13E-02

3.56E-05

3.74E-02
8.83E-03

1.17E-03

1.87E-06

1.45E-06

2.95E-02

6.70E-05
3.97E-07
1.04E-04
2.62E-07
4.32E-05

1.05E-03
5.22E-04
9.84E-05

7.04E-07
3.56E-05

1.27E-04

1.16E-03
7.88E-09
3.97E-07
1.65E-03
1.05E-03
7.88E-09
4.75E-12

7.69E-07
4.99E-08



Differentially Expressed Proteins Annotated in SIT POST — Type I compared to

Type II Fibres
Description SYMBOL logFC AveExpr P.Value adj.P.Val
myosin light chain 3 MYL3 1.565172 25.33432  4.42E-08 1.34E-05
myosin heavy chain 7 MYH7 1.458916 27.78824 1.70E-08 6.46E-06
PDZ and LIM domain 1 PDLIMI 1.433388 19.805 1.37E-07 2.94E-05
troponin T1, slow skeletal TNNT1 1.378368 23.18153 3.45E-07 4.75E-05
type
myozenin 2 MYOZ2 1.350951 20.97949  2.57E-04 9.52E-03
myosin light chain 2 MYL2 1.242558 25.67884  2.53E-07 3.83E-05
isopentenyl-diphosphate IDI2 1.180007 18.41265 4.04E-05 2.55E-03
delta isomerase 2
ATPase ATP2A2 1.175394 22.32439  4.57E-06 4.00E-04
sarcoplasmic/endoplasmic
reticulum Ca2+
transporting 2
dihydropyrimidinase like DPYSL3 1.038539 19.35748 1.52E-07 2.94E-05
3
lactate dehydrogenase B LDHB 0.982815 20.96691 3.09E-04 1.07E-02
cytochrome b5 reductase CYBS5R1 0.891613 21.19349 1.48E-06 1.73E-04
1
calsequestrin 2 CASQ2 0.804871 21.3872  4.65E-04 1.47E-02
ankyrin repeat domain 2 ANKRD2 0.747395 21.79186 2.65E-04 9.57E-03
branched chain keto acid BCKDHB 0.724525 12.79514 8.63E-04 2.30E-02
dehydrogenase E1 subunit
beta
myomesin 3 MYOM3 0.694651 22.16595 3.38E-06 3.34E-04
monoamine oxidase B MAOB 0.634335 19.1476 2.03E-04 8.33E-03
aldehyde dehydrogenase 7 ALDH7AL1 0.596441 18.17868 1.55E-03 3.63E-02
family member Al
carbonic anhydrase 3 CA3 0.58397 24.78727 2.37E-04 9.21E-03
thiosulfate TST 0.548568 18.78854 1.32E-04 6.08E-03
sulfurtransferase
coenzyme Q8A COQBA 0.531339 20.4575 6.92E-04 1.94E-02
enoyl-CoA hydratase 1 ECHI 0.5252 20.60774  6.87E-04 1.94E-02
glycerol-3-phosphate GPDIL 0.523316 20.20083 4.83E-05 2.78E-03
dehydrogenase 1-like
isocitrate dehydrogenase 2 IDH2 0.513877 23.27245 7.59E-04 2.09E-02
malate dehydrogenase 1 MDHI1 0.502002 23.3668 4.82E-05 2.78E-03
hydroxyacyl-CoA HADHA 0.50137 23.53946  6.85E-05 3.58E-03
dehydrogenase/3-

ketoacyl-CoA

thiolase/enoyl-CoA

hydratase

succinate-CoA ligase SUCLG2 0.489348 20.79708 1.23E-03 3.05E-02
GDP-forming beta subunit

enoyl-CoA delta ECI2 0.47687 20.33485 3.95E-04 1.30E-02
isomerase 2

hydroxyacyl-CoA HADHB 0.468113 22.73727 6.09E-04 1.85E-02
dehydrogenase/3-

ketoacyl-CoA

thiolase/enoyl-CoA

hydratase
sulfite oxidase SUOX 0.46482 16.50016  2.02E-03 4.37E-02
myotilin MYOT 0.453433 22.69717 1.25E-03 3.05E-02
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aldehyde dehydrogenase 5
family member Al
voltage dependent anion
channel 1

serpin family B member 6

aldehyde dehydrogenase 1
family member Al

mercaptopyruvate
sulfurtransferase
dihydrolipoamide
dehydrogenase
bridging integrator 1

calcium binding protein
39

phosphoglycerate mutase
2

protein  phosphatase 3
catalytic subunit beta
glycerol-3-phosphate
dehydrogenase 1

pyruvate kinase, muscle

glyceraldehyde-3-
phosphate dehydrogenase
glucose-6-phosphate
isomerase

protein  phosphatase 3
regulatory  subunit B,
alpha

calsequestrin 1

cordon-bleu WH2 repeat
protein
fructose-bisphosphatase 2

aldolase, fructose-
bisphosphate A
C-terminal binding
protein 1

aldehyde dehydrogenase 1
family member L1

unc-45 myosin chaperone
B

phosphorylase kinase
regulatory subunit alpha 1
phosphofructokinase,
muscle
glycerol-3-phosphate
dehydrogenase 2

enolase 3

eukaryotic translation
initiation factor 4E
ATPase
sarcoplasmic/endoplasmic
reticulum Ca2+
transporting 1
phosphoglycerate kinase 1

adenylate kinase 1

PDZ and LIM domain 7

lactate dehydrogenase A
myosin light chain 2

ALDHS5A1
VDACI1

SERPINB6
ALDHIALI

ALDH2
MPST

DLD

BIN1
CAB39

PGAM2
PPP3CB
GPD1

PKM
GAPDH

GPI

PPP3R1

CASQI
COBL

FBP2
ALDOA

CTBP1
ALDHILI1
UNC45B
PHKAI
PFKM
GPD2

ENO3
EIF4E

ATP2A1

PGK1
AK1
PDLIM7
NIBAN1
LDHA
MYL1

0.44682
0.412629

0.396894
0.391702

0.354017
0.342728

0.325192

-0.29381
-0.35026

-0.36746
-0.39623
-0.48083

-0.48624
-0.50485

-0.50718

-0.51658

-0.51939
-0.52291

-0.53917
-0.54508

-0.56043
-0.56406
-0.59028
-0.59825
-0.62638
-0.64555

-0.65071
-0.67984

-0.68616

-0.73004
-0.74259
-0.82962
-0.88572
-0.95981
-1.04476
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20.90843

22.59442

19.52305
20.63843

20.35776
18.46571

21.45767

22.28597
18.32842

25.12976

16.80377

22.51647

24.57778
26.629

23.22389

18.75103

23.22241
16.95584

21.79191
25.80808

15.54993

19.51926

20.34457

18.86648

23.30436

17.58765

25.86054
16.51946

24.334

24.80978
23.4138
18.583
17.64205
23.37492
26.46139

2.34E-04

6.89E-04

1.51E-03
3.06E-04

1.88E-03
1.38E-03

2.52E-04

2.06E-03
5.01E-04

1.11E-03

1.70E-03

1.41E-04

8.47E-04
3.88E-05

2.37E-03

2.08E-05

2.40E-05
6.26E-04

1.93E-03
6.22E-05

1.04E-04

5.47E-06

1.46E-04

2.27E-03

8.16E-05

1.04E-03

1.92E-06
4.95E-05

4.41E-04

1.55E-07
4.75E-06
1.88E-03
1.56E-04
8.17E-06
6.46E-09

9.21E-03

1.94E-02

3.58E-02
1.07E-02

4.20E-02
3.31E-02

9.52E-03

4.40E-02
1.55E-02

2.80E-02

3.90E-02

6.26E-03

2.29E-02
2.55E-03

4.92E-02

1.50E-03

1.65E-03
1.86E-02

4.23E-02
3.37E-03

5.09E-03

4.36E-04

6.31E-03

4.78E-02

4.12E-03

2.67E-02

2.08E-04
2.78E-03

1.42E-02

2.94E-05
4.00E-04
4.20E-02
6.58E-03
6.19E-04
3.31E-06



myosin heavy chain 1

S100 calcium binding
protein A13
tropomyosin 1

troponin 12, fast skeletal

type
actinin alpha 3

troponin T3, fast skeletal
type

myosin  light  chain,
phosphorylatable, fast
skeletal muscle

troponin C2, fast skeletal

type

MYH2
S100A13

TPM1
TNNI2

ACTN3
TNNT3

MYLPF

TNNC2

-1.07614
-1.15649

-1.15951
-1.38703

-1.47031
-1.47464

-1.64495

-1.76253
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28.55243
18.90777

24.99201
24.16901

23.1772
24.33804

26.16793

24.14638

4.02E-07
3.40E-04

9.70E-04
3.53E-06

1.13E-04
6.56E-09

3.78E-12

2.12E-07

5.08E-05
1.15E-02

2.54E-02
3.34E-04

5.38E-03
3.31E-06

5.73E-09

3.57E-05



Differentially Expressed Proteins Annotated in SIT PRE- Type I compared to Type

II Fibres

Gene Description
myosin light chain 3
mysosin heavy chain 7
myosin light chain 2

ATPase
sarcoplasmic/endoplasmic
reticulum Ca2+
transporting 2

PDZ and LIM domain 1

isopentenyl-diphosphate
delta isomerase 2
troponin T1, slow skeletal
type

myozenin 2

lactate dehydrogenase B
dihydropyrimidinase like 3

aldo-keto reductase family
1 member C2
cytochrome b5 reductase 1

calsequestrin 2
perilipin 5

aldehyde dehydrogenase 7
family member Al
glutamic--pyruvic
transaminase 2
NADH:ubiquinone
oxidoreductase subunit B3
fatty acid binding protein 3

carbonic anhydrase 3

cell division cycle 42
myomesin 3

cytochrome b5 reductase 3

RAB21, member RAS
oncogene family
acyl-CoA dehydrogenase,
C-2 to C-3 short chain
voltage dependent anion
channel 1

proteasome 26S subunit,
non-ATPase 3
mercaptopyruvate
sulfurtransferase
oxoglutarate
dehydrogenase
mitochondrial ribosomal
protein S22

enoyl-CoA delta isomerase
2

hydroxyacyl-CoA
dehydrogenase/3-ketoacyl-
CoA thiolase/enoyl-CoA
hydratase
hydroxyacyl-CoA
dehydrogenase/3-ketoacyl-
CoA thiolase/enoyl-CoA
hydratase

SYMBOL
MYL3
MYH7
MYL2

ATP2A2

PDLIM1
IDI2

TNNT1

MYOZ2
LDHB
DPYSL3
AKRI1C2

CYB5RI
CASQ2
PLINS
ALDH7AL1

GPT2
NDUFB3

FABP3
CA3
CDC42
MYOM3
CYB5R3
RAB21

ACADS
VDACI1
PSMD3
MPST
OGDH
MRPS22
ECI2

HADHA

HADHB

logFC
1.973454
1.818958
1.806439
1.761198

1.698239
1.439044

1.431791

1.326558
1.308777
1.267036
1.132362

0.968462
0.929426
0.918884
0.862369

0.685101
0.675446

0.643684
0.569494
0.563013
0.536168
0.533064
0.528657

0.524439

0.52413
0.520437
0.483612

0.47506
0.463594
0.456854

0.45127

0.448915
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AveExpr
7.548347
7.73312
8.117467
7.318743

6.785573
5.271312

5.724213

3.740826
5.002675
6.957789
3.337241

5.607109
4.199702
3.845186
4.723761

3.365764
3.291739

3.115874
3.738563
3.371494
3.828048
3.231527

3.38366

3.397717
4.470331
3.205008
4.664294
3.174708
3.386597
3.530482

3.762134

3.410662

P.Value
3.44E-11
1.44E-11
2.33E-12
1.01E-10

1.19E-09
9.21E-07

1.35E-07

3.22E-04
2.78E-06
5.38E-10
1.23E-03

2.23E-07
6.27E-05
2.24E-04
8.48E-06

1.12E-03

1.42E-03

2.46E-03
3.25E-04
1.10E-03
2.38E-04
1.72E-03
1.06E-03

1.01E-03

2.27E-05

1.87E-03

1.07E-05

2.05E-03

1.05E-03

6.56E-04

2.99E-04

9.72E-04

adj.P.Val
15.18498
16.01988
17.76701
14.15319

11.78771
5.43212

7.261297

-0.08199
4.383769
12.54649
-1.31761

6.781458
1.444541
0.254295

3.32782

-1.2338
-1.45016

-1.94898
-0.08921

-1.2169
0.198616
-1.62337
-1.18093

-1.13926

2.39974
-1.69887
3.107267
-1.78452
-1.17224
-0.73917

-0.01387

-1.10076



acyl-CoA dehydrogenase,
short/branched chain
Dnal heat shock protein
family

voltage dependent anion
channel 2

tyrosine 3-
monooxygenase/tryptophan
S5-monooxygenase
activation protein zeta
dihydrolipoamide
dehydrogenase

LIM and cysteine rich
domains 1

prolyl endopeptidase

phosphoglucomutase 1
phosphoglycerate mutase 2
pyruvate kinase, muscle

protein phosphatase 3
catalytic subunit beta
calsequestrin 1

protein phosphatase 3
catalytic subunit alpha
protein phosphatase 3
regulatory subunit B, alpha
bisphosphoglycerate
mutase

phosphorylase, glycogen,
muscle

coiled-coil domain
containing 124
phosphoglycerate kinase 1

nicotinamide nucleotide
adenylyltransferase 1
aldolase, fructose-
bisphosphate A

FK506 binding protein 1A

glycerol-3-phosphate
dehydrogenase 1
phosphorylase kinase
regulatory subunit beta
fructose-bisphosphatase 2

unc-45 myosin chaperone
B
enolase 3

glyceraldehyde-3-
phosphate dehydrogenase
dynein light chain LC8-
type 2
phosphofructokinase,
muscle
glycerol-3-phosphate
dehydrogenase 2
phosphorylase kinase
regulatory subunit alpha 1
adenylate kinase 1

dimethylarginine
dimethylaminohydrolase 1

ACADSB
DNAJA4

ALDH2
VDAC2

YWHAZ

DLD
LMCD1

PREP
PGM1
PGAM2
PKM
PPP3CB

CASQI
PPP3CA

PPP3R1
BPGM
PYGM

PAK1
CCDC124

PGK1
NMNATI1

ALDOA

FKBP1A
GPDI1

PHKB

FBP2
UNC45B

ENO3
GAPDH

DYNLL2
PFKM
GPD2
PHKA1

AK1
DDAHI1

0.448454
0.423049

0.412766
0.393893

0.375677

0.357114
0.354511

-0.36333
-0.38331
-0.41288
-0.46074
-0.46316

-0.46885
-0.49306

-0.50066
-0.50359
-0.51757

-0.51803
-0.52357

-0.52808
-0.55171

-0.55199

-0.58087
-0.59596

-0.61112

-0.61315
-0.63455

-0.63755
-0.6537

-0.66645
-0.67073
-0.68176
-0.73998

-0.84236
-0.85285
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3.721143

3.411623

3.738146
3.215777

4771634

4.190062

3.217464

-3.93186
-4.03732
-3.79084
-3.27521
-3.78652

-4.02651
-3.11005

-4.3593

-3.58861

-3.64841

-3.32733
-4.47526

-4.12124
-3.23729

-4.25941

-3.80438
-4.935

-3.78363

-3.63748
-4.26942

-4.99488
-5.61055

-4.37434

-4.42471

-3.58331

-3.89098

-5.52977
-3.39414

3.45E-04

9.69E-04

3.25E-04
1.81E-03

7.02E-06

6.50E-05

1.80E-03

1.65E-04
1.13E-04
2.71E-04
1.50E-03
2.75E-04

1.18E-04
2.51E-03

3.46E-05

5.40E-04

4.42E-04

1.27E-03
2.23E-05

8.36E-05
1.69E-03

5.03E-05

2.59E-04
3.65E-06

2.78E-04

4.58E-04
4.84E-05

2.87E-06
2.20E-07

3.27E-05

2.70E-05

5.50E-04

1.91E-04

3.11E-07
1.03E-03

-0.14467

-1.0979

-0.09054
-1.66827

3.506574

1.411235

-1.66347

0.538565
0.890409

0.07833
-1.49797
0.064439

0.854055
-1.96514

2.003202

-0.56037

-0.37419

-1.34659
2.41749

1.174965
-1.60689

1.651944

0.122004
4.124385

0.055135

-0.40837
1.686906

4.353793
6.795483

2.056543

2.236041

-0.57679

0.403938

6.467081
-1.14988



lactate dehydrogenase A
myosin light chain 1
myosin heavy chain 2
PDZ and LIM domain 1

mitochondrial ribosomal
protein S22

troponin T3, fast skeletal
type

myosin light chain,
phosphorylatable, fast
skeletal muscle

troponin C2, fast skeletal
type

troponin 12, fast skeletal

type

LDHA
MYL1
MYH2
PDLIM7
TPM1

TNNT3

MYLPF

TNNC2

TNNI2

-0.87674
-0.94439

-0.9984
-1.00944
-1.13489

-1.31923

-1.50852

-1.72969

-1.73359
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-4.32809
-5.80261
-5.07892
-3.90178

-3.3422

-5.73992

-7.35819

-5.52009

-6.18512

3.89E-05
9.61E-08
2.04E-06
1.84E-04
1.21E-03

1.26E-07

8.38E-11

3.24E-07

1.79E-08

1.892872
7.585037
4.678304
0.439411
-1.30308

7.325989

14.32994

6.427903

9.191007



Differentially Expressed Proteins Annotated in MICT PRE- Type I compared to
Type II Fibres

Description SYMBOL logFC AveExpr P.Value adj.P.Val
myozenin 2 MYOZ2 1.766319 20.97949 1.11E-05 0.008431
troponin T1, slow skeletal TNNT1 1.116418 23.18153 6.97E-05 0.015095
type

myosin heavy chain 7 MYH7 1.073336 27.78824  4.94E-05 0.014967
myosin light chain 3 MYL3 1.049057 25.33432  3.13E-04 0.028009
myosin light chain 2 MYL2 1.035877 25.67884  3.58E-05 0.014456
ATPase ATP2A2 0.904193 22.32439  6.99E-04 0.048655
sarcoplasmic/endoplasmic

reticulum Ca2+

transporting 2

cytochrome b5 reductase CYBS5RI1 0.8009 21.19349 3.81E-05 0.014456
1

dihydropyrimidinase like DPYSL3 0.785421 19.35748 1.16E-04 0.020628
3

kelch like family member ~ KLHLA40 0.636395 18.40065 3.07E-04 0.028009
40

dihydrolipoamide DBT 0.594052 17.34607 1.31E-04 0.020628
branched chain

transacylase E2

Dnal heat shock protein ~ DNAJA4 0.489219 17.69229  3.88E-04 0.03174
family

phosphoglucomutase 1 PGM1 -0.40502 23.18993 1.36E-04 0.020628
protein  phosphatase 3 PPP3R1 -0.43407 18.75103 6.53E-04 0.048655
regulatory  subunit B,

alpha

aldolase, fructose- ALDOA -0.48465 25.80808  7.38E-04 0.048655
bisphosphate A

aldehyde dehydrogenase 1 ALDHILI -0.48882 19.51926 1.73E-04 0.021846
family member L1

glyceraldehyde-3- GAPDH -0.52399 26.629  6.20E-05 0.015095
phosphate dehydrogenase

pyruvate kinase, muscle PKM -0.5905 24.57778 1.71E-04 0.021846
myosin light chain 1 MYLI1 -0.6408 26.46139  3.98E-04 0.03174
basigin BSG -0.78623 17.65773 2.79E-06 0.004234
myosin  light  chain, MYLPF -0.83318 26.16793 2.65E-04 0.028009

phosphorylatable, fast
skeletal muscle

troponin T3, fast skeletal TNNT3 -0.86238 24.33804 7.11E-04 0.048655
type
nucleobindin 1 NUCBI -1.02526 15.80127 3.14E-04 0.028009
troponin C2, fast skeletal TNNC2 -1.27084 24.14638 2.72E-04 0.028009
type
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Appendix 5 — GO analysis of Differentially Expressed Proteins in MICT

The differentially expressed proteins induced by MICT depicted as a treemap of enriched biological
processes. The most enriched biological processes (based on statistical likelihood) are shown as larger
components within the map and grouped according to common cellular functions. Gene ontology
determined using DAVID (137) treemap constructed using REViGO (306).
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Appendix 6

Summary in Changes of OXPHOS Complex Proteins in the Mitochondrial Fraction

of Single Fibre Samiles*

V z-Score
CI 0.348
CIl 0.601
CIII 0.254
CIV 0.257
cv 0.392
Mitochondrial 0.434
Ribosomes

V z-Score
CI -0.012
CIl 0.087
CIII -0.019
CIV -0.066
cv -0.145
Mitochondrial 0.141
Ribosomes

* Increase - 1( z > 0.05)

No Change - < (-0.05>2z<0.05)

Decrease - | (<0.05)

V z-Score — Change in mean z-score

V Summary
T

T
)
)
T
)

V Summary
=

'
=
!
!
T
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V z-Score
-0.261
-0.076
-0.119
-0.478
-0.006
-0.123

V z-Score
-0.165
-0.091
-0.309
-0.469
-0.065
-0.175

V Summary
!

!
!
!
=
!
V Summary

l

!
!
!
!
!

Type I

Type I1





