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Abstract

Remarkable feats of breath-hold endurance are observed in diving mammals, with
some species routinely diving for an hour. During most mammalian dives metabolism
remains aerobic in nature, which is accomplished by restricting the blood flow to parts of the
body through peripheral vaso-constriction and bradycardia. This mechanism preserves
essential oxygen (O;) for heart and brain function, but also means some parts of the body,
including locomotory muscles, become isolated and have to rely on O; stored within the
tissues. Due to the isolation of skeletal muscles, mammalian divers must be able to buffer
large quantities of H" ions due to the production of CO, during aerobic metabolism and
acidic end products of anaerobic metabolism once muscle O; stores have been consumed. The
protein responsible for storing molecular O, is myoglobin (Mb), a small 17 kDa monomeric
globular haemoprotein with the primary function of reversible O, binding and facilitated
diffusion of O, to the mitochondria. A hallmark of mammalian divers is increased Mb
concentrations ([Mb]), with divers exhibiting concentrations up to thirty times those seen in
non-diving species. Previous research has found that proteins at high concentrations are prone
to form aggregations leading to non-functioning protein. This raises the question of Mb
solubility at such high concentrations as observed in mammalian divers.

The central hypothesis of this thesis is that mammalian myoglobin has undergone
previously unrecognised, parallel and adaptive evolution in several lineages of mammalian
divers that has profoundly increased their maximal physiological diving capacity.

To test the hypothesis, Mb amino acid sequences of 124 mammals, including 24
newly determined sequences, are analysed for the content and individual buffering properties
of their ionisable amino acids. This is used to calculate the specific Mb buffer value (Bub) for
each species, which is experimentally verified by acid-base titration of purified Mb. Together
with known [Mb], the contribution of Mb to whole muscle buffer capacity (Bmusciems) is then
quantified. Amino acid sequences are assessed for substitutions that increase modelled net
Mb charge in mammalian divers compared to terrestrial species and predictions are
confirmed by measuring electrophoretic mobility of purified Mb. Observed changes in Mb
buffer properties and net surface charge are mapped on a composite mammalian phylogeny to
test whether they are significantly linked to the evolution of diving behaviour. Observed
molecular changes in Mb amino acid sequence are integrated with diving capacity, producing
a model that allows prediction of maximal dive duration from Mb amino acid sequence and
body mass. Using ancestral Mb sequence reconstructions and body mass estimates, the model
is applied to infer the evolution of maximal diving capacity in the cetacean lineage.

Results suggest a general trend towards increasing Bmp due to increased Mb histidine
content in mammalian divers. Bmusciems is significantly higher in divers compared to terrestrial
species, and can account for up to 45%, of the increase in whole muscle buffering observed in
diving mammals. This study shows a remarkable trend in all diving species to significantly
increase the net charge of the Mb protein, which would convey increased Mb solubility. This
is supported by a significant correlation between Mb net charge and maximal [Mb].
Evolutionary analysis shows that high Mb net charge is significantly linked to the occurrence
of diving. Contrary to previous findings, the model developed here finds that increases in -
[Mb] convey greater increases in dive duration than similar increases in body mass.

This study provides novel insights int6 how cumulative substitutions on the molecular
surface of Mb can have profound adaptive effects on the physiological properties conveyed to
the whole animal. It suggests that adaptation to diving in multiple lineages of mammals
involved not only evolution of increased expression levels of Mb, but also substantial
qualitative changes to the protein to avoid aggregation and increase solubility and buffering,.
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Chapter 1 - Introduction

This study aims to look at the molecular evolution and structure-function relationships
of myoglobin in diving mammals. For the purpose of this study diving is defined as a bout of
breath-hold underwater submergence that relies upon oxygen (O;) taken on at the surface. A
dive begins as soon as an animal’s head ié submerged and terminates as soon as the animal
returns to the surface to take another breath. A mammalian diver is a species that regularly
undergoes breath-hold diving for all or part of its life’s needs, no matter whether the purpose
of the dive is for foraging, reduction of metabolic costs of locomotion or predator evasion
(Berta et al., 2006)."

Mammalian divers can be either fully aquatic or semi aquatic. Only two groups of
mammalian divers, the cetaceans and sirenians, are fully aquatic, spending all of their lives in
water, even to give birth. The sea otter although being able to move on land is also capable of
giving birth in water and spending all of their lives in water (VanBlaricom, 2001). All other
mammalian divers are semi-aquatic, spending some proportion of their lives on land, to rest,
moult or to breed and give birth. In the species observed in this study diving behaviour has
independently evolved nine times (Fig 4.1 shown below, see Chapter 4 for in depth methods
and discussion). Each time diving behaviour has evolved, the problems associated with
diving for air breathing mammals have been overcome through a series of physiological
adaptations. The degrée of adaptation tends to reflect the amount of time spent in water, with

the fully aquatic cetaceans showing the biggest number of adaptations (Berta et al., 2006).
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Physical adaptations to diving include alterations to the skin to prevent rapid heat loss,
through increases in blubber and/or counter-current heat exchange systems (Tarasoff, 1974;
Caldwell & Caldwell, 1985). Adaptations to the limbs aid movement through a more viscous
medium, from the simple webbing of feet to more extreme development of fins and tail
structures that aid swimming (Berta et al.,v 2006). Changes to the sensory organs aid
navigation and foraging underwater, with possibly the most extreme example being the
development of sonar in some cetacean species (Sivak, 1980; Pilleri & Wanderler, 1964;
Pardue et al., 1993). One of the most fascinating aspects of mammalian physiology is how
divers control metabolism and energetics during a dive. Early studies on diving in mammals
believed metabolism during submergence to be anaerobic in nature (see Owen & Hochachka,
1974) as mammalian divers are unable to utilise the available O, in water. It is now well
established that during most dives conducted by mammals and birds, metabolism remains
aerobic in nature (Kooyman et al., 1981; Ponganis et al., 1997).

The aerobic nature of a dive is achieved through physiological adaptations that reduce
O, consumption throughout a dive and that collectively are termed the dive response
(Scholander, 1940). A major component of the dive response is bradycardia, which is a
reduction in heart rate that frequently occurs during the beginning of a dive. The Baikal seal,
Phoca sibirica, reduces its heart rate from between 120-160 beats per minute (bpm)
immediately before a dive, to less than 50 bpm during the dive (Ponganis et al., 1997) and
several other seal species will reduce their heart rate to 10 bpm (Odden et al., 1999; Thornton
& Hochachka, 2004). A reduction in heart rate is often coupled with peripheral
vasoconstriction, a mechanism which reduces the bfood flowing to the extremities, non-
essential organs and skeletal muscles during a dive (Kooyman & Ponganis, 1989). This
contradicts terrestrial mammalian physiology, where heart rate and metabolism increase in

response to exercise (Borg et al., 1985). One of the earliest encounters of peripheral



vasoconstriction, although it was not known at the time, is found in the first description of the
now extinct Steller’s sea cow (Hydrodamalis gigas) in which it is noted that blood spurting
from a back wound ‘like a fountain’ stopped as the animal submerged its head and blood
erupted once again when the head came out of the water (Steller, 1751). The dive response
can be enhanced by behavioural changes to further reduce the consumption of O,, including
modification of swimming to incorporate less energetically costly styles of locomotion such

as gliding and sinking (Williams et al., 2000).

Table 1.1 Average maximum dive duration and depth data for, carnivoran, cetacean and rodent
divers (highlighted in blue boxes). Maximum myoglobin (Mb) content is given for divers and close
terrestrial relatives for comparison. See appendix Table A2 for more detailed information on diving
characteristics.

z Body mass Dive Dive Max Mb content
SRS (kg)  duration(s) Ref gepth(m) Ref (g100g'wwt) Ref
Grey Seal 217 1265 1 235 1 5.4 7
Harp seal i 1200 2 261.4 1 9.7 8
Elephant seal 655 2518 1 1034.6 1 7.9 9
California sea lion 111 462 1 224 .1 1 4.9 10
Australian sea lion 125 360 1 84 1 247, 11
Dog 0.6 12
Cat 0.3 13
Bowhead 79400 3300 1 208 1 35 14
Northern bottlenose whale 4750 3299 1 1152.5 1 6.3 15
Cuvier's beaked whale 2112 5220 1 1888 5 4.3 14
Bridled dolphin 80 242 1 104.3 1 2.5 12
Bottlenose Dolphin 200 480 1 213 6 2.7 14
Pig 0.5 16
Cow 0.6 17
Muskrat 1 120 3 1 1.4 18
Eurasian Beaver 18 900 4 1 1.3 19
House Mouse 0.6 20
Norway Rat 0.6 20

1 Halsey et al., 2006 8 Lestyk et al., 2009 15 Scholander, 1940

2 Irving & Orr, 1935 9 Hassrick et al., 2010 16 Lawrie, 1950

3 Dyck & Romberg, 2007 10 Weise & Costa, 2007 17 Lawrie, 1953

4 MacArthur, 1992 11 Fowler et al., 2007 v 18 MacArthur et al., 2001

5 Tyack et al., 2006 12 Castellini & Somero, 1981 19 McKean & Carlton, 1977
6 Hastie et al., 2006 13 Schuder et al., 1979 20 O'Brien et al., 1992

7 Reed et al., 1994 14 Noren & Williams, 2000



Mammalian divers vary in their diving abilities, which can be judged by dive duration
and dive depth. The diving prowess of a species can reflect the amount of time spent in water,
with the most proficient divers being the cetaceans and pinnipeds. However there is variation
in diving ability within all groups of divers. Within pinnipeds phocid seals are generally able
to dive deeper and longer than otariid seals (Table 1.1) and the most proficient divers of all
are the phocid elephant seals and the cetacean beaked whales (Table 1.1). The duration of a
dive depends upon the amount of O, within the body and the rate at which is consumed
(Scholander 1940; Butler & Jones, 1997). There are three main reservoirs of Oz within the
body: O; stored in the lung, bound to haemoglobin (Hb) in the blood and bound to myoglobin
(Mb) in skeletal and cardiac muscle tissue (discussed further in Chapter 5 of this thesis).
| High Mb content ([Mb]) is seen as one of the key adaptations in diving mammals (Dolar et
al., 1999) with divers exhibiting [Mb] up to thirty times that of close terrestrial relatives
(Castellini et al., 1981; Noren and Williams, 2000) (Table 1.1).

Mb is a small 17 kDa monomeric globular haemoprotein. It was one of the first
proteins to have its three dimensional structure determined in the ground-breaking work of
Kendrew et al. (1958), that identified the crystal structure of sperm whale, Physeter catodon,
Mb. The amino acid sequence for sperm whale Mb was later established by Edmundson
(1965). Each mammalian Mb protein consists of 153 amino acids and one haem complex in -
the centre of the molecule that contains a single iron atom, which serve's to reversibly bind
one O, molecule (Kendrew, 1962) (Fig 1.1). Mb has been used as a model protein for
understanding the general structure and functional properﬁes of proteins and as a result many
Mb amino acid sequences exist for a variety of species with over ninety protein sequence

entries for mammals alone in the National Centre for Biotechnology Information database.



Figure 1.1 Three-dimensional structure of sperm whale oxymyoglobin. Image was created using PDB
file 1MBO (Phillips, 1980) and The PyMOL Molecular Graphics System (Schrodinger, 2010). Helix
backbone structure is shown in blue with the haem oxygen complex shown in red and cyan

respectively. Green sticks represent histidine (His) residues, highlighting that His can occur internally,
interacting with the haem pocket and externally on the surface of the protein.

Mb is a member of the globin family of proteins which are present in a large number
of prokaryotes, plants and animals. Globin-like sequences are reported in archaeal, eukaryotic
and bacterial genomes and are all believed to have evolved from one common ancestor
(Vinogradov et al., 2007). The secondary structure of globins consists of 8 helices notated A-
H. However, in mammalian globins the F helix is often divided into two segments giving 9
helices. This general trend of 8 or 9 helices has been conserved throughout globin evolution
(Lesk & Chothia, 1980), which reflects the similarity in the roles that globins generally have
in binding or sensing of oxygen. The earliest ancestral globin is alleged to have been used to
buffer excess O, that would have been toxic to early anaerobic bacteria and/or sense localised
increases in O3 in a predominantly anoxic environment (Vinogradov et al., 2007). Another

role believed to have been exhibited by the ancestral globin is preventing the toxicity of nitric
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oxide (NO) that would have been produced in localised O, rich environments (Poole &
Hughes, 2000).

Comparison of globin crystal structures shows that the same above noted helices can
vary in length between different members of the globin family, for example the E helix in
plant leghaemoglobin is longer than in sperm whale Mb (Lesk & Chothia, 1980). The
connecting loops and bends between helices can also vary in length and orientation between
globin species, as long as the helix-helix contacts are maintained (Lesk, 2001). This
conservation of structure is necessary to maintain stability and functioning of the protein.
Thus any amino acid residue mutations tend to be neutral, to maintain function, or they have
to be accommodated by movement of side chaing (Lesk, 2001). Hence extensive sequence
changes can only be incorporated one by one, throughout the evolution of the protein. For
this reason globins tend to be highly conserved. Thus the following five globin proteins,
which are all primarily involved in O; handling, are approximately 35% identical: sperm
whale and horse, Equus caballus, Hb alpha and beta chains, and sperm whale Mb (Lesk,
2001). In contrast, complete Mb sequences from 118 mammalian species in this study have a
range of identity of 72-100%, between species. This shows that the structure and therefore
presumably the functional properties of Mb are highly conserved between different animals,
something that is not shared with other proteins. For example Mb’s larger, tetrameric ‘cousin’
Hb is a protein that shows structural complexity and functional variability that is famously
adapted to different animals’ needs (Rossi-Fanelli et al., 1960; Perutz, 1983; Berenbrink et
al., 2005; Weber & Campbell, 2011).

The primary function of Mb is the storage of O, in skeletal and cardiac muscle tissue
of vertebrates where it can be released in response to increased O requirements during bursts
of exercise or breath-hold diving . Another major function is the facilitated diffusion of O,

from the sarcolemma to the mitochondria within oxidative muscle cells, (Wittenberg &



Wittenberg, 2003). The exact mechanisms of the facilitated diffusion of O, have yet to be
established but it is known that molecular O, will be bound and released by many Mb
molecules before the mitochondria are reached (Gros et al., 2010).

Mb has a high O, affinity, allowing it to remove a large proportion of oxygen from the
blood. The partial pressure where 50% of the protein is saturated with O, (Pso) under
physiological conditions in muscle and blood is 0.43 mmHg for horse Mb (Wittenberg &
Wittenberg, 2007) and 0.73 mmHg for human Mb (Rossi-Fanelli et al., 1960) compared to
the Psp of human Hb of 26.6 mmHg (Dejours, 1981). This may account for blood flow to the
muscles being restricted during dives, ensuring that the vital organs, such as the heart and
brain, receive a constant supply of oxygen (Davis et al., 2004). Under the same experimental
conditions the Pso of Mb is very similar between species with a Psp of 0.9 mmHg and 0.73
mmHg reported for tuna and human Mb respectively (Rossi-Fanelli et al., 1960). It has also
been noted that Mb O affinity is not affected by pH, and that both mammalian Mb and tuna
Mb show complete absence of the Bohr effect between pH 7 and 8 (Rossi-Fanelli et al.,
1960).

In recent years Mb has been the subject of numerous investigations, due to the
exciting discovery of novel functions of the Mb protein. Previously believed to exist only in
cardiac and oxidative skeletal muscle tissues, Mb has recently been found to be expressed in
non-muscle tissues, including liver, kidney, gill and brain of carp, Cyprinus carpio, and
zebrafish, Danio rerio, (Cossins et al., 2009), suggesting that Mb has additional roles that are
not yet completely understood. One of the most astonishing findings has been the creation of
a Mb knockout mouse that is able to perform normally under hypoxia and exercise (Garry et
al., 1998). The knockout mouse shows increase in capillary concentration both within cardiac
(Godecke et al., 1999) and skeletal muscle tissue (Grange et al., 2001; Meeson et al., 2001),

but also shows an increase in the expression of hypoxia induced genes which may serve to



regulate the physical alterations observed in order to maintain O, delivery (Grange et al.,
2001).

A novel function concerning the binding of NO has been the focus of recent studies
due to medical implications. The properties of NO mean it can be both advantageous and
harmful. NO can act as a vaso-dilator but can also interfere with the functioning of
mitochondrial respiration by inhibiting cytochrome ¢ oxidase (Brunori, 2001). As Mb is able
to bind NO it has been shown to play a role in scavenging NO in a normoxic environment
(Brunori, 2001; Hendgen-Cotta et al., 2010). On the other hand, in hypoxic environments
deoxygenated Mb has been shown to produce NO from nitrite (Hendgen-Cotta et al., 2010),
aiding in the preservation of mitochondrial function, This is supported by observations that
hypoxia induced cardiac injury in Mb knockout mice can be alleviated by NO synthases
(Mammen et al., 2003). NO binding has also been shown to aid in hypoxia tolerance in
goldfish, Carassius auratus, by increasing myocardial efficiency and maintaining
mitochondrial function in extreme hypoxia (Pedersen et al., 2010).

Mb has been extensively studied for fifty years and been used as a model to discover
functional aspects of other proteins. Some studieg have looked at mutating amino acid
residues within the Mb protein of a few species and attempted to discover functional
properties of amino acid changes based on these mutations (DiMarchi et al., 1978a; Quillin et
al., 1993; Scott et al., 2000). Mb amino acid sequences are known for many species and
authors usually compare a new Mb amino acid sequence to the first Mb to be sequenced, that
of the sperm whale, or to other closely related species (Bradshaw & Gurd, 1969; Dwulet et
al., 1975; Wang et al., 1977; DiMarchi et a]., 1978b). It seems strange that no study has
systematically looked at the naturally occurring differences of Mb between species and
attempted to explain the functional differences conveyed by amino acid substitutions to

whole organism physiology in what is a highly conserved protein. This is the more so as



recent evidence has shown that Mb is more than just an O, store in cardiac and skeletal
muscle tissue as, previously believed.

This thesis aims to explore specific amino acid substitutions in the Mb sequence of
the widest possible range of mammalian species in an attempt to explain any functional
properties that those substitutions may convey towards increased diving ability. It will then
look at how and when these substitutions may have originated throughout the evolution of
multiple lineages of diving mammals

Tissue proton buffers are generally divided into bicarbonate and non-bicarbonate
buffers. The magnitude of the former depends on the tissue bicarbonate concentration, which
is similar in all mammals (Fernandez et al., 1989). Diving mammals have been shown to have
increased whole muscle non-bicarbonate buffering (Busciens) compared to terrestrial species
(Castellini & Somero, 1981). Although most dives remain aerobic in nature (Kooyman et al.,
1981) all mammalian divers regularly exceed their diving lactate threshold (DLT), defined as
an increase in post dive lactate concentration above pre-dive levels, and when this happens
muscle tissues have to rely on anaerobic metabolism for locomotion (see Chapter 5 for
discussion). Dives that exceed DLT tend to be predator evading or foraging dives and have
been observed in Weddell seals, Leptonychotes weddellii, and beaked whales, Ziphius spp.
and Mesoplodon spp, that perform very long, deep foraging dives followed by shorter,
shallower non-foraging dives, believed to be necessary to repay the oxygen debt built up
during the previous deep dive (Castellini et al., 1992; Tyack et al., 2006). This capacity for
anaerobic exercise allows diving mammals to remain submerged for the maximum durations
observed (Ponganis et al., 1990). During these times of anaerobic metabolism, acidic end
products need to be buffered in order for the muscle to continue functioning properly. Proton
buffering by non-bicarbonate buffers is primarily achieved through free histidine (His), His in

proteins and His related dipeptides (Abe, 2000). Most protein side chains are either
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hydrophobic or hydrophilic meaning they occupy internal or external positions within the
tertiary structure of a protein (Lesk, 2001). His in Mb is a rare, polar, exception that has
internal residues in contact with the haem group, as well as external residues (Kendrew,
1962). It has been shown that maximum Mb concentrations correlate with Bmusciens (Castellini
& Somero, 1981). Although not completely responsible for elevated Bmusciens in divers, Mb
may play an important role in buffering acidic end products of anaerobic dives. This would
be shown by increases in His residues in the Mb protein of mammalian divers compared to
terrestrial species.

As previously mentioned, increased Mb concentrations are an important adaptation in
diving mammals for the provision of O, during a dive. However some studies have shown
that at high concentrations proteins will cause aggregations (Rumen & Appella, 1962; Fink,
1998). In the most severe cases this can cause the protein to become non-functional and
protein aggregations are linked to a number of human medical conditions including;
Alzheimer’s disease (Joachim and Selkoe, 1992), Huntingdon’s disease (Scherzinger et al.,
1997) and Parkinson’s disease (Lansbury, 1999). The elevated concentrations of Mb in
mammalian divers may be high enough to cause issyes with aggregation, unless alterations
are made to the protein to increase solubility. The structure, solubility, stability and
functioning of a protein depends on the net charge of that protein and on the ionization state
of the individual residues within the amino acid sequence. A protein is least soluble at its iso-
electric point (pf), where the overall net charge of the protein is zero (Pace et al., 2009).
Research has shown that the addition of strongly positively charged residues by mutating the
primary sequence of ribonuclease Sa, an enzyme inQolved in RNA degradation, the solubility
of the protein can be dramatically increased (Shaw et al., 2001). Therefore alterations in the
primary sequence that increase the overall net charge of the Mb protein and any less stable

precursors, may provide an advantage to mammalian divers as it may facilitate high Mb
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expression rates without the negative consequences of increased aggregation and loss of

function.

The central hypothesis of this thesis is that mammalian Mb protein has undergone
previously unrecognised, parallel and adaptive evolution in several lineages of mammalian

divers that has profoundly increased their maximal physiological diving capacity.

To test the hypothesis, a number of interrelated approaches are taken. Firstly, the Mb
amino acid sequences of 124 mammals, including from 9 diving lineages and 24 here newly
determined sequences, are analysed for the content and individual buffering properties of
their ionisable amino acids (Chapter 2). This information is used to calculate the total
specific Mb buffer value for every species, which is then experimentally verified by acid-base
titration of purified Mb protein from selected mammalian divers and their close terrestrial
relatives. Together with known Mb muscle contents, this allows to quantify the contribution
of Mb to the increased whole muscle buffer capacity described in mammalian divers
(Chapter 2).

Second, amino acid sequences are assessed for substitutions that increase the
modelled overall net charge of Mb in mammalian divers compared to terrestrial species.
These predictions are experimentally confirmed by determining the electrophoretic mobility
of purified Mb from selected diving and terrestrial mammals (Chapter 3).

Third, the observed changes in Mb buffer properties and net surface charge are
mapped on a composite mammalian phylogeny to test whether they are significantly linked to
the evolution of diving behaviour (Chapter 4),

Fourth, the observed molecular changes in Mb amino acid sequence are integrated

with whole animal diving capacity. A model is developed that allows prediction of maximal
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dive duration in living mammals, from water shrew to sperm whale, based on their body mass
and Mb amino acid sequence alone. Using ancestral Mb sequence reconstructions and body
mass estimates, the model is finally applied to infer the evolution of maximal diving capacity
in the cetacean lineage (Chapter 5)

Support and weaknesses of the hypothesis are generally discussed in a concluding

final chapter (Chapter 6).
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Chapter 2 — Myoglobin (Mb) specific buffer capacity and the contribution of Mb to
whole muscle non-bicarbonate buffering capacity
Introduction

Metabolism during most mammalian dives has been shown to be aerobic in nature
(Kooyman et al., 1980) and in order to achieve this; mammalian divers have evolved many
specialised adaptations. One of these is localised vaso-constriction upon initiation of a dive
(Kooyman & Ponganis, 1998). This enables blood oxygen (O3) to be reserved for essential
organs. However, as a result the skeletal muscle beds become isolated and have to rely on
their own O stores in order to maintain aerobic respiration. This is achieved through elevated
muscle myoglobin (Mb) content which is seen as a hallmark of mammalian divers. Mb
content can increase over 15-fold in locomotory muscles of divers compared to those of their
close terrestrial relatives (Castellini et al., 1981). The sperm whale, Physeter catodon,
locomotory muscle (longissimus dorsi) has a Mb content of 7.0 g 100 g wet weight (Sharp
& Marsh, 1953) whereas the pig, Sus scrofa, locomotory muscle (psoas) has a Mb content of
0.43 g 100 g'l wet weight (Lawrie, 1952). Assuming a typical mammalian muscle water
content of 75% (Sharp & Marsh, 1953) then Mb would constitute almost 30% of muscle dry
matter in the sperm whale.

There is increasing support suggesting that O, reservoirs (lung, blood and muscle) in
diving mammals are consumed separately during a dive and that a dive is terminated when
one or more stores are exhausted. Models of calculating aerobic dive limits (CADL) have
indicated that cADL is reached as muscle O, stores become fully desaturated, yet at this point
arterial and venous blood may still contain 45 and 23% O, respectively (Davis & Kanatous,
1999). This has been most clearly shown recently in Emperor penguins, Aptenodytes forsteri,
demonstrating that lung and blood O, stores are reserved for essential organs and tissues and

are never fully desaturated during a dive (Ponganis et al., 2010). Muscle stores however,
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being isolated from circulating blood, are reliant on Mb bound O, to power locomotion. It has
been shown in the Emperor penguin that muscle O, stores can be completely desaturated
during some dives. Thus, when the penguins reach their aerobic dive limit (ADL) at 5.6 min,
any continuation in dive duration means that the skeletal muscles are solely reliant on
anaerobic metabolism (Williams et al., 2011). For further discussion on diving capacity see
Chapter 5.

Even with high Mb concentrations providing a store of O, all mammalian divers
exceed their aerobic dive limits on occasions (Kooyman et al., 1980; Ponganis et al., 1997;
Butler, 2006), this tends to occur during predator evasion or foraging dives (Butler & Jones,
1997). When this happens mammalian divers need to be able to buffer large accumulations of
H" ions due to lactic acid production (Scholander, 1940; Costa et al., 2004). Even during
dives within their ADL divers have to be capable of buffering acidic conditions due to the
production of CO, during aerobic metabolism, which cannot be washed out from the muscle
due to localised vaso-constriction that redirects blood flow and isolates muscle beds. There is
evidence to show that the increase in muscle H" during exercise is not the result of lactic acid
production but rather the hydrolysis of non-mitochondrial ATP during aerobic cellular
metabolism (Gevers, 1977; Hochachka & Mommsen, 1983; Busa & Nuccitelli, 1984;
Reviewed in Robergs et al., 2004). This therefore suggests that diving species must be able to
buffer increases in proton concentrations during all dives.

Tissue proton buffers are generally divided into bicarbonate and non-bicarbonate
buffers and the magnitude of the former depends on the tissue bicarbonate concentration,
which is similar in all mammals (Fernandez et al., 1989). It has been noted that mammalian
divers have significantly increased whole muscle non-bicarbonate buffering capacity
compared to their terrestrial counterparts (Castellini & Somero, 1981). Apart from organic

and inorganic phosphates, intracellular non-bicarbonate buffering in muscle tissue occurs
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predominately due to the uptake of protons by the imidazole group of histidine (His) residues
in proteins, free L-histidine and His-related dipeptides (Abe, 2000). Studies have revealed
that the concentrations of three His-related dipeptides, namely balenine, carnosine and
anserine, vary considerably among mammalian species (Crush, 1970; Abe, 1995). Some
cetaceans have large amounts of balenine in their muscles, the fin, Balaenoptera physalus,
sei, Balaenoptera borealis, blue, Balaenoptera musculus and Northern bottlenose,
Hyperoodon ampullatus, whales have approximately 4.27 mmoles 100 g'1 (Crush, 1970),
which would considerably aid non-bicarbonate buffering capacity. This is not the case for all
cetaceans; the bottlenose dolphin, Tursiops truncatus and Risso’s dolphin, Grampus griseus,
have approximately 2.01 mmoles 100 g'l balenine in the muscles of adults (Crush, 1970).
This is comparable to the carnosine content of 2.05 mmoles IOOg'] in the gluteus muscles of
horse, Equus caballus and the anserine content of 2.00, 2.08, 1.87, and 1.33 mmoles 100g™!
in the muscles of the cat, Felis catus, rabbit, Oryctolagus cuniculus, viscacha, Lagostomus
maximus and rat (unnamed species), respectively (Crush, 1970). The carnosine content in
human, Homo sapiens, muscle for comparison is 0.8 mmoles 100 g'1 (Abe, 1995). Therefore
His-related dipeptides will vary in their contributions towards whole muscle non-bicarbonate
buffering among different mammalian species.

A cursory look at published amino acid sequences indicates that mammalian divers
tend to have an increased number of His residues in their Mb sequence cpmpared to their
terrestrial relatives. For example, within the order Cetartiodactyla, the sperm whale has 12
His residues compared to 9 His in the pig. Within Carnivora the grey seal has 13 His while
the dog has 10 His. Similarly, within Rodentia, the muskrat has 11 His while the rat only has

6 His residues (Table 2.1).
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Table 2.1 Number of His residues in Mb of some mammalian species. Species highlighted in blue are
diving species.

Mb

Species Scientific name AccosSionNG His No
Sperm whale = Physeter catodon P02185 12
Pig Sus scrofa NP_999401 9
Grey Seal Halichoerus grypus P68081 13
Dog Canis lupus familiaris P63113 10
Muskrat Ondatra zibethicus P32428 11
Norway Rat Rattus norvegicus NP_067599 6

Curiously these His changes seem not to have been noted before or at least have not
been incorporated into a detailed analysis that may convey an understanding of their
properties and what this potentially means for whole muscle non-bicarbonate buffering. This
preliminary comparison suggests that Mb His residues could aid whole muscle proton
buffering in diving species. Indeed Castellini and Somero (1981) found a strong positive
correlation between Mb concentration and whole muscle non-bicarbonate buffering capacity,
however these authors stressed that this relationship was likely not causal and that even
though Mb existed in high concentrations in muscles of diving mammals, it was not the main
component of muscle non-bicarbonate buffering capacity (Castellini and Somero, 1981).

This study sets out to quantify the extent to which Mb contributes to whole muscle
buffering capacity in four orders of mammalian divers and their closest terrestrial relatives.
To this end the translated amino acid sequence of 22 diving and 4 terrestrial mammals were
newly determined from their cDNA. Using acid-base titration of purified Mb from 4
terrestrial and 6 diving mammals a method was then developed that allowed accurate
modelling of the specific buffer value (Bup) for any Mb from its amino acid sequence. Using
this model it is possible to calculate the contribution of Mb to whole muscle non-bicarbonate
buffering capacity for any species where Mb concentration and whole muscle buffering

capacity data is available.

17



Methods
Tissue samples

Tissue samples were obtained from various sources (Table A4). Whole hearts of cow,
Bos taurus, sheep, Ovis aries and pig, Sus scrofa, were obtained from slaughter houses in the
area of Liverpool, Merseyside, UK. Samples of the left ventricle were freed from fat and
connective tissue and snap frozen in liquid nitrogen within two hours after the death of the
animals.

Muscle biopsies from the majority of pinniped species were provided by Dr Jennifer
Burns, University of Alaska, Anchorage. They were taken according to U.S legislation and
frozen as soon as possible and imported on dry ice under Defra licence POAO/2009/58.
These samples comprised ringed seal, Phoca hispida, harp seal, Pagophilus groenlandicus,
hooded seal, Cystophora cristata, bearded seal, Erignathus barbatus, Weddell seal,
Leptonychotes weddellii, Northern elephant seal, Mirounga angustirostris, Californian sea
lion, Zalophus californianus, Steller sea lion, Eumetopias jubatus, Australian sea lion,
Neophoca cinerea, Northern fur seal, Callorhinus ursinus, and walrus, Odobenus rosmarus.

Some tissue samples could be bbtained from stranded animals in the UK. Thus
samples from minke whale, Balaenoptera acutorostrata, humpback whale, Megaptera
novaeangliae, Risso's dolphin, Grampus griseus, Northern-bottlenose whale, Hyperoodon
ampullatus, white beaked dolphin, Lagenorhynchys albirostris, and Sowerby's beaked whale,
Mesoplodon bidens, were obtained through collaboration with Dr Robert Deaville, project
manager of the UK Cetacean Strandings Investigation Programme, Institute of Zoology,
Zoological Society of London.

Tissue samples from stranded common dolphin, Delphinus delphis, and harbour
porpoise, Phocoena phocoena, were donated by Dr James Barnett & Dr Nick Davison,

Veterinary Laboratories agency, UK and from the grey seal, Halichoerus grypus, by Dr
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Dominic McCafferty, University of Glasgow, UK. Samples were taken as soon as possible
after death, however they were not always fresh and some species had been deceésed for an
unknown time before samples could be collected. Tissues were transported on ice to a facility
where they were subsequently frozen.

Tissue samples received from Dr Kevin Campbell, University of Manitoba, Canada;

water shrew, Sorex palustris, short-tailed shrew, Blarina brevicauda, star-nosed mole,
Condylura cristata, coast mole, Scapanus orarius, muskrat, Ondatra zibethicus, narwhal,
Monodon monoceros and bowhead, Balaena mysticetus. Narwhal and bowhead whale tissues

were further processed (see below) in the laboratory of Dr Kevin Campbell.

Tissue samples received from Dr Julian Chantrey, University of Liverpool, UK; grey
squirrel, Sciurus carolinensis and Dr Xavier Lambin, University of Aberdeen, UK; American
mink, Neovison vison, were the result of trapping events and hence tissues were not taken
immediately after death, but taken as and when traps were checked and then dissected and
frozen.

Tissue samples from the raccoon, Procyon lotor, and the polar bear, Ursus maritimus,
were obtained from animals killed by licenced hunters and kindly provided, respectively, by
Heinz Pauleickhoff, Hovelriege, Germany, and Dr. Einar Arnason, Institute of Biology,
University of Iceland.

A sample for the pygmy hippo, Choeropsis liberiensis, was provided from Dr
Edmund Flach, Institute of Zoology, Zoological Society of London, from an individual that
died while at Whipsnade zoo. All tissues, once received at The University of Liverpool, were

stored at -80°C until further processed (Table A4).
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Whole muscle homogenate titration

Whole muscle non-bicarbonate buffering capacity was determined according to the
methods described by Castellini and Somero (1981). Briefly, half a gram of frozen tissue was
thawed and homogenised in 10 ml of ice cold normal saline (0.9% NaCl), using an Ultra-
Turrax T25 basic, setting 3 (13,500 rpm), and then equilibrated to 37 °C. The sample was
then titrated between approximately pH 6 and 7 with 0.1M NaOH using a PHM82 standard
pH meter, and G2040C pH glass electrode with a K4040 calomel reference electrode (all
Radiometer, Copenhagen, Denmark). Buffering capacity was measured in slykes, defined as
pmoles of titrant per gram wet weight of muscle tissue required to change the pH of the

homogenate by one pH unit (between pH 6.0-7.0).

Myoglobin content determination

Mb content [Mb] was determined for white-beaked dolphin, Risso’s dolphin and
raccoon using a modification of Reynafarje’s method (Reynafarje, 1963), which allows
quantification of [Mb] in the presence of Hb by using differences in the extinction
coefficients of the carbonmonoxy (CO) derivatives of these globins. Briefly, thawed muscle
tissue (approximately 150 mg) was homogenised in ice cold 0.04 M phosphate buffer pH 6.6
using an Ultra-Turrax T25 basic, setting 3 (13,500 rpm) in a ratio of 24.25 ml per g of tissue
for the cetaceans and 9.25 ml per g of tissue for the raccoon. Homogenisation periods were
three times of 10 sec with 1 min standing on ice, ensuring that the sample was uniformly
homogenised without undue warming. The homogenate was then centrifuged for 70 min at
15,600 g and 4°C. The supernatant was then transferred to an especially manufactured
Eschweiler glass tonometer (Eschweiler, Kiel, Germny) to whicha 1 cm path-length optical
glass cuvette had been sealed. The sample was then equilibrated with humidified ~10%

carbon monoxide (CO) for 10 min and the conversion of the mixture of oxy and deoxy Mb
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and Hb to MbCO and HbCO, respectively, and was followed spectrometrically using a
Unicam UV500 spectrophotometer over a wavelength range of 500-700 nm. Any
metmyoglobin or methaemoglobin (MetMb or MetHb) present was reduced by addition of
sodium dithionite crystals and the sample was equilibrated with CO for another 3 min. Again
the completion of the reaction to the CO derivatives of the globins was followed
spectrometrically. The optical density was then taken at 538 and 568 nm and [Mb] was
determined from the difference between the optical densities at the two wavelengths,

according to Equation 2.1 (Reynafarje, 1963)

[Mb] (mg g”) =(ODs3s - ODses) X a Equation 2.1

where OD is the optical density and a is a multiplication factor that corresponds to the
volume of the sample used (see Reynafarje, 1963), in this case a equals 146.625 for cetaceans
and 58.56 for the raccoon. [Mb] is given for these three species along with reported values for

other mammalian species in Table A3.

RNA extraction and cDNA synthesis

Approximately 50 mg of tissue was blade homogenised using an Ultra-Turrax T25
basic, setting 6 (24,000 rpm). Total RNA was extracted following the Trizol method
(Invitrogen). The concentration and quality of RNA was determined using a labtech
NanoDrop ND-1000 spectrophotometer and by 1.5% agarose gel electrophoresis (for
technique see Sambrook and Russell, 2001). 5 pg/ul of total RNA was then used in a
standard SuperScript II (Invitrogen) reverse transcriptase reaction, to create first strand

cDNA.
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PCR
Myoglobin (Mb) ¢cDNA coding sequences (CDS) of cetaceans, seals and polar bear
were amplified by polymerase chain reaction (PCR) using forward and reverse primers

(Sigma; Table 2.2) that were designed based on consensus alignments in the 5’ and 3” un-

translated regions (UTRs) of known Mb nucleotide sequences from closely related species .

Primers for rodent Mb were taken from Bianchi et al. (2003). Insectivore PCRs were
conducted using rodent primers to obtain a core fragment of the Mb sequence. 3’ rapid

amplification of cDNA ends (RACE) was then conducted following the SMART method

~ (Invitrogen), using a SMART reverse primer and a consensus forward primer (3” Mb probe)

based on a conserved region between position 306 and 326 in the mammalian Mb nucleotide

sequence. Primers were diluted to 10 uM working stocks and PCR was carried out using Fast

Start High Fidelity Taq DNA Polymerase (Roche) in a reaction mix containing: 5 ul 10X
reaction buffer, 1 ul DMSO, 1 ul NTP mix (10 mM each), 0.5 pl enzyme mix, 2 pl each
primer, 2 pl of first stand cDNA and made up to 50 pl with nuclease-free water. Initial
denaturation took place at 95°C for 2 min, followed by 30 cycles of (95°C for 30 seconds,
60°C for 30 seconds, 72°C for 30 seconds) with a final extension step of 72°C for 7 min.

RACE PCR was conducted according to the SMART manual (Invitrogen).
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Table 2.2 Oligonucleotide primer sequences that were used during PCR. Rodent primers
were taken from Bianchi et al. (2003). Mb = myoglobin, Fwd = forward primer, Rev =
reverse primer, Cet = cetacean and Gen = a general forward primer based in the 5* UTR.

Oligonucleotide Sequence
Cet.Mb.Fwd 5'-AGCTGTCGGAGCCAGGAYAC-3'
Cet.Mb.Rev 5'-GCCYCTCACAAACAAAGCAGG-3’

Seal. Mb.Fwd 5'-CCCAGCTGTCAGAGCCAGGACACC-3'

Seal. Mb.Rev 5'-CAAAGCAGACACTCAGAAGCAAAC-3'

RodentMb.Fwd 5'-GGAATTCCATATGGGGCTCAGTGATGGGGAGTGGCAGC-3'
Rodent.Mb.Rev  5'-GTACAAGGAGCTAGGCTTCCAGGGCTAAGGATCCGGG-3'
Gen.Mb.Fwd 1 5'-CTTCAGACTGTGCCATGGGGCTCAG-3'

Gen.Mb.Fwd 2 5-CTTCAGACTGTGCCATGGTGCTCAG-3'

3'.Mb.Probe 5'-CAAGTACCTGGAGTTCATCTC-3'

Sequencing

Unused primers and excess nucleotides were removed with ExoSap-IT (USB Corp)
and sequencing products were generated using Big-Dye v3.1 terminators (Applied
Biosystems), these sequencing products were then precipitated using ethanol and subjected to

electrophoresis on an Applied Biosystems ABI3130XL capillary sequencer.

Alignments

A search of scientific databases including the National Centre for Biotechnqlogy
Information (NCBI), The Institute of Genomic Research (TIGR) and the Ensembl genéme
browser, for mammalian Mb amino acid and nucleotide sequences was conducted from Oct
2007 to Nov 2010. The extensive search was conducted on published sequence data and un-
annotated genomes for sequences or partial sequences matching Mb.
Newly formed nucleotide sequences were aligned using Clustal W multiple alignment
algorithm in BioEdit v7.0.5 (Hall, 2001), amino acid coding sequences were determined by
comparisons to published sequences of closely related species. The nucleotide sequences
were then translated to amino acids using the translate function within the BioEdit program

and combined into an alignment with published mammalian protein sequences (Table Al).
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Mb Purification

Muscle tissues from eight species; Sowerby’s beaked whale, Northern bottlenosed
whale, Risso’s dolphin, humpback whale, minke whale, cow, sheep, and pig, were thawed
and homogenised on ice using an Ultra-Turrax T25 basic, once at setting 2 (9,500 rpm), for
10 sec, followed by three times at setting 3 (13,500 rpm) in cold 20 mM phosphate buffer at a
ratio of 5 ml g”! of tissue (pH 6.0 for sheep, pig, humpback whale and minke whale and pH
6.5 for the rest). The samples were centrifuged at 10,500 g for 20 min at 4°C and the
supernatant filtered through Whatman ‘grade A’ filter paper, then transferred to a clean
beaker where the pH was adjusted with phosphoric acid back to the original pH of the buffer
used for that sample.

This study used a two-step approach of cation exchange followed by gel filtration,
removing the need for initial ammonium sulphate precipitation and therefore reducing loss of
protein (O’Brien, 1992). Cation exchange chromatography was used to separate Mb from the
majority of proteins within the raw muscle homogenate, including haemoglobin. Cation
exchange was carried out at room temperature on a column (2 X 50 cm) containing SP
Sepharose fast flow (Sigma) at a flow rate of 2 ml min™! using the same buffer as above.
Elution of Mb was achieved with the same buffer containing 40 mM NaCl at the same pH as
above. Fractions containing Mb were identified using spectrophotometry (Unicam UV500)
over a wavelength range of 500-700 nm. The collected Mb fractions were concentrated using
Amicon Ultra-15 centrifugal filter unit (Millipore) with a 10 kDa membrane size, following
manufacturer guidelines. Mb was separated from any remaining proteins by size exclusion
gel filtration chromatography using a Hi-Load 16/60 Superdex 75 prep grade column (GE
healthcare) equilibrated with 100 mM KCl using a flow rate of 0.5 ml min” at a temperature

of 4°C. The Mb purity was analysed by SDS PAGE and fractions were pooled and
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concentrated using Amicon Ultra-15 centrifugal filter units (Millipore) following

manufactures guidelines, ready for subsequent experiments.

Purified Mb Titration

Deoxygenated and oxygenated Mb (deoxyMb, oxyMb) with Fe**are easily oxidised to
MetMb with Fe>*, which binds a water molecule at the Fe that can release a proton. The pKa
of this reaction is between 8.0 and 9.0 (Sundberg & Martin, 1974), which could be potentially
problematic during the acid-base titration of Mb. For this reason, three ml of purified Mb
(approximately 0.13 mM, in 100 mM KCl) from each of the eight species above, was
converted to cyanometmyoglobin (MetMbCN) by adding 200 pl of 10 X modified Drabkin’s
reagent, consisting of (in non-concentrated form): NaHCO; (11.9 mmol I'"), K3[Fe(CN)s]
(0.61 mmol 1'1) and KCN (0.77 mmol 1'1) (Vélkel & Berenbrink, 2000). After excess
Drabkin’s reagent was removed by gel filtration using a sephadex G-25M desalting PD-10
column (GE healthcare), this gave approximately 300 nmoles of Mb in total. The conversion
to and concentration of MetMbCN was checked using a Unicam UV3500 spectrophotometer
over a wavelength range of 500-700 nm and by using a MetMbCN extinction coefficient of
11.0 1 mol” cm™ at 540 nm. The MetMbCN protein solution was incubated at 25°C for half
an hour under water vapour saturated nitrogen gas to remove any CO;, before the volume of
sample was recorded gravimetrically and the isoelectric pH measured using a Radiometer
PHMB82 standard pH meter and a G2040C pH glass electrode with a K4040 calomel reference
electrode (Radiometer, Copenhagen, Denmark). The sample was then titrated at 25°C in the
absence of CO; using 0.1 M NaOH or HC], starting from the isoelectric point, in appropriate
volumes to give approximately 0.1 pH unit changes for each addition of titrant, over the

range of pH 5.8 - 8.0.
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Determining the Mb specific buffer value

MBb proton charge AzH" was calculated as the total nmoles of titrant added to the
sample, divided by the total number of nmoles of Mb in the sample (Jensen, 1989;
Berenbrink et al., 2005 supplemental data) and plotted against pH. The Mb specific buffer
value (Bump) (mol H" mol Mb™ pH unit™") was determined by first fitting a polynomial curve to
the experimental titration data. Then the first derivative of each point in the polynomial curve
was calculated, giving Pmp, over the range of pH 5-9, in increments of 0.01. In order to create
a model for the calculation of Bump for species that did not have experimentally measured data,
a titration curve had to be estimated first from the amino acid sequence. This was achieved by

calculating the Mb net surface charge as a function of pH

Mb net surface charge determination

MD net surface charge was calculated from the amino acid composition of each
sequence by totalling the estimated charge contribution of each ionisable residue. The charge
of each residue at every pH value ranging from 4-11 with increments of 0.01 was calculated

using the equation of a hyperbolic saturation curve according to the formula

S =[HT/([H+a) Equation 2.2

where S is the fractional occupation of a given proton binding site, [H+] is the hydrogen ion
activity [(-)log pH] and a is (-)log pKa. The pKa thus corresponds to the pH at which a given
ionisable group is half-maximal occupied by a proton. Charges of each ionisable residue at
each pH were based on experimentally determined pKa values obtained from the literature
data where possible. pKa values for specific His residues in Mb were obtained from NMR

studies of MetMb (Bothelo et al., 1978; Kao et al., 2000) or carbonmonoxymyoglobin
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(MbCO) (Basford et al., 1993), or, when this information was not available, based on an
average pKa for His in folded proteins (Pace et al., 2009). The pKa values used to determine
the charge of other ionisable residues and the carboxyl terminus were also taken as the
average pKa for that residue in folded proteins (Pace et al., 2009). The pKa value for the
valine amino terminus was taken from sperm whale (Kao et al., 2000) and the amino terminal
glycine pKa was taken as that of the horse (Wilbur & Allerhand, 1977). For each of the two
haem proprionates a pKa value was obtained from sperm whale MetMb (Friend & Gurd,
1979). Wherever possible the pKa chosen from the literature was measured close to the ionic
strength assumed in mammalian muscle tissues, i.e. 0.15 M. The standard temperature for
pKa determination is 25°C and most pKa values are only available at this temperature. Since
pKa values increase as ionic strength increases (Kao et al., 2000) and decrease as temperature
increases (Bhattacharya & Lecomte, 1997), it was decided that experimental titrations in this
study would be conducted at 25°C and at 0.1 M KCl to enable the use of published pKa
values in modelling experimentally determined net charge and buffer values (see Table 2.3
for more details).

The pKa value for His 88 was determined in the present study, using the titration
curves of sheep and pig MetMbCN. Amino acid sequence analysis revealed that sheep and
pig Mb differ by three His residues and one charged residue. In contrast to the pig, sheep Mb
has histidines at position 88, which is occupied by proline in all other mammals apart from
other ruminants, and at positions 113 and 116, which tend to be either also His or glutamine
in other mammals. The pig further has a lysine at position 34, which is a threonine in the
ruminants and old world monkeys. Known values of pKa for residues 113 and 116 and a non-
linear iterative curve fit algorithm was used to estimate the pKa value for the unknown
histidine residue that would allow the pig titration curve plus 3 extra His and minus one Lys

to match the titration curve of the sheep (Fig 2.1). This technique was also applied to fit the

27



titration curve of sheep Mb, to that of cow Mb, two animals that differ in terms of ionisable
MBb residues only by one His residue at position 152. This found a pKa value of 5.99 for the
cow His at position 152, which falls within the experimental range of pKa values from 5.95 in
the Amazon river dolphin, Inia geoffrensis, to 6.29 in the harbour seal, Phoca vitulina,
measured in seven other species at this position (Bothelo et al., 1978). For further detailed
discussions of calculating Mb net charge see Chapter 3.

Estimated titration curves were then compared to the measured titration data for the
eight species involved in this study, which allowed minor adjustments to be made to the
modelling procedure, until a good relationship was determined for each species. One of the
adjustments was that of the pKa of His 88 discussed above. Another was the inclusion of His
82 as a titratable residue. This residue is highly conserved among mammalian Mbs and has
been deemed un-titratable in several 1D and 2D NMR studies (Bothelo et al., 1978; Cocco et
al., 1992; Bashford et al., 1993; Bhattacharya & Lecomte, 1997 and Kao et al., 2000).
However neutron diffraction has shown that this residue is titratable and fully charged at pH
5.7 indicating a relatively high pXa in MbCO (Cheng & Schoeborn, 1991). Initial titration
curve models consistently indicated an additional titratable group in the physiological pH
range in all species for which experimental titrations were carried out. For this reason His 82
was included in the estimated titration curve model, using an average His pKa value of 6.6
for an unconstrained His residue (Pace et al., 2009)

Once the estimated titration curve model was established the Bmy Was determined for
each point in the curve over a pH range from 5.0-8.0 in increments of 0.01. This was done by
calculating the slope of the titration curve at the three points surrounding each pH value, the
slope of this line is negative but for convenience absolute values will be used for the
remainder of the study. Estimated By, curves were then compared to the Bwmb calculated from

measured titration data. Once satisfied that the model was accurate, it was then used to
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calculate titration curves and generate By, for species where Mb amino acid sequence was

available but measured titration data was not.

Contribution of Mb to whole muscle non-bicarbonate buffering

Whole muscle non-bicarbonate buffering capacities (Pmusciens) for mammalian species
where [Mb] and Mb sequence are known were collected from literature sources or
experimentally determined in this study. To quantify in a given species how much Mb
contributes to Bmusciens, [Mb] data was multiplied by the specific Mb buffer value (Bmv) at pH
6.5 to give the total contribution of Mb to muscle non-bicarbonate buffering (Bmusctemb)- This
pH is in the middle of the range over which whole muscle buffer values are usually
determined (pH 6.0 to 7.0) and also in the middle of the physiological pH range for human -
and likely other mammalian - skeletal muscles between rest and maximal exercise (ca. pH 7.0
to 6.0, respectively Sahlin et al., 1976; Hermansen & Osnes, 1972; Robergs et al., 2004).
BumuscieMb can then be expressed as a percentage of Busciens. This data was then combined with
information about the concentration of His-related dipeptides for each species where data
could be found. A specific buffer capacity for each dipeptide (balenine, anserine and
carnosine) was determined in the same way as for By, using experimentally measured pKa

values (Table. 2.3; Baltes, 1971).
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Table 2.3 pKa values of ionisable groups used for Mb net surface charge calculations. Net charge
and buffer value have been calculated for each residue based on the pKa shown below.

. Ionic
Residue pKa Ref d:rri‘::tlil:'e Species Temp str(els\rllﬁth N:ttflil ?:ge B::‘fle);lv:.lsue
His 8 6.12 1 MetMb MW/HS 25°C 0.1 0.29 0.48
His 12 6.49 2 MetMb SwW 25°C 0.2 0.49 0.58
His 24 <4.5 3 MbCO Sw 35°C 0.002 <0.01 <0.02
His 34 6.60 4 Various 25°C 0.56 0.57
His 35 5.52 1 MetMb DfSW 25°C 0.1 0.09 0.20
His 36 7.89 2 MetMb SW/Horse 25°C 0.2 0.96 0.09
His 48 5.59 2 MetMb  SW/Horse  25°C 0.2 0.11 0.22
His 64 <5 3 MbCO SwW 35°C 0.002 <0.03 <0.07
His 66 6.60 4 Various 25°C 0.56 0.57
His 81 6.91 2 MetMb SW/Horse 25°C 0.2 0.72 0.46
His 82* 6.60 4 Various 25°C 0.56 0.37
His 88 7.10 This study MetMbCN Sheep 25°C 0.1 0.80 0.57
His 91 6.60 4 Various 25°C 0.56 0.57
His 93 <5 3 MbCO SwW 35°C 0.002 <0.03 <0.07
His 97 5.63 3 MbCO SwW 35°C 0.002 0.12 0.24
His 113 5.69 2 MetMb SW/Horse 25°C 0.2 0.13 0.27
His 116 6.75 2 MetMb SW/Horse 25°C 0.2 0.64 0.53
His 119 6.49 2 MetMb SW/Horse 25°C 0.2 0.49 0.58
His 121 6.60 4 Various 25°C 0.56 0.57
His 124 6.60 4 Various 25°C 0.56 0.57
His 128 5.53 1 MetMb Sea lion 25°C 0.1 0.10 0.20
His 140 6.60 4 Various 25°C 0.56 0.57
His 152 6.10 1 MetMb 6 Delphs./HS 25°C 0.1 0.28 0.47
Amino terminus Val 7.52 2 MetMb SwW 25°C 0.2 0.91 0.18
Amino terminus Gly 7.81 5 MetMbCN  Horse 36°C 0.1 0.95 0.10
Haem proprionate ~ 2.90 6 MetMb Sw 25°C 0.1 -1.00 0.00
Carboxyl terminus ~ 3.30 4 Various 25°C -1.00 0.00
Lys 10.50 4 Various 25°C 1.00 0.00
Arg 12.30 4 Various - 25°C 1.00 0.00
Asp 3.50 4 Various 25°C -1.00 0.00
Gl 4.20 4 Various 25°C -1.00 0.01
Tyr 10.30 4 Various 25°C 0.00 0.00
Cys 6.80 4 Various 25°C -0.33 0.51
Balenine 6.30 7 22°C 0.1 1.00 0.55
Carnosine 7.04 7 22°C 0.1 1.00 0.40
Anserine 6.83 7 22°C 0.1 1.00 0.50
1 Bothelo et al,, 1978 * Indicated to be fully charged at pH 5.7 (Cheng & Schoeborn, 1991)
2 Kao et al., 2000 MW = minke whale HS = harbour seal
3 Bashford et al., 1993 SW = sperm whale DfSW = dwarf sperm whale
4 Pace et al., 2099 Sea lion = Californian sea lion
5 Wilbur & Allerhand 1977 6 Delphs = common dolphin, bottlenose dolphin, pilot whale,
6 Friend & Gurd 1979 common porpoise, Amazon river dolphin, Dall’s porpoise

7 Baltes 1971
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Figure 2.1 Acid-base titration curve for purified MetMbCN of sheep (black dots) and pig (red dots),
25°C, 0.1 M KCl, [Mb] = 0.099 mM and 0.100 mM for sheep and pig, respectively. The solid lines
through the dots are polynomial curves fitted through the experimental data. The dashed red line is
based on a non-linear iterative curve fit that determined the unknown pKa of His 88 that was
necessary to fit the sheep titration curve by adding to the pig titration curve the individual titration
curves of His 88, His 113 and His 116 minus a charged Lys.
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RESULTS

Experimental acid-base titrations were carried out on whole muscle tissues of diving
and terrestrial mammals from three orders, Cetartiodactyla, Carnivora and Rodentia. This was
combined with some previously published Bpuscens data for cow (Castellini & Somero, 1981)
and four insectivoran species, the semi-aquatic star-nosed mole and water shrew and the strict
fossorial coast mole and short-tailed shrew (McIntyre et al., 2000) (Fig 2.2). Within each
order, the diving species had a higher Bmysciens (as indicated by the slope at the middle,
steepest section of the titration curve) compared to its close terrestrial relative. Thus Bmusciens
(in pmol g'l pH'l) ranges from 38.2-73.4 in diving species from water shrew to white-beaked
dolphin and 24.8-49.7 in terrestrial species from short-tailed shrew to cow respectively (Fig
2.2). With an average difference of 19.8 observed between diving and terrestrial species. The
difference ranges from 9.2, between the star-nosed mole and the coast mole, to 31.9, between
the grey seal and the raccoon, respectively (Fig 2.2 & Table A3). Buusciens for muskrat
measured in this study agreed with values published by MacArthur et al. (2001) (50.8-56.9
pmol g’ pH™) (Fig 2.2).

The major components of Brusciens are free and protein-bound His and His related
dipeptides (Abe, 1995). A strong positive correlation between Brusciens and Mb concentration
has been shown previously (Castellini & Somero, 1981). In order to ascertain the contribution
of BrmuscieMb tO BruscleNB, this study first compared Mb amino acid sequences for diving and
terrestrial mammals from four orders, Carnivora, Cetartiodactyla, Insectivora and Rodentia.
Twenty six species have had their Mb nucleotide sequence identified for the first time in this
study and these are highlighted with an asterisk in Figures 2.3A-D. Nucleotide sequences are
given in Figure Al. In five species; short-tailed shrew, star-nosed mole, coast mole,
American mink, and grey squirrel, the first twenty eight nucleotides have been influenced

by the primer used for PCR. The primer in question is the rodent primer (Table 2.2) taken
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from Bianchi et al., (2005) which overlaps the coding region from the UTR. Tissue samples
from these species either ran out or subsequent tissues were too degraded to determine the 5’
end, once a new primer had been established that did not influence sequencing. However the
same rodent primer was also used to initially sequence the 5’ end of the water shrew Mb.
When the water shrew was re-sequenced after using the new general 5’ end UTR primer,
nucleotide sequence was not altered. This suggests that the nucleotide sequence for species
closely related to the water shrew, short-tailed shrew, star-nosed mole and coast mole, would
also be unaffected by the rodent primer. Available rodent nucleotide sequences, Norway rat,
Rattus norvegicus and house mouse, Mus musculus are identical in these first twenty eight
residues and the corresponding amino acid sequence (the first eight amino acids) is identical
for all rodent sequences published to date (Table Al). The Mb sequence of the grey squirrel
is identical to mouse and rat in the first 28 nucleotides, therefore suggesting that the sequence
identified here for the grey squirrel is correct at the 5° end. With the exception of the phocid
seals the first eight amino acids for carnivorans are identical, suggesting that the sequence for
the American mink is also correct. The first eight amino acid residues of the Mb protein are
highly conserved across all the mammalian species observed in this study (Table A1), and
any changes observed do not influence the objectives of this study. Therefore the amino acid
residues for the five species mentioned above will be taken as correct for the remainder of

this thesis.

33



80.00

7 .White-Beaked
dolphin (slope 73.4)
[ )
70.00 -
Grey seal (slope 67.7)
60.00 A
Muskrat (slope 50.9)
-’i‘o 50.00 - Cow (slope 49.7)
S ’," Star-nosed mole (slope 48.0)
E . I”
2 -
- i A e
§ 40.00 (o5 g Coast mole (slope 38.9)
“, // ..~ Water shrew (slope 38.2)
E 2 Raccoon (slope 35.8)
j ° _© 9 Rat (slope 30.19)
£ 30.00 o o
() /” o ‘,O' 1]
4 //' Jelglet _ . Short-tailed shrew (slope 24.8)
20.00 - AW e C e
o/ S C 0 OBl -l
Z ,:&S O
// ,:;QED' £ i ]
g BETeE
10.00 - . i
s
[ V"7, e Q’Q’
6,;:0’
0.00 +—end6=— . : : : ;
5.90 6.10 6.30 6.50 6.70 6.90 7.10
pH

Figure 2.2 Titration of whole muscle tissue homogenates with NaOH. Open circles indicate terrestrial species,
filled cnrc!es indicate diving species. Colour indicates phylogenetic order; black Cetartiodactyla, blue Rodentia,
rgd Carnivora and.green Insectivora. Black dashed line indicates previously published whole muscle non-
blgarbonatilbu':fe(jrlgg (Bmusc'feNB) tcapacutydfor cow (Castellini & Somero, 1981). The solid and dashed green lines
indicate published Brmusciens for star-nosed mole and coast mole t al., 2002), water shrew and short-
tailed shrew (Gusztak, 2008) . (Mclntyre et al., 2002),
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Figure 2.3A Myoglobin amino acids sequences of pinnipeds. Histidine residues are highlighted with blue bars and
the total Mb His content given and the end of the sequence. Diving species are highlighted in Turquoise. Asterisks
indicate species that have had their Mb sequenced for the first time in this study.
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Figure 2.3A (continued) Myoglobin amino acids sequences for the order Carnivora, excluding pinnipeds.
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sequence. Diving species are highlighted in Turquoise. Asterisks indicate species that have had their Mb
sequenced for the first time in this study.
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The Mb protein sequences for the twelve carnivoran species sequenced in this study
are given in Figure 2.3A. The sequence of the ringed, harp, and hooded seals are identical to
the grey and harbour seal sequences. These species differ in only 2 out of 153 residues from
the Weddell seal and these are conservative changes. Mbs of bearded and elephant seals
differ by four and seven amino acid residues, respectively, from the aforementioned group of
seals. Two of these changes are non-conservative, one is an exchange of the non-polar
Alal27 for a polar Thr127. The other is a change of His113 for Glu113, an exchange that also
occurs in the walrus and Glul13 is present in all terrestrial carnivoran species except the cat.
This study also determined the Mb nucleotide sequence for the Californian sea lion,
confirming the previously published amino acid sequence (accession P02161). The Mb amino
acid sequences of the Steller sea lion and the Australian sea lion are both identical to the
Californian sea lion. There are 2 and 3 conservative changes occurring in the Northern fur
seal and the walrus, with the Glul13 change occurring in the walrus as mentioned earlier.
The American mink has 9 amino acid substitutions compared to the river otter, Lutra lutra,
sequence (Accession P11343), 4 are conservative and the remaining non-conservative
changes include: Arg31-Ser31, Gly35-Asn35, Lys81-Gln81, Ser117-Arg117 and Pro-Ser120,
from river otter to American mink respectively. The raccoon shows 7 amino acid
substitutions compared to the river otter, 5 conservative substitutions plus Ala19-Thr19 and
Lys81-GIn81 from the river ofter to raccoon respectively. The polar bear Mb protein
sequence is identical to the black bear, Ursus americanus, sequence, and has 3 conservative
substitutions compared to the giant panda, Ailuropoda melanoleuca, and 1 non-conservative
substitution of GIn81-His81 from giant panda to polar bear respectively. Diving species
within the order Carnivora generally show a trend towards increasing the number of His
residues within their Mb protein. The phocid seals (Fig 2.3A) have thirteen His residues, the

highest number of Mb His residues in the order Carnivora, with a range of 8-13 His seen
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within the remaining species in the order (Fig 2.3A). Interestingly His residues 8, 128 & 152
can differentiate phocid and otariid seals, as one group of seals will have a His while the
other has a Gln residue at the aforementioned positions (Fig 2.3A). This suggests an
independent evolutionary pathway of the Mb protein of these two lineages of seals.

New sequences in the order Cetartiodactyla are shown in Figure 2.3B, including;
pygmy hippo, Bowhead whale, Sowerby’s beaked whale, Northern bottlenose whale,
narwhal, white beaked dolphin and Risso’s dolphin. The bowhead whale Mb is similar to the
Mb in other baleen whales observed in this study showing 5 conservative substitutions
compared to other baleen whales. The beaked whales all have very similar Mbs. The
Sowerby’s beaked whale has an identical Mb protein sequence to the Stejneger's and Hubb’s
beaked whale, while the Northern bottlenose whale has only 1 conservative substitution
compared to these species. The dolphin species observed in this study all have very similar
Mbs, too. The two newly sequenced species, white-beaked dolphin and Risso’s dolphin, are
identical and have 1 conservative substitution compared to the bridled, Stenella attenuata,

saddleback, Delphinus delphis and bottlenose dolphins (Fig2.3B).
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Figure 2.3B Myoglobin amino acid sequences for the order Cetartiodactyla. Histidine residues are
highlighted with blue bars and the total Mb His content is given at the end of the sequence. Diving species
are highlighted in Turquoise. Asterisks indicate species that have had their Mb sequenced for the first time
in this study.
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The pygmy hippo has a Mb sequence that is more similar to the pig than to the
ruminants or cetaceans, with 13, 21 and 23 substitutions compared to the pig, cetaceans and
ruminants respectively. The pygmy hippo does however share some residues with both
terrestrial and diving species within the order Cetartiodactyla. Terrestrial species residues
Glu27, Val 28 and Thr34 are observed in the hippo (Fig 2.3B); some of these residues do
occur in cetaceans but not all three together as observed in the terrestrial species. A residue
pattern that occurs in diving species that is shared with the pygmy hippo is; Lys86, Pro8s,
GIn91 and Thr95. This pattern occurs in most terrestrial species (Fig 2.3A-D) but is not
observed in the ruminants. GIn88, however, is substituted for His91iﬁ the pygmy hippo which
is a substitution unique to the pygmy hippo (Fig 2.3B).

The Mb His content for species within the order Cetartiodactyla is generally high with
most species having ten or more His residues. The pig, has nine His and is the only species to
have less than ten His in this order. The beaked whales are a group of prolific deep divers,
have fourteen His residues, which is the highest number of Mb His residues of any

mammalian species (Fig 2.3B).
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Figure 2.3C Myoglobin amino acid sequences for the order Insectivora. Histidine residues are highlighted with blue
bars and the total Mb His content is given at the end of the sequence. Diving species are highlighted in Turquoise.
Asterisks indicate species that have had their Mb sequenced for the first time in this study.
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Four insectivoran species have newly sequenced Mbs in this study (Fig 2.3C),
previously oniy one insectivoran species had a known Mb protein sequence, the hedgehog,
Erinaceus europaeus, (Accession P01256). Here two shrew species and two mole species
were sequenced to give pairwise comparisons. The terrestrial short-tailed shrew and coast
mole, however are more similar in their Mb amino acid sequence to the hedgehog than they
are to the diving water shrew or star-nosed mole. The short-tailed shrew and the coast mole
differ by 14 and 18 amino acid substitutions from the hedgehog, but by18 and 22
substitutions from the water shrew and by 16 and 16 substitutions from the star-nosed mole,
respectively (Fig 2.3C). The water shrew and the star-nosed mole have the highest similarity
with only 8 amino acid substitutions between them and three of those are conservative
changes (Fig 2.3C). One striking similarity is that both diving insectivoran species, water
shrew and star-nosed mole, have a reduction in the number of strongly negatively charged
residues compared to the terrestrial species (see Chapter 3 for a discussion of Mb charge).
Mb His content in insectivorans is generally low ranging from 5-8, with no discernible trend
seen between diving and terrestrial species. The diving water shrew has five His residues, the
lowest number in this order. The hedgehog has eight His which is the highest number with all
other species in this order all having seven His residues (Fig 2.3C).

This study has newly sequenced one new rodent Mb, the grey squirrel (Fig 2.3D) it is
most similar to the kangaroo rat with 16 amino acid substitutions between them, with 6 of
these being conservative changes and it has the same number éf His as the mole rat, Spalax
carmeli and the mouse, Mus musculus.

Diving species within the Rodentia generally §how a trend towards increasing the
number of His residues within their Mb protein. Mb His ranges from 6-11 in the Ordef

Rodentia, with the diving species having at least three additional His residues compared to

the terrestrial species (Fig 2.3D).
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Figure 2.3D Myoglobin amino acids sequences for the order Rodentia. Histidine residues are highlighted with blue
bars and the total Mb His content is given and the end of the sequence. Diving species are highlighted in Turquoise.
Asterisks indicate species that have had their Mb sequenced for the first time in this study.
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Interestingly, muskrat and beaver, the two diving rodents in the data set who belong to
distinctively different sub groups within their order, each have two additional His residues in
positions 12 and 113, which do not occur in any other known rodent, and are more similar to
each other than they are to any other member in the order Rodentia (Fig 2.3D).

However, the positioning of additional His is not consistent across all species,
Figures 2.3A-D above show that several His are conserved among orders, but some groups
or species have unique Mb His residues that may convey some potential towards H' buffering
and this can be inferred from the pKa value of those residues. However, this study has
identified seven His residues that have not previously been included in NMR studies and so

His 34, 35, 66, 88, 91, 121 and 124 do not have pKa data available.

Mb specific buffer capacity

In order to assess the specific buffering power of Mb, the protein was purified from
ten species and experimentally titrated from the isoelectric point (p/) (indicated by the point
at which the titration curves cross the 0 reference line (Fig 2.5A-D) with NaOH and HCI
between approximately pH 5.8 and 8 (Fig 2.5). The variability of the titration experiments
was assessed by conducting replicates for cow on three individual animals. The mean
measured Mb charge and standard deviation at pH 6.0, 6.5 and 7.0 was 3.83 0.38, 1;89 +
0.34 and 0.07 = 0.28, respectively. The mean Mb buffer value and standard deviation was
3.74 £ 0.10,3.97 + 0.17, and 3.81 + 0.08, for pH 6.0, 6.5 and 7.0 respectively. There is
greater variability surrounding the mean charge measurement which may be accounted for by
partial deamidation occurring within the Mb of individual 1. This is indicated by constant
offset of half a charge throughout the pH range 6.0-7.0 (Fig 2.4). Since the buffer value is

determined by the slope of the line and all three individuals have a similar slope then there is

less variation surrounding the means of measured By, (Fig 2.4).

44



o ® |[nd1
A |nd2
m Ind3

T 1
T I

6.0 6.5 7.0 7.5 8.0
pH

(f(')?]‘c’,f,i tge_ : ;xngoryae:éa;ttigit’iar:( %l:rv:s of purified cow MetMbCN for three individuals. Titration was
iBd ets i il . A constant downward offset can be observed in individual 1 of
approximately half a charge between pH 6.0 and 7.0, which could be explained by partial

deamidation.

45



It was also necessary to make a reliable model for estimating Mb titration curves
based on the sum of contributions of charged residues. These models are assessed in Figure
2.5 by comparing the modelled titration estimate and the goodness of fit to the measured
titration data for each species. Figure 2.5 A displays the experimental titration measurements
for terrestrial species within the order Cetartiodactyla and shows that modelled titration
curves fit very well with the experimentally measured data in all cases (Fig 2.5A). The same
analysis is shown for beaked whales (Fig 2.5B), other cetaceans (Fig 2.5C) and carnivorans
(Fig 2.5D). Modelled titration curves do not show the same goodness of fit in the cetaceans
and carnivorans as they do for the tetrestrial ruminants (Fig 2.5A). However the modelled
titration curves are parallel to the experimentally measured data between pH 6.0 and 7.0, in
every case, with a constant offset between 1.25-1.57 for Sowerby’s beaked whale, 3.00-3.52
for Northern bottlenose whale, 4.59-4.70 for humpback whale, 4.85-5.20 for minke whale,
1.10-0.83 for Risso’s dolphin, 0.92-0.58 for grey seal and 1.57-1.42 for raccoon. The
experimental titrations curves for the two beaked whales (Fig 2.5B) should both be identical,
as the here for the first time reported amino acid sequences of the Mbs of Sowerby’s beaked
whale and the Northern bottle-nose whale do not differ in the composition of their ionisable
amino acid residues. However, there is a constant offset between them of almost two charges
over the pH range 6-7, with the northern bottle-nosed whale, having a lower p/ than the
Sowerby’s beaked whale. This offset can be explained by deamidation as all samples apart
from those in Fig 2.5A have been obtained from stranding or trapping events, and have
experienced a certain amount of decomposition prior to tissue extraction. This phenomenon
of deamidation could also account for the difference between the modelled titration curves

Compared to experimentally measured data for all of the species in Fig 2.5C and D.
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Apart from the constant offsets just discussed, experimental titration curves of two
baleen whales and one dolphin also appear as expected from their Mb amino acid sequences
(Fig 2.5C). The Risso’s dolphin, whose Mb has been sequenced here for the first time, has a
similar composition of strongly charged residues to the minke whale. They both have twenty
one strongly negative residues (Asp, Glu), twenty three strongly positive residues (Lys, Arg)
and twelve His. However they differ in the position of one His residue, the dolphin has a His
at position 152 where the minke whale has a glutamine residue (that is also present in most
other mammals) and the minke whale has a His at position eight where the dolphin has
glutamine like most other mammals. This difference in His position can explain the minor
difference in the Mb titration curves.

Comparison of minke whale and humpback whale, Megaptera novaeangliae, Mb
amino acid sequences show that, in terms of physiological buffer groups, they differ by only
one residue at position eight, which is His in the minke whale and Glu in the humpback
whale. Using a non-linear iterative curve fit algorithm it is possible to model the measured
Mb titration curve of the minké whale, from that of the humpback whale by adding to the
latter a single His titration curve with a pKa of 5.81 and a constant offset of -0.61. The
difference from the expected offset of +1.00 from the loss of strongly negatively charged Glu
residue can again be explained by deamidation. Given the large range of experimentally
determined pKa values from <4.5 to 7.8, which can be adopted by specific His residues in
Mb (Table 2.3 above), and given differences in ionic strength during the measurements, the
estimated pKa of 5.81 for His 8 in this study is reasonably close to the pKa of 6.1 measured
for this His in the same species in an early NMR study (Bothelo et al., 1978).

Mb Titration curves for the two carnivoran species (Fig 2.5D) again show a good
match between the shapes of the experimental and the modelled curves, despite different

degrees of negative vertical offsets that can be attributed to deamidation of the native
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proteins. Taken the modelled curves as good approximations for the titration behaviour of
native Mb in the living animal clearly indicates a higher p/ in the grey seal, compared to the
raccoon. This trend of diving mammals having a higher pI than their close terrestrial relatives
is observed in all estimated titration curves (Fig 2.5A-D). Divers also appear to have steeper
titration curves compared to their close terrestrial relatives. Thus the pig (Fig 2.5A) and the
raccoon have the shallowest curves (Fig 2.5D) whereas the beaked whales have the steepest
curves (Fig 2.5B). The slope of the Mb titration curve at any dne pH is equal to the buffer
value for the protein at that pH. This indicates therefore that Py in divers is higher than in
their terrestrial relatives. As mentioned previously, in species whose tissues could not be
sampled immediately after death (Figure 2.5 B-D) there is a constant negative vertical offset
of the experimentally measured titration curve relative to the estimated titration curve.
However, this does not mean that the slope of the titration curves should be different.
Therefore the modelled titration curves should be a good indicator of Bmp over the
physiological pH range. Correlations of measured By, and modelled Pup are shown in Figure
2.6A-C. The line plotted is a line of identity and shows that modelled data accurately
represents the experimentally measured By, across the pH range 6.0 to 7.0, which covers the
expected range of physiological intracellular pH values in mammalian muscles (Sahlin et al.,

1976; Hermansen & Osnes, 1972; Robergs et al., 2004).
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Accepting the validity of the model, calculated Bumb, maximum [Mb] and Busciens data
(Table A2 & A3) were combined for twenty six species from four orders of mammals in
order to assess the contribution of Brysciemb t0 Prusciens. Diving mammals in each of the four
orders show an increase in Busciens compared to their closest terrestrial relatives (Fig 2.7). In
insectivores the contribution of Brusciems (shown as a red bar) to Pmusciens is similar in diving
and terrestrial species. However, there is a much larger contribution of Brmusciemb towards
Bmusciens in diving carnivorans, rodents and cetaceans compared to their close terrestrial
relatives (Fig 2.7). The concentration of His-related dipeptides balenine, carnosine and
anserine taken from Crush et al. (1970), vary considerably between species, as indicated by
the blue, green and yellow bars, respectively. The minke whale has a large contribution from
balenine (blue bar) towards Bruscieng. Holwever the contribution of balenine is smaller in the
dolphin species, with the bottlenose dolphin, Tursiops truncatus, relying more on Pmusciemn
contribution than His-related dipeptides (Fig 2.7).

Mb contributes approximately 3% towards Bysciens in both diving and terrestrial
insectivorans, with the water shrew having a slightly reduced BmuscieMb contribution of
approximately 2%. In the other three orders of mammals Brmusclemb accounts for between 0.4-
2% of Prmusciens in terrestrial species, and in diving species Bmusciems accounts for
approximately 5% in the muskrat, between 8-14% in cetaceans and 9-25% in pinnipeds. Also
indicated in Fig 2.7 is the point at which diving mammals have an increase in BmuscleNB
compared to their closest terrestrial relatives (Fig 2.7). Analysing only the increase in
Bmusctenp from terrestrial levels, Brusciems can account for 6% of the increase in the water
shrew, 16% in the star-nosed mole, approximately 11% in the muskrat, between 13-32% in

cetaceans and between 21-45% in pinnipeds. These results show that the combined increase
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of muscle [Mb] and Bms in several species of mammalian divers significantly contributes to

the observed increase in whole muscle non-bicarbonate buffer values.
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Discussion

The whole muscle titration experiments in this study confirm and extend previous
findings about a trend for diving mammals to have significantly increased Bmusctens compared
to terrestrial species (Castellini & Somero, 1981; Abe, 2000). In each of the four orders
observed here, the diving species have a higher Busciens compared to their closest terrestrial
relatives, as indicated by the slope of the titration curve (Fig 2.2). Within insectivorans the
diving star-nosed mole had an increase in Bmusciens Of approximately nine slykes compared to
its terrestrial counterpart, the coast mole; and the diving water shrew had an increase of
approximately thirteen slykes compared to the short-tailed shrew (Fig 2.2). There is an
increase in Bmusciens Of approximately twenty slykes between the white-beaked dolphin and
the cow, a similar increase is observed between the muskrat and the rat (Fig 2.2). The grey
seal shows a larger increase in Bmusciens of approximately 32 slykes compared to the raccoon
(Fig 2.2). The small difference, in terms of Bausciens, between diving and terrestrial moles,
may be due to fact that the coast mole is a fossorial animal (McIntyre et al., 2002). Therefore
it may, on occasion, be subjected to a low O, environment in its burrow and thus needs to
have a higher anaerobic capacity compared to the strictly terrestrial insectivoran, the short-
tailed 'shrew, which has the lowest Buysclens of all mammals observed here.

Intracellular non-bicarbonate buffering in muscle tissue occurs predominately due to
the uptake of protons by the imidazole group of His residues in proteins, free L-histidine and
His-related dipeptides (Abe, 2000). In this study the Mb amino acid sequences have been
analysed for eighty two mammalian species, finding that di_ving mammals have a higher
quantity of His residues in their Mb sequence than their closest terrestrial relatives in 6 out of .
14 lineages of investigated divers (Fig 2.3A-D and Table A2). The diving lineages latter are
comprised of two lineages occurring in insectivorans, one in musteloids, one in ursids, two

within seals, six within cetartiodactylans and two within rodents. Those species where Mb
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His content is higher than in the close terrestrial relatives tend to be the proficient deep diving
species, the phocid and otariid seals, and the sperm and beaked whales, but this trend is also
seen in the diving rodents, muskrat and beaver (Table A2). Those species where Mb His
content is the same or reduced compared to close terrestrial relatives tend to be semi-aquatic
species, the water shrew, star-nosed mole, American mink, river otter, polar bear and pygmy
hippo, but also include the baleen whales, porpoises and dolphins (Table A2). The baleen
whales, porpoises and dolphins in fact have high Mb His content but this is masked by all
members of Cetartiodactyla having a high Mb His content (Table A2). The other diving
species where Mb His content is low generally have low skeletal muscle [Mb] and do not
have long dive durations (Table A7). The evolution of diving in all of these species may well
be recent, as it has been shown for the polar bear and sea otter, Enhydra lutris, (Berta et al.,
2006).

As previously mentioned, within the order Cetartiodactyla the Mb His content is high
for all species, with most members having ten or more His. The baleen whales tend to have
eleven His residues, which is one less than most ruminant species (Fig 2.3B). The members
of Delphinoidea all have twelve His residues and their positions are conserved between them.
In fact they have highly similar Mb amino acid sequences showing, above 90% similarity
across all delphinoid species (Fig 2.3B), which may reflect their recent rapid evolution
(McGowen et al., 2009). The sperm whales and the bovid species both have thirteen His,
although the positioning of these residues is not conserved for some of the residues,
suggesting that this is not the result of inheritance from their last common ancestor. The
highest number of His occurs in the deep diving beaked whales, a group that has fourteen
His, with one unique His at position 66, which is asparagine in most other species of thié
order (Fig 2.3B). This study also finds that the rum~inants have a His that is unique to them at

Position 88, which is a proline residue in all other mammals (Fig 2.3A-D). The pygmy hippo,
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one of the species that has had its Mb amino acid sequence identified in this study, is
particularly intéresting in that hippopotamids are regarded as the closest living relatives to
cetaceans (Boisserie et al., 2005; Gatesy 1997). It has ten His, including a unique His at
position 91, which is occupied by Glu in most other mammalian species (Fig 2.3A-D). This
indicates that the last common ancestor of the pygmy hippo and cetaceans may have had a
similarly low Mb His content that only increased after the whale lineage diverged from the
hippo lineage.

Within the orders of Carnivora and Rodentia, there is an obvious trend for increased
Mb His content in the diving species (Fig 2.3A & D). The two independently evolved
lineages of diving rodents have eleven His which is at least three more His residues than their
close terrestrial relatives (Fig 2.3D). His positipns within these two species are conserved
between them both, which is remarkable, given their relatively distant evolutionary
relationship. This indicates that certain sites in the Mb protein are much more favourable for
a His substitution than others. Within the order Carnivora diving has evolved three times
(Fig 4.1). In Ursidae (bears) and the Mustelidae (weasel family) divers show no trend
regarding His compared to their close terrestrial relatives; in fact the Mb amino acid sequence
for the polar bear is identical to that of the black bear (Fig 2.3A). The river otter and
American mink also have an identical His content compared to the other musteloids (Fig
2.3A). The canines and the one feline representative in this study all have a high His content
(10 residues) (Fig 2.3A), this may be linked to their need for a ﬁigh Bmusciens due to their
adapted methods of locomotion, prolonged periods of fast endurance running in the canines
or fast bursts of locomotion in the felines (Castellini & Sorhero, 1981). The Mb His content
of pinnipeds is high in all cases. The otariid seals all have eleven His and most of the pﬁocid
seals have thirteen His, again the positioning of these His residues is not consistent across the

species (Fig 2.3A). Phocid seal have His8, 116 and 152 which is Gln in the otariid seals,'and
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otariid seals have His128 which is Gln in phocid seals. This suggests an independent
evolution in the Mb protein after these two groups of species diverged. Which may be the
result of the independent evolution of diving behaviour within the two groups, supported by
the very different adaptations that have evolved within the two groups e.g. phocid seals swim
with their hind limbs and tend to exhale before a dive, while otariid seals swim with their
forelimbs and tend to inhale before a dive (Berta et al., 2006)

The functionality of any amino acid residue will depend on its positioning within the
three-dimensional structure of a protein (Lesk, 2001). His is a unique amino acid residue in
that it may function both in the hydrophobic interior and on the solvent exposed external
surface of a protein (Betts & Russell, 2003). In Mb, internal His residues have contact with
the haem group and can play a role in stabilising the structure of the protein. External His
residues may have a functional role in increasing the Busciens, as one of the two nitrogen
atoms on the imidazole ring can undergo protonation (Abe, 2000), but this will depend on the
PKa value of those external residues. The buffering power of any His residue is at its highest
when the intracellular pH is equal to the pKa of that His residue (Davey, 1960), therefore
changes away from the pKa of a residue will diminish its buffering potential. The pKa values
for Mb His residues have been the subject of numerous NMR studies looking at the effects of
temperature (Bhattacharya & Lecomte, 1997), the effects of salt concentrations (Kao et al.,
2000) and the difference between Mb ligation and oxidation states (Cocco et al., 1992;
Bashford et al., 1993). As a result the pKa for many of the His that occur in mammalian Mb
have been characterised.

This study is the first to test whether increases in Mb His content affect the buffering
power of the protein, Bmp. In order to achieve this, acid-base titrations were carried out on
purified Mb from ten species (Fig 2.5). The results suggest that Mb His content is indeed

closely linked to the buffer power of the protein. Titration curves of the deep diving beaked
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whales and the grey seal show a higher Bm, compared to all the terrestrial mammals observed
here, as indicating by the steepness of the titration curves (Fig 2.5A-D). The Mbs of cow and
sheep have one more His residue compared to the minke whale and the Risso’s dolphin.
Indeed between pH 6.5 -7 a steeper titration curve is observed for cow Mb compared to the
two whale Mbs mentioned above (Fig 2.5A & C). However at a lower pH levels
(approaching pH 6) minke whale Mb has a higher specific Mb buffer value compared to the
cow and sheep. This increase in buffering may be the result of protonation in His8, at lower
pH values. His8 is a residue that has been shown to have a pKa of 6.10 in the minke whale
(Bothelo et al., 1981), which helps to explain why By in the minke whale surpasses that of
an animal with a larger His content at lower pH values. This supports that the position and
PKa of amino acid residue is important. The By, of Risso’s dolphin is greater than that of the
cow and the sheep at a pH just below pH 6. This pH is at the very limit of the measured
physiological range of human skeletal muscle (Sahlin et al., 1976; Hermansen & Osnes,
1972; Robergs et al., 2004), but may indeed be an intracellular level occurring in the dolphin
because of the high anaerobic cost of burst locomotion (Castellini & Somero, 1981; Williams
et al., 2000). Comparison of the two carnivorans used in this study shows that the grey seal,
with an increase of five His residues, has a greatly increased Bmy compared to its close
terrestrial relative, the raccoon in this case. The evidence shown above suggests that Mb His
content may indeed play a role in Bmusciens. However the overall contribution of Mb His
content is determined by the [Mb] within the muscle tissue.

This study has produced a method of calculating Mb net surface charge from the
contribution of individual ionisable residues, and from this it is possible to estimate Mb
titration curves. Estimated titration curves for each of the ten species were calculated, and
were shown to accurately predict the measured titration of cow, sheep and pig Mb, shown by

dashed lines (Fig 2.5A). For every other species observed in this study, measured and
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estimated titration curves do not match as accurately. This may be due to deamidation.
Deamidation is a chemical reaction that occurs when a protein degrades, affecting mainly
glutamine and asparagine amino acid residues. It affects the amide groups on these residues
by conversion to the acidic forms, glutamic acid and aspartic acid, and thereby results in the
addition of a negative charge (Robinson & Robinson, 2004). This has been shown to occur at
three amino acid positions during the sequencing of Delphinus delphis Mb (Wang et al.,
1977). During the purification of sperm whale Mb, comparisons have been made regarding
various fractions (IV, IIIB, IIIA and II), where fraction IV is the major component and the
others are minor fractions (Garner et al., 1974). Shire et al., (1974a) quoting Garner et al.,
(1974) noted a two charged residue difference between the major component IV and the
minor component II, corresponding to the deamidation of two asparagine residues. The
addition of strong negative charges over the physiological pH range, results in a downward
shift of the titration curve and thereby a reduction of the pl of the protein. This is seen quite
clearly in the minke whale and humpback whale where estimated titrations based on the
native amino acid sequence would predict a pJ of approximately 8, when an experimentally
measured pJ was closer to 6 for both species (Fig 2.5C). A constant offset, between estimated
and experimentally measured titration curves, was noted for both species. The offset would
correspond to the deamidation of approximately five residues, which is more than previously
observed during purification of the dolphin and sperm whale (Wang et al., 1977; Shire et al.,
1974a). These two species probably had the highest amount of tissue degradation due to the
time of death before tissue samples were collected. Tissues were collected from the minke
whale approximately one week after the stranding event. Calculation of titration curves for
the beaked whales were identical due to the species having the same composition of strongly
charged residues and the same number and position of His residues. However the

experimental titrations show that the Northern bottle-nosed whale has a reduction of almost
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two fully charged residues compared to the Sowerby’s beaked whale (Fig 2.5B). The
constant offset between estimated and measured titration curves for both the Sowerby’s
beaked whale and Northern bottlenose whale suggest that deamidation has occurred to a
similar degree to that seen in the dolphin and sperm whale (Wang et al., 1977; Shire et al.,
1974a).

However as the estimated titration curves of all species are parallel to the measured
titration curves, shown by constant offsets over the physiological pH range, the calculation of
B will remain accurate, as it has been derived by calculating the slope on the titration curve
at every pH throughout the physiological range. Plots of measured Py against estimated Bup
show how accurate the predicted Bmb value can be, with an average (range) deviation from
the line of identity of 0.25 (0.08-0.6), 0.19 (0.08-0.52) and 0.04 (0.02-0.33) at pH 6.0, 6.5 and
7.0 respectively (Fig 2.6). Estimated values are slightly lower than measured values at pH 6.0
and 6.5 in the species with the highest By, the beaked whales and the grey seal (Fig 2.6).
This could be explained by variation within pKa values for His residues among species. For
example a maximum difference, between seven species, of 0.34 is observed in the pKa of
His152, a residue with an average pKa of 6.10 (Bothelo et al., 1978). Similarly the maximum
observed difference in pKa value of His81 is 0.5, when comparing horse and grey whale,
Eschrichtius robustus, (Bothelo et al., 1978; Kao et al., 2000).

Satisfied that model predictions are good and that Mb amino acid composition can be
used to accurately predict Bmo. BmuscleMs Was then calculated for as many species as possible
and expressed as a percentage of Pmusciens in order to quantify the contribution of Mb. Figure
2.7 indicates that with the exception of the insectivorans, Mb contributes 2 much larger
amount to Busclens i mammalian divers than in their closest terrestrial relatives (Fig 2.7). In
the order Insectivora the contribution of Busciems to Bmusclens 18 similar between divers and

their closest terrestrial relatives, and in fact in the water shrew the contribution is even
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slightly smaller than in the short-tailed. This may be due to the muscle composition of these
small mammals. Skeletal muscles of terrestrial shrews consist almost exclusively of type II
(fast twitch) fibres (Peters et al., 1999), which usually contain less Mb than type I (slow
twitch) fibres (Peters et al., 1999). If this also applies to semi-aquatic shrews and even other
members of the insectivorans, this may explain the relatively modest increase in Mb
concentration in the skeletal muscles of the water shrew and star-nosed mole compared to
their terrestrial relatives (Table A7). Clearly, given a low muscle [Mb], it would be futile to
increase the Mb His content as the effect on Bpysciens Would be minimal. It appears that
insectivoran divers have used some other mechanism in order to achieve the elevated
Bmusciens Observed in these species. Perhaps there is a large increase in the concentration of
His-related dipeptides? But so far these have not been measured in insectivores.

It should be pointed out that the absolute levels of Puusciens attained in diving
insectivorans are relatively modest compared to seals and whales (Fig 2.7). Emmet and
Hochachka (1981) have shown that the maximal activity per unit muscle mass of lactate
dehydrogenase, a marker enzyme for anaerobic metabolic capacity, decreases with increasing
body mass across several mammalian species. Furthermore, the values for the single shrew
species included in their study were more than two-fold lower than expected for their body
mass based on the regression line for all investigated mammals (Emmett & Hochachka,
1981). Exceptionally low capacities for anaerobic metabolism have now been confirmed for
two other shrew species, including the pygmy shrew, Suncus etruscus, one of the smallest
existing mammalian species (Peters et al., 1999). Although there is currently no comparable
information on diving shrews or other insectivorans, a generally low capacity for lactic acid
production in the insectivoran skeletal muscle may have reduced the selection pressure for
elevated Prmuscens in this order, explaining the relatively smaller increase in Pmusciens in diving

insectivorans compared to diving mammals in other orders.
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In all other diving species there is a substantial increase in contribution of BruscleMb tO
Bmusciens compared to terrestrial species, this is due to the increase in both By, and [Mb]
(Table A2 & A3). Figure 2.7 highlights the variability in the contribution of His-related
dipeptides to Brusciens, With some species, such as minke whale and common dolphin, relying
quite substantially on them, yet in other species, such as bottlenose dolphin and hooded seal,
their contribution is less than that of Byueciem.

This study suggests that between 6-45% of the increase in Bmusclens S€€N in
mammalian divers compared to terrestrial species can be accounted for by the increase in
Brusciemn (Fig 2.7). Differences between species observed here, may be explained by fibre
type, as in shrews as discussed above, or by the dive behaviour of the individual species.
Higher Pmusciens is seen in animals capable of long distance anaerobic, or burst locomotion
(Castellini & Somero, 1981), such as dolphins and porpoises. A similar result is found for
BmuscleMb, With the more active deeper diving phocid seals appearing to be more reliant on
Brmusciemp compared to the sea lion (Fig 2.7). Bonusciens (Table A3) is consistently lower in
otariid seals compared to phocid seals. Similarly in the deeper diving pygmy sperm whale
and Cuvier’s beaked whale Bmusciemb appears to contribute more towards Bmusciens than in

other cetacean species.

Conclusion

In conclusion, the present study has determined 25 novel mammalian Mb amino acid
sequences and demonstrates a general trend towards an increased Mb His content in 6 out of
14 investigated lineages of mammalian divers compared to their terrestrial counterparts.
Comparison of the acid base titration curves of 10 mammalian Mbs with their primary
sequence and known pKa values of ionisable groups in Mb have then been used to develop a

model that accurately predicts the specific Mb buffer value, By, of any Mb from its primary
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sequence. Together with data on muscle Mb concentration, calculation of Brmusclemy has
allowed for the first time quantification of the contribution of Mb towards Bmusciens in diving
and terrestrial mammals and to compare it with the contribution of specific His-dipeptides
that have been found to be elevated in muscles of some divers (Crush et al., 1970; Abe,
2000). The data shows that, contrary to previous reports, Mb in some species contributes a
substantial proportion to the increased muscle non-bicarbonate buffer value generally seen in
diving mammals. Thus, the elevated By, due to three extra His residues in Mb of true seals,
together with increases in [Mb], has been shown to increase Prusciens by up to forty five per
cent above the level of Bmusclens in their close térrestrial relatives.

This study provides novel insights into how cumulative substitutions on the
molecular surface of Mb, away from the active site of the haem group, can have a profound

adaptive effects on the physiological properties conveyed to the whole animal.
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Chapter 3 - Increased myoglobin net charge in mammalian divers: A mechanism to aid
high concentration?

Introduction

Protein self-association is a problem with both biochemical and medical concerns.
Protein aggregates can form as a result of mis-folding or as a consequence of high protein
concentration; and these self-associations occur more frequently in partially folded
intermediates (Shiraki et al., 2002). Protein aggregates can either be soluble or insoluble,
soluble aggregates tend to be small peptides or proteins, recently these have been shown to
occur more frequently than previously thought and are closely associated with neural
misfunction, more so than the larger amyloid fibrils (Rajagopalan et al., 2011). These small
soluble aggregates may then lead to the formation of larger insoluble aggregations, at which
point precipitation can occur, if this occurs in vivo then serious medical problems can occur.
Aggregation of misfolded bA4 amyloid protein and its associated deposition in brain tissue is
responsible for Alzheimer’s disease (Joachim and Selkoe, 1992). Other structured deposits
(Amyloid fibrils), such as fibrillar a-synuclein Lewy bodies, are associated with Parkinson’s
disease (Lansbury, 1999) and fibrillar Huntingtin nuclear inclusions are responsible for
Huntington’s disease (Scherzinger et al., 1997). Another form of spherical aggregate called a
spherulite, has been observed to occur in insulin with implications in type I diabetes (Krebs
et al., 2008). As a result, mechanisms of aggregation are being studied extensively. Insoluble
amyloid-fibril aggregates seem to form more readily in proteins consisting mainly of B
sheets, because hydrophobicity of helical structures helps to prevent fibril formation
(Fandrich et al., 2003). High protein concentrations lead to the formation of amyloid-fibrils
(Fink, 1998), and high protein concentration has also been shown to help the formation of
aggregates in proteins that do not readily form fibrils (Rumen & Appella, 1962).

During a dive any mammalian diver must carry enough oxygen to support the

duration of a dive. Oxygen can be stored within myoglobin (Mb) in the skeletal muscles of
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diving mammals (Kanatous & Mammen, 2010). A hallmark of mammalian divers is an
elevated Jevel of skeletal muscle Mb with concentrations of up to thirty times higher than
those of their close terrestrial relatives (Irving 1939; Scholander 1940). This raises the
question of how mammalian divers avoid the problem of Mb aggregation at the high
concentrations needed to provide enough oxygen for long dives.

Any protein is least soluble at its iso-electric point (pl), this is also the point where the
protein has zero net surface charge. If the protein net surface charge is increased or decreased
then the solubility of the protein increases (Fig 3.1A). The net surface charge of a protein is
governed by the pK of the ionisable residues on its surface (Tanford, 1962). The pKa value of
a residue provides information about the ionisation state of the amino acid residue. Thus, at a
pH identical to its pKa value, half of a given ionisable residue will be protonated. Therefore
the residue will contribute half a charge towards the overall net charge of the protein.
Strongly positively charged residues, arginine (Arg) and lysine (Lys) have high pKa values
and at high pH will be neutral, as pH decreases these residues become protonated and will
have a full positive charge within the physiological pH range. Equally, strongly negatively
charged residues aspartate (Asp) and glutamate (Glu) are negatively charged at high pH and
take up a proton becoming neutral at very low pH. They will therefore be fully negatively
charged at physiological pH. Also strongly charged are the amino terminal (N-term) amino
group, which is positively charged, and the carboxyl terminus (C-term) which is negatively
charged. Residues that are not as strongly charged, such as the neutral to positively charged
histidine (His) and the neutral to negatively charged cysteine (Cys), will become protonated
or give up a proton, respectively, within the physiological pH range. Tyrosine (Tyr) is a
negatively charged residue with a high pKa value therefore meaning it will be neutral in the

physiological pH range (Fig 3.1B).
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Figure 3.1: A) Schematic representation of the increase in protein solubility as protein net
charge is increased or decreased from the pZ. B) Ionisation states of ionisable amino acid
residues. The red bar indicates physiological pH and the dotted black lines represent
representative His residues in Mb with a low and a high pKa value, respectively.



Even though Mb is a mostly helical protein it has been shown to form aggregates.
Urea based unfolding experiments with horse, Equus caballus, Mb have shown self-
associated intermediate species (Eliezer et al., 1993) and acid unfolding experiments
conducted on horse and sperm whale, Physeter catodon, Mb have also shown aggregations
(Regis et al., 2005). Mb has also been shown ir vitro to form dimeric aggregations at high
concentrations in harbour seal, Phoca vitulina, and horse apoMb, Mb without the associated
haem group (Rumen and Appella, 1962; Deyoung et al., 1993), and in horse
metmyoglobincyanide (MetMbCN), an oxidised form of Mb commonly used in research due
to its increased stability, but not in sperm whale MetMbCN (Regis et al., 2005). Interestingly,
when concentrating MetMb in an i vitro study of Adélie and Chinstrap penguins, Pygoscelis
adeliae and Pygoscelis antarcticus, respectively, an increase of a colourless protein
coinciding with a decrease in MetMb was observed. The size of the colourless protein
suggested it was an aggregated form of apoMb (Weber et al., 1974). The solubility of holoMb
(Mb containing the haem group) is extremely high, with observed concentration of over 7 g
100g™ in the lognissimus dorsi of the Weddell seal (Kanatous et al., 2008), and tends only to
show aggregation under non-physiological conditions, such as acidic pH (Chow et al., 2006),
high pressure (Gebhardt et al., 2003), or with the addition of urea (Regis et al., 2005).

However, apoMb of the sperm whale, which shows similar tertiary structure to
holoMb in the native state (Hughson & Baldwin, 1989), has been shown to form aggregates
under conditions similar to physiological pH (pH 6.0) at 25°C (Chow et al., 2006), and at
concentrations that are 100-fold lower than the concentration of the holo protein for sperm
whale, namely 48.45 mg 100 g'1 muscle wet weight apoMb (Chow et al., 2006) compared to
7.0 g 100 g'1 holoMb ( Sharp & Marsh, 1953), Investigations into the stability of apoMb have

shown that this Mb precursor in diving mammals generally has higher resistance to acid
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denaturation and urea unfolding than apoMb of terrestrial mammals (Hughson and Baldwin,
1989; Regis et al., 2005; Scott et al., 2000).

Regis et al. (2005) demonstrated that sperm whale MetMbCN is about one and a half
times more resistant to urea unfolding compared to horse MetMbCN. They also found that
horse MetMbCN forms aggregates at much lower concentrations compared to sperm whale.
Thus, at twice the concentration leading to the formation of aggregates in horse MetMbCN,
sperm whale still has MetMbCN in the single monomer form. The same study indicated that
it was not differences in haem binding properties, but rather differences in the primary
structure of Mb that conveyed a greater resistance to aggregation in mammalian divers
compared to terrestrial species.

Recently, increased attention has been directed at the structural properties of a protein
that determine its aggregation propensity. Trovato et al. (2007) developed a theoretical model
to determine aggregation prone regions of proteins. When applied to sperm whale Mb the
model predicted an increased propensity to aggregate in the G-helix region, residues 100-118.
Indeed, horse apoMb has been shown to form aggregations involving the G-helix and these
aggregates have led to the formation of amyloid fibrils in non-physiological conditions
(Fandrich et al., 2003).

In order to prevent aggregation occurring because of high concentration, then it makes
sense that the solubility of a protein must be increased. Shaw et al. (2001) demonstrated that
protein solubility is affected by the net surface charge of a protein. By directly mutating the
primary sequence of ribonuclease Sa, an enzyme involved in RNA degradation, these authors
increased the content of positively charged residues within the amino acid sequence, thereby
raising the net surface charge of the protein. They found that the mutations altered the iso-
electric point (p]) of the protein, the point at which a protein has zero charge and is least

soluble, and that they increased its solubility at different pH values compared to the native
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protein. McLellan (1984) compared Mb protein sequences from 13 species of cetacean and
horse and showed that differences in amino acid sequence were associated with differences
in electrophoretic mobility in native polyacrylamide gels, a method of separating similar
sized proteins on the basis of surface charge of the protein. Differences in mobility and
therefore charge were explained by the composition of charged residues in the amino acid
sequences of the different Mbs.

This study compares Mb primary sequences of a large number of mammalian species
with the aim to identify specific amino acid changes that only occur in the Mb protein of
diving mammals. The specific hypothesis is that diving species from multiple lineages will
have an increase in the net surface charge of their Mb protein compared to terrestrial
mammals, and that this increase in net surface charge would convey a greater aggregation
resistance in the holo protein or its precursor at high concentrations, by means of electrostatic

repulsion.
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Methods

The study of Mb net surface charge requires the knowledge of Mb amino acid
sequence for as many mammalian species as possible. Published amino acid sequences were
obtained from the national centre for biotechnology information (NCBI) and from the gene
index project (TGI formerly TIGR) see appendix Table A.1 for details. Mb amino acid
sequences for twenty six species were determined in this study by PCR of cDNA and Sanger
sequencing (see Chapter 2 for details). Mb net surface charge was determined in Chapter 2,

however the data is analysed in detail in this chapter.

Charge estimation

Mb net surface charge was calculated according to the protocol in Chapter 2. Briefly
protein charge was estimated, from the estimated charge contribution of each ionisable
residue in the amino acid sequence. The charge of each residue at every pH value ranging
from 4-11 with increments of 0.1 was calculated according to the formula
S=[HT/(H"+a" Equation 2.2
where [H'] is the hydrogen ion activity 107", g is 10X and » refers to a cooperativity
constant. As the cooperativity constant was not available for all residues, and when
cooperativity constants were included in initial analysis the difference it made to charge
calculations in the physiological pH range were minor, unity was assumed for » for all
ionisable groups. Experimental pKa values determined for each specific residue in Mb were
used where possible. An average value for that type of residue in folded proteins was used if

experimental data was not available (Table 2.3)
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Mb Purification

The purification of muscle tissues from eight species, namely Sowerby’s beaked
whale, Mesoplodon bidens, Northern bottlenose whale, Hyperoodon ampullatus, Risso’s
dolphin, Grampus griseus, Humpback whale, Megaptera novaeangliae, Minke whale,
Balaenoptera acutorostrata, Cow, Bos taurus, Sheep, Ovis aries and Pig, Sus scrofa, was
carried out as described in Chapter 2. Briefly, tissues were thawed and homogenised on ice
using an Ultra-Turrax T25 basic, in cold 20 mM phosphate buffer in a ratio of 1 g muscle
tissue per 5 ml of buffer. The samples were centrifuged at 10,500 g for 20 min at 4°C and the
supernatant filtered, before pH adjustment back to its starting pH.

A two-step approach of cation exchange followed by gel filtration was used,
removing the need for initial ammonium sulphate precipitation and therefore reducing loss of
protein (O’Brien 1992). Cation exchange was conducted at room temperature on a column
containing SP Sepharose fast flow (Sigma) at a flow rate of 2 ml min™'. Elution of Mb was
achieved through the addition of 40 mM NaCl. The collected Mb fractions were concentrated
using Amicon Ultra-15 centrifugal filter unit (Millipore). Mb was separated from any
remaining proteins by size exclusion gel filtration chromatography using a Hi-Load 16/60
Superdex 75 prep grade column (GE healthcare) equilibrated with 100 mM KCl using a flow

rate of 0.5 ml min”' at a temperature of 4°C.

Native polyacrylamide gel electrophoresis (PAGE)

Native PAGE was performed using a 9% polyacrylamide gel with a 2-
morpholinoethanesulfonic acid (MES) buffer at pH 6.0 in a 0.3 M final concentration, pH 6.0
was used to ensure that all samples would run towards the cathode. 5 pl of purified Mb
samples (~0.1mM) from the eight species mentioned above was converted to MetMbCN and

readied for Native PAGE, with the addition of 1ul 10X modified Drabkin’s reagent,
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consisting of NaHCO; (11.9 mmol I'"), K3[Fe(CN)g] (0.61 mmol 1) and KCN (0.77 mmol 1)
(Vélkel & Berenbrink 2000), and 5 pl 40% glycerol, 0.2 M MES pH 6.0 loading buffer and
incubated at room temperature for 5 min. 5ul of treated protein sample was loaded to the gel
and electrophoresis carried out at 200 V for 50 min, on ice with stirring of electrophoresis
buffer, in a Bio-Rad Mini-PROTEAN II gel system. Gels were then stained with EZBlue™
gel staining reagent (Sigma) according to manufacturer’s guidelines. Electrophoretic mobility
was taken as the distance travelled through the native gel, measured to the nearest mm.
Electrophoretic mobility was then plotted against calculated net charge at pH 6.0, and to test
for a significant correlation, accounting for phylogenetic relatedness using phylogenetically

independent contrasts as described below.

Phylogenetic Independent Contrasts

Maximal Mb content was collected for as many mammalian spccics as possible
(Table A3). These data were then tested for a correlation with calculated net charge at pH 6.5
by standard ordinary least squares regression as calculated using Excel. Data was trimmed by
removing closely related species that had identical Mb protein sequences, leaving only the
species with the highest Mb content. The data set was then transferred to the mesquite
software package (Maddison & Maddison, 2010) and regression analysis was corrected for
phylogenetic relationships using Felsenstein’s (1985) phylogenetically independent contrasts
(PIC), within the added software module Phenotypic Diversity Analysis Programs
(PDAP).PDTREE (Midford et al., 2005).

PIC analysis corrects for statistical non-independence in correlational analyses of two
continuous valued characters in groups of hierarchically related species by taking their
phylogenetic relationship (Fig 1.1) into account. Branch lengths were set to Pagel’s arbitrary

branch lengths. Statistically independent values are computationally created for internal
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nodes and standardised contrasts are performed with this information. Diagnostic plots of
absolute values of standardized contrasts versus their standard deviations were used to
confirm the suitability of branch lengths in the analysis of the trimmed data set.
Phylogenetically independent regression was performed by producing scatter plots of the

standardised contrasts with an ordinary least squares regression forced through the origin.
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RESULTS

A summary of the number of strongly charged residues and the calculated Mb net
surface charge at pH 6.5 is given for mammals in Table 3.1. The pattern of calculated charge
shown here is almost identical across a range of pH from 6.0 to 7.0 and thus only charge
calculated at pH 6.5 is shown, as this is a mid-point in the physiological pH range observed
for the exercising skeletal muscle in humans (Sahlin et al., 1976). Currently there is no data
available for exercising muscle pH in diving species. Table 3.1 indicates that almost all
diving mammals have an increased Mb net positive charge at pH 6.5 compared to their
closest terrestrial relatives. In phocid and otariid seals Mb net charge is usually double that of
the terrestrial carnivorans. Similarly Mb net charge in cetaceans is almost double that of their
closest terrestrial relatives the Artiodactyla, except for the red deer, Cervus elaphus, which
has a higher estimated Mb net charge compared to other artiodactyls. The Mb net surface
charge of diving insectivorans and rodents is more than double that of their close terrestrial
relatives, more than a four-fold increase in Mb net charge is shown between the Eurasian
beaver, Castor fiber, and its closest relative the kangaroo rat, Dipodomys ordii (Table 3.1).

Within the insectivorans the number of strongly positively charged residues is
identical among all species observed, with the exception of the hedgehog, Erinaceus
europaeus, that has one additional strongly positively charged residue. The Mb His content in
insectivorans is generally low compared to other mammals and there is no trend in His
content among diving and terrestrial species. However, there is a difference in the content of
strongly negatively charged residues whereby the diving species, water shrew, Sorex
palustris, and star-nosed mole, Condylura cristata, have a reduction in the amount of these
strongly negatively charged residues (Table 3.1). This indicates that diving insectivorans
have increased Mb net charge by reducing the content of strongly negatively charged

residues.

74



Table 3.1 Number of ionisable amino acid residues and estimated Mb net surface charge at pH 6.5
for mammals observed in this study. Semi-aquatic species are highlighted in green and prolific divers
are highlighted in blue. Asterisks indicate species whose Mb has been sequenced for the first time in
this study
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Pig 4 8 2 19 2 2 9 .00 Ehrenberg's mole rat 1305 B2 TR0 S 1IN | S B 0.2 7,
oW 13 8 21 18 2 20 13 18 | =& Kangaroorat 15 8 2 20 2 2 5 -6 |4
Yak 3 8 2 18 2 20 13 18 |§ 4 6 20 2 2 B 1 42 |5
Water buffalo 14 8 22 18 2 20 13 08 | B Phins viscacha 3 8 21 17 4 21 &8 027 |¢g
Goat TTR S N0 TR S 220 S 2 SN 5 T | K W st A7 21 18 ST R0 B R R (.27
Sheep 14 7 21 17 2 19 12 05 Guinea pig 130 S A2 1 M1 8 0 [ 8 N 0.27
Tibetan antelope T3PRR ST 1NN 1 8 B 2 AR 20 BN 12 1.56 Northern gundi SERIS TR I NN 9 SN2 SR 2] B 8 -1.72
Red deer 13 0720 B0 18 B0 B0 SR] 9 B Grey squirrel® 16 R 7 I | B> B3 B 7 R 0,17
Ground squirrel (incomplete) 9 6 15 16 0 16 7
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All carnivorans have the same number of strongly negatively charged amino acids in
their Mb sequences, with the exception of the canines that have one additional strongly
negatively charged residue compared to the other carnivoran species. In terms of strongly
positively charged amino acids all terrestrial species have twenty three residues. With the
exception of the semi-aquatic American mink, Neovison vison and polar bear, Ursus
maritimus, there is a trend in the diving carnivorans to increase the number of strongly
positively charged residues. The river otter, Lutra lutra, and phocid seals all have twenty four
residues and the otariid seals have twenty five strongly positively charged residues, which is
the highest number of this type of residue in all mammals (Table 3.1). All mustelids have an
identical Mb His content which is low compared to other carnivoran species. The ursids have
one additional His compared to the mustelids but this is still lower than the canines and the
one member of the felines, who all have ten His residues which is classified as a high number
by this study. There is a trend to increase Mb His content in the more prolific divers, the
otariid and phocid seals having eleven and twelve His, respectively, which is high compared
to the other carnivorans (Table 3.1). It appears that the diving carnivorans increase their Mb
net charge by increasing both the amount of strongly positively charged residues and in the
case of the seal families by also increasing the Mb His content.

The members of the order Cetartiodactyla have an almost identical quantity of
strongly negatively charged residues, with all terrestrial species having either twenty one or
twenty two residues, with the exception of the red deer that has twenty. All diving species
within this order have twenty one strongly negatively charged residues. The terrestrial species
have twenty strongly positively charged residues, with the exceptions of the sheep, Ovis
aries, and pig, Sus scrofa, that have nineteen and twenty one respectively. All cetaceans,
however, have twenty three strongly positively charged amino acids, which is an increase of

at least two residues compared to their close terrestrial relatives. Mb His content is high
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among all species within the order Cetartiodactyla, with the terrestrial species having either
twelve or thirteen His residues, excluding the most basal member of the order investigated
here, the pig that has nine. This compares to between eleven and fourteen His residues in the
diving artiodactyls. The lowest number of His in the latter group is observed in the baleen
whales and the highest His content of all mammals is seen in the deep diving beaked whales.
This analysis suggests that diving species in the order Cetartiodactyla have increased Mb net
charge by increasing the number of strongly positively charged residues and by having a high
number of His, too. The exception to this is the pygmy hippo, Choeropsis liberiensis, which
shows quantities of charged residues more similar to levels observed in terrestrial species and
only ten His. The pygmy hippo also has a low estimated Mb net surface charge compared to
most members of this order (Table 3.1).

Within the order Rodentia, terrestrial species generally have the lowest Mb net
charge, a charge that is similar to the terrestrial insectivorans. The terrestrial rodents have
between twenty one and twenty three strongly negatively charged residues and a similar
number of strongly positively charged amino acids. While the diving species have twenty or
twenty one strongly negatively charged residues they both have one additional strongly
positively charged residue giving them twenty three. The Mb His content in terrestrial rodents
is also very low, ranging between five in the kangaroo rat and eight, which is the same
quantity as seen in the mustelids. The diving rodents have an increased Mb His content with
eleven His residues in both beaver and muskrat, which is three more than in most other
rodent Mbs (Table 3.1).

Amino acid sequence alignments for all the mammals involved in this section of the
study are given in Figures 3.2A-D. The figure highlights that Mb is a highly conserved
protein among mammalian species, and that the charged residues are extremely well

conserved. Two examples of this are firstly the residues of the A-helix, Asp4, Glu6, Lys16,
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Glu18 and Asp20, which are conserved in every species observed here. Second, the residues
following the proximal His93 in the F-G Helix regions, Lys96, His97, Lys98, Lys102,
Glu105 and Glu109 are found in nearly every species observed here. Interestingly, Glu109 is
not conserved among all species, however, where amino acid changes have occurred it has
been replaced by an equally negatively charged Asp residue, namely in the badger, Meles
meles, raccoon, Procyon lotor, the canines, the baleen and sperm whales and the members of
the dolphin-porpoise super family, Delphinoidea (Fig 3.2A-B). Other charged residues are
conserved throughout the protein as well, indicating that these strongly charged residues play
an important role in the protein.

With so much of the Mb protein conserved, if sequence alterations occur it is likely
that they may have an important physiological role. Table 3.1 shows that within the order
Insectivora diving species have an increased Mb net charge and this has probably been
achieved through replacement of strongly negatively charged with neutral amino acids.
Figure 3.2C highlights the fact that both distantly related divers, the water shrew and star-
nosed mole, have indeed replaced three strongly negatively charged residues with neutral
residues at positions 53, 122 and 136. They have also replaced a neutral serine, Ser132, with
a strongly positively charged Lys132. Within other orders, mammalian divers appear to have
increased Mb net charge by increasing the content of both strongly positively charged
residues and Mb His content. The increases in strongly positively charged residues appear
mainly to be increases in Lys. However these changes have not occurred at the same
locations between the orders (Fig 3.2A-D). The diving rodents have replaced the neutral
Asn87 with Lys87, the cetaceans replace neutral Thr24 and Asn140 with Lys. The diving
carnivorans, however, have replaced the neutral Gly57 with Arg57, and the otariid seals

replaced the neutral Asn66 with Lys66.
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stidine residues. Filled circles indicate where alternate residues have evolved but charge has been
maintained. Asterisks indicate sequences that have been produced by this study.
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One other amino acid change has occurred at position 66, this occurs in the deep
diviﬁg beaked whales that replace either a neutral Val or Asn for His66. Some other His
exchanges are noted, these occur in a few species such as the replacement of a neutral GIn8
with His8 in the finback whale, Balaenoptera physalus, minke whale, Balaenoptera
acutorostrata, and the phocid seals (Fig 3.2A-B). The neutral Asn12 is replaced with His12
in the muskrat, Ondatra zibethicus, Eurasian beaver and the beaked and sperm whales (Fig
3.2B and D). His35 replaces the neutral Gly35 in the dwarf sperm whale, Kogia simus, and
pygmy sperm whale, Kogia breviceps. The ruminants have a His that is unique to them,
His88 replaced the neutral Pro88. His91 is unique to the pygmy hippo, this position is
occupied by Gln in the cetaceans, but is a strongly negatively charged Glu in the ruminants.
His124 replaces the neutral Gly124 in the canines and Hi8128 replaces Gln in the otariids.
His152 occurs in the beaked whales and dolphin species as well as in the bovids and phocid
seals (Fig 3.2A, B and D). Interestingly there are three positions that are potentially occupied
by His residues within the G-helix, these are His113, 116 and His119. Insectivorans,
terrestrial rodents and terrestrial carnivorans and the diving mustelids only have one of these
residues, His119. The cat, Felis catus, otariid seals and diving rodents have two of these G-
helix residues, His113 and His119, otariid seals also have a third His residue in close
proximity, His128, a His that is unique to those species. The biggest increase is observed in

the phocid seals and the members of Cetartiodactyla. All of these species have all three of the

G-helix His residues (Fig3.2A-D).
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Figure 3.3 Gel electrophoresis of purified metMbCN under native PAGE conditions at pH 6.0. Gel
was ran for 50 min at 200V. Cetacean species are: Lane 1 Humpback whale; 2 Minke whale; 3
Risso’s dolphin; 4 Northern bottlenose whale; 5 Sowerby’s beaked whale. Artiodactyl species are:
Lane 6 Pig; 7 Sheep; 8 Cow. Extensive smearing is presumably due to deamidation.
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The native PAGE image (Fig 3.3) shows that at pH 6.0 the purified MetMbCN for
cetaceans observed in this study, travelled further towards the cathode than their closely
related terrestrial counterparts. Pig Mb travelled most slowly of all the mammalian Mbs,
moving 0.7 cm, indicating the lowest Mb net charge. The Mb of the two beaked whale
species, Northern bottlenose whale and Sowerby’s beaked whale moved the furthest from the
starting point, 2.5 and 2.6 cm, respectively, indicating the highest Mb net charges (Fig 3.3).

MDb of the remaining terrestrial species, sheep and cow moved 1.3 and 1.6 cm,
respectively, through the gel (lanes 7 & 8). The remaining diving species (lanes 1-3) moved
1.9, 2.1 and 2.3 cm towards the c’athode, respectively. This indicates that, at the experimental
PH of 6.0, all of the diving species observed here have a greater positive Mb net charge
compared to the terrestrial species. The extensive smeafing in the gel, particularly in the
minke whale can be explained by a certain amount of the protein being deamidated, either
during preparation of the protein or as a result of the amount of decomposition occurring in
the individual due to the duration of time before samples were taken.

Plotting electrophoretic mobility against estimated Mb net charge at pH 6.0 will check
the accuracy at which estimated charge has been calculated. The scatter plot shows a
significant positive relationship under ordinary least squares regression (P < 0.001). When
taking phylogénetic relationships into account using phylogenetic independent contrasts
(PIC) there is also a highly significant positive correlation between charge and

electrophoretic mobility (P < 0.001) (Fig 3.4).
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Figure 3.4. Significant positive correlation between electrophoretic mobility and estimated Mb net
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phylogenetically corrected regression (PIC).
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With the accuracy of estimated Mb net charge proven, this study set out to identify
any link between Mb net charge and maximum Mb concentrations ((Mbnax]). Mb
concentration data was taken for forty-eight species from various literature sources (Table
A3). Mb concentration data was then log transformed to the base 10 and correlated with
estimated Mb net charge at pH 6.5. The data set was then trimmed, removing data for species
of the same family with identical Mb sequence, leaving only the species with the highest Mb
concentration. A significant correlation between log [Mbpay] and estimated Mb net charge at
pH 6.5 is observed for the remaining thirty-seven species (Fig 3.5). An ordinary least squares
regression analysis (OLR) produces a line with an #* value of approximately 0.72 that is
highly significant (P <-0.00I; solid black line in Fig 3.5). Data were then corrected for
statistical non-independence of species, by using phylogenetically independent contrasts, to
give a second regression. Even though the regression slope deviates from OLR, the

phylogenetically corrected regression line was also highly significant (P < 0.001; red dashed

line in Fig 3.5).
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regression calculations show a significant relationship at the 1% level.
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Discussion
Estimated Mb net charge — Sequence comparisons

Myoglobin protein sequences have been studied here for four major orders of
mammals, Carnivora, Cetartiodactyla, Insectivora and Rodentia. The Mb sequences are
highly conserved across all mammals with 75% of residues being shared by all species and
with most species in their order showing greater than 80% identity. Diving behaviour has
evolved several times, often more than once in each order (Fig 1.1). The Mb protein
sequences of these divers have one remarkable trait in common; they generally have a higher
positive Mb net charge, across the physiological pH range, compared to their close terrestrial
relatives (Table 3.1). Generally, the Mb charge of a diving mammal is at least twice as high
as that of the terrestrial species within any given order.

Diving behaviour has evolved twice among the observed species within the order
Insectivora; interestingly the diving species (water shrew and star-nosed mole) have a Mb
with greater similarity to each other than their closest relatives. Their Mb is 95% identical
whereas they are only 88-89% identical to their respective relatives, the short-tailed shrew,
Blarina brevicauda, and the coast mole, Scapanus orarius. Insectivoran divers have a Mb net
charge that is comparable to diving animals that are much greater in body mass; the river
otter, muskrat, beaver and even the finback whale. While there is no observable trend in Mb
His content, these small insectivorans achieve a high Mb net charge by replacing three
strongly negatively charged residues with neutral ones, unlike other diving species. Only
once do they replace a neutral residue with a strongly positively‘ charged one, Ser132 to
Lys132. This replacement of strongly negatively charged residues helps to increase the
overall positive net surface charge of the protein.

Within the order Carnivora diving behaviour has evolved at least three times among

the observed species. Of these only the phocid & otariid seals and the river otter rely heavily
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on diving behaviour in order to forage, although the river otter will turn to éltemative food
sources if the availability of fish is low (Wise et al., 1981). The remaining divers, the
American mink and polar bear are the only carnivoran species observed here that do not
follow the trend of having a higher Mb net charge than their closest terrestrial relatives. This
may be due to a limited reliance upon diving, either as a means of foraging or escape. The
polar bear generally forages on ringed and bearded seals above the sea ice during the winter
months and turns to alternative sources of food during the summer (these are not necessarily
aquatic sources) (Dyck and Romberg, 2007). Therefore they do no rely on diving in order to
forage, they have been observed swimming and diving, hunting for artic charr (Dyck and
Romberg, 2007) but dive durations are much shorter than one would expect from allometry,
for an animal the size of a polar bear an average maximal dive duration of 3.5 min would be
expected (Halsey et al., 2006), however, the observed maximal dive duration is
approxirﬁately 39 s (Dyck and Romberg, 2007; see Chapter 5 for discussion of dive
capacity). The American mink is a generalised forager when in a lake environment, preying
on fish, birds and mammals in equal proportions; however, in a river environment foraging
tends to be more on mammals (Darwin, 1859; Wise et al., 1981). Foraging underwater for
fish tends to occur more during the winter months. From spring and during the summer they
tend to forage on land, therefore they do not rely greatly on diving for a large part of the year
(Wise et al., 1981). The riyer otter has a reasonably high charge compared to terrestrial
mammals (Table 3.1) but its Mb charge is almost identical to the protein net charge seen in
the badger, its closest terrestrial relative. This may not be because the charge for the river
otter is low but in fact that the charge for the badger is highfer than expected, which may be
due to its lifestyle. Thus, animals that have adapted to a burrowing existence such as the
badger and the coast mole, or to high altitude such as the yak, Bos grunniens, or Tibetan

antelope, Pantholops hodgsonii, also have higher positive Mb net charges (Table 3.1).
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Adaptation to these types of environment would also expose species to low“oxygen
conditions and may have triggered the evolution of high Mb net charge, as seen in the divers.

The diving species of the order Carnivora generally have a high content of positive
residues within their Mb amino acid sequence (Table 3.1). Twenty three positive residues is
comparable to diving species in the orders Cetacea and Rodentia. However diving
carnivorans have a tendency to increase the strongly positively charged residues even further,
by replacing Gly57 with Arg57. An additional replacement of the neutral Asn66 with Lys66
occurs in the otariid seals. According to protein structure 1IMBO (Phillips, 1980), viewed
using jmol version 12.0.41, this residue is in an external position and would therefore be
ideally suited to contribute to repulsion of other positively charged molecules. Lys66 is
notable as only one other group of species has a positively charged residue at this position;
the deep diving beaked whales have also replaced the neutral Asn66 this time with His66. All
other species do not have charged residues at this location. His residues are interesting in this
study because at physiological pH they have a partial charge, whose strength depends upon
their individual pKa values (Pace et al., 2009). Both phocid and otariid seals have an elevated
number of His residues, which add to the increase in Mb net positive charge caused by
strongly positively charged Arg and Lys seen in these species.

Interestingly the charges observed in phocid seals and otariid seals are almost
identical (Table 3.1). The amino acid sequences of phocid seals are more than 95% identical.
The sequences of otariid seals are 97% or more identical, with 88% identities between the
two groups (Fig 3.2A). However the charged residues that are responsible for obtaining high
charge differ between the two groups. Positions marked Wit_h a filled circle show where
alternate residues have been used to obtain the same charge (Fig 3.2A). Arnason et al., (2006)
indicate that the last common ancestor of Phocidae and Otariidae existed approximately 33

million years ago (MYA). The existence of these residues, coupled with evolution of His that

~
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are not consistent across all diving carnivorans, indicates that the elevated Mb charge has
evolved by different mechanisms in the two groups at some time after the Phocidae-Otariidae
split. Phocid and otariid seals have also developed different adaptations towards diving, for
example the otariid seals use the forelimbs for swimming while the phocids use their hind
limbs. Another notable difference between the two species is that otariid seals inhale before a
dive whereas the phocid seals exhale before diving, allowing their lungs to collapse during
deep dives and then relying solely on oxygen stored in the blood and muscle tissues (Berta et
al., 2006).

Within the order Rodentié diving and terrestrial mammals have a similar number of
strongly negatively chérged residues. The diving species follow the same trend as the
carnivorans in increasing Mb net charge, they have replaced the neutral Asn 87 with Lys 87
and there is a trend towards increasing the Mb His content. Divers have a high Mb His
content, eleven residues, which is comparable to otariid seals and baleen whales, and at least
three more His residues than their close terrestrial relatives. The additional His residues
replace neutral Asn12 with His12, Asn48 with His48 and GIn113 with His113. All of these
residues in combination increase the Mb net charge of diving species.

Of all the species within the order Cetartiodactyla for which Mb sequences are
available there is only one semi-aquatic species, the pygmy hippo. This species has the lowest
Mb net charge of all the divers observed within this study (Table 3.1). Pygmy hippos may
spend a lot of time in water and are capable of moving proficiently underwater. However,
they tend to forage at night time on terrestrial vegetation (Fox & Meyers, 2000) and so may
not require great adaptation to an aquatic existence. Dive times for any hippo species are very
difficult to confirm and a reputable source for hippo dive dL;rations has not been found during
this study. Un-confirmed reports suggest very short dives for an animal of its size. Since Mb

concentrations are high in proficient divers and Mb correlates well with charge, the fact that
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the pygmy hippo does not have long dive durations and therefore does not require large
oxygen stores may explain why pygmy hippo Mb has a low charge.

Cetaceans also increase the number of strongly positively charged residues to
increase the Mb net charge, replacing neutral residues with strongly positively charged Lys at
positions 24 and 140 (Table 3.1). The replacement of these two residues can alone account
for the increase in charge observed in baleen whales. In toothed whales the additional Mb net
positive charge comes from replacing neutral residues with His (Fig 3.2B). The Mb His
content is high in all members of Cetartiodactyla. Interestingly the numbers of strongly
positively and negatively charged residues in artiodactyl species is equal (Table 3.1) and
therefore any net charge on the Mb protein is the result of charge contribution from His
residues. This may account for the high Mb His contenf within these terrestrial mammals.
The ruminants have replaced neutral Pro88 for His88, which is a substitution unique to the
ruminants only. The pKa of His88 has been calculated for the first time in this study using a
non-linear iterative curve fit algorithm. This computational estimation involved matching the
experimental titration curve of pig MetMbCN, plus 3 extra His (two with known pKa) and
minus one Lys to match the experimental titration curve of sheep MetMbCN (Fig 2.1, see
Chapter 2 for further details). The high pKa value of 7.06 attributed to His88 in this study
suggests that it may contribute strongly towards Mb net charge within the physiological
range. Molecular modelling of sperm whale Mb has shown that Pro88 in fact interacts with
the backbone of the Mb chain producing a kink in the conformation (Lesk & Chothia, 1980).
" Molecular modelling in this study of cow Mb has shown that the exchange of Pro88 with
His88 enables the same kink to be present in the conformation (data not shown).

Replacement of neutral Asn12 with His12 is obsew;:d in the sperm whales, beaked
whales and the diving rodents. This residue coupled with Lys140 and Ile142 are thought to

aid in stabilizing the A and H helices in apoMb protein (Scott et al., 2000). Also identified as
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stabilizing substitutions are changes from Gly to Ala at positions 5 and 129 (Scott et al.,
2000). The replacement of Gly5S with Ala5 only occurs in the baleen and beaked whales (Fig
3.2B). Gly is known as a helix breaker and therefore removal of this residue will add stability
to the A-helix (Scott et al 2000). The Gly-Ala change at position 129, occurs in many species
including; all baleen whales, Longman’s and Cuvier’s beaked whales (Indopacetus pacificus
and Ziphius cavirostris, respectively), two more distantly related dolphin species, namely the
Amazon river dolphin, Inia geoffrensis, and the bridled dolphin, Stenella attenuata, the bovid
species, all carnivoran species (excluding the bears, river otter and badger) and the rodent
plains viscacha, Lagostomus maxfmus, (Fig3.2A-D), suggesting that this is 2 common residue
used to increase the stability of the H-helix.

Minke, finback whales and phocid seals have reblaced neutral GIn8 with His8, this
residue has a pKa of 6.1 (Table 2.2) which would contribute half a charge towards Mb net
charge at the low end of the physiological pH range. One other residue of interest occurs in
bovid species, toothed whales (except for sperm whales) and phocid seals, this is the
replacement of neutral GIn152 with His152. Again this residue has a pKa value (Table 2.2)
that would contribute towards overall Mb net positive charge. Intriguingly the species with
the most His and the highest Mb net charge are the beaked whales (Table 3.1), members of
this group are responsible for some of the deepest and longest dives recorded: the Cuvier’s
beaked whale has an average maximum dive time of almost 1.5 hr (Halsey et al., 2006).

One very interesting trend is the tendency to increase His residues within the G-helix.
There are three possible His locations within this region, His113, His116 and His119. Most
terrestrial species have only one of these His, usually His119. The otariid seals, canines and
the diving rodents all have two of these three His residues. ”i‘he phocid seals and the diving

members of Cetartiodactyla have all three of the G-helix His residues.
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Trovato et al. (2007) developed a theoretical model to determine the aggregétion properties of
proteins. They found that sperm whale Mb theoretically showed a propensity to aggregate in
the G-helix region, residues 100-118. Experimental evidence has found that horse apoMb
could form aggregations leading to amyloid fibrils, in non-physiological conditions, and that
these aggregates were concentrated to the G-helix in the unfolded protein (Fandrich et al.,
2003). It’s fascinating that there is a concentration of G-helix His residues within most
groups of divers. It may be possible that a G-helix rich in His residues helps to prevent
aggregation of apoMb during the folding process, when in high concentrations. Looking at
the evidence in this study it is plausible that alterations in the amino acid sequence leading to
an increase in protein net surface charge are responsible for mammalian divers having a Mb

protein with an increased solubility, which would therefore allow a higher Mb tissue

concentration.

Electrophoretic mobility

In order to test the validity of the calculated net charges Mb was purified for several
species. Purified protein was electrophoresed on native polyacrylamide gel at pH 6.0. There is
a very good correspondence between how far the proteins travelled in the gel and the
estimated charge at pH 6.0 (Fig 3.3 & 3.4). A similar result was found in a study by
McLellan (1984). This author identified that at physiological pH values the MDb proteins
migrated in the exact same order as the proteins used in this study. The beaked whales
travelling the furthest of the cetaceans, corresponding to the highest charge, then descending
in order of distance travelled McLellan (1984) found the dol_phins and porpoises, the minke

whale and finally the humpback whale, with the terrestrial species (horse) travelling a much

smaller distance.
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This study finds that the purified Mb of three terrestrial species, pig, .sheep and cow,
can also be separated, and they follow the same pattern as predicted by their estimated
charge. Even though similar species and pH values have been used in both studies, the
calculated charges do not agree, with the values in this study being higher in all cases. One
explanation for this is because different sources of pKa values have been used in calculating
net charge. Small differences in pKa value can lead to larger difference in charge, depending
on the pKa value and the pH used in calculation. For example if the pKa of a model His is
increased by 0.2 from 6.6 to 6.8, then the charge of that residue at pH 6.0 is increased by
0.06. At pH 6.5 the same residue will increase in charge by 0.12. Considering a Mb sequence
with 10-14 histidines, then small changes in the pKa values used in charge calculation could
lead to quite large differences in overall estimated net charge of the protein.

However, the main explanation for differences in calculated net charge between this
study and McLellan (1984) is that His 24, 36, 82, 93 and 97 were deemed un-titratable by the
previous study and therefore not used for calculation. However, the present study uses more
recent information for the values of pKa and finds that His 36 is titratable with a very high
pKa (Bashford et al., 1993; Cocco et al., 1992; Kao et al., 2000), His 97 is titratable but has a
low pKa value (Bashford et al., 1993). His 82 was found to be controversial in relation to its
pKa value. Most studies suggest that this residue is not titratable and has therefore been
ignored during calculations (Botelho and Gurd, 1978; Cocco et al., 1992; Bashford et al.,
1993; Bhattacharya and Lecomte, 1997; Kao et al., 2000). However a few studies have
| suggested that this residue is in fact titratable, with a high pKa vglue (Cheng and Schoenborn,
1991).

Comparisons of calculated charge over a pH range from 5.8-8.5, were made with the
experimental titrations of three terrestrial species, cow, sheep and pig (see Chapter 2 for

more details). Experimental titrations suggested that the preliminary calculations were
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inaccurate to a small degree. Unfortunately as a definitive pKa value for His 82 has not been
determined, this study had to attribute it with a model value of 6.6. When His 82 was
included, calculated net charge corresponded more accurately with experimental findings,
therefore supporting the estimated calculations performed in this study. The inclusion of
these three His residues explains the differences seen in calculated net Mb charge in this
study, compared to those generated by McLellan (1984).

Lanes 4 and 5 in Figure 3.3 are from two beaked whales, the Sowerby’s beaked
whale and the Northern bottlenose whale. According to calculated net Mb charge at pH 6.0,
they should both have moved through the gel at the same fate as they have equal charge.
There is only one residue difference in the amino acid sequence, occurring at position 44
where the Sowerby’s beaked whale has an aspartic acid fesidue and the northern bottlenose
whale has a glutamic acid residue. It is unlikely that this single residue exchange will alter the
shape and general backbone of the protein, especially considering both residues are equally
negative in charge at physiological pH. Then this is unlikely to explain the reduced
movement of the northern bottlenose whale Mb. A more likely explanation is that a certain
amount of deamidation has occurred in the Mb of the northern bottlenose whale. Tissue
samples obtained for diving mammals in this study were the result of stranding events. As a
result a certain amount of decay had occurred to the animals. The decaying proteins may have
had some aspect of deamidation, or been prone to deamidation during purification.
Deamidation is a chemical process that affects two amino acid residues in particular, Asn and
| Gln. Deamidation of these residues, reduces them to Asp and Glu, therefore adding negative
charges to a protein (Robinson & Robinson, 2004). The process of deamidation has been
previously observed in Mb of several species: during the pu;iﬁcation of opossum (Didelphis
virginiana) Mb prior to sequencing, residue 81 was deemed to show deamidation in one of

the fractions collected (Romero-Herrera and Lehmann, 1975). Deamidation has also been
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noted during purification of shark (Mustelus antarcticus) Mb (Fisher et al., .1980), and Quinn
(1973) found that multiple fractions of bovine Mb were the result of non-enzymatic
deamidation. A study characterising the reaction of methyl acetimidate in sperm whale Mb
highlighted that there are six amino acid positions where deamidation is common, five of
which occur in Gln residues and one in Asn (DiMarchi et al., 1978a). Evidence has also
shown that the initial sequencing of sperm whale Mb, resulted in incorrect sequence, and
deamidation was thought to be involved in determining the incorrect sequence (Romero

Herrera & Lehman, 1975)

Correlation of estimated net charge and Mb concentration

A strong positive correlation was found between the distance travelled in the native
gel and the estimated net Mb charge by means of ordinary least squares regression. The r*
value of 0.978 is significant at the 1% level (Fig 3.4) and shows a better agreement than that
seen by McLellan (1984), although a smaller sample was used in this study. Investigation of
this relationship was then taken further by analysing the data taking phylogenetic similarity in
to consideration. Using Felsenstein’s (1985) phylogenetically independent contrasts analysis
a slight deviation is seen in the PIC regression line, but the analysis still shows a highly
significant relationship between estimated Mb net charge and electrophoretic mobility (Fig
3.4). This suggests that the calculations used in this study are an accurate representafion of in
vivo Mb charge for the species investigated. The use of PIC in this analysis is important to
improve the reliability of the data, by considering that some of the species used in the data set

will be phylogenetically related and therefore not independent of each other (Halsey et al.,

2006).

This study is the first to demonstrate a close correlation between estimated Mb net

charge and [MbBinax]. [Mbma] data was taken from literature sources (Table A3) and
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compared with estimated Mb net charge for as many species of mammals as possible. ORL
found a significant positive correlation at the 1% (Fig 3.5). This data was also subjected to

PIC analysis and found to have a significant correlation at the 1% level (Fig 3.5).

Mb stability and solubility

Regis et al. (2005) observed differences in both the stability and aggregation
properties between horse and sperm whale apo/holo/MetMbCN. They found that the
terrestrial horse had less stable Mb than sperm whale Mb. Similar stability studies have been
conducted on apoMb for various species finding a 600-fold difference in the stability of
sperm whale and pig apoMb when exposed to guanidinium chloride (Scott et al., 2000).
Using site directed mutagenesis, of only a small numbef of amino acids, furthermore
demonstrated that it is possible to lower the stability of sperm whale apoMb to resemble the
stability seen in pig apoMb, and that the stability of native pig apoMb can be increased to
reach the stability of native sperm whale Mb with just five site directed point mutations.

Whether it is resistance to acid or urea denaturation and no matter what pH conditions
are used, or to which unfolding end point, diving species tend to have more stable apoMb
than terrestrial species (Hughson and Baldwin, 1989; Scott et al., 2000; Regis et al., 2005;)
and the stability is not based on the properties of haem binding (Regis et al., 2005). Scott et
al, (2000) suggested that cgrtain residues are important for stability of apoMb (residues 5, 12,
28, 51, 53, 74, 87, 140 and 142) and found that 5 mutations in pig Mb are necessary to
improve stability to the levels seen in the sperm whale. Charge may affect the stability of the
Mb protein by reducing unfolding and maintain stability in certain residues, such as the
increase in His in the G-Helix. Regis et al, (2005) suggested that residues 15 and 74, are

important for stability. However when they used a sperm whale mutants they found that in all
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cases monomeric Mb was observed at test concentrations, suggesting that other residues are
important for the improved solubility of Mb.

As suggested earlier high [Mb] could have an effect on solubility. Interestingly a
recent study found that horse MetMbCN (holoMb protein with cyanide added to aid stability)
formed aggregates at a concentration of 200 uM during size exclusion chromatography
experiments, during which samples were left to incubate at 20°C for seven days, whereas
sperm whale MetMbCN did not form aggregations (Regis et al., 2005). The value for
MetMbCN aggregation formation of 200 uM in horse (corresponding to about 0.255 g Mb
100 g’I wet muscle with a water cbntent of 75%) is much lower than the [Mb] that has been
observed in the animal; a value 0of 0.316 g 100 g'1 has been observed in Horse cardiac muscle
(Obrien et al., 1992) and an even higher concentration of 0.705 g 100 g’ was observed in
skeletal muscle (Lawrie, 1950). The low [Mb] value for aggregation reported by Regis et al.
(2005) may be due to the amount of time the sample had to form aggregations and would not
be realistic in a natural setting. Nevertheless it highlights that the diving sperm whale
MetMbCN did not form aggregates under the same conditions. In a continuation of this study,
an ultracentrifugation experiment found, the sedimentation profile of sperm whale was best
fitted as a single non-interacting species at 40 pM (0.051 g 100 g, yet the horse MetMbCN
best fitted a monomer-dimer profile at the same concentration and would only fit a single
ideal non-interacting specif:s at 20 pM (0.0255 g 100 g™') (Regis et al., 2005).

Aggregations of apoMb have been studied since 1962 when seal (Phoca vitulina)
| apoMb at a concentration of 6 mg ml” was found to form aggregations between pH 3 and
5.5. A maximum occurrence of polymerisation occurred between pH 4-5 (Rumen and
Appella, 1962). Increases in protein concentration not only ;ncreased the amount of
aggregations formed, but also increased the amount of polymerisation. This was taken to

suggest that aggregates larger than dimers are found at higher concentrations (Rumen and
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Appella, 1962). Interestingly Rumen and Appella did not find aggregations at physiological
pH during their study. This may have been due to the low concentrations used (a max of 8 mg
ml™) or due to the properties of seal apoMb. Phocid seals have the second highest charges of
all mammals observed here. This may provide their apoMb molecules a resistance to
aggregation by means of electrostatic repulsion, thus maintaining solubility at pH values
above 5. Horse apoMb precipitation has been observed when saturated solutions of apoMb, in
potassium phosphate buffer, were altered from pH 7.3 to 6.7 (Deyoung et al., 1993). This
suggests that horse apoMb at saturating conditions will form non-soluble aggregates at
physiological pH. The same study also showed that at 1M urea concentrations, increases in
protein concentration from 21 to 25 mg ml™, will more than double aggregation formation as
shown by the amount of particulate scatter.

Most studies showing aggregation of holoMb or apoMb have used conditions that
would not be seen under physiological conditions, i.e. the inclusion of a denaturant such as
urea or severely acidic conditions. However recent evidence has shown that apoMb of sperm
whale can form aggregations under physiological conditions. Chow et al., (2006) showed that
aggregations formed over a 14 h period, with 0.0 M urea and at pH 6.0 at a concentration of
38 uM (0.048 g lOOg'l). This is a very long time and it is unlikely that a protein would be
allowed to remain in an aggregated state for so long in a natural setting. However, this is a
very low concentration to be forming aggregates, considering the holo protein has been

observed at concentrations of 7.0 g 100 g™ in the sperm whale (Sharp & Marsh, 1953).
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Conclusion

Previous work has shown that both Mb and apoMb are susceptible to aggregation
even at physiological conditions. This study suggests that improved Mb solubility in
mammalian divers is achieved by charge changes in the amino acid sequence that lead to an
increase in the overall net charge of the protein. These changes include increases in the
number of His residues and strongly positively charged residues or decreases in the number
of strongly negatively charged residues. A trend towards increasing the number of strongly
positively charged Mb amino acid residues has evolved independently in seven lineages of
divers involving cetaceans, carnivorans and rodents. Furthermore, two independent
evolutions of a decrease in the quantity of strongly negatively charged residues have been
observed in the diving insectivorans. This study proposes that His residues in the G helix,
positions 100-118, are important in preventing Mb aggregation in mammalian divers.

Amino acid changes leading to increased protein charge would permit an increase in
protein concentration, due to an increase in solubility by electrostatic repulsion. Any changes
in protein structure that would enable higher concentrations of Mb would be evolutionarily
advantageous, due to the increase in oxygen available during a dive. Therefore it seems that
adaptation to diving involves not only increases in Mb oxygen stores that have been
Previously reported, but also qualitative changes to the protein to increase solubility by

increasing net positive charge, which then allows higher Mb concentrations.
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Chapter 4 — Evolutionary trends in Mb net charge and Mb specific buffer value
Introduction

Diving mammals are a diverse group of animals that rely heavily on an aquatic
existence for all or part of their life’s needs; they regularly submerge their complete body in
water, during which time they rely on breath-hold diving. This may be associated with
foraging or predator escape or in some cases the entire life of the animal may be spent in an
aquatic environment. Divers exist within six of the major orders of mammals, including
Monotremta, Sirenia, Insectivora, Carnivora, Cetartiodactyla and Rodentia. The oldest and
the most diverse group of extant divers reside within the order Cetartiodactyla. This is an
order comprised of nearly three hundred extant species (MacDonald, 2006), and over a third
of these are cetaceans. Cetaceans have existed for apprbximately 55 million years and are one
of two fully aquatic families of mammals, the other being Sirenia which comprises of two
extant genera, the manatees and dugong (Berta et al., 2006). Fossil evidence has recently
shown that cetaceans have evolved from an aquatic group of artiodactyl ruminant species
known as raoellids (Thewissen et al., 2007). These animals are believed to have inhabited
riverine areas and lakes and to have been waders that foraged on land. When threatened they
are thought to have retreated into the water to escape, much like the modern day mouse-deer
(Thewissen et al., 2007; Meijaard et al., 2010). Eventually a species evolved known as
Pakicetus, which is thought to be the earliest known ancestor of modern whales, existing
between 45-55 million years ago (MYA). This species is thought to have some similarities
with modern whales such as improved underwater hearing, however, fossils show retention of
many terrestrial traits (Thewissen et al., 2001). Within the order Carnivora fossil evidence
indicates that a species called Puijila darwini is the earliest ancestor to modern pinnipeds
(Rybczynski et al., 2009). This species from the early Miocene epoch, approximately 20-25

MYA, is a freshwater intermediate species that used four webbed limbs for movement. Other
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morphological features support a semi-aquatic life style similar to modern binnipeds that
spend time on land to give birth, molt and recuperate after long dives (Berta et al., 2006).
However, some evidence suggests that Puijila darwini consumed terrestrial and freshwater
prey, based on what appears to have been stomach contents of a small rodent and duck, found
with the skeleton. Therefore terrestrial and aquatic hunting suggests that Puijila darwini
would have relied on land to a greater extent than modern pinnipeds (Rybczynski et al., 2009;
Canadian Museum of Nature, 14/09/2011, http://nature.ca/puijila/aa_e.cfm).

Modern phylogenetic studies identify evolutionary trends and relationships by
incorporating molecular information, and some of these have revealed insights that have
changed our perception of the evolution of some species compared to that based upon
morphological data alone. The most striking example was the revelation that chimpanzees,
e.g. Pan troglodytes are more closely related to humans, Homo sapiens, than to other ape
species (King & Wilson 1975; Satta et al., 2000). As well as providing information as to the
relatedness between species, molecular information can give insights into how and when
adaptive evolutionary events may have occurred between species. For example Berenbrink et
al. (2005) used anatomical, biochemical and physiological information coupled with
phylogenetics to show how and where oxygen (0,) secretion into the swimbladder evolved in
teleost fish, a major adaptation that led to multiple radiations into new environments.

This study explores the mplecular evolution of certain traits of the myoglobin gene within
mammalian divers. Mb is the main store of oxygen in muscle tissue and has a role in
facilitating the diffusion of O from the capillaries to the mitochondria (Wittenberg and
Wittenberg, 2003). Increased O stores can lead to an increase in dive durations (see Chapter
§ for discussion of O, stores and diving), and are a hallmark of mammalian divers. Since
diving species cannot utilise Oz from the surrounding water, then aerobic metabolism is

fuelled by O, reservoirs within the body. It then follows that anything affecting the quantity
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or the function of Mb will likely be under changing selection pressures duriﬁg the evolution
of diving mammals.

Chapter 2 of this study has shown that Mb specific buffer capacity (Bmp) together
with increased Mb content ([Mb]) contributes to increased whole muscle non-bicarbonate
buffering of H" in mammalian divers compared to terrestrial species. Chapter 3 shows that
Mb net charge is significantly increased in mammalian divers compared to terrestrial species,
within the orders Carnivora, Cetartiodactyla, Insectivora and Rodentia. Here it is
hypothesised that these adaptations aid divers to overcome problems of acidosis and protein
solubility at high concentrations of Mb. If this hypothesis holds then one can assume that
increased Mb net charge and Bms offer advantages that increase dive duration, by helping to
increase the amount of O, available and to prolong any periods of sustained anaerobic
metabolism. If we assume that longer dive durations increase the survivability of an animal,
through providing greater escape and evasion strategies or by opening new niches of
untapped resources, then increased By, and Mb net charge will be under direct evolutionary
pressure, through natural selection. This study will track amino acid substitutions within the
Mb protein throughout the evolution of mammalian species within the orders Monotremata,
Marsupialia, Afrotheria, Xenathra, Insectivora, Chiroptera, Carnivora, Perissodactyla,
Cetartiodactyla, Lagomorpha, Rodentia and Primates. The aim is to identify where
evolutionary changes in the net charge and specific buffer capacity of the Mb proteir] have

occurred and if these changes are concentrated in diving species.
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Methods
Phylogenetic tree construction

The Mb gene cannot be used by itself to generate an accurate phylogeny because of
the highly conserved nature of the protein, with at least 65% amino acid identity being
observed between the 125 species in this study. For this reason a composite phylogenetic tree
(Fig 4.1) has been constructed from literature sources for species whose Mb amino acid
S$equence is known. In an attempt to obtain the most accurate phylogeny multiple sources
have been used, and these have been multiple gene studies where possible. Higher level
relationships have been taken from Murphy et al. (2001), Bininda-Emonds et al. (2007),
Murphy et al. (2007) and Philips et al. (2009). Species level resolutions within subgroups
have been taken as follows: Monotremata: Phillips et al. (2009), Marsupialia: Nilsson et al.
(2010), Afrotheria and Xenarthra: Murphy et al. (2009) and Nishihara et al., (2009),
Insectivora; Grenyer & Purvis (2003), Dubey et al. (2007) and Bininda-Emonds et al. (2007),
Chiroptera: Eick et al. (2005), Teeling et al. (2005) and Gu et al. (2008), Carnivora: Flynn et
al. (2005), Fulton & Strobeck (2005) Arnason et al. (2007), Higdon et al. (2007) and
Schroder et al. (2009), Perissodactyla: Murphy et al. (2001), Agnarsson & May-Collado
(2008), Prasad et al. (2008) and Hou et al. (2009), Cetartiodactyla: Murphy et al. (2001),
Fernandez & Verba (2005), Bininda-Emonds (2007), Agnarson & May-Collardo (2008),
Prasad et al, (2008) and McGowen et al. (2009), Lagomorpha: Murphy et al. (2001 & 2007),

Rodentia: Montgelard et al. (2008) and Primates: Chatterjee et al.(2009).

ReCOnstruction of myoglobin amino acid sequence evolution

Mb protein sequence information was collected from databases (Table A1) or directly
determined from nucleotide sequencing in this study (see Chapter 2) and aligned with

BioEdit (Hall, 2001). The sequence alignment was then transferred to phylogenetic analysis
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software, MacClade (Maddison & Maddison, 2005), and a phylogenetic tree was constructed
to resemble those species relationships set out by literature sources above. Mb amino acid
evolution was then reconstructed using maximum parsimony, using the ‘trace character’

function within MacClade. Maximum parsimony is a simplistic reconstruction method that
traces characters, amino acids in this case, in such a way as to minimise the number of
evolutionary changes. Comparisons have shown that when there are few chénges involved
parsimony gives similar results to other more complex reconstruction methods such as
maximum likelihood and neighbour-joining (Kuhner & Felsenstein, 1994). Ambiguities
(equi-parsimonious solutions) within the reconstruction were analysed using deltran and
acctran resolving options in MacClade. These methods delay or accelerate character changes
respectively. Where ambiguities could not be resolved by these methods, the amino acid
codes were analysed for the most probable alteration with third codon position changes being
more likely to occur than first codon position changes (Lesk, 2001). All amino acid changes
were then traced using the ‘trace all changes’ function within MacClade (Maddison &
Maddison, 2005), allowing analysis of where charged amino acid substitutions and histidine
(His) substitutions occur within the evolution of the Mb protein in mammalian lineages. The
net charge and specific buffer value of each ionisable residue has been calculated at pH 6.5
(Table 2.3) and the Mb net charge and By, is known at the terminal branch, for each extant
species, (Table A2; A3). Working backwards through the most parsimonious amino/acid
substitutions, it is possible to reconstruct an estimate of Mb net charge and Bmp value at each

node in the evolution of mammalian Mb.
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Concentrated changes analysis

To identify whether increases in Mb net charge and Bmp are concentrated in lineages
where diving behaviour has evolved, the concentrated changes test as implemented in
MacClade was used (Maddison & Maddison, 2005). This test uses a binary system for
calculating the probability of gains and losses of a character on specified branches of the
phylogenetic tree, given a total number of gains/losses for the whole tree and assuming that
these are randomly distributed. Specified branches in this case were those where diving
behaviour has evolved. For the purpose of this investigation Mb net charges were re-coded
from continuous to binary values, using a high and low Mb net charge character state (net

charge > +2.2 and < +2.2, respectively) . The same was done for Bmp , where the threshold of

> and < 3.2 mol H" mol Mb! pH'1 was used for the high and low Pms category, respectively.
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F.igure 4.1 Composite phylogenetic tree constructed from literature sources. Species in dark blue boxes are proficient
divers, those in light blue are semi-aquatic divers with shorter maximum dive durations. Red bars indicate where diving
behaviour evolved in a parsimony reconstruction. Black bars indicate phylogenetic orders. Species highlighted with an
asterisk were sequenced for the first time in this study

110



Results
Composite phylogeny

Figure 4.1 displays a composite phylogenetic tree based on literature sources for
species that have known Mb amino acid sequence data. Parsimony reconstruction of diving
behaviour indicates that there have been nine independent evolutions within the represented
species. One evolution occurs in the Monotremata (platypus), two evolutions can be observed
in Insectivora (American water shrew and star-nosed mole), while three evolutions are seen
in Carnivora (pinnipeds, Americgn mink + river otter, and polar bear. Only one evolution
occurs within extant species in the order Cetartiodactyla (cetaceans + hippopotamus) and two

evolutions of diving behaviour are seen in the order Rodentia (beaver and muskrat).

Mb specific buffering capacity

Figure 4.2 shows the evolution of By, throughout mammalian lineages using the
deltran resolving option. The acctran resolving option shows a similar pattern of events with
the minor difference being that Buy, increases earlier in evolutionary history in the Carnivora
and Cetartiodactyla clades and in the Primates lineage, hence only the deltran resolve will be
discussed in detail. Small discrepancies in the terminal taxa Bmb and the nodal values are the
result of Synonymous substitutions involving Asp to Glu, both are negative residues however
Glu contributes 0.01 towards buffering at pH 6.5 whereas Asp does not. The ancest;al state is
to have a Py of 1.98 (mol H" mol Mb™ pH™). This ancestral buffer property persists through
evolution towards the lineages of Afrotheria, Insectivora, Chiroptera, Lagomorpha, Rodentia,
Primates and through most of the Carnivora lineage, with deviations in Bm» being observed

near to the terminal branches, if seen at all. The ancestral Bwmp in fact persists unaltered in the

opossum, Pidelphis virginiana, aardvark, Orycteropus afer, hedgehog, Erinaceus europaeus,
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Figure 4.2 Maximum parS|mony reconstruction of By, at pH 6.5 using deltran resolving option. Values in the table indicate
the B (Mol H mol Mb! pH™") of extant taxa. Values on branches show where alterations from the ancestral state occur
and apply to subsequent nodes further ChanQes are also shown. Blue boxes indicate diving species. Red boxes indicate
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members of the order Chiroptera, with the exception of the little brown bat, Myotis lucifugus,
where a reduction in By takes place to 1.20 (mol H' mol Mb™! pH™). Ancestral By is also
retained in the members of the family Mustelidae and most members of the order Rodentia
with small variations being observed in the terminal taxa. There is however a large increase
in Bmp from 1.98 to 3.29 (mol H” mol Mb* pH™') within the diving members of Rodentia, the
muskrat, Ondatra zibethicus, and beaver, Castor fiber (Fig 4.2) due to the independent
parallel evolution of His residues at positions 12, 81 and 113 (Fig A2). Within the shrews and
the moles there is a small decrease in By, from 1.98 to 1.76 (mol H mol Mb™! pH) (Fig 4.2)
through the independent loss of His48 with additional losses of His24 and His119 accounting
for further reduction in Bmp to 1.16 in the water shrew, Sorex palustris (Fig A2). Similar
decrease from 1.98 to 1.76 (mol H" mol Mb™! pH™') are observed in some of the rodents, the
mole rat, Spalax carmeli, Norway rat, Rattus norvegicus, Kangaroo rat, Dipodomys ordii, and
the grey squirrel, Sciurus carolinensis due to the same independent loss of His48.

Increase from the ancestral By, of 1.98 to 2.24 (mol H* mol Mb™! pH) is observed in
the order Monotremata due to the gain of His113, which is also seen in new world monkeys
in the order Primates. The red kangaroo, Macropus rufus, increases in Bmp to 3.01 (mol H
mol Mb™' pH™) due to gains of His81 and His140 (Fig A2). Gains of His113 are also seen in
the cape hyrax, Procavia capensis, and elephants. The elephants also gain an additional 0.46
(mol H* mol Mb™! pH'l) in Bmy due to His81 giving them a value of 2.71 (mol H* mol Mb™!
pH™), His81 is also responsible for the increase in Bumb seen in old world Primates. Similar
gains in His residues 81 and 113 are observed before the orders Perissodactyla and
Cetartiodactyla diverged, with a subsequent addition of His116 being responsible for the
increase in Py t03.24 (mol H" mol Mb™! pH™) in the Perissodactyla (Fig A2). Further
increases of Bump in the order Cetartiodactyla can be identified by gains of His88 and 116 in

the ruminants conveying a Bump of 3.61 (mol H mol Mb™! pH™") and His 152 which provides
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the increase to 4.08 (mol H' mol Mb™ pH™) in the bovid species. Within tﬁe baleen whales
there is the same increase in His116, but also an additional contribution from the amino
terminal residue valine which raises the By, to 3.32 (mol H' mol Mb™' pH'™). This is also true
for the sperm whales that have the same amino terminal residue, with the smaller dwarf and
pygmy sperm whales, Kogia simus and Kogia breviceps, increasing their B to 4.10 (mol H"
mol Mb™! pH!) with a gain of His35 (F ig A2). The remaining toothed whales evolve a
slightly different mechanism for increasing By, using His116 and His152 giving a Bup of
3.71 (mol H' mol Mb™! pH™), then after the beaked whales diverged from the dolphins and
porpoises, the beaked whales gained His66 which increase their Bmp to 4.86 (mol H' mol Mb’
I pH'") the highest value seen in any mammal observed in this study. Figure 4.2 shows that
there has been a gradual increase in By in the order Cetartiodactyla due to the replacement of
neutral amino acids by one or two additional His residues (Fig A2). A similar pattern of
evolution has been shown in pinniped By, whereas there is a sudden increase in Bmp at or
near the terminal branch in the other species with a high Pumb, red kangaroo, canines, rabbit
and diving rodents, this may be due to sampling not showing a gradual increase within the
evolution of these species.

Within the order Carnivora increases in Py are seen in the bears, canines and
pinnipeds due to the gain of HisSi giving a By of 2.44 (mol H' mol Mb™! pH™?). In canines
there is an additional incréase of His124 raising the P to 3.01(mol H' mol Mb™! pH™).
Pinnipeds have evolved two different ways of further increasing Pmp above the ancestral state.
Otariid seals evolved gains of His128 taking By, to 2.65 (mol H* mol Mb™! pH'l) and then
His113 evolved after sea lions diverged from the walrus, Odobenus rosmarus increasing B

t0 2.91 (mol H' mol Mb™! pH™). Phocid seals, on the other hand, evolved a gain of His116,
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which increased their By to 3.92 (mol H* mol Mb™ pH™), and a second gaiﬁ of His152 that
furthc;,r increased Bmp to 4.19 (mol H* mol Mb! pH'l).

There are several cases in which diving species do not differ greatly from the close
terrestrial relatives. These include divers within the orders Monotremata and Insectivora
whose Pump is slightly lower compared to their closest terrestrial relatives, with reductions
occurring in the terminal branches (Fig 4.2). Cetaceané have similar Bmp to their close
terrestrial relatives, the ruminants, and in the order Carnivora the polar bear and diving
mustelids have the same Bwmp as their closest terrestrial relatives, while the pinniped seals and
diving rodents have a greatly increased By, compared to their closest terrestrial relatives. In
summary a high value of Bumpabove 3.2 (mol H mol Mb™! pH'l) has independently evolved 9
times, namely in phocid seals, perissodactyls, ruminants, pygmy hippo, cetaceans the rabbit
( Oryctolagus cuniculus), the chimpanzee, and the two lineages of diving rodents muskrat

and beaver (Fig 4.2).

Concentrated changes in Bmp

Figure 4.2 showed that of the nine evolutions of By of 3.2 (mol H" mol Mb™! pH") or
above, five occurred on branches of the tree where diving behaviour had already evolved (Fig
4.2). In order to test whether the observed increases in By, were more concentrated in diving
taxa than expected by chaﬁce, a concentrated changes test was conducted in MacClade
" (Maddison & Maddison, 2005). The test showed that the observed pattern was likely to occur

by chance (P =0.161). There is therefore no statistically proven link between an increase in

Bmy and the presence of diving.

115



Evolution of Mb net charge

The evolution of Mb net charge under the deltran resolving option is shown in Figure
4.3. Values on the branches show where alterations from the ancestral state occur and apply
to all subsequent nodes unless further changes are shown. Choosing the acctran resolving
option (Fig A3) a similar pattern of evolution in Mb net charge is seen, with slightly earlier
increases in charge being observed in the Carnivora and Cetartiodactyla clade as well as in
the Primate lineage, for this reason only the deltran tree will be discussed here.
The ancestral state for Mb net charge is a low charge of 0.27. Ancestral charge is retained in
the hedgehog, the tree shrew, Tupaia glis, and four of the members of the order Rodentia,
Ehrenberg’s mole-rat, Nannospalax ehrenbergi, plains viscacha, Lagostomus maximus,
casiragua, Proechimys guairae, and the guinea pig, Cavia porcellus. In these species there are
numerous amino acid substitutions but the overall Mb net charge has been maintained, in the
tree shrew none of the substitutions affect charge. In the rodents and the hedgehog, there are
charge changes, most of these are synonymous, meaning that residues are replaced by a
residue of the same type i.e. a negative residue is substituted with another negative residue.
However they all show losses of either strongly positively or negatively charged residues,
which are subsequently countered by a gain of either strongly positively or negatively

charged residues (Fig A2).
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Figure 4.3 Maximum parsimony reconstruction of Mb net charge at pH 6.5 using deltran resol
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Minor increases in charge occur within the primate lineage from 0.27 to 0.99, which
persists in the old world monkeys and the orang-utan, Pongo pygmaeus. The gorilla, Gorilla
gorilla beringei, human, agile gibbon, Hylobates agilis, and siamang, Symphalangus
syndactylus, all have a subsequent reduction in Mb net charge to 0.66 due to an independent
evolution of Cys110 (Fig A2). The chimpanzee also has this Cys110 but increases net charge -
to 1.30 with the evolution of His 116 (Fig A2). The evolution of Mb net charge in new world
monkeys is more complicated with an increase in charge from 0.27 to 1.40 in the clade
containing the brown capuchin, Cebus apella, caused by an increase of one strongly
positively charged residue and His113 (Fig A2). In the clade containing the lemurs Mb net
charge initially decreases through the loss of one strongly positively charged residue but
increased through the evolution of His113 (Fig A2), Mb net charge then increases through to
the terminal taxa (Fig 4.2).

Alterations away from the ancestral Mb net charge in the order Afrotheria occur as a
result of amino acid substitutions in the terminal branches, even though there are numerous
changes that occur on the way to those branches (Fig A2). Within this order the elephants
have a greatly increased Mb net charge, from 0.40 to 2.12 compared to the remaining
afrotharians, which range from -0.73 to 0.40.

As Mb evolved, small increases in the net charge of the protein from 0.27to 1.27 and
1.12 can be séen in the branches leading to the orders Insectivora, Carnivora and
Cetartiodactyla respectively (Fig 4.2). In terrestrial species of Insectivora, short-tailed shrew,
Blarina brevicauda, and coast mole, Scapanus orarius, there are however independent
reductions in Mb net charge from 1.27 to 0.15 and 1.16, respectively. The diving species,
water shrew and star-nosed mole, increase Mb net charge significantly from 1.27 to 2.65 and
3.15, respectively, due to three losses of strongly negatively charged residues in the water

shrew and two losses of strongly negatively charged residues in the star-nosed mole at the
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terminal branch (Fig A2). The terrestrial Carnivora species have slight incréases in Mb net
charge as the transition is made to the terminal branches, however, in every species apart
from the badger, Meles meles, the Mb net charge never increase above 2.0. The diving
species tend to show an increase in Mb net charge, with the exceptions being the polar bear,
Ursus maritimus, whose Mb is identical to that of the black bear, Ursus americanus, and they
therefore show the same Mb net charge of 1.99. The American mink, Neovison vison, also
does not show an increase in Mb net charge above the 1.27 that evolved in primitive
Carnivora species. The river otter has an increase in Mb net charge above 2.0 seen at the
terminal branch. After the pinnipeds diverged from the Mustelidae their Mb net charge
increased from 1.27 to 2.99. However, after the phocid-_otariid divergence these species
evolved independent mechanisms to achieve an increase in Mb net charge through the
evolution of different His residues as outlined above, and gains of strongly positively or
losses of strongly negatively charged residues such as Glu83 in the phocid seals and Asp83 in
otariid seals (Fig A2).

A similar trend is seen in the order Cetartiodactyla where there is a small increase in
Mb net charge from 1.12 to 1.56 in the ruminant lineage and a further increase to 1.86 in the
bovine species, but all terrestrial species in this order do not evolve Mb net charge above 2.0
with the exception of the red deer, Cervus elaphus. However after the cetaceans diverged
from the Hibpopotamidae the Mb net charge increases greatly from 1.12 to 3.76. There is
then a slight reduction in the baleen whales to 3.72, but all toothed whales go on to further
increase their Mb net charge above the ancestral state, with the beaked whales having the
highest Mb net charge of all mammalian species observed here (Fig 4.3). There is however a
secondary reduction in Mb net charge in the pygmy hippo from the basal Cetartiodactyla
charge of 1.12 to 0.25. This reduction is caused by loss of one strongly positively charged

residue and His48, plus the addition of a Cys residue and His91 (Fig A2). Figure 4.3
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highlights the fact that Mb net charge has evolved above the ancestral state in most species,
and that having a Mb net charge of 2.2 or higher has tended to evolve through lineages where

diving behaviour has also evolved.

Concentrated changes in Mb net charge

In order to test whether increases in high Mb net charge are more concentrated in
diving taxa than expected by chance a concentrated changes test was conducted once again
using MacClade (Maddison & Maddison, 2005). When tracing the evolution of Mb net
charge, phylogenetic analysis shows eleven evolutions of Mb net charge of 2.2 or above, with
eight of these occurring on branches where diving behaviour is present. The test found that
these evolutions of high Mb net charge were not random and that evolution of high Mb net

charge is in fact significantly concentrated in diving mammals (P < 0.01).
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Discussion
Composite phylogenetic tree

The analysis of Mb protein evolution requires information regarding the relatedness
of the species involved. Phylogenetic tree creation is outside the scope of this study and so
the relationships between species have been taken from literature sources. To give the most
accurate data about Mb evolution an accurate phylogenetic tree is needed. The phylogeny
described here, compiled from literature sources, is the most reliable phylogeny available at
this time. However, as the study of cladistics and molecular phylogenies is continually
evolving and changing, there are alternative hypotheses regarding the relationships of some
species. The support for these relationships depend upon the genes used to discover those
relationships, for example using cytochrome b yields different mammalian relationships than
those using mitochondrial genomes or nuclear genes (Hatch et al., 2006; Wada et al., 2007,
Agnarsson & May-Collado, 2008; O’leary & Gatesy, 2008). For this reason this study has
attempted to combine relationships from multiple gene studies where possible. However a
few alternate resolutions of relationships are worth mentioning here. The resolution of the
order Insectivora shown here describes a closer relationship between shrews and hedgehogs
than to moles as supported by Bininda-Emonds et al. (2007) and Dubey et al. (2007),
however a closer relationship between moles and shrews has been described by Grenyer &
Purvis (2003), a study which was used here to ascertain species level relationships for the
star-nosed mole, Condylura cristata. The study of Grenyer & Purvis (2003) shows strong
Bremer support for the relationship between moles and shrews. In terms of the evolution of
diving behaviour and the consequences this would have on patterns of Mb evolution, a close
relationship between moles and shrews would make no difference, as there would still be at
least two evolutions of diving behaviour in the order Insectivora due to the number of other,

non-diving species in the respective families Soricidae and Talpidae.
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The position of pinnipeds within Carnivora is uncertain, with musteﬁds and ursids
being debated as the sister taxon to pinnipeds. Traditionally, pinnipeds and bears have been
considered as sister taxa to the exclusion of mustelids. However, molecular studies have still
found weak support for this relationship (Vrana et al., 1994; Delise & Strobeck 2005;
Rybezynski et al., 2009). A relationship between pinnipeds as sister to mustelids to the
exclusion of bears has grown with the incorporation of more molecular data (Flynn et al.,
2005; Sato et al., 2006; Arnason et al., 2007; Fulton & Strobeck 2007). Confusion between
relationships could stem from different methods of analysing the data, with Bayesian,
maximum likelihood and parsimony showing differential support for the relationship of these
three taxa (Delise & Strobeck 2005; Arnason et al., 2007).

The relationship of pinnipeds and mustelids as sisters to the exclusion of ursids is
becoming more widely accepted and the strongest support for this comes from Schroder et al.
(2009). This matter may be resolved with further evidence in future studies but for now, it has
no real impact on the evolution of molecular properties of Mb shown in this study. In terms
of both Pumb and Mb net charge the pattern of evolution will remain the same as the basal
member of Musteloidae, the raccoon, Procyon lotor, and Ursidae, the giant panda,
Ailuropoda melanoleuca, both have identical By, and Mb net charge, suggesting that Mb
properties were highly conserved through its evolution in Carnivora, with changes 6n1y
occurring in the terminal taxa (Fig 4.2; 4.3). |

There has also been some debate over the positioning of the Perissodactyla, with some
studies suggesting a close relationship with Carnivora (Murphy et al., 2007; Arnason et al.,
2008) and others suggesting the relationship shown in this study (Murphy et al., 2001;
Agnarsson & May-Collado 2008; Prasad et al., 2008 and Hou et al., 2009). Prasad et al.
(2008) have shown weak support for the positioning of the horse no matter which relationship

was suggested, however they say that it generally tends towards a sister group relationship
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with Cetartiodactyla. Hou et al. (2009) showed stronger evidence for an alliance of
Perissodactyla with Cetartiodactyla, however, they could not exclude the possibility of a
relationship with the horse and dog. Recent retroposon analysis of short interspersed nuclear
element (SINE) insertions has grouped the horse with the order Chiroptera (Nishihara et al.,
2009), suggesting that methodology is important for understanding the evolution of
Perissodactyla. The addition of Perissodactyla at the base of the order Carnivora would cause
an ambiguity in the evolution of Bmy, which could lead to an increase in Bmp followed by a
subsequent reduction or it would remain as it is shown, with the increase being observed only
in the branch leading to the terminal group, depending upon whether deltran or acctran
resolves are being used. A small increase in Mb net charge would be seen earlier if
Perissodactyla was the sister group of the order Carnivora. However the positioning of
Perissodactyla would not influence the overall pattern in the evolution of molecular Mb
properties.

There has been some debate over positioning of certain members of the order
Cetartiodactyla, including the positioning of the minke whale, Balaenoptera acutorostrata as
a sister taxon to the fin-back whale, Balaenoptera physalus, and humpback whale (Sasaki et
al., 2005). This would affect the evolution of By, and Mb net charge because His8 would
only have one evolution. The relationships shown in this study has been taken from one of
the most recent studies that have used the largest number of mitochondrial and nucléar genes
and included SINE insertions into the analysis (McGowen et al., 2009). The study used here
highlighted that lack of resolution within Balenopteroidea and Delphinoidea is the result of
rapid evolution and lack of data within river dolphins and claims to have resolved confusion
within baleen whale evolution with Bayesian analysis and under parsimony and maximum

likelihood. There were a few conflicting resolution compared with the tree shown here, but

these had weak support (McGowen et al., 2009).
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There is still some debate surrounding basal evolution in the order Rodentia
(Montgelard et al., 2008; Blanga-Kanfi et al., 2009), however, any new resolution within this
order will unlikely influence the pattern of events described in this study as fMb and Mb net
charge have followed similar evolutionary trends in most rodents (Fig 4.2; 4.3).

According to the study by Chatterjee et al. (2009) there is still debate over the placement of
the common-woolly monkey, Lagothrix lagotricha, and whether it should be placed at the

base of the clade containing the lemurs. Resolving issues within the order Primates will not,
however, affect the general pattern of evolution of Mb as the major sub-groups in this order

follow similar trends of evolution (Fig 4.2; 4.3) and thus will not be considered further.

Evolution of Mb specific buffering

Chapter 2 of this study showed that By, contributes more to whole muscle non-
bicarbonate buffering in several mammalian divers compared to terrestrial species due to the
His content of the Mb protein and the increased [Mb]. This chapter has shown that the
evolution of increased Py through alterations in His content is not limited to diving
mammals (Fig 4.2). Conversely, although increases from the ancestral By occur in most
divers, this is not the case in the semi-aquatic diving insectivorans and mustelids. Next to
proficient divers, high values of By are also observed in terrestrial species including the red
kangaroo, Macropus rufus, horse, Equus caballus, zebra, Equus burchellii, raminants, the
_ rabbit and the chimpanzee. Most of these species rely on or are capable of periods of burst
locomotion. Previously a link between burst locomotion and high whole muscle non-
bicarbonate buffering capacity has been established in several marine and terrestrial
mammals, including thé rabbit (Castellini & Somero, 1981). Gradual increases in B, occur
in the order Cetartiodactyla with independent increases occurring in ruminants, pygmy hippo,
Choeropsis liberiensis, and cetaceans. The increases in the By, of these animals are harder to
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explain, as the ruminants observed in this study and the pygmy hippo are not well known for
burst locomotion. However other members of the ruminant family include the antelope and
other sprinters that rely on burst locomotion to evade predators. In this context the ‘aquatic
escape’ hypothesis (Meijaard et al., 2009) is interesting, which describes a behaviour thought
to have led to the evolution of diving in cetacean ancestors. Several ruminants, when
threatened, escape into water bodies and some of them dive into nearby rivers and remain
submerged for considerable durations until the danger has passed or shelter is found
(Meijaard et al., 2009). This behaviour is still observed today in the modern day mouse-deer,
Hyemoschus aquaticus and Tragulus napu and a similar behaviour is seen in the pygmy
hippo (Meijaard et al., 2009). Assuming this hypothesis is correct then increases in By could
have facilitated the evolution of early cetaceans offering true ‘Darwinian fitness’, but may
also have facilitated a similar role in early ruminant species. Thus increased Bmp, may have
arisen once in an ancient common ancestor of ruminants and cetaceans to aid aquatic escape
behaviour and the trait has then been retained in modern ruminants. This is supported in
Figure 2.3B, which shows that 11 out of 12-14 His residues are conserved between
cetartiodactylan species. It would therefore be of worth to sequence the Mb of mouse deer
and other early ruminants, which could then be compared to early artiodactyl lineages such
as, camelids, to date the origin of elevated Byyp.

High B values of 3.2 (mol H' mol Mb™! pH") or above have evolved nine times
~ within the mammalian species observed here. Five of these evolutions have occurred on
branches where diving behaviour is present, however this does not prove to be an
evolutionary event that is significantly concentrated in diving taxa, using the concentrated
changes test. It therefore cannot be refuted that these occurrences in divers are more than
chance evolutions. However, as has been shown in Chapter 2, there is a significant increase

in the contribution of Mb towards whole muscle non-bicarbonate buffering (Bmuscie) and
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varied contribution from other buffering components such as, His-related dibeptides (Fig
2.7). This is a result of increases in total Mb buffering, which is the [Mb] multiplied by the
Mb specific buffer value (Bmy), rather than increases in Buy alone, i.e. Mb His content. Since
High Bwmp occurs in terrestrial species that are capable of burst locomotion as well as in diving
species, it is possible that an increase in By, was a necessary adaptation in early evolution of
species that had a greater demand for anaerobic metabolism due to the method of locomotion.
The buffering potential of the Mb protein was then greatly increased in divers as [Mb]
increased. In other words, the increase in Mb buffer groups likely preceded the increase in
[Mb], at least in diving Cetartiodactyla.

A similar trend is observed within pinnipeds, where increases in By occur in both
phocid and otariid seals. The evolution of By, is achieved through different mechanisms in
these two groups highlighted by independent evolutions of His residues (Fig 2.3A; Fig A2)
and by the fact that Bmy values rise above 3.2 only in phocids (Fig 4.2). Within diving
insectivorans and mustelids, Bmb does not increase above ancestral levels. Skeletal muscle
[Mb] within diving insectivorans only increase modestly compared to their terrestrial
relatives and given that they have relatively low muscle [Mb] then increases in By, would be
futile in an attempt to increase total Mb buffering. This may also be true of mustelids but so
far [Mb] data for these species is ﬁot known. This study would predict low skeletal muscle

concentrations.

Evolution of Mb net charge

Chapter 3 of this thesis showed that there is a signiﬁcant correlation between [Mb]
and Mb net charge and that there is a significant relationship between Mb net charge and
diving behaviour, Here the evolution of Mb net charge will be discussed. The ancestral state
is to have a low Mb net charge, something that has been retained in some modern day
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species, hedgehog, tree shrew, Ehrenberg’s mole-rat, plains viscacha, casiragua, and the
guinea pig, despite numerous amino acid changes during their evolution, for example there
are sixteen amino acid substitutions on the route towards the evolution of the rodent lineages
and none of these involve charged residues (Fig A2). This would suggest that these species
have low [Mb] and indeed the concentrations observed in Ehrenberg’s mole-rat and Guinea
pig of 0.4 and 0.7 (g IOOg'I) (Aretal., 1977; Leniger-Follert & Lubbers 1973) respectively,
are low compared to the concentrations observed in diving species, but they are consistent
with other terrestrial mammals (Table A3).

Independent increases in Mb net charge are seen in all diving species (Fig 4.3) this

may be seen as an example of convergent evolution, where remarkably all species display
similarly high charge that has been achieved through independent amino acid substitutions
(Fig A2). Early in the evolution of the orders Carnivora, Chiroptera and Insectivora, an
increase of one positive charge is observed. In the former two orders it is the result of an
increase in a strongly positively charged residue at position 132 whereas in the latter order it
results from a loss of a strongly negatively charged residue at position 83. A similar increase
in Mb net charge can be seen in the early evolution in the order Cetartiodactyla although
early charge increase in this order is the result of addition of His residues (Fig A2). After the
Hippopotamidae-Cetacea divergence at approximately 55 MYA (McGowen et al., 2009) a
large increase in Mb net charge is observed (Fig 4.3) with further small increases in Mb net
charge observed in the toothed whales, culminating in the highest Mb net charges seen in the

beaked whales (Fig 4.3) this has been shown, in this study, to carrelate to high [Mb] (Fig
3.5).

Increases in Mb net charge above the basal Carnivora charge of 1.27 are observed in

all diving carnivoran species, apart from the American mink, due to independent evolutions

of strongl};positively charged residues. Even further independent evolutions of high Mb net
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charge are seen in phocid and otariid seals (Fig A2). Independent evolutions> of high Mb net
charge are also seen in the terminal branches of diving rodents and diving insectivores due to
increases in His and strongly positively charged residues in diving rodents and due to further
losses of strongly negatively charged residues in diving Insectivora species. Increases in Mb
net charge are also observed in both diving and terrestrial species of Monotremata, and this is
reflected by [Mb] that is higher than in terrestrial species of other orders (Table A3). The
high Mb net charge and [MDb] in the echidna, Tachyglossus aculeatus, may be a remnant of an
aquatic ancestry (Phillips et al., 2009). Similarly an increase in Mb net charge from 0.40 to
2.12 is observed in the elephants (Fig 4.3), which may be a reflection of their aquatic
ancestry and something that has been retained even after they returned to a terrestrial
existence even though [Mb] is low in the African elephant, Loxodonta africana, (Table A3).
There are also increases in Mb net charge seen in some terrestrial species at the terminal
branches of the red kangaroo, red deer and the badger. This suggests that these species have a
high [Mb], although unfortunately measurements of [Mb] are not available.

As a burrowing species, the badger may be subjected to hypoxic environments and
therefore may have evolved high [Mb] to enable continued muscle function in low oxygen,
similar to diving mammals (Butler & Jones, 1997). There is a secondary reduction in Mb net
charge in the pygmy hippo, which suggests that the pygmy hippo has a low [Mb], which
unfortunately is unknown at this time. It may be that hippopotamus species evolved a large
body size early in their evolution and therefore had a lower mass specific Oz consumption
| (Butler & Jones, 1982) which negated the need for high [Mb] to‘enabled aquatic escape
behaviour, and therefore Mb is not as highly expressed in these species as it is in other divers.

The evolution of a high Mb net charge has been observed eleven times (Fig 4.3). Of
these eleven evolutions, eight occur on branches where diving behaviour is also present.

Concentrated changes tests indicate that the evolution of high Mb net charge in diving species
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is in fact not due to random evolutionary events and that it is significantly liﬁked to the
evolutionary history of diving species (P < 0.01). The significant concentration of incidences
of high Mb net charge in diving species maybe an indication that structural changes in the Mb
protein occur before high [Mb] can be established. As high Mb net charge may increase the
solubility of apoMb and holoMb (see Chapter 3 for discussion), this may therefore allow

increased skeletal muscle [Mb] and more oxygen to be stored for use during long dives.

Conclusion

Chapters 2 and 3 of this thesis have shown that several diving mammals have a
larger contribution of Bmp towards increased whole muscle non-bicarbonate buffering
compared to terrestrial species and that an increased Mb net charge that correlates strongly
with increased [Mb] is a significant feature of diving mammals. This chapter has shown that
high Bwmp is seen in some divers and terrestrial species that show burst locomotion. It suggests
that evolutionary increases in Bump are not significantly more frequently found in diving than
in terrestrial species, but rather a step in the evolution of modes of locomotion that are more
heavily reliant upon anaerobic metabolism. Thus increased contributions of total Mb
buffering towards Bmuscle in diving species were likely first achieved by an increases in Bub,
followed by increased Mb concentrations. Interestingly the increases in Bmp have been
achieved through increases in His residues. Unlike other good buffering groups with a pKa
~ value close to physiological pH such as cysteine (Cys), His residues already convey a slightly
higher net positive charge to Mb. While a free Cys residue would aid buffering, it would
convey less towards net positive charge. Therefore increases in His to aid buffering may have
laid the foundation for increased Mb net charge and thereby Mb solubility.

In contrast to Bwmb, the present work confirms that the evolution of high Mb net charge is

significantly concentrated in mammalian lineages where diving behaviour occurs. Increases
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from ancestral Mb net charge are observed in all divers, with most diving species showing a
high Mb net charge which has either increased very recently within the terminal branches
(Fig 4.3) or has increased throughout the lineage such as in the cetaceans and pinnipeds.
Since Mb net charge is strongly correlated with [Mb], the structural changes in the Mb
protein leading to an increased net charge very likely evolved throughout all lineages of
diving mammals as a mechanism to provide O, to under-perfused locomotory muscles during

a dive.

130



Chapter 5 — Myoglobin and maximal dive duration: Correlations and predictions
Introduction

For aquatic mammals, the maximal duration of a dive has long been believed to
depend upon the total amount of usable oxygen (O,) stored within the body and the overall
rate at which O, is consumed (Scholander, 1940; Butler & Jones, 1997). Three main O,
reservoirs can be utilised during a dive: Lung, blood and muscle O, stores. Using these finite
O, stores with maximum efficiency, remarkable feats of breath-hold endurance have been
observed among mammalian divers. Thus some species routinely dive for approximately an
hour or longer, such as the Northern elephant seal, Mirounga angustirostris (Le Boeuf,
2000), Northern bottlenose whale, Hyperoodon ampullatus (Hooker & Baird, 1999),
bowhead whale, Balaena mysticetus (Krutikowsky & Mate, 2000) and sperm whale, Physeter
catodon (Watkins et al., 1993). It is accepted that during most dives undertaken by mammals
and birds, metabolism remains aerobic in nature. Kooyman et al. (1980) identified that ~97%
of adult Weddell seal, Lepfonychotes weddellii, dives used predominately aerobic
metabolism. This conclusion was drawn from post-dive lactate concentrations being
approximately equal to pre-dive levels. They noted that the Weddell seal could dive for
approximately twenty minutes before blood lactate levels increased above resting levels. This
was termed as the aerobic dive limit (ADL), defined as the duration of a dive after which
post-dive blood lactate concentrations increased above pre-dive levels (Kooyman et ;11.,
| 1980). Later researchers have proposed to rename this term as the diving lactate threshold
(DLT) to prevent confusion between ADL, and the time it takes.to consume all usable O,
termed the calculated aerobic dive limit (cCADL), for discussion see Butler & Jones (1997).
Thus DLT will be used during the remainder of this chapter.

Aquatic mammals have employed certain physiological adaptations, which assist

them to sustain aerobic metabolism during a dive. Reduction in heart rate frequently occurs
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during the beginning of a dive. The Baikal seal, Phoca sibirica, reduces its ﬁeart rate from
between 120-160 beats per minute (bpm) immediately before a dive to less than 50 bpm
during the dive (Ponganis et al., 1997) and several other seal species will reduce their heart
rate to 10 bpm (Odden et al., 1999; Thornton & Hochachka, 2004). Reduced heart rate is
often coupled with peripheral vasoconstriction, which is a reduction in the blood flowing to
the extremities and non-essential organs, (Kooyman & Ponganis, 1989). Blood flow is also
reduced to skeletal muscle tissues, leading researchers to believe that they eventually work
anaerobically. This is indicated by an increase in blood lactate concentration only after a dive,
when the tissues have been re-perfused (Scholander, 1940). Because of reduced heart rate and
localised vasoconstriction, an animal’s metabolism is also reduced. The body of diving
animals is also tolerant to reductions in body temperature that accompany reduced
metabolism. Diving ducks have even demonstrated rapid brain cooling, as a means of
protection against ischemia (Caputa et al., 1998). This has also been noted in seals, where a
decrease of up to 3°C has been observed in the hooded seal (Odden et al., 1999). All of the
above mechanisms, termed the dive response, aid a diver to maintain aerobic metabolism for
prolonged periods during a dive, although muscle tissues can become eventually anaerobic
during a dive (Williams et al., 2011).

DLT has only been measured in Weddell seals (Kooyman et al., 1980), Baikal seals
(Ponganis et al., 1997) and emperor penguins, Aptenodytes forsteri, (Ponganis et al.,/1997).
Estimates of DLT have been calculated based on the amount of oxygen stored in the lungs,
blood and muscles of divers, and the rate of consumption during a dive. These calculated
aerobic dive limits (¢CADL) have given an idea of the aerobic capacities of many seals and
cetaceans. One of the biggest flaws in these calculations is the assumption that all usable
oxygen is depleted before lactic acid starts being produced; see Butler (2004) for discussion.

Recent studies have suggested that the main O, stores used in cADL, maybe treated as
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independent. Dives may be limited by the depletion of one or more of these Stores (Davis &
Kanatous, 1999; Ponganis et al., 2010) and some of the isolated tissue stores, i.e. muscle, may
de-saturate during a dive therefore relying on a certain amount of anaerobic metabolism,
while other stores remain oxygenated (Williams et al., 2011). While knowing the aerobic
limits of diving mammals and understanding usual dive habits is very important, it is noted
that thesg calculated limits are exceeded in nearly every mammal. The Weddell seal has a
DLT of 20-26 min yet its maximum dive time is 82 min (Castellini et al., 1992), the emperor
penguin has a DLT of 5.6 min (Ponganis et al., 1997), yet a maximum dive time of 22 min
(Robertson, 1995; as quoted in Ponganis, 1997). Similarly, cADLSs are reported to be
exceeded in harbour seal, Phoca vitulina, (Burns et al., 2005), ringed seal, Phoca hispida,
(Lydersen et al., 1992) and the Australian sea lion, Neophoca cinerea, (Fowler et al., 2007).
Therefore aerobic limits cannot convey the true diving capacity of any mammalian species.
O, stores tend to increase in direct proportion to body mass, i.e. isometric scaling with
an exponent of 1 (Hudson & Jones, 1986), however O, consumption tends to increase
allometrically with body mass, i.e. with an exponent less than 1, namely 0.65-0.75 (Butler &
Jones, 1982; Halsey et al., 2006). This means that maximum dive duration increases
allometrically with an exponent of 1-0.65 to 1-0.75, namely 0.25-0.35. Prediction of
maximum dive duration is usually attempted using allometry (Boyd & Croxall, 1996; Schreer
& Kovacs, 1997; Halsey et al., 2006). The allometric equations used seem to vary dépending
on what species are used during the study. It should be noted that these comprehensive
studies using numerous divers from various orders have shown that a single allometric
exponent cannot be used for predicting max dive durations. For example using only pinniped
seals, one study claims that the allometric exponent is 0.28 (Boyd & Croxall, 1996) whereas a
second study claims an allometric exponent of 0.48 is a better estimate of maximum dive

duration (éi:hreer & Kovacs, 1997). It is noteworthy that the allometric equations used in
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certain studies may not be as reliable as stated, because of inclusion of data §vithout
recognizing the interrelatedness of individuals due to common ancestry. It seems that order
specific exponents produce more accurate predictions of max dive duration (Halsey et al.,
2006).

Another method of predicting maximum dive duration was used by Noren & Williams
(2000), they found that maximum Mb content ([Mby,]) significantly correlates with
maximum dive duration in toothed whales. Chapter 3 of this study has identified that
[Mbyay] significantly correlates with Mb net charge (Fig 3.5) and so Mb net charge can be
used as a proxy for [Mbmax]. In the study by Noren & Williams (2000) a simple correlation
between maximum dive duration and body mass was analysed, finding that body mass is a
better predictor of dive duration, than [Mb,,,,] in cetacean species. A similar type body mass
correlation has been repeated in this study, using thirty four mammalian divers, from five
Phylogenetic orders (Fig 5.1). The species used in this correlation vary in body mass from a
15 g water shrew to a 79 ton bowhead whale. This study finds that there is a significant
positive correlation between body mass and maximum dive duration, however the 7 value
in this study is reduced, 0.49 (Fig 5.1) compared to the 7* values of 0.72 observed for
cetaceans and 0.98 when only considering toothed whales in the previous study (Noren &
Williams, 2000). The findings here highlight that body mass is a good predictor of dive
duration only when observing a group of closely related species. /

Many diving mammals however are bigger than their terrestrial relatives and this
should prolong dive time because of allometry of basal metabolic rate (BMR) (Butler &
Jones, 1982) and the isometric scaling of O, stores (Hudson & Jones, 1986). An increase in
body size has also been documented in the evolutionary transition of early whales from
terrestrial ancestors, which suggests that increases in size were linked to diving behaviour.

However, stores can also be increased independently of body mass by elevated Mb, larger
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lungs or larger blood O2 stores. The relative contribution of these two ways for increasing
diving capacity appears not to have been investigated before.

It is the aim of this study to test whether considering the three main oxygen stores
separately yields better predictions of maximum dive duration than cADL or body mass and

to develop a simple method to predict maximum dive duration for multiple orders of diving

mammals.
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Figure 5.1 Correlation between average maximum dive duration and body mass for thirty four species
of diving mammals with known Mb amino acid sequence. Data span five phylogenetic orders and are
plotted on double logarithmic axes. A weak yet significant (P < 0.01) positive correlation is found with
ordinary linear regression (OLR) analysis, Triangles = semi-aquatic species, diamonds = phocid
seals, inverted triangles = otariid seals, circles = baleen whales, pentagon = toothed whales.
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Methods
Maximum dive durations

Average maximum dive times were collected from literature sources for as many
species as possible, mainly using the compilation by Halsey et al. (2006) (see Chapter 1 and
Table A7) for durations and sources. Where data was available, body mass was taken for the
individual that was involved in the diving study. Mean values of dive duration not taken from
Halsey et al. (2006), were means of the five longest dives performed by an individual. Where
multiple individuals were involved, then body masses were averaged and the average of the

five longest dives for each individual was used to obtain a species mean (Table A7).

Best predictor of dive time

In order to assess which O store would be best suited to predict mean maximum dive
time, total oxygen stores (ml) were calculated for lung, blood and muscle stores, at standard
temperature and pressure in dry condition (STPD), in both diving and terrestrial mammals.
To identify any trends in O; storage and highlight any differences between diving mammals
and terrestrial species, total oxygen for each store was then divided by measured BMR (ml O;
s'l) for as many species as possible and the log)o of the resulting value then correlated with
log1o body mass (kg). Measured BMR data was used to try to avoid the problems associated
with using allometry defined BMR (White et al., 2009). However, BMR, which is déﬁned as
energy expenditure of a postabsorptive, non-reproducing animal, whilst at rest and measured
under thermoneutrality, is impossible to measure for certain large species, e.g. cetaceans,
ruminants that may never be post-absorptive, and for some smaller species that may never
rest, such as shrews (White et al 2009). Thus allometric based BMR data have been used to

allow inclusion of certain key species highlighted with blue text (Table AS-7).
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Calculating oxygen stores:
Lung oxygen store

Total lung oxygen store, VOsrung (ml), was calculated according Equation 5.1, where
mass specific lung volume (VLung) in ml kg'l was taken from literature sources and converted
to absolute volumes in ml using an average body mass M for that species in kg (Table AS). If
unavailable, V1 ung Was calculated using Equation 5.2 (Stahl, 1967). Lung O, content was
taken as 15% of Viung (Dejours, 1981). Body mass was taken from the same literature sources

that reported BMR measurements, whenever possible (Table A5).

VOoLung = Viwg X Ozcontent X Body mass Equation 5.1

Viung=53.5 M*% Equation 5.2

Blood oxygen store

Total blood oxygen, VOzpio0d (ml) was calculated using Equations 5.3, and arterial
and venous O, was calculated using Equations 5.4 and 5.5, respectively. Haemoglobin
concentrations [Hb] (g 100 ml'l) were taken from literature sources (Table A6). The oxygen-
binding capacity of Hb is 1.34 inml O, g™ Hp (Hlastala & Berger, 2001). The O, saturation
of arterial blood is assumed to be 95% and the arterial volume was assumed to be 33% of
total blood volume (Vgiood)- The Oy saturation of venous blood is assumed to be 75%/at the
onset of a dive and the venous volume was assumed 66% of total Vgiood- These Vaiood
assumptions were taken following the methods previously published for calculating cADL
(Kooyman et al., 1983; Davis & Kanatous, 1999; Fowler et al., 2007). Measured Vgjooq (ml
kg'l) was taken from literature sources for animals ranging in mass from a 14 g water shrew
to a 3 ton killer whale, this data was then multiplied by body mass to give the absolute Vgjo0q

(ml). Measured volumes were taken mainly for diving species, as Vpiood Scales well with
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allometry for terrestrial species (Stahl, 1967). If measured Vpiood Was not available then Vpjooq

was calculated (ml) using Equation 5.6 where M is body mass in kg (Stahl, 1967).

VOspiooa = Arterial O, + Venous O, Equation 5.3
Arterial O, = ([Hb]/100) X 1.34 X 0.95 X Arterial vol X Vgiood Equation 5.4
Venous O, = ([Hb]/100) X 1.34 X 0.75 X Venous vol X Vsiood Equation 5.5
Volood = 5.6M"" Equation 5.6

Muscle oxygen store
Total muscle O; stores, FOamuscle (ml), were calculated according to Equation 5.7 by

multiplying the amount of muscle by the amount of O, carried by the muscle. The body mass
used in calculations was the body mass of the individual for which measured BMR data was
obtained. Where body mass from BMR measurements was not available, average mass for
that species was taken from other literature sources (Table A7). Muscle mass was assumed to
be 33.66% as an average of measured muscle masses in twenty species, ranging from 23% in
the sloth to 41.5% as an average of eight bovid species, with an even mix of diving and
terrestrial species (Table A9). Skeletal [Mb] (g 100 g™) was taken from literature sources,
where available (Table A7) and 1.30 was taken as the O, binding capacity of Mb, Ozcapmb (ml
0, g'Mb). |

-

VOsmuscle = (Body mass X Muscle % / 100) X (Skeletal [Mb] X Ozcaphb) Equation 5.7

The Ojcapmp Of 1.30 used here was determined by modifying the formula used to
calculate Hb O, binding capacity (Hlastala & Berger, 2001) given as Equation 5.8. The
molecular weight of Mb was taken as an average of values given in the EXPASy proteomics

server for twenty seven species, based on amino acid sequences (Table A8).
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Analysis of O, stores

The volume of each O; store was divided by BMR to give a rate of O, consumption,
which was then correlated with body mass for diving and terrestrial species. Ordinary least
squares regression analysis (OLR) was conducted on the data for terrestrial and diving
species separately, then an analysis of covariance (ANCOVA) was performed (StatsDirect
UK) to identify any differences between the regression analysis of divers and terrestrial for

each of the major O, stores.

Mb sequence and charge calculation
Mb sequences were obtained and Mb net charge was calculated as described in

Chapter 3. Briefly Mb sequences for as many species as possible were collected from
literature sources and online databases or determined by PCR from cDNA. Mb net charge
was calculated from the amino acid sequence and the pKa values of ionisable groups by
totalling the estimated charge contribution of each ionisable residue. The charge of each
residue at every pH value ranging from 4 - 11 with increments of 0.1 was calculated using a
simple hyperbolic H* binding curve according to Equation 3.1 in Chapter 3 with the

necessary pKa values obtained from the literature or determined by comparing titration
curves of purified Mbs with known differences in the number of ionisable groups. It was
identified in Chapter 3 that [Mbpmax] signiﬁcantly correlateg with estimated Mb net charge

(Fig 3.8). This allows the use of Mb net charge as a proxy for [Mbua] in later analyses.
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Evolutionary reconstruction of myoglobin net charge

Estimated Mb net charge was reconstructed on an evolutionary species trees described
in Chapter 4. Briefly, a composite phylogenetic tree was constructed from literature sources
for all mammalian species with available Mb sequence data (Fig. 4.1). Mb amino acid
substitutions for each position in the sequences were then mapped onto branches, using the
‘trace character’ function in MacClade version 4.0 (Maddison & Maddison, 2000). For this
study maximum parsimony reconstruction was used. Maximum parsimony traces the
characters, amino acids, in a way to minimise the number of evolutionary changes.
Comparisons have shown that when there are few changes involved parsimony gives similar
result to maximum likelihood (Kuhner & Felsenstein, 1994). All amino acid changes were
then highlighted on the composite tree and analysed for charged residue substitutions (Fig
4.3). Since the charge of each ionisable residue has been calculated at pH 6.5 (Table 2.2) and
Mb net charge is known at the terminal branch, with the extant species, (Table A2),working
backwards through the most parsimonious charged amino acid substitutions, it is possible to

reconstruct an estimate of Mb net charge at each node.

Modelling dive time using body mass and myoglobin net charge
Body mass data was collected from literature sources (Table A7) and combined with
Mb net charge data (Table AT), used as a proxy for [Mbax], for thirty four diving mammals

from five different orders. Maximum dive duration was modelled, using the formula:
log tmax = (@ X log m) + (b X 2) Equation 5.9

where Imax is the average maximum dive duration in seconds, m is body mass in kg and z is

the Mb netvcharge at pH 6.5. Values for a and b + standard error, are 0.1751 * 0.0363 and
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0.5856 % 0.0255, respectively, and were calculated using a non-linear iterati\}e curve fit
algorithm (SigmaPlot version 11.0, Systat software, USA), that would produce the best match
to measured average maximum dive durations (Table A7).

Taking this further, Mb net charge reconstruction at ancestral nodes was then
compiled along with body mass estimates to predict average maximum dive durations for
extinct species close to the split of the ancestral cetacean lineage and its closest artiodactylan
relatives, such as Pakicetus and Indohyus, respectively. Fossil evidence suggests that
Indohyus species existed approximately 60 million years ago (MYA), and that they were
semi-aquatic artiodactylans positioned close to the origin of the cetacean lineage, diverging
just after the two groups diverged from the branch leading to the Hippopotamidae (Thewissen
et al., 2007) (Fig 5.9). Fossil evidence suggests that Packicetus species were alive
approximately 45-55 MYA (Thewissen et al., 2001), and that they are the closest relatives to
the ancestral whales, diverging from the lineage to modern whales soon after the divergence
of Cetacea from Indohyus (Fig 5.9). Estimates of dive duration for these species are shown in

Table 5.1.
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Results

Figure 5.2 shows a double logarithmic plot of how long lung O stores can
theoretically sustain BMR (VO3,usg BMR™) against body mass in a range of terrestrial
mammals from a 2.2 g Etruscan shrew, Suncus etruscus, (Nagel, 1980) to a 3.7 ton African
elephant, Loxodonta africana, (Kleiber, 1947). An ordinary least squares linear regression
was fitted to the data with a high ¥ value of 0.93. The same data for diving species was then
overlaid, with /* value of 0.85, to identify any differences between divers (blue symbols) and
terrestrial mammals (red symbols) (Fig 5.2). In the minke whale, Balaenoptera
acutorostrata, the California sea lion, Zalophus californianus, the star-nosed mole and
Eurasian beaver VO;Lyng BMR"! is no different to terrestrial species of similar size, whereas
in all other diving species ¥OzLung BMR™ is reduced (Fig 5.2). ANCOVA shows that there is
no significant difference between the regression slopes of divers and terrestrial species P =
0.542. However there is a significant difference between the y-intercepts between divers and
terrestrial species P <0.005. Meaning that the duration that ¥O2Lung €an sustain BMR is
reduced in diving species compared to terrestrial mammals (Fig 5.2). The red open squares
indicate terrestrial species that routinely burrow or occupy high altitudes have been added as
a comparison, but have not been included in the regression analysis.

The same analyses were made for both blood and muscle O; stores (Fig 5.3 and Fig
5.4, respectively). Fig 5.3 suggests that 7O,p),04 sustains metabolism at BMR equally long
for terrestrial and diving mammals of similar body mass. This is supported by ANCOVA,
finding no significant difference between the regres.sion slopes (_)f divers and terrestrial
species P = 0.059 and no significant difference between the y-intercepts either P =0.928.
There are three species; the Weddell seal, minke whale and echidna, Tachyglossus aculeatus,
where VO2lood can sustain BMR longer than in terrestrial species of similar size (Fig 5.3).

This can be explained by either an unusually low BMR or an unusually high ¥O»pjeeq. The
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former is true for the echidna, which has a measured BMR similar to an anirﬁal that is half its
body mass, the platypus, Ornithorhynchus anatinus (McNab, 1984). In contrast, the minke
whale has a high Vpioos. The Weddell seal has a higher measured Vpiood compared to its

allometrically calculated volume (Table A6).
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Figure 5.2 Duration VOaiug Can sustain BMR, as a function of body mass on a double logarithmic
plot. A significant positive relationship is found with ordinary least squares regression (OLR) (solid red
line) for terrestrial and diving mammals (solid red and blue lines respectively). Data for diving mammal
is overlaid to allow comparison with terrestria| species. Red filled squares = terrestrial species, Red
open squares = altitude or burrowing species, blue triangles = semi-aquatic species, blue diamonds =
Phocid seals, blue inverted triangles = otariid seals, blue circles = baleen whales, blue pentagons =
toothed whales.
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Figure 5.3 Duration VOgi004 Can sustain BMR as a function of body mass on a double logarithmic
plot. A significant positive relationship is found with ordinary least squares regression (OLR) (solid red
line) for terrestrial and diving mammals (solid red and blue lines respectively). Data for diving mammal
blood O, store and consumption is overlaid to allow comparison with terrestrial species. Red filled
squares = terrestrial species, Red open squares = altitude or burrowing species, blue triangles =
semi-aquatic species, blue diamonds = phocid seals, blue inverted triangles = otariid seals, blue
circles = baleen whales, blue pentagons = toothed whales.
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The muscle O; store is the only O, reservoir that consistently can suﬁport BMR longer
in diving than in terrestrial mammals of similar body mass. This is indicated by the data
points for the diving species, which are raised above the regression line for terrestrial
mammal in every case (Fig 5.4). ANCOVA showed no significant difference in the
regression slopes between terrestrial and diving mammals P = 0.282. However the y-
intercepts were significantly different P < 0.001, confirming that Oamuscie BMR™ is
significantly greater in diving species compared to terrestrial mammals. Elevation above the
terrestrial regression line indicates that diving mammals either have elevated total muscle O,
stores or reduced O, consumption, or a combination of both, compared to terrestrial
mammals of similar body mass. Measured BMR in diving species is shown to be
proportionally higher than BMR calculated from allometry for the limited amount of species
where BMR has been measured. In contrast, measured BMR and allometry based BMR
produce similar values in terrestrial species (Table A7), indicating that reduced O
consumption is not responsible for the increase in duration that ¥Oapmuscle can sustain BMR.
Mammalian divers have higher [Mb] in their skeletal muscles compared to terrestrial species
(Table A7) and since Mb is the store of O, then this can explain the elevation above
terrestrial levels in ¥Oamuscie BMR™,

To ascertain the predictive power of YO,y BMR™, for diving capacity, this
parameter was compared with average maximum dive duration on a double logarithr}lic plot
in as many mammalian divers as possible. A strong positive correlation was observed, where

OLR produces an #* value of 0.788, and a slope that is significantly different from zero (P <
0.001), indicating that ¥Ozmuscte BMR™! alone, can explain approximately 78% of the
variation in average maximum dive duration (Fig 5.5). The regression between average
maximum dive duration and body mass on a double logarithmic plot, Fig. 5.1 had an ¥ value

of 0.49 when considering diving species from multiple phylogenetic orders. This suggests
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that the time for which VO;muscie can fuel BMR is a better predictor of maximum dive

duration in a diving mammal than body mass alone.
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Figure 5.4 Duration VO2pyuscie Can sustain BMR as a function of body mass on a double logarithmic
plot. A significant positive relationship is found with ordinary least squares regression (OLR) (solid red
line) for terrestrial and diving mammals (solid red and blue lines respectively). Data for diving
mammal muscle O, store and consumption is overlaid to allow comparison with terrestrial species.
Red filled squares = terrestrial species, Red open squares = altitude or burrowing species, blue
triangles = semi-aquatic species, blue diamonds = phocid seals, blue inverted triangles = otariid seals,
blue circles = baleen whales, blue pentagons = toothed whales.
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blue circles = baleen whales, blue pentagons = toothed whales)
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Chapter 3 identified that log [Mbp,,] was significantly correlated Wifh estimations of
Mb net charge at physiological pH (Fig 3.8). VOomuyscte BMR™ strongly correlates with
average maximum dive durations (Fig 5.5) and VOzmyscte is influenced by [Mbyax] more so
than BMR, as indicated by increased [Mbp,] in diving species compared to terrestrial species
and by a BMR that is higher than expected from allometry in divers but not terrestrial species
(Table A7). This means it is possible that Mb net charge at pH 6.5 correlates With the
logarithm of average maximum dive durations. This would enable prediction of average
maximum dive duration, with only the knowledge of Mb sequence information. In order for
this to be a useful predicting tool, it would have to improve on predictions based on body
mass alone. As stated earlier, a plot of log average maximum dive duration against log body
mass in mammalian divers with known Mb amino acid sequence shows a significant, but
moderate positive correlation with an »* value of 0.491 (P < 0.001) with ordinary least
squares regression analysis (Fig 5.1).

This was compared with a plot of log average maximum dive duration against
estimated Mb net charge at pH 6.5. OLR analysis showed again a significant positive
correlation, this time with a slightly higher #* value of 0.652 (P < 0.001) (Fig 5.6). This
suggests that for mammalian divers from five different orders, estimated Mb net charge is a

better predictor of average maximum dive duration than body mass.
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To assess if an improvement in correlation with dive durations could\ be made,
estimated Mb net charge was combined with body mass and average maximum dive duration
data in a three dimensional scatter plot (Fig 5.7). The equation of this line (Equation 5.9)
was then used to predict dive duration in a simple two parameter iterative curve fit algorithm
for as many species as possible. Plotting measured average maximum dive durations against
the predicted dive duration obtained by using this model revealed a strong positive
correlation by ordinary least squares regression analysis, with an #* value of 0.806 and a slope
of 0.9036, which was significantly different from zero (P <0.001) (Fig 5.8).

To account for the degree of relatedness within species and therefore non-
independence of data, a phylogentically independent analysis was performed using
Felsenstein’s independent contrasts as described in Chapter 3. This analysis revealed a
reduced r* value (0.4875), but still showed a highly significant correlation (P < 0.01). The
regression line obtained by phylogentically independent contrasts is shown by the red dotted
line (Fig 5.8). The significance of the regression indicates that the method used to calculate
average maximum dive duration from body mass and Mb net charge (Equation 5.9) has good
predictive power.

As a proof of concept, the average maximum dive duration was calculated for a
31,000 kg humpback whale, Megaptera novaeangliae, which has a Mb net charge at pH 6.5
of 3.72 (Table A2). Average maximum dive duration was calculated as 922 s (15.37,7min),
which is within 4% of the measured average maximum dive duration of 884 s (14.73 min;
Goldbogen et al., 2008). The formula can also be used to evaluate the relative influence of
body mass and Mb net charge (or log [Mb,,,]) on maximum dive duration. Repeating the
calculation for the humpback whale, but increasing body mass by 10%, whilst maintaining
the Mb net charge, leads to a 16 s (1.7%) increase in maximum dive duration. Similarly a

10% increase in Mb net charge from 3.72 to 4.09, whilst maintaining body mass of 31,000

153



kg, leads to an estimated dive duration of 1523 s, showing an increase of 601.s (10 min) or a
65% increase in maximum dive duration. However, because Mb net charge correlates with
the logarithm of [Mbmax] (Chapter 3), it is better to recalculate the increase in dive duration
due to a 10% increase in [Mb]. Using the same 31,000 kg humpback whale; a Mb net charge
of 3.72 (Table A1), using the regression in Figure 3.5, gives a [Mbmax] 0f 2.95 g 100 g" a
10% increase gives a concentration of 3.24 g 100g™', which equates to a Mb net charge of
3.90. Using Equation 5.9 this new charge gives an average maximum dive duration of 1176 s
(20 min). Therefore for a 10% increase in [Mb] a 28% increase in maximum dive duration is
observed, compared to the 1.7% increase due to a 10% increase in body mass. Thus increases
in [Mb] influence dive duration to a greater degree than similar changes in body mass.
Taking this further, the Mb net charge reconstruction for the extinct species suggests
an estimated Mb net charge at pH 6.5 ranging between 1.12 and 3.76 for both Indohyus and
Pakicetus species and other basal whales. Using the body mass estimates from Table 5.1, the
simple model presented in this study, predicts a range of maximum dive durations for the
artiodactylan Indohyus between 6.4 - 223 s, and a range of maximum dive durations between

8.8 — 309 s for the larger Pakicetus species, P. attocki.
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Figure 5.8 A significant and strong positive correlation between measured and calculated average
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Table 5.1 Dive duration estimates for two extinct basal whale species and their closest artiodactylan
relative, based on estimates of body mass from the literature and Mb net charge at pH 6.5 from
phylogenetic reconstruction. Equation 5.9 was used to determine both lower and upper estimates of
dive duration.

Species Body mass | Mb net charge at | Lower estimate of Upper estimate of
(kg) pH 6.5 dive duration (s) dive duration (s)
Indohyus 7' 1.12-3.76 6.36 223
Ichthyolestes pinfoldi 9? 1.12-3.76 6.65 233
Pakicetus attocki 45° 1.12-3.76 8.82 309

! Thewissen et al 2007 — Report Indohyus to be similar in size to a raccoon, thus raccoon

average mass is taken.
% Spoor et al 2002 — Report Ichthyolestes pinfoldi as fox sized. Body mass is taken from their

supplementary data table, and is an average of Vulpes vulpes and Canis latrans.
> Thewissen et al 2001 — Report Pakicetus attocki as wolf sized. Average mass of wolf Canis
lupus 1is taken.

Horse 176
Zebra 176
Alpaca -240
Pig -0.01
Cattle 184
Yak 184
Water Buffalo 085
Goat 1!
Sheep 0.
Tibetan Antelope 1.
Red Deer (2,
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Figure 5.9 Reconstruction of Mb net charge evolution in Cetartiodactyla. Diving species are
highlighted in blue. Mb net charge (at pH 6.5) is higher in diving mammals compared to terrestrial
mammals. Red and blue branches indicate the position where Indohyus and Pakicetus species
have evolved. The numbers correspond to the Mb net charge for those nodes, according to amino
acid substitutions reconstructed by maximum parsimony.
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Discussion

This study has developed a new method for estimating diving capacity that is valid
across several orders of aquatic and semi-aquatic mammals ranging from the smallest to the
largest known divers. Before a detailed discussion of the new method, limitations of earlier

methods for estimating mammalian diving capacity are discussed.

Limitations of DLT/cADL for estimating diving performance

Diving lactate threshold (DLT) and calculated aerobic dive limits (¢cADL) inform us
about the aerobic capacity of a species. They provide a good measure of the normal dive
habits of an animal. For example, 94% of dives carried out by the Weddell seal are within the
20 min DLT (Kooyman et al., 1980). This has also been noted in diving birds with the
emperor penguin reaching its DLT after 5.6 min of diving and almost 80% of dives are
reported to be within this limit (Ponganis et al., 1997). However the DLT of these species is
exceeded in every animal and similarly cADL is exceeded in 20-40% of the dives performed
by king penguins, Aptenodytes patagonicus, and Gentoo penguins, Pygoscelis papua
(Ponganis et al., 2010), while the northern elephant seal regularly exceeds its cADL (Butler
& Jones 1997). It may not be surprising that DLT or cADL can be exceeded as such, but the
duration by which they may be exceeded is surprising. The Weddell seal’s maximum dive
duration of 82 min is four times the duration of their DLT (Castellini et al., 1992) an;i
- emperor penguins have been observed to dive three times longer than their DLT. The harbour
seal has a cADL of 10.2 min (Burns et al., 2005) but a maximum dive duration of 35.2 min
(Eguchi & Harvey 2005).

Recent reviews suggest that previous cADL measurements are inaccurate due to
incorrect estimates of total body Oy stores, with data for the emperor penguin showing that

usable O, in the lung store has been under estimated (Ponganis et al., 2010); and more
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importantly, values that define diving metabolic rate (DMR) are not known in most cases.
Therefore use of other metabolism estimates such as field metabolic rate (FMR) or various
multiples of resting metabolic rate (RMR) e.g. 2 XxRMR or 3 x RMR, are problematic (Butler
2006; Ponganis et al., 2010), Ponganis et al. (2010) show that a cADL of 23 min is possible
for the emperor penguin if a DMR of approximately half RMR is assumed. The reviews of
Butler (2006) and Ponganis et al. (2010) highlight that dives exceeding cADL are most likely
the result of physiological responses that reduce metabolism and maximise aerobic capacity
beyond what can be modelled. Such responses include the onset and the extent of bradycardia
(Ponganis et al., 2010) and localised core hypothermia that ensue resulting from reduced
blood flow (Caputa et al., 1998; Odden et al., 1999). The behavioural reduction in metabolic
cost by using sinking and gliding locomotion during a dive is another method of reducing
metabolism (Williams et al., 2000; Williams et al., 2008). In addition, blood and lung O,
stores have been shown to still carry O, at the end of a dive, and it has therefore been
implicated that depleted muscle oxygen stores alone are the likely explanation for observed

‘increases in post dive plasma lactate concentrations (Ponganis et al., 2010).

Limitations of using allometry to predict diving performance
The only other method to predict dive time relies on allometry based equatiohs. While
these are capable of estimating maximum dive durations, they are reliant upon calculétions
based on a multiple of body mass to an allometric exponent. While body mass has been
shown to correlate with dive time (Noren & Williams, 2000), there have been numerous
studies that give different allometric exponents for maximum dive duration in diving
mammals (Boyd & Croxall, 1996; Schreer & Kovacs, 1997; Hochachka & Mottishaw, 1998

and Noren & Williams, 2000). Even using a small number of species from the same

159



phylogenetic group reveals vastly different allometric exponents (Boyd & Cfoxall, 1996,
Schreer & Kovacs, 1997).

Many studies failed to account for species relatedness in their studies, see Halsey et
al. (2006) for discussion. This may mean that their findings were highly significant through
the inclusion of data that should have not been so heavily weighted, because data from very
closely related species are more likely to be similar because of the inheritance of
characteristics that may influence dive duration within these species from a recent common
ancestor. When phylogenetic relatedness has been accounted for in the allometry of
maximum dive duration in mammals; an allometric exponent of 0.326 is found which is again
different to previous work, suggesting an alternate scaling relationship (Halsey et al., 2006).

One issue that has been raised with allometric relationships that do include
phylogenetic analyses comes from allometric estimates of BMR. It has been found that the
accuracy of the equations is improved when a separate exponent is used for mammalian
orders with smaller body sizes such as shrews within the order Soricidae as they may never
be inactive or postabsorptive; the latter argument has also been made for ruminants in the
order Cetartiodactyla (White et al., 2009). This may equally occur in groups of diving
mammals, which cover an even larger range of body mass than terrestrial mammals, from a
14 g water shrew to a 100 ton blue whale (Table A7), compared to a range of body mass for
terrestrial species from a 2 g Etruscan shrew to a 3.6 ton African elephant (Table ASS.

It is for this reason that this study has set out to find an alternative method to estimate

maximum dive duration.
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Identifying the best predictor of diving performance

There is no indication of an increase in VOyyy in diving mammals that would
increase the duration that ¥O,Lung can sustain BMR relative to terrestrial mammals of similar
body mass (Fig 5.2). In fact evidence shown here indicates that ¥Opung BMR™ is actually
significantly reduced in divers compared to terrestrial mammals (Fig 5.2). This is to be
expected considering some of the larger diving mammals, sperm whale and other deep diving
species, reduce Viung in order to minimise the risk of embolism injuries (Berta et al., 2006).
Although cetaceans tend to dive after inhalation, their lungs are capable of complete collapse
which aids in the prevention of decompression sickness and nitrogen narcosis. Phocid seals
will have been shown to exhale before diving and therefore lung oxygen stores play a little
role in supplying O; during a dive in these species (Falke et al., 1985; Schmidt-Nielsen,
1991).

The duration that FOxBioed can sustain BMR is statistically identical in terrestrial and
diving mammals of equal body mass (Fig 5.3). There are three exceptions to this where
species can sustain BMR above terrestrial levels and these occur in the echidna, Weddell seal
and the minke whale. The echidna is a burrowing species and therefore may be subjected to
periods of anoxia, similar to divers, therefore may have similar adaptations. The echidna has
a low measured BMR which is almost equal to an animal half its body mass; it also hase a
higher Vgjood than other species of the same size (McNab, 1984). A reduced BMR h;s also
~ been reported by Dhinsda et al. (1971), who also noted a reduced body temperature and a
high blood O, affinity in this species. Taken together, this can explain the increased duration
that VO,p100q Can sustain BMR relative to other terrestrial species of a similar size.
Interestingly, there is also evidence that the echidna had an aquatic ancestry (Phillips et al.,
2009), and therefore high VBiood and or high Hb concentrations may be a residual

characteristic remaining from an aquatic way of life.
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In the Weddell seal 7Oapjo0d can also sustain BMR for a greater duration than in other
species of a similar size. This is clearly explained by the high Vgieoq measured in this species
(Table A6), which may be an adaptation to compensate for a reduction in Vyung and
exhalation upon initiation of a dive and thereby reduced lung oxygen stores.

For the minke whale, an explanation is harder to ascertain. The measured Hb
concentration and Vgiood do not appear to be different to any other animal of similar body
mass, this is not surprising because Vg 00 was calculated from allometry. This suggests that
departure away from the terrestrial regression line (Fig 5.3) must be, reduced BMR. However
BMR for this species had to be obtained by allometry (White et al., 2009). Previous research
has shown that whales have a reduced body temperature compared to terrestrial mammals of
approximately 35°C (Sharp & Marsh, 1953) and therefore use of allometry to calculate BMR
based on terrestrial mammals with a body temperature of 37°C would in fact overestimated
whale BMR. Similarly a large percentage of a whales mass is presumably poorly perfused
blubber (Sharp & Marsh, 1953), which would increase mass but not Vpiood, then in fact
calculations of Vpiood based on allometry for a terrestrial body mass would also be an over
estimate. Taking this in to account, it seems likely that although both BMR and Vgiood are
over estimated by allometry, but Vpjoq has been over estimated by a larger factor.

Of all the three main O3 reservoirs, only muscle O, stores show a clear increase from
terrestrial levels to those observed in diving mammals of similar body mass. They la;t
| significantly longer, when consumed at BMR, in all diving species (Fig 5.4). All diving
species show an elevated concentration of Mb compared to non-burrowing, non-high-altitude
mammals (Table A7). This may well be coupled with a reduction in BMR which can account
for the differences observed among different lineages of divers. The semi-aquatic star-nosed
mole, Condylura cristata, has a BMR one third that of the terrestrial guinea pig, Cavia

porcellus, an animal of similar body mass (Table A7). The reason behind consistently
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elevated concentrations of Mb in diving mammals is linked to the occurrencé and severity of
the bradycardia that is part of the dive response. During the initial phase of a dive, blood flow
is re-directed away from the non-essential muscle tissues, due to localised vaso-constriction
(Scholander, 1940). Although most species have some behavioural adaptation to reduce the
cost of locomotion (Williams et al., 2000), ischemia during a dive means that locomotion is
powered by muscles that use stored O, only.

By measuring the O, desaturation of muscle tissue during a dive, Williams et al.
(2011) have recently proven that ’skeletal muscles switch to anaerobic metabolism when O,
stores are depleted They found two approaches to diving taken by emperor penguins. During
type A dives Mb O, is de-saturated at a constant rate until the DLT of 5.6 min is reached,
then the rest of the dive relies heavily on anaerobic metabolism in muscle tissue. In contrast,
during type B dives Mb is only half de-saturated at the 5.6 min DLT. The penguins used in
the study demonstrated an alteration in stroke rate during type B dives, therefore a
behavioural adjustment in swimming action is also responsible for reducing metabolism
(Williams et al., 2000; Williams et al., 2007). In contrast to type A dives, Williams et al.,
(2011) also suggest that muscle beds are not completely isolated during type B dives. Thus,
allowing mild blood flow, and hence muscle O, is not fully consumed until later in the dive,

which is similar to what as has been shown in elephant seals during sleep apnoea (Ponganis et

al., 2008).

Since it has been recently shown that blood and lung stores do not fully de-saturate
during emperor penguin dives (Ponganis et al., 2010), and since, underwater movement is
powered by the skeletal muscles which have to rely on the O, store within the tissues, then
muscle O; stores appear to be the best indicator of maximum dive duration. Estimates in this
study of the BMR specific muscle O, store (VOmuseie BMR™) in diving mammals show a

strong positive correlation with maximum dive duration (Fig 5.4) and on their own can
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explain nearly 80% of the variation in maximum dive duration across all investigated diving
mammals.

One of the main criticisms of using the above method would be that during a dive
metabolic rate would not be at a basal rate. In calculating dive time researchers have used
FMR, DMR and other variations of RMR that were often obtained from forced submersion
studies, and have been criticised as inaccurate (Butler, 2004, Ponganis et al., 2010). However,
recently Williams et al. (2011) have produced the only measurements of muscle O,
consumption during a dive of €Mperor penguins. Combining their work with measurements
of blood and lung O; store depletion, they find that during a dive total body O, metabolism is
close to the resting metabolic rate of emperor penguins as measured when they are floating in
a flume. It could be criticised that to use this formula for every species is not practical as it
has been reported that some divers may never meet the criterion of BMR, as they are never
post-absorptive, or they are never completely at rest, such as the water shrew and some
cetaceans as never rest (White et al., 2009).

As BMR is not available for many species and technically never reached in others,
this study tried to simplify the method for estimating average maximum dive duration. Mb-
bound O is the major oxygen reservoir of muscle tissue and [Mbmax] has been found to
correlate with maximum dive durations in toothed whales, but not in baleen whales, (Noren
& Williams, 2000). Baleen whales have lower [Mb] compared to other cetaceans (T;xble A7)
. with reasonably high dive durations. Noren & Williams (2000) have suggested that the lack
of correlation in baleen whales is due to a small sample. However, baleen whales may
employ other methods of extending dive duration, such as more energy efficient locomotion
or increase in body mass. Thus, Noren & Williams (2000) found that maximum dive
durations for mysticete whales correlated better with body mass than with muscle [Mb]

implying that size is responsible for increasing dive duration, presumably due to lower mass
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specific O, consumption (Butler & Jones, 1981). The present study shows tﬁat body mass of
diving mammals from five orders is weakly positively correlated with average maximum dive
time (Fig 5.5) and so body mass correlations may only be strong across several orders of
diving mammals.

This study looked to improve the correlation between [Mbmax] and maximum dive
time, by increasing the data set. Chapter 3 has demonétrated that the logarithm of [Mbyax]
correlates strongly with Mb net charge (Fig 3.5). Since Mb sequence data is available for
many more species than [Mbmay] data, it is plausible to use Mb net charge at pH 6.5 as a
proxy for [Mbpax]. Regression analysis between Mb net charge at pH 6.5 and the logarithm of
maximum dive duration gives a significant, strong positive correlation (Fig 5.6) that can
account for 65% of the variation of maximum dive duration in five different lineages of
mammalian divers. This shows that Mb net charge at physiological pH is a good estimator of
maximum dive duration.

In a previous study that was restricted to cetaceans, multiple linear regression
techniques have been applied to show that combining [Mbmax] With body mass produced
better correlations with maximum dive time, than either did alone (Noren & Williams, 2000).
Working on a method to combine Mb net charge, body mass and maximum dive duration,
Figure 5.7 led to the development of Equation 5.9, which can be used to directly predict
maximum dive duration based solely on two parameters. Maximum dive durations c;stimated
with this method significantly and very strongly correlate with measured maximum dive
durations (Fig 5.8): Using ordinary least squares regression analysis yields an 7 value of 0.81
and a slope of 0.90, which is significantly different from zero
(P <0.001). When accounting for the relatedness of species, using PIC analysis; the
regression still gives a significant correlation between calculated and measured values for

average maximum dive duration, however, with a slightly reduced slope and ¥ value of 0.77
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and 0.49, respectively (P < 0.01) (Fig 5.8). These results show that Equation 5.9 may be the
best tool yet to estimate maximum dive durations, although it requires only two parameters,
body mass and Mb protein sequence. The first is readily available for most species, and
knowledge of the second has been significantly increased with the present study.

Equation 5.9 was tested by predicting the maximum dive time for a 31,000 kg
humpback whale, a species whose measured maximum dive time became known to the
author only after the construction of the formula. The calculated estimate of average
maximum dive duration is within 4% of the measured value for this species. The formula has
also been used to evaluate the relative influence of body mass and Mb net charge (or log
[Mbmax]) on maximum dive duration. Using the humpback whale as an example a 10%
increase in body mass, whilst maintain [Mb] lead to a 1.7% increase in maximum dive
duration. Similarly a 10% increase in [Mb], whilst maintaining body mass, lead to a 28%
increase in maximum dive duration. This shows that increases in [Mb] influence dive
duration to a greater degree than similar changes in body mass. Previous research has
disagreed with this suggesting that body mass has a greater effect on dive duration (Butler &
Jones, 1981; Noren & Williams, 2000; Williams et al., 2001), this may be due to problems in
obtaining accurate [Mbya]. When using the standard spectrophotometric method of
determining [Mb] (Reynafarje, 1963) there are other light absorbing components that can
never be fully removed such as, Hb, mitochondria and other cell organelles, which c;an
influence the concentration determination of Mb, especially if baseline fluctuations are not
accounted for (Masuda et al., 2008). Furthermore, Mb leaches out of the muscle cells upon
death (Miura et al., 2011) and so if tissue samples are not fresh i.e. a result of stranding

events then [Mb] determination may lead to values that are lower than the actual in vivo

concentration.
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Chapter 4 of this thesis demonstrated how Mb net charge at pH 6.5 can be
reconstructed using a mammalian phylogeny (Fig 4.3). Using Equation 5.9, the combination
of Mb net charge with body mass data would allow the prediction of maximum dive duration
of the early ancestors of any diving mammal. This study has looked at the dive durations for
the early ancestors of cetaceans and their closest non-cetacean relative, the pakicetids I.
pinifoldi and P. attocki and Indohyus, respectively, (Fig. 5.9). Fossil evidence suggests that
Indohyus had a body mass of approximately 7 kg (Thewissen et al., 2007). Mb net charge
reconstruction (Fig 5.9), gives a range of estimated dive durations between 6 — 223 s (Tab.
5.1). This supports fossil evidence that suggests that these species were aquatic waders and
not divers (Thewissen et al., 2007), and that they may have used water as a means to evade
predators in much the same way that the modern pygmy hippo and mouse deer do today
(Meijaard et al., 2010). Packicetus species also have an estimated Mb net charge ranging
between 1.12 and 3.76 (Fig 5.9). Fossil evidence suggests body mass for the smaller /.
pinfoldi of 9 kg (Spoor et al., 2002) and 45 kg for the larger P. attocki (Thewissen et al.,
2001; Tab. 5.1). Therefore these species show a trend of increasing body mass that is also
observed in many species that evolved diving, with a six fold increase in body mass being
observed from Indohyus to P. attocki (Table 5.1). Table 5.1 shows that if Mb net charge
remains the same then the six fold increase in body mass leads to a 1.4 fold increase in
maximum dive duration. However, if the cetacean ancestors increased Mb net chargc; early on
during their evolution, then the three fold increase in Mb net charge would lead to a 36 fold
increase in dive duration in I pinfoldi and a 49 fold increase in dive duration in P. attocki.
This indicates that as diving evolved Mb had a bigger impact on increasing dive duration than
increases in body mass. In fact, time-calibrated molecular phylogenetic analysis indicates that

body size niches were attributed early in the evolution of cetaceans and furthermore that
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shifts in cetacean body size coincide with changes in foraging strategies and food sources

(Slater et al., 2010).

Conclusion

Previous estimates of dive duration were mainly based on calculated aerobic dive
limits of a species and have therefore ignored those rarer occasions where some of the most
remarkable dives occur. Estimates of maximum dive duration based on body mass and
allometry leave a large part of the observed variation unexplained and result in a need to
calculate dive durations for major orders of mammals separately. This study presents a simple
model based on only two parameters that allows estimation of average maximum dive
duration over the full size range of diving mammals from water shrews to whales. The model
can be used along with phylogenetic reconstruction to estimate dive durations in the ancestors
of diving species, which may aid our understanding of the evolution of diving behaviour.
This study shows that molecular characteristics of Mb can be used to help explain the
physiology and dive behaviour of mammals, and suggests that during the evolution of diving

behaviour increases in Mb concentration offer greater increases in dive duration than

increases in body mass.
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Chapter 6 — Conclusion

Diving behaviour has evolved independently at least ten times in mammals. Each time
the problems associated with an aquatic life for an air breathing mammal have been over
come through a series of adaptations, with the degree of adaptation reflecting the amount of
time a species spends immersed in water (Berta et al., 2006). These adaptations include the
reduction of heat loss by alterations to the skin (Tarasoff, 1974; Caldwell & Cadwell, 1985),
changes to limbs to aid movement in water (Bert et al., 2006), alterations to the sensory
organs to aid vision and hearing under water (Sivak, 1980; Pardue et al., 1993; Pilleri &
Wanderler, 1964; Berta et al., 2006).

Most dives undertaken by mammals are aerobic in nature (Kooyman et al., 1981;
Ponganis et al., 1997). Aerobic metabolism is maintained during a dive through the dive
response, which incorporates bradycardia and peripheral vaso-constriction (Scholander,
1940) and is observed in both diving mammals and birds. Bradycardia is a reduction in heart
rate that frequently occurs during the beginning of a dive. Reductions in heart rate of
approximately 70% have been noted in the Baikal seal (Ponganis et al., 1997) with larger
decreases seen in other seals and sea lions (Odden et al., 1999; Thornton & Hochachka,
2004).

A reduction in heart rate is often coupled with peripheral vaso-constriction, which is the
tightening of arterial and venous wall to restrict the flow of blood to certain areas of ,the body
including; extremities, non-essential organs and skeletal muscle tissues including the
locomotory muscles (Kooyman & Ponganis, 1989). Whilst this mechanism preserves
essential oxygen (O.) for heart and brain function, it also means some parts of the body such
as the locomotory muscles become isolated and have to rely on Oz stored within the tissues to
power acrobic metabolism during a dive (Butler and Jones, 1997). The protein responsible for

storing molecular O, is myoglobin (Mb), a small 17 kDa monomeric globular haemoprotein
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consisting of 153 amino acids, that can bind one O, molecule (Kendrew, 1962). The primary
function of Mb is the reversible binding of O, and the facilitated diffusion of O, across the
sarcoplasm to the mitochondria (Wittenberg & Wittenberg, 2003) in skeletal and cardiac
tissue. It is the classic Oz storage ability of Mb, which makes it one of the most important
proteins in diving mammals (Dolar et al., 1999). The content of Mb ([Mb]) in mammalian
divers is far greater than that found in terrestrial mamfnals (Table A3), with divers exhibiting
concentrations up to thirty times those seen in non-diving species (Castellini & Somero,
1981; Noren and Williams, 2000). These large increases in [Mb] in diving species provide
enough O, to maintain aerobic metabolism in most dives undertaken by mammals (Kooyman
et al., 1981; Ponganis et al., 1997).

Recent work on diving birds has shown that O, stores in the blood and the lungs never
fully de-saturate during a dive in the emperor penguin, Aptenodytes forsteri, (Ponganis et al.,
2010). If this is also true for mammalian divers, then during the small percentage of dives that
exceed the diving lactate threshold (DLT) the exercising muscles are responsible for
producing the lactic acid observed post-dive (Kooyman et al., 1981; Ponganis et al., 1997).
Even though only a small percentage of dives exceed the aerobic limits of an animal, what is
truly remarkable is the duration which anaerobic metabolism can be sustained. The DLT of
the Weddell seal, Leptonychotes weddellii, is 20 min (Kooyman et al., 1981) yet its maximum
dive duration is 82 min (Castellini et al., 1992). Thus the Weddell seal has an anaerobic
~ capacity four times greater than its aerobic limit. During these anaerobic dives, a mammalian
diver must be capable of buffering acidic end products in order to maintain normal muscular
function (Surenkok et al., 2006). Proton (H") buffering is achieved by two mechanisms
bicarbonate and non-bicarbonate buffers, the magnitude of the former depends on the tissue

bicarbonate concentration, which is similar in all mammals (Fernandez et al., 1989). Non-
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bicarbonate buffering is achieved by free histidine (His), His residues in proteins and His-

related dipeptides (Abe, 2000).

This study has determined 24 novel mammalian Mb amino acid sequences, five of
which; short-tailed shrew, star-nosed mole, coast mole, American mink and grey squirrel are
deemed synthetic constructs due to the first twenty eight nucleotides being influenced by the
primer involved in PCR. However due to the conserved nature of the corresponding first
eight amino acids, this is not believed to influence the results in this study. Analysis of
mammalian Mb amino acid sequences show a general trend towards increasing the Mb His
content to a high level (10 or more His) in 7 out of 11 lineages of diving species. This
suggests an increased potential towards proton buffering in the Mb of mammalian divers.
Acid base titration curves of purified Mbs from 10 mammalian species, together with their
primary sequence information and known pKa values for ionisable groups in Mb, have been
used to develop a model that can accurately predict the specific Mb buffer value (Bwb) of any
Mb from its primary sequence. Analysing the evolution of B, revealed that high Bus (values
over 3.2 mol H mol Mb™! pH") did not significantly evolve more frequently in lineages of
diving mammals. This is due to high By, in some terrestrial species. High Bms generally

occurs in terrestrial animals that are capable of burst locomotion, such as the rabbit,

Oryctolagus cuniculus, red kangarbo, Macropus rufus, Horse, Equus caballus, Zebra, Equus
burchellii, and all of the canine species observed in this study. High Pup values are also noted

in ruminant artiodactyls, which may be due to an ancestral aquatic escape strategy (Meijaard
et al., 2009), which the species observed here have subsequently lost, but s still retained in

more basal species such as the water chevrotain, Hyemoschus aquaticus and greater mouse

deer, Tragulus napu (Meijaard et al., 2009).

Combining B values with data on muscle [Mb] has allowed for the first time,

quantification of the contribution of Mb towards whole muscle non-bicarbonate buffering
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capacity (Bmusclens) in diving and terrestrial mammals. This study found that the contribution
of Mb t0 Brusciens (BmuscleMb) Was significantly higher in divers compared to terrestrial species
(Fig 2.6) due to the large increase in [Mb] observed in divers (Table A3). This study was
also able to compare Busciemb With the contribution from specific His-related dipeptides that
have previously been shown to be elevated in divers (Crush et al., 1970; Abe, 2000). Data
here suggests, contrary to previous findings (Castellini & Somero, 1981), that the
contribution to Bmusciens from Mb in some species can be a substantial proportion of the
increased muscle non-bicarbonate buffer value generally seen in diving species. The increase

in Bmp due to three His residues in phocid seals, together with the increase in [Mb] observed

in these species, can explain almost half (45%) of the total increase in Bmusciens above the
Bmusclens Values of their close terrestrial relatives. Thus, increased Bmusclems is significant in

divers when increased Bwmp is coupled with large increases in [Mb].

High protein concentrations are known to lead to protein aggregations (Rumen &
Appella, 1962; Fink, 1998). Chapter 3 of this study highlights that both holoMb and apoMb
are susceptible to aggregation even at physiological conditions. Previous research has shown
that the Mbs of cetaceans are generally more stable (Scott et al., 2000) and have greater
solubility (Deyoung et al., 1993; Regis et al., 2005; Chow et al., 2006) compared to some
terrestrial species. Alterations responsible for improved protein solubility are charge changes
in the amino acid sequenée, that lead to an increase the overall net charge of the protein.
These changes include increases in His residues and strongly positively charged residues or
decreases in the number of strongly negatively charged residues.

This study shows a remarkable trend in all diving s.pecies to significantly increase the
net charge of the Mb protein (Fig 3.2A-D; Table A2) compared to their close terrestrial
relatives. This has been achieved via two mechanisms in mammalian divers. Increases in the
number of often different His residues and often different strongly positively charged Mb
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amino acid residues has evolved independently in seven lineages of divers, including
members from the orders Cetartiodactyla, Carnivora and Rodentia. In addition, two
independent evolutions of a decrease in the quantity of strongly negatively charged residues
have been observed in the diving insectivores (Table 3.1, Fig A2). These mechanisms to
increase overall Mb net charge would therefore convey an increased solubility in the Mbs of
diving species. Research has shown that Mb has an aggregation prone region in the G-helix,
(Fandrich et al., 2003; Trovato et al., 2007). The present study has shown that diving species
generally have more His in this region compared to their close terrestrial relatives (Fig 3.2A-
D). Thus, this study proposes that a His rich G- helix, or close surrounding residues, are
important in preventing Mb aggregation in mammalian divers.

Chapter 4 of this study has shown that all mammalian divers have increased Mb net
charge from the ancestral low Mb net charge state. The number and phylogenetic position of
diving species with known Mb sequences within pinnipeds and cetaceans has allowed
observing a gradual increase of Mb net charge over evolutionary time in these groups. This
can currently not be verified for the diving members in the orders Monotremata, Insectivora
and Rodentia where most diving species have evolved a high Mb net charge along the
terminal branches of the phylogenies (Fig 4.3). The evolution of high Mb net charge is
significantly concentrated on branches of the mammalian phylogeny where diving occurs.
This is therefore a significant evolutionary event in the Mb protein of mammalian divers. The
~present study has also shown that Mb net charge is significantly correlated with the logarithm
of maximal muscle [Mb] (Fig 3.5). Thus any increase in Mb net charge is associated with an
exponential increase in maximal [Mb] in skeletal muscles. One can then hypothesise that
changes in the structure of the Mb protein to accommodate high Mb concentrations have
evolved throughout all lineages of diving mammals as a mechanism to provide increased

amounts of muscle bound O; to increase dive durations.
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The ability of certain species to dive for long durations and to great depths is one of
the most fascinating aspects of mammalian physiology. By calculating the duration that each
of the three main O stores of the body could theoretically support basal metabolic rate, this
study found muscle O; stores to be the best indicator of observed maximum dive durations
over a large range of diving mammals (Fig 5.2-5.4). This makes sense if lung and blood O,
stores are reserved for brain and heart functioning as has been identified in the emperor
penguin, mentioned previously (Ponganis et al., 2010).

Previous estimates of dive duration have focused mainly on the aerobic capacity of a
species and have therefore ignored those rarer occasions where some of the most remarkable
dives occur. Estimates of maximum dive duration based on body mass and allometry leave a
large part of the observed variation unexplained and result in a need to calculate dive
durations for major orders of mammals separately. This study presents a simple model
(Equation 5.9) based only on two parameters that allows estimation of average maximum
dive duration in a full range of mammalian divers. Furthermore this study shows how the
model can be used in conjunction with phylogenetic reconstruction of Mb net charge and
fossil estimations of body mass to estimate dive durations of ancestors to mammalian divers,
which may aid in understanding the evolution of diving behaviour.

Mammalian divers have greatly increased in body mass during their evolution, with
the blue whale, Balaenoptera musculus, being the most extreme example of this. Due to the
allometry of BMR (Butler & Jones, 1982), meaning that larger animals have a lower mass
specific O, consumption than smaller animals (Brody, 1945; White & Seymour, 2003), and
based on the isometric scaling of O, stores (Hudson & Jones; 1986), researchers have
concluded that increases in body mass have been an important evolutionary step in diving
mammals. Contrary to previous findings (Castellini & Somero, 1981), the present study,

using the simple model mentioned earlier, finds that increases in [Mb] convey greater
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increases in dive duration than increases in body mass. Evidence has recently suggested that
body mass of cetaceans is linked to the prey items an animal forages for and has shown a
secondary reduction in body mass in dolphin species due to changes in diet and foraging
strategy (Slater et al., 2010). Therefore this suggests that size is not as important to diving
ability as Mb.

This study provides novel insights into how cumulative substitutions on the
molecular surface of Mb, away from the active site of the haem group, can have a profound
adaptive effects on the physiological properties conveyed to the whole animal. Amino acid
changes leading to increased Mb protein charge have permitted an increase in Mb protein
concentration, likely due to an increase in solubility by electrostatic repulsion. Increases in
Mb His-content of diving species have increased Bumusclens and therefore led to an increased
capacity for buffering acidic anaerobic end products in the muscles of mammalian divers.
This study has further shown that the molecular characteristics of Mb can be used to help
explain the physiology and evolution of dive behaviour in mammals. Evidence within this
study supports the hypothesis that mammalian Mb protein has undergone previously
unrecognised, parallel and adaptive evolution in several lineages of mammalian divers that
has profoundly increased their maximal physiological diving capacity. In summary, this work
shows that adaptations to diving in mammals involve not only quantitative increases in Mb
0, stores, but also qualitative changes to the protein to allow higher [Mb] and increased
- buffering.

Future perspectives for this work include experimentally verifying the proposed
increase in apoMb solubility in mammalian divers identified in Chapter 3. Confirming that
calculations of [Mb] based on amino acid sequences are accurate, by directly measuring the
concentration in some of the species that have been identified here, such as the polar bear,

Ursus maritimus and the pygmy hippo, Choeropsis liberiensis. Exploring the reasons for high
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MBb net charge in elephant species by looking at the Mb of sirenians the dugong and manatee.
Finally in the future it may be possible to confirm the Mb reconstruction within ancient
whales, if techniques in ancient DNA extraction and sequencing improve to include fossil

samples, then the Mb gene of Indohyus and/or Pakicetus could possibly be sequenced.

176



References

Abe, H (1995). Histidine-related dipeptides: Distribution, metabolism, and physiological
function. In Biochemistry and Molecular Biology of Fishes; Metabolic biochemistry (eds.
Hochachka, P. W. & Mommsen T. P.) Elsevier Science.

Abe, H. (2000). Role of histidine-related compounds as intracellular proton buffering
constituents in vertebrate muscle. Biochemistry-Moscow 65, 757-765.

Agnarsson, 1. and May-Collado, L. J. (2008). The phylogeny of Cetartiodactyla: The
importance of dense taxon sampling, missing data, and the remarkable promise of
cytochrome b to provide reliable species-level phylogenies. Molecular Phylogenetics and
Evolution 48, 964-985.

Ar, A., Arieli, R. and Shkolnik, A. (1977). Blood-gas properties and function in fossorial
mole rat under normal and hypoxic-hypercapnic atmospheric conditions. Respiration
Physiology 30, 201-219.

Arends, A. and McNab, B. K. (2001). The comparative energetics of 'caviomorph' rodents.
Comparative Biochemistry and Physiology A-Molecular & Integrative Physiology 130, 105-

122.

Armason, U., Gullberg, A., Janke, A., Kullberg, M., Lehman, N., Petrov, E. A. and Vainola,
R. (2006). Pinniped phylogeny and a new hypothesis for their origin and dispersal. Molecular
Phylogenetics and Evolution 41, 345-354. ,

Arnason, U., Gullberg, A., Janke, A. and Kullberg, M. (2007). Mitogenomic analyses of
caniform relationships. Molecular Phylogenetics and Evolution 45, 863-874.

Arnason, U., Adegoke, J. A., Gullberg, A., Harley, E. H., Janke, A. and Kullberg, M. (2008).
Mitogenomic relationships of placental mammals and molecular estimates of their
divergences. Gene 421, 37-51.

Bailey, J. R. and Driedzic, W. R. (1992). Lack of correlation between cardiac myoglobin
concentration and invitro metmyoglobin reductase-activity. Journal of Experimental Biology

173, 301-306.

Baltes, W. (1971). Zur quantltatlven Bestimmung der Dipeptide Anserin, Balenin und
Carnosin in Fertlgsuppen Erzeugnissen. Zeitschrift Lebensmitteluntersuchung und-Forschung

A 145, 222-228.

Bartels, H., Bartels, R., Baumann, R., Fons, R. Jurgens K. D. and Wright, P. (1979). Blood-
oxygen transport and organ weights of two shrew species (S. etruscus and C. russula).
American Journal of Physiology 236, R221-R224.

Bashford, D., Case, D. A., Dalvit, C.,, Tennant, L. and Wright, P. E. (1993). Electrostatic
calculations of side-chain pK{(a) values in myoglobin and comparison with NMR data for
histidines. Biochemistry 32, 8045-8056.

Berenbrink, M., Koldkjaer, P., Kepp, O. and Cossins, A. R. (2005). Evolution of oxygen
secretion in fishes and the emergence of a complex physiological system. Science 307, 1752-

1757.

177



Berta, A., Sumich J. L. and Kovacs, K. M. (2006). Marine mammals: Evolutionary biology.
San Diego, California: Academice press. 547pp.

Betts, M. J. and Russell, R. B. (2003). Amino acid properties and consequences of
subsitutions. In Bioinformatics for Geneticists, (eds. M. R. Barnes and I. C. Gray), pp. 411:

Wiley.

Bhattacharya, S. and Lecomte, J. T. J. (1997). Temperature dependence of histidine
ionization constants in myoglobin. Biophysical Journal 73, 3241-3256.

Bianchi, M., Clementi, M. E., Maras, B., Schinina, M. E., Bozzi, M., Giardina, B. and
Brancaccio, A. (2003). Recombinant expression of Mus musculus myoglobin. Protein
Expression and Purification 29, 265-271.

Bininda-Emonds, O. R. P., Cardillo, M., Jones, K. E., MacPhee, R. D. E., Beck, R. M. D.,
Grenyer, R., Price, S. A., Vos, R. A,, Gittleman, J. L. and Purvis, A. (2007). The delayed rise
of present-day mammals. Nature 446, 507-512.

Blakemore, C. and Jennett, S. (2001). The Oxford companion to the body, pp. 753. Oxford,
UK: Oxford University Press.

Blanga-Kanfi, S., Miranda, H., Penn, O., Pupko, T., DeBry, R. W. and Huchon, D. (2009).
Rodent phylogeny revised: analysis of six nuclear genes from all major rodent clades. BMC

Evolutionary Biology 9.

Blessing, M. H. and Hartschen-Niemeyer, E. (1969). On the myoglobin content of cardiac
and skeletal musculature especially of some marine mammals. Zeitschrift fuer Biologie 116,

302-313.

Blessing, M. H. (1971). Connective tissue content and myoglobin concentration of human
skeletal muscle. Virchows Archiv Abteilung a Pathologische Anatomie 352, 130-140.

Blessing, M. H. (1972). Studies on the concentration of myoglobin in the sea-cow and
porpoise. Comparative Biochemistry and Physiology 41A, 475-480.

Boisserie, J.-R., Lihoreau, F. and Brunet, M. (2005). The position of Hippopotamidae within
Cetartiodactyla. Proceedings of the National Academy of Sciences of the United States of

America 102, 1537-1541.

Borg, G., Ljunggren, G. and Ceci, R. (1985). The increase of perceived exertion, aches and
pain in the legs, heart-rate and blood lactate during exercise on a bicycle ergometer. European
“Journal of Applied Physiology and Occupational Physiology 54, 343-349.

Botelho, L. H. and Gurd, F. R. N. (1978). Proton nuclear magnetic-resonance study of
histidine ionizations in myoglobins of various species - specific assignment of individual
resonances. 101. Biochemistry 17, 5188-5196.

Botelho, L. H., Friend, S. H., Matthew, J. B., Lehman, L. D., Hanania, G. I. H. and Gurd, F.
R. N. (1978). Proton nuclear magnetic-resonance study of histidine ionizations in myoglobins
of various species - comparison of observed and computed pK values. 102. Biochemistry 17,

5197-5205.

178



Boyd, I. L. and Croxall, J. P. (1996). Dive durations in pinnipeds and seabirds. Canadian
Journal of Zoology-Revue Canadienne De Zoologie 74, 1696-1705.

Bradshaw, R. A., Kretsinger, R. H. and Gurd, F. R. N. (1969). Comparison of Myoglobins
from Harbor Seal, Porpoise, and Sperm Whale. IV. Isolation and characterization of the
tryptic peptides of porpoise myoglobin. Journal of Biological Chemistry. 244, 2159-2166.

Bristow, J. D., Metcalfe, J., Krall, M. A., Welch, J. E., Black, J. A. and Dhindsa, D. S.
(1977). Reduction of blood-oxygen affinity in dogs by infusion of glycolytic intermediates.
Journal of Applied Physiology 43, 102-106.

Brix, O., Condo, S. G., Lazzarino, G., Clementi, M. E., Scatena, R. and Giardina, B. (1989).
Arctic life and adaptation IIL. the function of whale (Balaenoptera acutorostrata)
hemoglobin. Comparative Biochemistry and Physiology Part B: Comparative Biochemistry
94, 139-142.

Brody, S. (1945). Bioenergetics and growth; with special reference to the efficiency complex
in domestic animals. pp. 1023. Oxford: Reinhold.

Brunori, M. (2001). Nitric oxide, cytochrome-c oxidase and myoglobin. Trends in
Biochemical Sciences 26, 21-23.

Burns, J. M. and Castellini, M. A. (1996). Physiological and behavioural determinants of the
aerobic dive limit in Weddell seal (Leptonychotes weddellii) Pups. Journal of Comparative
Physiology B-Biochemical Systemic and Environmental Physiology 166, 473-483.

Burns, J. M., Costa, D. P., Frost, K. and Harvey, J. T. (2005). Development of body oxygen
stores in harbour seals: effects of age, mass, and body composition. Physiological and
Biochemical Zoology 78, 1057-1068.

Busa, W. B. and Nuccitelli, R. (1984). Metabolic-regulation via intracellular pH. American
Journal of Physiology 246, R409-R438

Butler, P. J. and Jones, D. R. (1982). The comparative physiology of diving in vertebrates.
Advances in Comparative Physiology and Biochemistry 8, 179-364.

Butler, P. J. and Jones, D. R. (1997). Physiology of diving of birds and mammals. -
Physiological Reviews 77, 837-899.

Butler, P. J. (2004). Metabolic regulation in diving birds and mammals. Respiratory
Physiology & Neurobiology 141, 297-315.

~ Butler, P. J. (2006). Aerobic dive limit. What is it and is it always used appropriately?
Comparative Biochemistry and Physiology A-Molecular & Integrative Physiology 145, 1-6.

Caldwell D. K. and Caldwell M. C. (1972) Senses and communication. In mammals of the
sea: Biology and Medicine (ed. S. H. Ridgeway), pp. 419-465. Charles C Thomas,
Springfield, IL '

Campbell, K. L., Weseen, G. L. and Macarthur, R. A. (1998). Seasonal changes in water flux,
forage intake, and assimilated energy of free-rangmg muskrats. Journal of Wildlife
Management 62, 292-299.

179



Caput.a, M., Folkow, L. and Blix, A. S. (1998). Rapid brain cooling in diving ducks.
American Journal of Physiology - Regulatory, Integrative and Comparative Physiology 275,
R363-R371.

Castellini, M. A. and Somero, G. N. (1981). Buffering capacity of vertebrate muscle -
correlations with potentials for anaerobic function. Journal of Comparative Physiology 143,
191-198. |

Castellini, M. A., Somero, G. N. and Kooyman, G. L. (1981). Glycolytic enzyme-activities in
tissues of marine and terrestrial mammals. Physiological Zoology 54, 242-252.

Castellini, M. A,, Kooyman, G L. and Ponganis, P. J. (1992). Metabolic rates of freely diving
Weddell seals - correlations with oxygen stores, swim velocity and diving duration. Journal
of Experimental Biology 165, 181-194.

Chatterjee, H., Ho, S, Bames, I: and Groves, C. (2009). Estimating the phylogeny and
divergence times of primates using a supermatrix approach. BMC Evolutionary Biology 9,
259.

Cheng, X. D. and Schoenborn, B. P. (1991). Neutron-diffraction study of
carbonmonoxymyoglobin. Journal of Molecular Biology 220, 381-399.

Chow, C., Kurt, N., Murphy, R. M. and Cavagnero, S. (2006). Structural characterization of
apomyoglobin self-associated species in aqueous buffer and urea solution. Biophysical
Journal 90, 298-309.

Cocco, M. J., Kao, Y. H., Phillips, A. T. and Lecomte, J. T. J. (1992). Structural comparison
of apomyoglobin and metaquomyoglobin - pH titration of histidines by NMR-spectroscopy.
Biochemistry 31, 6481-6491.

Cossins, A. R., Williams, D. R., Foulkes, N. 8., Berenbrink, M. and Kipar, A. (2009).
Diversg cell-specific expression of myoglobin isoforms in brain, kidney, gill and liver of the
hypoxia-tolerant carp and zebrafish. Journal of Experimental Biology 212, 627-638.

Costa, D. P. and Sinervo, B. (2004). Field physiology: Physiological insights from animals in
nature. Annual Review of Physiology 66, 209-238.

Croll, D. A., Acevedo-Gutiérrez, A., Tershy, B. R. and Urban-Ramirez, J. (2001). The diving
behaviour of blue and fin whales: is dive duration shorter than expected based on oxygen
stores? Comparative Biochemistry and Physiology - Part A: Molecular & Integrative
Physiology 129, 797-809.

Crush, K. G. (1970). Carnosine and related substances in animal tissues. Comparative
Biochemistry and Physiology 34, 3-30. ’

Darwin, C. (1859). The origin of species: By means of natural selection of the preservation of
favoured races in the struggle for life. pp. 576. New York: New American Library.

Davey, C. L. (1960). The significance of carnosine and anserine in striated skeletal muscle.
Archives of Biochemistry and Biophysics 89, 303-308.

Davis, R. W. and Kanatous, S. B. (1999). Convective oxygen transport and tissue oxygen
consumption in Weddell seals during aerobic dives. Journal of Experimental Biology 202,
1091-1113.

180



Davis, R. W., Polasek, L., Watson, R., Fuson, A., Williams, T. M. and Kanatous, S. B.
(2004). The diving paradox: new insights into the role of the dive response in air-breathing
vertebrates. Comparative Biochemistry and Physiology A-Molecular & Integrative
Physiology 138, 263-268.

Dejours, P. (1981). Principles of comparative respiratory physiology. pp. 265. Amsterdam.
The Netherlands: Elsevier/ North Holland Biomedical Press.

Delisle, I. and Strobeck, C. (2005). A phylogeny of the Caniformia (order Carnivora) based
on twelve complete protein-coding mitochondrial genes. Molecular Phylogenetics and
Evolution 37, 192-201.

Delp, M. D., Evans, M. V. and Duan, C. (1998). Effects of aging on cardiac output, regional
blood flow, and body composition in Fischer-344 rats. Journal of Applied Physiology 85,
1813-1822.

Deyoung, L. R., Dill, K. A. and Fink, A. L. (1993). Aggregation and denaturation of
apomyoglobin in aqueous urea solutions. Biochemistry 32, 3877-3886.

Dhinfisa, D. S, Hovefsla.As and Metcalfe, J. (1971). Comparative studies of respiratory
functions of mammalian blood .7. Armadillo (Dasypus novemcinctus). Respiration
Physiology 13, 198-208.

Dhindsa, D. 8., Sedgwick, C. J. and Metcalfe, J. (1972). Comparative studies of respiratory
functions of mammalian blood .8. Asian elephant (Elephas maximus) and African elephant
(Loxodonta africana africana). Respiration Physiology 14, 332-342.

Dhir}dsa, D.S,, Metcalfe, I, McKean, T. and Thorne, T. (1974a). Comparative studies of
respiratory functions of mammalian blood. 11. Pronghorn antelope (A4ntilocapra americana).
Respiration Physiology 21, 297-306.

Dhindsa, D. S., Metcalfe, J., Hov.ersla.As and Hartman, R. A. (1974b). comparative studies of
respiratory functions of mammalian blood .10. Killer whale (Orcinus orca) and beluga whale
(Delphin apterus). Respiration Physiology 20, 93-103.

Dhindsa, D. S., Metcalfe, J., Blackmore, D. W. and Koler, R. D. (1981). Postnatal changes in
oxygen-affinity of rat-blood. Comparative Biochemistry and Physiology A-Physiology 69,
279-283. .

Di Marchi, R. D., Garner, W. H., Wang, C. C., Hanania, G. I. H. and Gurd, F. R. N. (1978a).
Characterization of the reaction of methyl acetimidate with sperm whale myoglobin.
Biochemistry 17, 2822-2829.

Dimarchi, R. D., Wang, C. C., Hemenway, J. B. and Gurd, F. R: N. (1978b). Coordination-
complexes and catalytic properties of proteins and related substances. 93. Complete amino-
acid sequence of major component myoglobin of finback whale (Balaenoptera physalus).
Biochemistry 17, 1968-1970.

Dolar, M. L. L., Suarez, P., Ponganis, P. J. and Kooyman, G. L. (1999). Myoglobin in pelagic
small cetaceans. Journal of Experimental Biology 202, 227-236.

181



Dosi, R., Di Maro, A., Chambery, A., Colonna, G., Costantini, S., Geraci, G. and Parente, A.
(2006). Characterization and kinetics studies of water buffalo (Bubalus bubalis) myoglobin.

Comparative Biochemistry and Physiology B-Biochemistry & Molecular Biology 145, 230-

238.

Dubey, S., Salamin, N., Ohdachi, S. D., Barriére, P. and Vogel, P. (2007). Molecular
phylogenetics of shrews (Mammalia: Soricidae) reveal timing of transcontinental
colonizations. Molecular Phylogenetics and Evolution 44, 126-137.

Dwaulet, F. E. and Gurd, F. R. N. (1975). Primary structure of Inia geoffrensis myoglobin.
Abstracts of Papers of the American Chemical Society 170, 25-25.

Dyck, M. and Romberg, S. (2007). Observations of a wild polar bear (Ursus maritimus)
successfully fishing Arctic charr (Salvelinus alpinus) and Fourhorn sculpin (Myoxocephalus
quadricornis). Polar Biology 30, 1625-1628.

Edmundson, A. B. (1965). Amirib-acid sequence of sperrh whale myoglobin. Nature 205,
883-887.

Eguchi, T. and Harvey, J. T. (2005). Diving behavior of the pacific harbor seal (Phoca
vitulina richardii) in Monterey bay, California. Marine Mammal Science 21, 283-295.

Eick, G..N., Jacobs, D. S.' and Matthee, C. A. (2005). A nuclear DNA phylogenetic
perspective on the evolution of echolocation and historical biogeography of extant bats
(Chiroptera). Molecular Biology and Evolution 22, 1869-1886.

Eliezer, D., Chiba, K., Tsuruta, H., Doniach, S., Hodgson, K. O. and Kihara, H. (1993).
Evidence of an associative intermediate on the myoglobin refolding pathway. Biophysical
Journal 65, 912-917.

Emmett, B. and Hochachka, P. W. (1981). Scaling of oxidative and glycolytic-enzymes in
mammals. Respiration Physiology 45, 261-272.

Evans, B. K., Jones, D. R., Baldwin, J. and Gabbott, G. R. J. (1994). Diving ability of the
platypus. Australian Journal of Zoology 42, 17-27.

Falke, K. J., Hill, R. D., Qvist, J., Schneider, R. C., Guppy, M., Liggins, G. C., Hochachka, P.
W., Elliott, R. E. and Zapol, W. M. (1985). Seal lungs collapse during free diving - evidence
from arterial nitrogen tensions. Science 229, 556-558.

Fandrich, M., Forge, V., Buder, K., Kittler, M., Dobson, C. M. and Diekmann, S. (2003).
- Myoglobin forms amyloid fibrils by association of unfolded polypeptide segments.
Proceedings of the National Academy of Sciences 100, 15463-15468.

Felsenstein, J. (1985). Phylogenies and the comparative method. American Naturalist 125:1-
15. .

Fernandez, P. C., Cohen, R. M. and Feldman, G. M. (1989). The concept of bicarbonate
distribution space: The crucial role of body buffers. Kidney International 36, 747-752.

Fernandez, M. H. and Vrba, E. S. (2005). A complete estimate of the phylogenetic
relationships in Ruminantia: a dated species-level supertree of the extant ruminants.
Biological Reviews 80, 269-302.

182



Fink, A. L. (1998). Protein aggregation: folding aggregates, inclusion bodies and amyloid.
Folding and Design 3, R9-R23.

Fisher, W., Koureas, D. and Thompson, E. (1980). Myoglobins of Cartilaginous Fishes. II.
Isolation and amino acid sequence of myoglobin of the shark Mustelus antarcticus.
Australian Journal of Biological Sciences 33, 153-168.

Flynn, J. J., Finarelli, J. A., Zehr, S., Hsu, J. and Nedbal, M. A. (2005). Molecular phylogeny
of the Carnivora (Mammalia): Assessing the impact of increased sampling on resolving
enigmatic relationships. Systematic Biology 54, 317-337.

Folkow, L., NordA y, E. and Blix, A. (2004). Distribution and diving behaviour of harp seals
(Pagophilus groenlandicus) from the Greenland Sea stock. Polar Biology 27, 281-298.

Fowler, S. L., Costa, D. P-; Ampuld, .J .P. Y, Gales, N. J. and Burns, J. M. (2007). Ontogeny
of oxygen stores and physiological diving capability in Australian sea lions. Functional
Ecology 21, 922-935.

Fox, D. and Myers. P. (2000). "Hippopotamidae" (On-line), Animal Diversity Web. Accessed
29/08/2011: at .
http://animaldiversity.ummz.umlch.edu/site/accounts/information/Hippopotamidae.html

Frey, (1980). Etude de la thermoregulation et du budget de Suncus etruscus PhD thesis
university of Lausanne 1-121

Friend, S. H. and Gurd, F. R. N. (1?79a). Electrostatic stabilization in myoglobin. The pH
dependence of summed electrostatic contributions. Biochemistry 18, 4612-4619.

Fulton, T. L. and Strobeck, C. (2006). Molecular phylogeny of the Arctoidea (Carnivora):
Effect of missing data on supertree and supermatrix analyses of multiple gene data sets.
Molecular Phylogenetics and Evolution 41, 165-181.

Garner, M. H., Garner, W. H. and Gurd, F. R. N. (1974). Recognition of primary sequence
variations among sperm }’Vhal? myoglob}n components with successive proteolysis
procedures. Journal of Biological Chemistry 249, 1513-1518.

Garry, D. J., Ordway, G A" Lorenz, L. N, Radford, N. B., Chin, E. R., Grange, R. W.,
Bassel-Duby, R. and Williams, R. 8. (1998). Mice without myoglobin. Nature 395, 905-908.

Gatesy, J. (1997). More DNA support for a Cetacea/Hippopotamidae clade: the blood-
clotting protein gene gamma-fibrinogen. Molecular Biology and Evolution 14, 537-543.

" Gebhardt, R., Doster, W. and Schulte, A. (2003). Pressure-induced critical association of
myoglobin. Biophysical Journal 84, 339A-340A .

Geiser, F. (1988). Reduction of metapolism during hibernation and daily torpor in mammals
and birds: temperature effect or physiological inhibition? Journal of Comparative Physiology
B: Biochemical, Systemic, and Environmental Physiology 158, 25-37.

Gevers, W. (1977). Generatign of protons by metabolic processes in heart-cells. Journal of
Molecular and Cellular Cardiology 9, 867-874.

183



Godecke, A., Flogel, U., Zanger, K., Ding, Z., Hirchenhain, J., Decking, U. K. M. and
Schrader, J. (1999). Disruption of myoglobin in mice induces multiple compensatory
mechanisms. Proceedings of the National Academy of Sciences. USA 96, 10495-10500.

Goldbogen, J. A., Calambokidis, J., Croll, D. A., Harvey, J. T., Newton, K. M., Oleson, E.
M., Schorr, G. and Shadwick, R. E. (2008). Foraging behaviour of humpback whales:
kinematic and respiratory patterns suggest a high cost for a lunge. J ournal of Experimental
Biology 211, 3712-3719.

Grand, T. I. (1977). Body weight - its relation to tissue composition, segment distribution,
and motor function. 1. Interspecific comparisons. American Journal of Physical
Anthropology 47, 211-240.

Grand, T. I. and Barboza, F. S. (2001). Anatomy and development of the koala, Phascolarctos
cinereus: an evolutionary perspective on the superfamily Vombatoidea. Anatomy and
Embryology 203, 211-223.

Grange, R. W., Meeson, A, Chin, E., Lau, K. S., Stull, J. T., Shelton, J. M., Williams, R. S.
and Garry, D. J. (2001). Functional and molecular adaptations in skeletal muscle of
myoglobin-mutant mice. American Journal of Physiology-Cell Physiology 281, C1487-
C1494.

Grenyer, R. and Purvis, A. (2003). A composite species-level phylogeny of the 'Insectivora'
(Mammalia : Order Lipotyphla Haeckel, 1866). Journal of Zoology 260, 245-257.

Gros, G., Wittenberg, B. A. and Jue, T. Myoglobin's old and new clothes: from molecular
structure to function in living cells. Journal of Experimental Biology 213, 2713-2725.

Gu, Z. L., Zhao, X. B., Li, N. and Wu, C. X. (2007). Complete sequence of the yak (Bos
grunniens) mitochondrial genome and its evolutionary relationship with other ruminants.
Molecular Phylogenetics and Evolution 42, 248-255.

Gusztak, R. W., (2008). Dive performance and aquatic thermoregulation of the world's
smallest mammalian diver, the American water shrew (Sorex palustris). M.Sc. thesis. pp.
125. University of Manitoba. MR48973

Haim, A. and Izhaki, I. (1993). The ecological significance of resting metabolic-rate and non-
shivering thermogenesis for rodents. Journal of Thermal Biology 18, 71-81.

Hall, T. (2001). BioEdit manual. http://www.mbio.ncsu.edu/BioEdit/BioDoc.pdf , retrieved
on 24/04/07

| Halsey, L. G., Butler, P. J. and Blackburn, T. M. (2006). A phylogenetic analysis of the
allometry of diving. American Naturalist 167, 276-287. ’

Hassrick, J. L., Crocker, D. E., Teutschel, N. M., McDonald, B. I., Robinson, P. W.,
Simmons, S. E. and Costa, D. P. (2010). Condition and mass impact oxygen stores and dive
duration in adult female northern elephant seals. Journal of Experimental Biology 213, 585-

592.

Hastie G, Wilson B, Thompson P (2006) Diving deep in a foraging hotspot: acoustic insights
into bottlenose dolphin dive depths and feeding behaviour. Marine Biology 148: 1181-1188

184



Hatch, L. T., Dopman, E. B. and Harrison, R. G. (2006). Phylogenetic relationships among

the baleen whales based on maternally and paternally inherited characters. Molecular
Phylogenetics and Evolution 41, 12-27.

Hays, G. C., Forman, D. W., Harrington, L. A., Harrington, A. L., MacDonald, D. W. and
Righton, D. (2007). Recording the free-living behaviour of small-bodied, shallow-diving
animals with data loggers. Journal of Animal Ecology 76, 183-190.

Hendgen-Cotta, U. B., Floegel, U., Kelm, M. and Rassaf, T. Unmasking the Janus face of
myoglobin in health and disease. Journal of Experimental Biology 213, 2734-2740.

Hermansen. L and Osnes, J. B. (1972). Blood and muscle pH after maximal exercise in Man.
Journal of Applied Physiology 32, 304-308.

Higdon, J. W., Bininda-Emonds, O. R. P., Beck, R. M. D. and Ferguson, S. H. (2007).

Phylogeny and divergence of the pinnipeds (Carnivora : Mammalia) assessed using a
multigene dataset. BMC Evolutionary Biology 7.

Hindle, A. G., Mclntyre, I. W., Campbell, K. L. and MacArthur, R. A. (2003). The heat
increment of feeding and its thermoregulatory implications in the short-tailed shrew (Blarina
brevicauda). Canadian Journal of Zoology-Revue Canadienne De Zoologie 81, 1445-1453.

Hlastala, M. P., and Berger, A. J. (2001). Physiology of respiration, pp. 275: Oxford
University Press.

Hochachka, P. W. and Mommsen, T. P. (1983). Protons and anaerobiosis. Science 219, 1391-
1397

Hochachka, P. W., Baldwin, J. and Griffiths, R. I. (1984). Metabolic adaptations and
responses of the echidna to burrowing. Molecular Physiology 5, 165-178.

Hochachka, P. W. and Mottishaw, P. D. (1998). Evolution and adaptation of the diving

response: phocids and otariids. In Cold Ocean Physiology, (eds. H.-O. Pértner and R. C.
Playle), pp. 391-431: Cambridge University Press.

Hooker, S. K. and Baird, R. W. (1999). Deep-diving behaviour of the northern bottlenose

whale, Hyperoodon ampullatus (Cetacea : Ziphiidae). Proceedings of the Royal Society of
London Series B-Biological Sciences 266, 671-676.

Hou, Z. C., Romero, R. and Wildman, D. E. (2009). Phylogeny of the Ferungulata
(Mammalia: Laurasiatheria) as determined from phylogenomic data. Molecular
Phylogenetics and Evolution 52, 660-664.

Hudson, D. M. and Jones, D. R. (1986). The influence of body mass on the endurance to
restrained submergence in the Pekin duck. Journal of Experimental Biology 120, 351-367.

Hughson, F. M. and Baldwin, R. L. (1989). Use of site-directed mutagenesis to destabilize
native apomyoglobin relative to folding intermediates. Biochemistry 28, 4415-4422.

Irving, L. and Orr, M. D. (1935). The diving habits of the beaver. Science (New York, N.Y.)
82, 569.

Irving, L. (1939). Respiration in diving mammals. Physiological Reviews. 19, 112-134.

185



Jensen, F. B. (1989). Hydrogen ion equilibria in fish haemoglobins. Journal of Experimental
Biology 143, 225-234.

Joachim, C. L. and Selkoe, D. J. (1992). The seminal role of B-amyloid in the pathogenesis of
Alzheimer disease. Alzheimer Disease and Associated Disorders 6, 7-34.

Kanatous, S. B., Hawke, T. J., Trumble, S. J., Pearson, L. E., Watson, R. R., Garry, D. J.,
Williams, T. M. and Davis, R. W. (2008). The ontogeny of aerobic and diving capacity in the
skeletal muscles of Weddell seals. Journal of Experimental Biology 211, 2559-2565.

Kanatous, S. B. and Mammen, P. P. A. (2010). Regulation of myoglobin expression. Journal
of Experimental Biology 213, 2741-2747.

Kanstrup, I. L. and Ekblom, B. (1984). Blood-volume and hemoglobin concentration as
determinants of maximal aerobic power. Medicine and Science in Sports and Exercise 16,
256-262. -

Kanwisher, J. and Sundes, G. (1965). Hvalradets. Skrifter. 48, 45-53.

Kao, Y. H., Fitch, C. A., Bhattacha_rya? S., Sarkisian, C. J., Lecomte, J. T. J. and Garcia-
Moreno, B. (2000). Salt effects on ionization equilibria of histidines in myoglobin.
Biophysical Journal 79, 1637-1654.

Kendrew, J. C. (1962). Structure of globular proteins. Comparative Biochemistry and
Physiology 4, 249-252.

Kendrew, J. C., B.odo, Q., Dintzis, H. M., Parrish, R. G., Wyckoff, H. and Phillips, D. C.
(1958). A three-dimensional model of the myoglobin molecule obtained by X-ray analysis.
Nature 181, 662-666.

King, M. and Wilson, A. (1975). Evolution at two levels in humans and chimpanzees.
Science 188, 107-116.

Kleiber, M. (1947). Body size and metabolic rate. Physiological Reviews 27, 511-541.

Kooyman, G. L., Wahrenbro?k, E. A, Castellini, M. A., Davis, R. W. and Sinnett, E. E.
(1980). Aerobic and anaerobic metabolism during voluntary diving in Weddell seals -
evidence of preferred pathways from blood-chemistry and behaviour. Journal of Comparative
Physiology 138, 335-346.

Kooyman, G. L., Caste}lini, M. A. and Davis, R. W. (1981). Physiology of diving in marine
 mammals. Annual Review of Physiology 43, 343.356. :

Kooyman, G. L. and Sinnett, E. E. (1982). Pulmonary shunts in-harbour seals and sea lions
during simulated dives to depth. Physiological Zoology 55, 105-111.

Kooyman, G. L., Castellini, M. A, Davis, R. W. and Maue, R. A. (1983). Aerobic diving
limits of immature Weddell seals. Journal of Comparative Physiology 151, 171-174.

Kooyman, G. L. and Ponganis, P. J. (1998). The physiological basis of diving to depth: Birds
and mammals. Annual Review of P hysiology 60, 19-32.

Krebs, M. R. H., Domike, K. R., Cannqn, D. and Donald, A. M. (2008). Common motifs in
protein self-assembly. Faraday Discussions 139, 265-274.

186



Krutzikowsky, G. K. and Mate, B. R. (2000). Dive and surfacing characteristics of bowhead

whales (Balaena mysticetus) in the Beaufort and Chukchi seas. Canadian Journal of Zoology-
Revue Canadienne De Zoologie 78, 1182-1198.

Kruuk, H. (1993). The Diving Behaviour of the platypus (Ornithorhynchus anatinus) in
waters with different trophic status. Journal of Applied Ecology 30, 592-598.

Kuhner, M. K. and Felsenstein, J. (1994). A simulation comparison of phylogeny algorithms
under equal and unequal evolutionary rates. Molecular Biology and Evolution 11, 459-468.

Lansbury, P. T. (1999). Evolution of amyloid: What normal protein folding may tell us about
fibrillogenesis and disease. Proceedings of the National Academy of Sciences 96, 3342-3344.

Lawrie, R. A. (1950). Some observations on factors affecting myoglobin concentrations in
muscle. Journal of Agricultural Science Cambridge. 40, 356-366.

Lawrie, R. A. (1952). Biochemical differences between red and white muscle. Nature 170,
122-123.

Lawrie, R. A. (1953). The activity of the cytochrome system in muscle and its relation to
myoglobin. Biochemical Journal 55, 298-305.

Le Boeuf, B. J,, procker, D. E., Costa, D. P, Blackwell, S. B., Webb, P. M. and Houser, D.
S. (2000). Foraging ecology of Northern elephant seals. Ecological Monographs 70, 353-382.

Lenfant, C., Johansen, K. and Torrance, J. D. (1970). Gas transport and oxygen storage
capacity in some pinnipeds and the sea otter. Respiration Physiology 9, 277-286.

Leniger- Follert, E. and Lubber, D. W. (1973). Determination of local myoglobin

concentration in guinea-pig heart. Pflugers Archiv-European Journal of Physiology 341, 271-
280.

Lesk, A. M. and Chothia, C. (1980). How different amino-acid-sequences determine similar

protein structures - structure and evolutionary dynamics of the globins. Journal of Molecular
Biology 136, 225-270.

Lesk, A. M., (2001). Introduction to protein architecture. pp. 344. New York. Oxford
University Press.

Lestyk, K., Folkow, L., Blix, A., Hammill, M. and Burns, J. (2009). Development of
myoglobin concentration and acid buffering capacity in harp (Pagophilus groenlandicus) and
hooded (Cystophora cristata) seals from birth to maturity. Journal of Comparative
Physiology B: Biochemical, Systemic, and Environmental Physiology.

Lydersen, C., Ryg, M. S., Hammill, M. O. and Obrien, P. J. (199‘2). Oxygen stores and

aerobic dive limit of ringed seals (Phoca hispida). Canadian Journal of Zoology-Revue
Canadienne De Zoologie 70, 458-461.

MacArthur, R. A. (1989). Energy-metabolism and thermoregulation of beaver (Castor-
canadensis). Canadian Journal of Zoology-Revue Canadienne De Zoologie 67, 651-657.

MacArthur, R. A. (1992). Foraging Range and Aerobic Endurance of Muskrats Diving under
Ice. Journal of Mammalogy 73, 565-569.

187



MacArthur, R. A., Humphries, M. M, Fines, G. A. and Campbell, K. L. (2001). Body oxygen
stores, aerobic dive limits, and the diving abilities of juvenile and adult muskrats (Ondatra
zibethicus). Physiological and Biochemical Zoology 74, 178-190.

MacDonald, D. W. (2009). Encyclopedia of Mammals, pp. 976. Oxford. Oxford univeristy
Press.

Maclean, G. S. and Lee, A. K. (1973). Effects of Season, Temperature, and Activity on Some
Blood Parameters of Feral House Mice (Mus musculus). Journal of Mammalogy 54, 660-667.

Maddison, D. R. and Maddison, W. P. (2005). MacClade. Sunderland, Massachusetts:
Sinauer Associates.

Maddison, W. P. and Maddison, D. R. (2010). Mesquite: a modular system for evolutionary
analysis. Version 2.73 http://mesquiteproject.org

Mammen, P. P. A, Kanatous, S. B., Yuhanna, 1. S., Shaul, P. W., Garry, M. G., Balaban, R.
S. and Garry, D. J. (2003). Hypoxia-induced left ventricular dysfunction in myoglobin-
deficient mice. American Journal of Physiology-Heart and Circulatory Physiology 285,
H2132-H2141.

Marieb, E. and Hoehn, K. (2006). Human Anatomy & Physiology, pp. 1159: Pearson
Benjamin Cummings.

Masuda, K., Truscott, K., Lin, P.-C., Kreutzer, U., Chung, Y., Sriram, R. and Jue, T. (2008).
Determination of myoglobin concentration in blood-perfused tissue. European Journal of
Applied Physiology 104, 41-48.

McGowen, M. R., Spaulding, M. and Gatesy, J. (2009). Divergence date estimation and a
comprehensive molecular tree of extant cetaceans. Molecular Phylogenetics and Evolution
53, 891-906.

Mclntyre, I. W. (2000). Diving energetics and temperature regulation of the star-nosed mole
(Condylura cristata) with comparisons to non-aquatic talpids and the water shrew (Sorex
palustris). Masters Thesis, 1-126.

McIntyre, I. W., Campbell, K. L. and MacArthur, R. A. (2002). Body oxygen stores, aerobic
dive limits and diving behaviour of the star-nosed mole (Condylura cristata) and
comparisons with non-aquatic talpids. Journal of Experimental Biology 205, 45-54.

McKean, T. and Carlton, C. (1977). Oxygen storage in beavers. Journal of Applied
Physiology 42, 545-547.

McLellan, T. (1984). Molecular charge and electrophoretic mobility in cetacean myoglobins
of known sequence. Biochemical Genetics 22, 181-200.

McNab, B. K. (1980). Energetics and the limits to a temperafe distribution in armadillos.
Journal of Mammalogy 61, 606-627.

McNab, B. K. (1984). Physiological convergence amongst ant-eating and termite-eating
mammals. Journal of Zoology 203, 485-510.

188



Meeson, A. P., Radford, N., Shelton, J. M., Mammen, P. P. A., DiMaio, J. M., Hutcheson, K.,
Kong, Y. F., Elterman, J., Williams, R. S. and Garry, D. J. (2001). Adaptive mechanisms that
preserve cardiac function in mice without myoglobin. Circulation Research 88, 713-720.

Meijaard, E., Umilaela and de Silva Wijeyeratne, G. (2010). Aquatic escape behaviour in

mouse-deer provides insight into tragulid evolution. Mammalian Biology - Zeitschrift fur
Saugetierkunde 75, 471-473.

Midford, P. E., Garland Jr. T., and Maddison. W. P., (2005). PDAP Package of Mesquite.
Version 1.07.

Miura, M., Naka, T. and Miyaishi, S. Postmortem changes in myoglobin content in organs.
Acta medica Okayama 65, 225-30.

Montgelard, C., Forty, E., Amnal, V. and Matthee, C. A. (2008). Suprafamilial relationships
among Rodentia and the phylogenetic effect of removing fast-evolving nucleotides in
mitochondrial, exon and intron fragments. BMC Evolutionary Biology 8.

Mugaas, J. N., Seidensticker, J. and Mahlke-Johnson, K. P. (1993). Metabolic adaptation to

climate and distribution of the raccoon Procyon lotor and other Procyonidae. Smithsonian
Contributions to Zoology, 1-44.

Murphy, W. J., Eizirik, E., Johnson, W., Zhang, Y.-P., Ryder, O. and O'Brien, S. (2001).
Molecular phylogenetics and the origins of placental mammals. Nature 409, 614 - 618.

Murphy, W. ., Pringle, T. H., Crider, T. A., Springer, M. S. and Miller, W. (2007). Using

genomic data to unravel the root of the placental mammal phylogeny. Genome Research 17,
413-421.

Nagel, A. (1985). Sauerstoffverbrauch, Temperaturregulation und Herzfrequenz bei
europaischen Spitzmausen (Soricidae). Z Saugetierkd 50, 249-266.

Neshumova, T. V., Cherepanova, V. A. and Petrov, E. A. (1983). Myoglobin distribution in
muscles of the seal Pusa sibirica. Zhurnal Evolyutsionnoi Biokhimii i Fiziologii 19, 93-95.

Neshumova, T. V. and Cherepanova, V. A. (1985). Characteristics of the locomotor activity
of the Baikal seal. Ekologiya (Moscow), 53-57.

Neuberger, A. and Niven, J. S. F. (1951). Haemoglobin formation in rabbits. Journal of
Physiology-London 112, 292-310.

Nilsson, M. A., Churakov, G., Sommer, M., Van Tran, N., Zemann, A., Brosius, J. and

Schmitz, J. (2010). Tracking marsupial evolution using archaic genomic retroposon
insertions. Plos Biology 8. -

Nishihara, H., Maruyama, S. and Okada, N. (2009). Retroposon analysis and recent

geological data suggest near-simultaneous divergence of the three superorders of mammals.
Proceedings of the National Academy of Sciences 106, 5235-5240.

Noren, S. R. and Williams, T. M. (2000). Body size and skeletal muscle myoglobin of
cetaceans: adaptations for maximizing dive duration. Comparative Biochemistry and
Physiology A-Molecular & Integrative Physiology 126, 181-191.

189



Ngren, S. R. (2004). Buffering capacity of the locomotor muscle in cetaceans: Correlates
with postpartum development, dive duration, and swim performance. Marine Mammal
Science 20, 808-822.

Novy, M. J .» Hoversla.As, Dhindsa, D. S. and Metcalfe, J. (1973). Blood oxygen affinity and
hemoglobin type in adult, newborn, and fetal pigs. Respiration Physiology 19, 1-11.

O'Brien, P. J., Shen, H., McCutcheon, L. J., Ogrady, M., Bymne, P. J., Ferguson, H. W.,
Mirsalimi, M. S., Julian, R. J., Sargeant, J. M., Tremblay, R. R. M. et al. (1992). Rapid,
simple and sensitive microassay for skeletal and cardiac-muscle myoglobin and hemoglobin -
use in various animals indicates functional-role of myohemoproteins. Molecular and Cellular
Biochemistry 112, 45-52.

Ochqa—Acuna, H. G, McNab-, B. K. and Miller, E. H. (2009). Seasonal energetics of northern
phocid seals. Comparative Biochemistry and Physiology A-Molecular & Integrative
Physiology 152, 341-350.

Odden, Folkow, Caputa, Hotvedt and Blix. (1999). Brain cooling in diving seals. Acta
Physiologica Scandinavica 166, 77-78.

O'Leary, M. A. and Gatesy, J. (2008). Impact of increased character sampling on the
phylogeny of Cetartiodactyla (Mammalia): combined analysis including fossils. Cladistics

24, 397-442.

Ordway, G. A. and Garry, D. J. (2004). Myoglobin: an essential hemoprotein in striated
muscle. Journal of Experimental Biology 207, 3441-3446.

Owen, T. G. and Hochachk.Pw. (1974). Purification and properties of dolphin muscle
aspartate and alanine transaminases and their possible roles in energy metabolism of diving
mammals. Biochemical Journal 143, 541-553,

Pace, C. N., Grimsley, G. R. and Scholtz, J. M. (2009). Protein ionizable groups: pX values
and their contribution to protein stability and solubility. Journal of Biological Chemistry 284,

13285-13289.

Pardue, M. T., Sivak, J. G. and Kovacs, K. M. (1993). Corneal anatomy of marine mammals.
Canadian Journal of Zoology-Revue Canadienne De Zoologie 71, 2282-2290.

Parer, J. T. and Metcalfe, J. (1967). Respiratory studies of monotremes II. Blood of the
echidna (Tachyglossus setosus). Respiration Physiology 3, 143-150.

Pedersen, C. L., Faggiano, S., Helbo, S., Gesser, H. and Fago, A. (2010). Roles of nitric
oxide, nitrite and myoglobin on myocardial efficiency in trout (Qncorhynchus mykiss) and
goldfish (Carassius auratus): implications for hypoxia tolerance. Journal of Experimental
Biology 213, 2755-2762.

Perutz, M. F. (1983). Species adaptation in a protein molecule. Molecular Biology and
Evolution 1, 1-28.

Peters, T., Kubis, H. P., Wetzel, P., Sender, S., Asmussen, G., Fons, R. and Jurgens, K. D.
(1999). Contraction parameters, myosin composition and metabolic enzymes of the skeletal
muscles of the etruscan shrew Suncus etruscus and of the common European white-toothed
shrew Crocidura russula (Insectivora: soricidae). Journal of Experimental Biology 202,
2461-2473.

190



Phillips, S. E. V. (1980). Structure and refinement of oxymyoglobin at 1-6 A resolution.
Journal of Molecular Biology 142, 531-554.

Phillips, M. J., Bennett, T. H. and Lee, M. S. Y. (2009). Molecules, morphology, and ecology
indicate a recent, amphibious ancestry for echidnas. Proceedings of the National Academy of
Sciences of the United States of America 106, 17089-17094.

Pilleri, G. and Wandeler, A. (1964). Ontogeny and functional morphology of the eye of the
finback whale, Balaenoptera physalus. Acta anatomica 57, 1-74.

Ponganis, P. J., P ongani§, E. P-, Ponganis, K. V., Kooyman, G. L., Gentry, R. L. and
Trillmich, F. (1990). Swimming velocities in otariids. Canadian Journal of Zoology-Revue
Canadienne De Zoologie 68, 2105-2112.

Ponganis, P. J., Kooyman, G. L. anq Castellini, M. A. (1993). Determinants of the aerobic
dive limit of Weddell seals - analysis of diving metabolic rates, postdive end-tidal POys, and
blood and muscle oxygen stores. Physiological Zoology 66, 732-749.

Ponganis, P. J., KooYman., G. L., Baranov, E. A, Thorson, P. H. and Stewart, B. S. (1997).
The aerobic submersion limit of Baikal seals, Phoca sibirica. Canadian Journal of Zoology-
Revue Canadienne De Zoologie 75, 1323-1327.

Ponganis, P. J., Kooyman, G. L., Starke, L. N., Kooyman, C. A. and Kooyman, T. G.

(1997a). Post-dive blood la}ctate concentrations in emperor penguins, Aptenodytes forsteri.
Journal of Experimental Biology 200, 1623-6.

Ponganis, P. J., Kreutzer, U., Stockard, T. K., Lin, P.-C., Sailasuta, N., Tran, T.-K., Hurd, R.

and Jue, T. (2008). Blood flow and metabolic regulation in seal muscle during apnea. Journal
of Experimental Biology 211, 3323-3332.

Ponganis, P. J., Mc?ir, J.U. and Will'iams, C. L. (2010). Oxygen store depletion and the
aerobic dive limit in emperor penguins. Aquatic Biology 8, 237-245.

Poole, R. K. and Hughe.s’_M- N (2000)._New functions for the ancient globin family:
bacterial responses to nitric oxide and nitrosative stress. Molecular Microbiology 36, 775-
783.

Prasad, A. B., Allard, M. W. and G}'een, E. D. (2008). Confirming the phylogeny of -
mammals by use of large comparative sequence data sets. Molecular Biology and Evolution
25, 1795-1808.

Quillin, M. L., Arduini, R. M., Olson, J.'S. and Phillips, G. N. (1993). High-resolution
crystal-structures of distal histidine mutants of sperm whale myoglobin. Journal of Molecular
Biology 234, 140-155.

Quinn, J. R. (1973). Conversion Qf bovine myoglobin into multiple, charge - heterogeneous
sub fractions. Journal of Food Science 38, 289.293.

Rajagopalan, S., Kurt, N. and Cavagnero, S. (2011). High-resolution conformation and
backbone dynamics of a soluble aggregate of apomyoglobin;je. Biophysical Journal 100,
747-755.

Reed, J. Z., Chambers, C., Fe.dak, M. A. and Butler, P. J. (1994). Gas-exchange of captive
freely diving grey seals (Halichoerus grypus). Journal of Experimental Biology 191, 1-18.

191



Reed, J. Z., Chambers, C., Hunter, C. J., Lockyer, C., Kastelein, R., Fedak, M. A. and
Boutilier, R. G. (2000). Gas exchange and heart rate in the harbour porpoise, Phocoena

phocoena. Journal of Comparative Physiology B-Biochemical Systemic and Environmental
Physiology 170, 1-10.

Regis, W. C. B., Fattori, J., Santoro, M. M., Jamin, M. and Ramos, C. H. I. (2005). On the

difference in stability between horse and sperm whale myoglobins. Archives of Biochemistry
and Biophysics 436, 168-177.

Reynafarje, B. (1963). Simplified method for determination of myoglobin. Journal of
Laboratory and Clinical Medicine 61, 138-144,

Reynafarje, C., Faura, J., Villavicencio, D., Curaca, A., Reynafarje, B., Oyola, L., Contreras,

L., Vallenas, E. and Faura, A. (1975). Oxygen-transport of haemoglobin in high-altitude
animals (camelidae). Journal of Applied Physiology 38, 806-810.

Richmond, J. P., Burns, J. M. and Rea, L. D, (2006). Ontogeny of total body oxygen stores
and aerobic dive potential in Steller sea lions (Eumetopias jubatus). Journal of Comparative
Physiology B-Biochemical Systemic and Environmental Physiology 176, 535-545.

Ridgway, S. H. and Johnston, D. G. (1966). Blood oxygen and ecology of porpoises of three
genera. Science 151, 456-458.

Robergs, R. A., Ghiasvand, F. and Parker, D. (2004). Biochemistry of exercise-induced

metabolic acidosis. American Journal of Physiology-Regulatory Integrative and Comparative
Physiology 287, R502-R516.

Robinson, N. E. and Robinson, A. B. (2004). Molecular clocks: Deamidation of asparaginyl
and glutaminyl residues in peptides and proteins. Althouse Press, Cave Junction, OR.

Romero-Herrera, A. E. and Lehmann, H. (1975). The primary structure of the myoglobin of
Didelphis marsupialis (Virginia opossum). Biochimica et Biophysica Acta (BBA) - Protein
Structure 400, 387-398.

Rossi-Fanelli, A. and Antonini, E. (1960). Oxygen equilibrium of haemoglobin from Thunnus
thynnus. Nature 186, 895-896.

Rumen, N. M. and Appella, E. (1962). Molecular association behaviour of apomyoglobin I
from seal (Phoca vitulina). Archives of Biochemistry and Biophysics 97, 128-&.

Rybczynski, N., Dawson, M. R. and Tedford, R. H. (2009). A semi-aquatic Arctic

mammalian carnivore from the Miocene epoch and origin of Pinnipedia. Nature 458, 1021-
1024.

Sahlin, K., Harris, R. C., Nylind, B. and Hultman, E. (1976). Lactate content and pH in

muscle samples obtained after dynamic exercise. Pflugers Archiv-European Journal of
Physiology 367, 143-149.

Sambrook, J. and Russell, D. W. (2001). Molecular cloning a laboratory manual vol. 1, 2
and 3. pp. 1: 5.76-5.8, 2: 8.66-8.71. New York, USA. Cold spring harbour laboratory press.

Sasaki, T., Nikaido, M., Hamilton, H., Goto, M., Kato, H., Kanda, N., Pastene, L. A., Cao,

Y., Fordyce, R. E., Hasegawa, M. et al. (2005). Mitochondrial phylogenetics and evolution of
mysticete whales. Systematic Biology 54, 77-90.

192



Sato, J. J., Wolsan, M., Suzuki, H., Hosoda, T., Yamaguchi, Y., Hiyama, K., Kobayashi, M.
and Minami, S. (2006). Evidence from nuclear DNA sequences sheds light on the
phylogenetic relationships of Pinnipedia: Single origin with affinity to Musteloidea.
Zoological Science 23, 125-146.

Satta, Y., Klein, J. and Takahata, N. (2000). DNA archives and our nearest relative: The
trichotomy problem revisited. Molecular Phylogenetics and Evolution 14, 259-275.

Scherzinger, E., Lurz, R., Turmaine, M., Mangiarini, L., Hollenbach, B., Hasenbank, R.,
Bates, G. P., Davies, S. W., Lehrach, H. and Wanker, E. E. (1997). Huntingtin-encoded
polyglutamine expansions form amyloid-like protein aggregates In Vitro and In Vivo. Cell
90, 549-558.

Schmidt-Nielsen, K. (1997). Animal physiology: adaptation and environment, pp. 617.
London: Cambridge University Press.

Scholander, P. F. (1940). Experimer}tal investigations on the respiratory function in diving
mammals and birds. Hvalradets Skrifter Norske videnskaps-Akad, Oslo 22.

Schreer, J. F. and Kovacs, K. M. (1997). Allometry of diving capacity in air-breathing
vertebrates. Canadian Journal of Zoology-Revue Canadienne De Zoologie 75, 339-358.

Schrodinger, L. L. C. (2010). The PYMOL molecular graphics system, version 1.2r1.

Schroeder, C., Bleidorn, C., Hartmann, S. and Tiedemann, R. (2009). Occurrence of Can-

SINEs and intron sequence evolution supports robust phylogeny of pinniped carnivores and
their terrestrial relatives. Gene 448, 221-226,

Schuder, S., Wittenberg, J. B., Haseltine, B. and Wittenberg, B. A. (1979).
Spectrophotometric determlgatlon of myoglobin in cardiac and skeletal muscle: Separation
from haemoglobin by subunit-exchange chromatography. Analytical Biochemistry 92, 473-
481.

Scott, E. E., Paster, E. V. and Olson, J. S, (2000). The stabilities of mammalian

apomyoglobins vary over a 600-fold range and can be enhanced by comparative mutagenesis.
Journal of Biological Chemistry 275,27129-27136.

Seab, J. C. and Burns, T. A. (1976). Myoglobin - quantification in the nine-banded armadillo
(Dasypus novemcintus). Comparative Biochemistry and Physiology B-Biochemistry &
Molecular Biology 54, 351-356.

Sharp, J. G. and Marsh, B. B. (1953). Whalemeat: Production and preservation. Department
of Scientific and Industrial Research Food Investigation Special Report No. 53, 1-47.

Shaw, K., L., Grimsley, G-, R., Yakovlev, G., 1, Makarov, A., A., Pace, N. (2001). The effect
of net charge on the solubility, activity, and stability of ribonuclease Sa. Protein Science 10,
1206-1215.

Shiraki, K., Kudou, M., Fujiwara, S., Imanaka, T. and Takagi, M. (2002). Biophysical effect
of amino acids on the prevention of protein aggregation. Journal of Biochemistry 132, 591-
595. _

Shire, S. J., Hanania, G. 1. H. and Gurd, F. R. N. (1974a). Electrostatic effects in myoglobin,
hydrogen-ion equilibria 1n sperm whale ferrimyoglobin. Biochemistry 13, 2967-2973.

193



Sivak, J. G. (1980). Accommodation in vertebrates: a contemporary survey. Current Topics
in Eye Research 3, 281-330.

Slater, G.J, Price, S. A., Santini, F. and Alfaro, M. E. (2010). Diversity versus disparity and
the radiation of modern cetaceans. Proceedings of the Royal Society B-Biological Sciences
2717, 3097-3104.

Spoor, F., Bajpai, S., Hussain, S. T., Kumar, K. and Thewissen, J. G. M. (2002). Vestibular
evidence for the evolution of aquatic behaviour in early cetaceans. Nature 417, 163-166.

Stahl, W. R. (1967). Scaling of respiratory variables in mammals. Journal of Applied
Physiology 22, 453-460.

Steller G. W. (1751). The beasts of the sea: English translation published in The Fur Seals
and Fur-Seal Islands of the North Pacific Ocean. (ed. D. S. Jordan) Washington, Government
Printing Office, (1899), pp. 179-218, as “Part VIII. — The Early History of the Northern Fur
Seals.”

Sundberg, R. J. and Martin, R. B. (1974). Interactions of histidine and other imidazole
derivatives with transition metal ions in chemical and biological systems. Chemical Reviews
74, 471-517.

Surenkok, O., Isler, A. K., Aytar, A., Gultekin, Z. and Akman, M. N. (2006). Effect of knee
muscle fatigue and lactic acid accumulation on balance in healthy subjects. Isokinetics and
Exercise Science 14, 301-306.

Tanford, C. (1962). The interpretation of hydrogen jon titration curves of proteins. Advances
in Protein Chemistry 17, 69-165.

Tarasoff, F. J. (1974). Anatgmical adaptations in the river, oter, sea otter, and harp seal with
reference to thermal regulation. In Functional Anatomy of Marine Mammals (ed. R. J.
Harrison), pp. 111-141. New York. Academic Press,

Tawara, T. (1950). On the respiratory pigments of whales (Studies on whale blood IL.).
Scientific Reports of the Whales Research Istitute Tokyo 3, 96-101.

Teeling, E. C., Springer, M. S., Madsen, O., Bates, P., O'Brien, S. J. and Murphy, W. J.
(2005). A molecular phylogeny for bats illuminates biogeography and the fossil record.
Science 307, 580-584.

Thewissen, J. G. M., Williams, E. M., Roe, L. J. and Hussain, S. T. (2001). Skeletons of
terrestrial cetaceans and the relationship of whales to artiodactyls. Nature 413, 277-281.

Thewissen, J. G. M., Cooper, L. N., Clementz, M. T., Bajpai, S. and Tiwari, B. N. (2007).
Whales originated from aquatic artiodactyls in the Eocene epoch of India. Nature 450, 1190-
1195. )

Thornton, S. J. and Hochachka, P. W. (2004). Oxygen and the diving seal. Undersea &
Hyperbaric Medicine 31, 81-95.

Trovato, A., Maritan, A., Seno, F. (2007). Aggregation of natively folded proteins: a
theoretical approach. Journal of Physics: Condensed Matter 19, 285221.

194



Tya}ck, P. L., Johnson, M., Soto, N. A., Sturlese, A. and Madsen, P. T. (2006). Extreme
diving of beaked whales. Journal of Experimental Biology 209, 4238-4253.

U.llrey, D.E,, .Miller, E.R,, Long, C. H. and Vincent, B. H. (1965). Sheep hematology from
birth to maturity I. Erythrocyte population, size and haemoglobin concentration. Journal of
Animal Science 24, 135-140.

VanBlaricom, G. R. (2001). Sea otters. pp. 72. USA. Voyageur Press.

Vinogradov, S. N., Hoogewijs, D., Bailly, X., Mizuguchi, K., Dewilde, S., Moens, L. and
Vanfleteren, J. R. (2007). A model of globin evolution. Gene 398, 132-142.

Vélkel, S. and Berenbrink, M. (2000). Sulphaemoglobin formation in fish: A comparison
between the haemoglobin of the sulphide-sensitive rainbow trout (Oncorhynchus mykiss) and
of the sulphide-tolerant common carp (Cyprinus carpio). Journal of Experimental Biology
203, 1047-1058. :

Vrana, P. B., Milinkovitch, M. C., Powell, J. R. and Wheeler, W. C. (1994). Higher level
relationships of the arctoid carnivora based on sequence data and "total evidence". Molecular
Phylogenetics and Evolution 3, 47-58.

Wada, K., Nishibori, M. and Yokohama, M. (2007). The complete nucleotide sequence of
mitochondrial genome in the Japanese Sika deer (Cervus nippon), and a phylogenetic
analysis between Cervidae and Bovidae. Small Ruminant Research 69, 46-54.

Wang., C.C., Avila,R.,J ones, B.N. aqd Gurd, F. R. N. (1977). Complete primary structure
of major component myoglobin of pacific common dolphin (Delphinus delphis).
Biochemistry 16, 4978-4981.

Watkins, W. A., Daher, M. A,, Fristrup, K. M., Howald, T. J. and Disciara, G. N. (1993).
Sperm whales tagged with transponders and tracked underwater by sonar. Marine Mammal
Science 9, 55-67.

Watts, P. D., @ritsland, N. A. and Hurst, R. J. (1987). Standard metabolic rate of polar bears
under simulated denning conditions. Physiologjcal Zoology 60, 687-691.

Watts, P. and Cuyler, C. (1988). M etabolism of the black bear under simulated denning
conditions. Acta Physiologica Scandinavica 134, 149-152. .

Weber, R. E., Hemmingsen, E. A. and Johansen, K. (1974). Functional and biochemical
studies of penguin myoglobin. Comparative Biochemistry and Physiology Part B:
Biochemistry and Molecular Biology 49, 197-204.

Weber, R. E. and Campbell, K. L. (2011). Temperature dependence of haemoglobin—oxygen
affinity in heterothermic vertebrates: mechanisms and biological significance. Acta
Physiologica 202, 549-562. -

Weise, M. J. and Costa, D. P. (2007). Total body oxygen stores and physiological diving
capacity of California sea lions as a function of sex and age. Journal of Experimental Biology

210, 278-289.

White, C. R. and Seymour, R. S. (2003). Mammalian basal metabolic rate is proportional to
body mass (2/3). Proceedings of the National Academy of Sciences of the United States of
America 100, 4046-4049.

195



White, C. R., Blackburn, T. M. and Seymour, R. S. (2009). Phylogenetically informed
analysis of the allometry of mammalian basal metabolic rate supports neither geometric nor
quarter-power scaling. Evolution 63, 2658-2667.

Wilbur, D. J. and Allerhand, A. (1977). Titration behavior and tautomeric states of individual
histidine residues of myoglobins. Application of natural abundance carbon 13 nuclear
magnetic resonance spectroscopy. Journal of Biological Chemistry 252, 4968-4975.

Williams, T. M., Davis, R. W., Fuiman, L. A., Francis, J., Le Boeuf, B. J., Horning, M.,
Calambokidis, J. and Croll, D. A. (2000). Sink or swim: strategies for cost-efficient diving by
marine mammals. Science 288, 133-136.

Williams, T. M. (2001)..Inter.m.ittent swimming by mammals: a strategy for increasing
energetic efficiency during diving. American Zoology 41, 166-176.

Williams, T. M., Zavanelli, M., Miller, M. A., Goldbeck, R. A., Morledge, M., Casper, D.,
Pabst, D. A., McLellan, W., Cantin, L. P. and Kliger, D. S. (2008). Running, swimming and
diving modifies neuroprotecting globins in the mammalian brain. Proceedings of the Royal
Society B-Biological Sciences 275, 751-758.

Williams, C. L., Meir, J. U. and Rongani§, P.J. (2011). What triggers the aerobic dive limit?
Patterns of muscle oxygen depletion during dives of emperor penguins. The Journal of
Experimental Biology 214, 1802-1812.

Wise, M. H,, Linn, L. J. and Kennedy, C. R. (1981). A comparison of the feeding biology of
mink Mustela vison and otter Lutra lutra. Journal of Zoology 195, 181-213.

Wittenberg, J. B. and Wittenberg, B. A. (2003). Myoglobin function reassessed. Journal of
Experimental Biology 206, 2011-2020.

Wittenberg, J. B. qnd Witter}berg, B. A. (2007). Myoglobin-enhanced oxygen delivery to
isolated cardiac mitochondria. Journal of Experimental Biology 210, 2082-2090.

196



dues that are conserved among all mammals. White boxes above the sequences indicate

in red text have been influenced by the PCR primer. Species marked with an asterisk have been sequenced for
indicate resi

in blue text. Residues given

proj

d from TGI g
tions are given above the sequences, following Scott et al. (2000). Black boxes above the sequence

black text, those obtained from NCBI genome projects in green text and those ob
th red boxes and helix pos

the first time in this study. Diving mammals are indicated by blue boxes at the common species name. Taxonomic orders are marked in bold and are given above the common species name. Helix names are marked wi

residues that are conserved in all except for one or two species.

Aotk

d from

for those species that have been obtai

wven

ion numbers are g

this study. Accessi

observed in

P

for 124 li

4

Ino aci

| Tible A1 Myoglobin am

- SIE0C VOO VOOUO U VOOV OLEEC [CR-RCRCRCRCRCRCECRCRCRCRCRCECRC R ECE R RV R [CR-R-N-A-N-NCNCRCRCNCNCNCRCNCRCRCRCRC RN RCRCNC RCRCRCRC R R R RS RN ICIC I N N-RC NCNCRCNCRCRC NN N GGGGGGOGGGGGGGGGGGGGG&
g o m 00 000 CO0000 O COO0O0 OO0 IETZIIIIITIOCCCTOOOIOOO00 OO OOTIITOOOOOOOOOOOOCOOIIIIIIIIIIIIEIS 0ox0 000000000000 . OOOQOOOOOOQQOQOQOOOQOF
B R T e o e el D O T T P e e T o T o e T T e T R b Gt U b e b b b b b b e o FFFFFFFFFFFFFFFFFFFFF:
J #i|eco o oo DVOOO © VOOV O VUL POEVOLOVOVOVOCOUVODODOVOD VU PVOVDDUOVOVVOVODPOVLUDVUVDOOPOOOUDOY VY VUDDDOVOVODU . S R A A L A A A A A A
ertfom e el P dddd W dEd DS D e d bl d S Sl A HeECddddd DAY dd DS DD DS d S DS DD DD DS S S S L R I I I IR LLLLLLLILLLLLLLLLLLLLJ
P T R e R L WMWK WKW WEHPIIIIID U e o L b bl W WA EEEEEEEEEEEEEEEEEEEEE”
ol | <% v wuwww x D R R R R B S U Ty S B B e L IRV VIR R Vv v v v i KKKKKNKKKKKKKKKKK&KKKV
IR L T i PR R R oR o R ok o o ol o o o o o R R o o o o e ol ol o i ol ol o P R S o at it o i o o i o ol ol ol ol i ol ol ol
Tl osrn| M e g M a M M MMM MMM MMM kL kLA LA Lk Uk XEOOOOOOOU U UYL AL LALLMk MLk R Otk Mk Ak kM MMM MMM MM AL ML ALLZZZZEZE
M-. € €CC CLCLL € CLLLL CCC CLLLLLLLRCLLLLLLLLCLCLLLCL €€ CLLLCLLLALCLCLACLCLLCLCCLCLCLCCLCLCLCLCLCLLCCCFFLCLCL € CLCLCCLCCCLCLLCLCC ) CLCCLCCLCCCCLCCLKLCLCCB A2 @
of e e« << Ccccc € cCc e CCCCCCCCCCCCCCCCCCCCCCC << €CCLCLLLLLCLLCLCLLCLLLLCLCLLLLCLCLCLLLLCLCLLCLCL €€ CCLCLCLLLLLLLL, CLCLCLCLCLCLCCLCLCLCCLCLCCCCCCCS
| T3 333 mcmmm - mmee I gee mmmr e mm e s s me s mm FEEEIFIIII-Cmmmmmmssssmmmmso——— e B -, ====--333332322Z2333Z33
| mlcao coe cecec o accecccce cocccnccaccccccccaRRBal 88 R R N e N - T-E- - - - - - - - - - - - - - - -
M!_ ZZ TXZ ZZZZZ Z ZZZZZZZZ ZZZZZZZZZZZZZZZZZZZZZZ2ZZ 22 ZZZZZZZZZZLULULA LUttt Ldddh dd i dt s ik 222 ZZZZZZAZZZZZ ZZZZZZZZZZZZZZZZ L4k kH%
o ofIfm e X e oo M oo oMo MK N X RO XXX X XX o O O 00 B0 O O B X B0 OC OC B0 OF OCBC O BB B0 OC DK DK O0 DK OO DK O X o MM XN NN of o O B¢ OC OC O O O O OC B X OF B K X X X & X %
Senfen b e e e ke e e e e e e e e e e e e e e e e e e e e e e e e e R W W
o o/ et od 2 'sdod ol Lali) R el A AN A dd Al AR RS M AddddddEddddddSdddddddddd Ll ddd A A E dad daddddaddeddadds Sl ddd St e e el
”.. L P T T e N o TV« Qi R PO P T e R T R L WM oo L e W W
i Y e [ TR ey T T St SR G AR e R L e et S T e e T S T T e [t S R = B I e o e S oo e ol Bl e o A N 11 B T S B RN E IR S QI R N QA S S e R B e e e e R
. € €€ €L € CLLLLLLL CLCLLLLCLLLLLLLLLLLCLCLLCLLL € CCCLLLCLLLLCLLLCLCLLCCLLCLCLCCCCLCLLLCLLLL CCC CLCCLCCCLLLCC T CLLCLCLLCLCCCCCCCCCCCCCC <
- R L L R R IE T IR R R R R R R e e o KKKKK.\KKKKKKKKWWKKKKKXKKKKKKKKKKKK e P R R R
1 O YD VW OXUR © RPN x L O hdd ok ddddd Rk dd % d %k k- ZAPNA NN NNZZLZZZZZZNNZEZr PR R Z 2222222 pnn vudvvnZoanonn NNZANL AL AL L LR ZZZZL2ZZ22222Z
- 2 333 FIIIT X SIIII X IIIIITIIIIIIIEISFIIZIZIZIZ 33 IIIIIIIIIAIIIIIIIIAIIIIIIIIINIZIIIAZIL 333 IXIIIIIIXIIIZIZI. IIIIIIIIIIIIIIIIIIZIIIZ
ol € €€ CLLCC € CLLLLC L CLCLLLLLLLLLLLLLLLLLLLLL €€ CTLLLXLCLALLCLCLCLCLCCCLCCCCCCCCCCCCCCCCCCT € CLCLCLLCLLLCLLLCL ! CLLCLCLCCLCLCLCLCCCCCCCCCCCT
* € €<C DOOCO O NOOMO VOO CLLLLLLLLLLLLLLOCOOOLCLCL VO COLCLCLCVOOVUCLCLLCLCCVOOVOVUCUCCOOVVUU0 VU VVOVVLVVCVVBO + R R SCRCRCRCRCRCNCRCRCRC RN NCRC R
- O 000 O0O00O0 O OO0 KOO COOOOOOOOITIZZIZIO0O0000OuWW 00 TOOCOO0000000000000000000000000T00 000 COOQOOZOCOO0O: OOOQCOODOOOOOCQOOOOOOT P
- € €CC CLLLL € CCLLL XL CCLCLXCC b hrrhrhrrrC<C{CCLChr €€ €CCCLLCLLLLCLLLLLLELLELCCCCCCCCCLCLCCCCLC ¢ CLC>PCCCCLCLCCC L+ CrPCCCCCCLCCLCLCLCLCCCCCCCCT
t B ced Bocco o cBcccc0d AAAAAACANAACORCWOAROAAA An DOOOOCOOAOCO0ANAAAANRRALARAAARCANANAARAEGA pnon oKOCAABABOAR<: OOCOOGAAAAAGGLGOAGEABAS
- € €O CCLLL € CCLLLOCL €CLCLCCLCLLLLLLLLLLLLLLCLLL €€ CCAXCLLLLLLCLLCCLCLLLCCCCLCCCCCCLCCCCCCL (€€ CCCCLCCLLLLCCA 1 ChRLLCLLCLLCLCLCLCLCLCLCCCLCCCLCE
- O VoY VPLOO U POEOU VUG VOVOVLUUDOVUOUVUCVOOOUEET VO DOVVVOVVVVLOVVVOOVULDVUDVODUOULVUOVVYY PLY VVUDLVLDVVVLVOOOY: CUVVVOVVLDOOOVLOLOOOVLOLY
- - . L R L e e .'FF.K.‘.K..’I..l.I—'Fr""r—}frf"ff—"r"rfl. - - e e e e e e e e b b e e e b e e e e e R e e e e e e e
3 - 0 200 CRQWW A z20MZONAOND WWWWWWWWWARONOARZAONAAAA AQ NORAAOSAAZA0ANAAAWANAARRAAARANAQWWWWWW npon onzoOOZOGOAO: QOAQOWOQGQOOAGAQRQEOG0ARS
- < POU VOO BUOOU VVL C<CLLLCCOCOOOVOVOOOVOVVGD VO VPONNNNLULNOCCOVOVLCVLLONNNNUNDULLCCCLT POV COMDOVOODVOVOD: VOUUCCOOCVOOCOOBOOBB. Y
- VW << NODCEE & OCCOR OBD Gbhdtdtittihdbdtcdbttt bttty 6 AGattdtarntdacnatatadanttldlAtGitAndtttat gaa vanaanantson:, GAnatatcttttactttttsdtnad
- T XXX ZTIXIZIIT X OZETZIILIZ EEIIIZTEISIITISIZIITIISISISIS ST SEIISIIZITISSSIZIIIIIIIIIIIIIIZIZIITIISEZIE zzxzx ZTH>TTITI>TITITITITT. EXIITITITITITITIIITIXIITIITI=IX
2 PEEVIVIVERVEVEVIVEVIEVIEVEVEVEVEVIIEVEVISVEVEVEVEVEY RV EVEVEVEVEVEVEVEVEVEVEVEVEVEVEVEVINVEVIVEVEVEv IS S I UL e L I I I R R R I I Y P R R S P P P P P P P P P P R L P
= VN BN N LA RN NN NNAANNNNNZANNN R A NEN AN NN N NACCDLCLCLCLCANNNLNNNNALANNANNNNAANANBNNLDL fnn LLUANAUANLNAD T NZVOVNOLdLLdN OB Bnnanan
= © 000 OXOOO O OXXOO KOO TEITZIZIZIIZOO000000000000 T OOSIIIIIIIOIIIIZIIIIIIIIIZIIIIIZIZICNIEIES 200 XLOOOXKOOOQOQuWK:T OQCO0OO0OICOCUOOOOOQOUOOOCOEX P
2| W mme mjdded W DA dede Al dddddddddddddddd Al ddd e e dddddddddddddddddddddddddddddddd Qa0 dddddddadaddn [ P QS O T s T S T QR Qg et Y e e g I
=] L i S S S I S i o S>> > > PP PPIPPIIPPPPPIOIIIPIIIIIIIIPP > B e P R I g
2 Z 000 OOZZIZI O OROOOWOU EEZIZITOZIOIZIIZIOON00000000 T TOXIISIIIIIIIIIIIIIIIIIZIIIZIIIZIIZIILS XOO0 WOZIOOWIOOOOQ: OXZITZITITZIITIZIZIOCOCCCOOCOOU
o e S e 5 S S S S P i P - = o . e E e e e e ——— D e D> > B -
o 0% e ey e e 0 o e o o o St O o o, 9 o e om0 - e o e - ], o Db - e e e e ) e - -
=}- LA A AL K AR LD APP A AL LA LCLLLLCLLCLCLLLCLLCLLLLE €€ ACLLAL L L L L CALLLCLL R L L AL L L L L LLCLLLCL 4t —>eCtt Tt LA LCLLAELLELELLLANMNBAULBLLLW
2 W OOW W LWO0 N WO N WM ML NN O NMNENWOD OO QWG OCCOCCANOLCCACCHWEHOOCOOO W W W W WHWOOOOODD 0 W W W W W wwww
* VN NN D NN NN AN NARNRNNNNNNNNANR NN AANBAN AR RARAANNAANNANANLNANAALLLNNNNANL LA ANDL nuw L R R N R R R R A R PR L R N N
4 SRR o o ot a0, Gof Ay e o, i e V- v B v o o ot U o T ket 2 et e e a0 R o e R 028 BRI O P S e e L e e e e Y e
- Lol T O o Ty o oy PO oy gy Py o P T T o o i i B e e B e e b e b e [P PR N PR PR R (A R g g N N e
™ W W L W W O e T R N ) W WM W W W W WM WWW W
- e dd DD W dedddd Dl W D DD D e e e e e AdddddddddddddadddddddddddddddIdddd g -l el od o ol o ol ) S5 TEORE S PR JPS (R IR Qe YUt (8 St [P JS T [t QS R [ PR S |
-l L i e ] “VVVYVVYYVYYVYYYYVYYYYVVVYYVYVYYYV I e i ]
- L= R I R L R D N e I
- = PP> FPrmmm= P mm333 P>PP mmm e e mmmmmm e m =P =3P = PP FPFIIFIImmmm === === e atafott AR KR el % PO == =F=>>>>>> ER I e S
- ¥ aav GrasA s MGAAL MMM AAALALAAGGAMAAAGGGAGAANA A, GAAAAGAAGAALSAAAAAEGEATRTARARRREARRRAE Qo cccAcEaBABALR O O O S O S SIS S W Ny Sy Sy e
| - e e = - P e e em e e e - e e e e o e e e e o e e e e e e e e e e O O Y e (o e - - - e en e e e e e e e e e e e -
-l I I i e Ry R R B Y B B I el e
m: T EIX TIZIIZT ST SEIITIICIX IEIIIIIZIZTIIIISSISSSTIIZISTSET T O SEIITIIIIISISISISICIIIIIIISIIIZIISIZIEIIZISS I OSIIITIITIISISIISIS OSIIIIIIIIIIIIISIZIZZISZIET
- R A I L B i R R R RV RV VRV VvV R R R R I I PR R R R R R Ty rry
=) kP RrRrF FRrRrRR R ZZZZZ ke rrRrrRrbR Rk Rk e FZZZZZZZFkRFFRRRRrRRRrRRRrRRrRrRRrRERRERlE bRk FRERRRRRRERRRR e e e e e
o € €<CC CCCCC € CCLCCC CCL CLCLLLCLCLCLCLCLLCCLCCLCLCLCLLLCLL € ¢ ,CCCLCLCLCCLCCCCCCLCCLCCLLCLCLCCLCLCLCLCLCCLCCCT << < C<<CLLCLCLCCC< << C<CCCCCLLCLCLLCCLCLCLCLLCCC <<
- T IZIT ZZZIIXT I ZIIIIIZIZ ZIIIISITIITITIITIIIITIISIICSITIEIT XX OOESSIIIIITIISIISITIIIIIIIIISIIIIIIIEIZIISS xz ZSITTITITIZIIIIIZT OSEZIISIIZIIIIIIIIIIZIICSCSXCZ
N @ AN NN N NN NN NN AN NANARN NN N NN NN NN NANNAN B  ANANNNNANNNNNALAANNNNNCANNAAANNNAL N ANNANANNAABEN AANAANAAANNANNANL BB 0NN
< © 000 00000 O OCOOO WO OOOO00O000000D00000000000 00 ,CHWWWWWWIOOOOOOOODOOOOOOOOOOOOO00 000 QOO0 OO0000000 OQ0OQCO00CQO0000C00COOC
vl € €CC CLCCCLC € CCLCLCCCCE CLCLLLLLLCLCLLLCLCLCLLCLCLCLCLCLLCL €€ ,CCLLLELLLELCELCLCLLLCLCLCLCLCLCCLCCLCLCLCCLCLCLCCCLCL €€ CCLCLCLLLCCLCLCLCC €CLCCLCLCLCLCCLCLCLCLCLCLCCCLCLC <<
- = Hdd Hdddd W dedddd ddY dd Db DDl DDl bl bl d Dl Dl ddddd e de  meEdddddd DS d DD DDl d S DS D DS S S d S L -l e o o d ) I QR R A G R R S i QR
- & fan Aatas & Afcotsadt AMAAMAAGMGAAGAAMASAAGMAS A L,AZSIZIIIZIIssacccsrattccrdattncsdtradt aaa S B B G O B0 B O O & &G O O G O O O Ou O G G Gu G B B A O & & O & O &
o) M Uudk OUOOO % COCOO L hh L hh il hd il ks h il sk h kL kA hhh L MRk L L Lk kA Lk L kL Lk Ak kA kL 4ok D OR OO LA €€ €L Lhh Lohddih i h sl ks h ke ke kL
- o oddd mdmeme = Dl dd > Dl Wedddddddddddddddddddddd WA L,=SP2P PP ddddddddddddd DDl DD dddddddE el mememm—-—- -k d = i T e e G G e T
-l = = I R T el B e B T ) W W W W M W L MWW W W W WM
- € €€ CCCCC € CCLCLCC L CLLLLLLLCLLCLCLCLLLCCLCLLLLCL €€ ,CLLCLLLLLUWCLCLLLCLLCLCLCLCLCLLCLCLCCLLCLCLLLCL (€ ¢ CCLLLCLCLCLCLCLCLCLC CCLCLCLCLCLCCCCLCCCCCCCCC
™ W oNuwe WwOoOoQ W QWO WWE WU NN NULWUNOOO D W W W W W W W W .EEEEEEEEEEEEEEEEEEEEEEEEEEDEDDDDD W CCU CC WL W Ew R R e R L
& vl T XXX IXTZTITI T EIETITZTI I ZZIIIIIZIZIIIZILIOSEITIITIZIE IX OOEEIIIIITIZIIIITZIZIIZIIITIIIIIITIIIIIIEEIT Xrrxr CITIITITTIIITZIIIZT SEITIZITITIIIIZITIITIZIZIIII=N
- Q0 XXz 00QIZT O OZOOO QOO ZEXIIIIIIIIIIIIIOIOLIIOEIZ IXT OSEIITITITIIIIISIIIIIISIIIISSIIIIZIIISC zoO0 ooOZTOoO0O0OZTOCOOO0C0C - X H-A-Z-X-XH-X-F & E 5 & 555555
~| HTOC OO0 CUUUV VU UPUVDU UL VVVUUUUVDUUDUUULDUUUDUUUROLY CO ,PP00UDUUUUVDUUUUVLOUUUBLLOLYULLCULLEVLYY oo COVLVLVLLVLOLVLOVOLOO COVLOVLOVLOBOLOVOLVLVUVLLVOVOGCOOCU
B T e R N e I ) PP IR PR
o L e B N e A I > ) PR R R Y P e
Bl LD % Udd 4 hddd % whdhd hhh LM kR LMk h kA kM kA kA kR R LW LR LML Lk kR Ak kA Ak kA kA g ok PR R R R P R R Y PRVEVEVEVEVEVEVEVEVEV RV RV BV RS RV I I I R R
2] W= E Ldd DL ddd W dHdddd DAY Wl dd DD d DD d DD Dbkl Dl DA bl A, SeEdddddddd DD DDl A D DD DD d DD DD D DS S g ol ol bl o) o od ol b o e
2l RO == e e m e e R e e e E e m e m . mm T - —-———— = - e e e - - - mm e e e e mlmmm——— m e —————— —_—— - - =
o W ©9Z zZzz OCO0O0V0O O VVLCOO VLY VUUUCVUDUULCLVLOUVODVUDLLL VE ,V0VVDOVDUVLLOVUVOLVLCCCDVVVVUVVUUVUXCY «UV FFROUDUDLDVUDVUZUY VUOUVDU<CXVODOVOVVLULOULLVLL
2| ©|PO 0 OO0 CUOUUOU U VPULVOUO VUL VOVVLVLVVVDULUDUVUVUVUVLUODLLY YL ,PUVOLUUUUVUUULULDLLUODULDUUVLLOVUULVOLLVLLVULVLUY oo (SN NCRCRCRCNCRUNC R RN [CHCRCNCNCNCRCNCRCRCRCNCNCRCRCNC R RN RN
o] UEI- - Ldd D dddd W dddd D DY Dl dd DD D d D DN dddd b dd DDl dde A HeEddddddddd DD DD e d D el m DD DS eSS 0 [ R e e e | B I I
2 NPCC €C€C CCCCLC € CCLCLCLC L CLCLCLCLCELCLCLLLELCLELELCLCLLCLCLCLCLLL €€ ,CLCLCLCLLCLELELCLCELELCLCELCLCLCLCLCLCLCLCCLCLCLCLCLCLCLCLCLCLL ¢ << €CCcCCCCCLCLCLCCC< € CLCLCLLLCLCLLLCLCLCLCLCLCCLCCC <
L T R e e e e e e e e I e N e e R S L R~ P e e e e
g W0 d ddd W ddd e W W E DD D W e e e e e e e e e e e e e e e e e e e e e e g - ek od o o o ol o o od o P R R R R R R G e e e .
H LU LESE b b e e e I e e e e e e EE i EE e e g
I ol e e e o S I e el e e e e e e e e e e
ol 99 OO ==< FrRO>> €« FFrFrr< <<< ZZZZZZZZZ2ZLLLLRZZZZZZZZZ + ,ZZ2Z2Z2Z2222222222Z2Z>>>TZZ 22222222 zzz CUZZZr>hkRZEo Z> PP L rCLCCLCLCC <
w $HEPOO OO0 VOO0V VU COVUDUUD VOVVDUVVDVLLVVUULULUVUOVVUY VY ,P00VVVULURDOVDLDULLPVUVUDULUURLOVVOUY YUY VOUUVULDUVLOLLLY CUDULLOUDLLOLOUDODUVLULOLOLOO
s W FFT XZXT ZTTITI0O0OE ZTIZIZITIOIZI EIIITITITITIIIZITIIISSITIETIZIISIE OZIT OOSTFTTIIITIITIITIIZIZI=IZCSSSSSSCIIIIIIII zoxox EEsREZamEEEERER ETZZZIIIIIIIIZIZIIZIIIZIIZ=Z
B B I e I I R R R RV R R R R R B R R R R T e PR R R R T 3 i M M M MM MM MMM MMM M
B B N N R R R I V] PP L R R R ] PR R R R T e
- 190w Laa o o e d d ad d wd o d D d o e e e k- - ol b et ed d d e wd ) wd o ol o o ) ad wd e o ed e el e wd =
~| | 828 Qo0 CoccQQ 8 QAACLNOALL CACOLCALRCA0RALAO0A00RAR 20 ,00000000Z0000000R0RCC00RRRCRRRAREE oo CCLLCLCLOWOQOWAR OQQSCOoQWWWwwooeesccccal
o S0 L N e W W W, MU UL DL L LM MMM R WE uan W W W W L L L W W
-l 8| VY Ve KA U AN D N NN NN NDN DD ANNN NN NR AN NANAN N NN NBNNAUN NN NN NN NN NN NN NN g oo naae PR I R R A R R R R R R R R R R R R R R
Bl 15 €€ €€ <<€ € CONCC LT AMAA XXX XXX XA KL COOOOVOOO €  CTCLLLLLLLCLLCLLCCCLCLLLCCCCLCLCLCLCCL COV DUOOUVLCLLCCLLCL CCCLLCCCCCLCCLCLCLCCCCCCCCC
B I I T e A B R el I I B I e e e B e e T ] P Mk Mk ke ke ke h Ak h Ak kAl kA
wf $5|"% % 233 233333 F3I33Z 333 33333333333 ZFZII3333333 33 FIIIIIIIIIIIIIIIIZIIIZIIZIIIIZIZIZIZIZIZZ 333 Z3FFFIIIIZZIIZF OEIIIIIIZIZIIZIIIIIIIZIZIEZZZ
of PS| W W see Husde W QUUOW WUL DOOO00000 0 N W, MW R R0 00w O WM WML W
~| 5] B8 0C0 CLQAVLVU B VAACVU AR AALLACCACARAARRCACARA0AE0 €<« DCCCCCCCOCLCLCLCLLCECCCCCCCCCCCC ' C<<<< AL WwOOOQROACCQWA OGoRO0QccRcQARCRRGAGARcAR
wf TS M DGR U R W W M e o P R P O o R R R e
- 15| FF e FurRrR v VR BEY VBBV ERN RN RR R M EE R R R R R R R R RR RN RN NN RRRR Qnn vuvuuee<<Onnn FRREERRUMRAVABRNBBBBABBBBRR
I L I I I e I B R I I B B I B RV BV v R i e R R e R A I P I I I R I BV RV RV R RV I B SR PRVEVEVEVEVEVEVI RV EEVEY] PEVEVEVEVEVEVEVEVEVEVECEVEV VIRV R
PN T I B B B B B I I T e i i i e S S e e e Qe e e e i i S S S i e S A S e S [ L S T S Y DR (PR IR U Ly SO0 IR SR QT P IR N[O YR I SO P T N O
e | EC ZTXTX TTIZIIT T ZZIZ2ZZ ZIZI ZIZIXIIZTIZSIITIITITIIITIZIIIIEIE I OSIZIIIIIZIZIITIZITIIIITIIITIITIZISIIISSC zzoz ZZTZZRZEZZEBEZE t 5 S X E =5 3 & F SRy
B L I A R R RV R RV RV RV vV VRV VAV I BV N B R R R R R R R RV RV R R R B R R RV R BV I VRV RV S B BV RV PRI RV RV RV VIV S RV ] Mk Ak Ak A h kA kA Ak kL Ak Ak kL
mt L R T T T T P P P i e e e o TS P P P PO P P e e G b e e e b b b e b e b b e bl B e b b M b b b e e e e e
B I L I R P T A A R R R RV B R RV A BV R B I R 5 SV VA MM MMM M M M MM M M N Mk kA Ak h kA Ak kA A Ak kL k kL
~ | 22 coo coccoco 0 wooLOo wWOR CCCOCOOQROCQROGOLAGCOQLAARN 0O ,f000CCQQWAOCOO0CGCARRCORQAAWAEOARCRAREAES anoa coccaczOoCcERCR noocooocccoocooconeQacAacoaAal
P L L o e o o o T T R o o e e P P P P P PO o P P e e P P P P T R R e Poy o o P A Py PRy P U PRy PR P O P PR PR O PO P [T P P P R T P PR PR PR P [P PO P P O U P P PO VU PR P PO P PO P P P P PO
B L I e e R I A A R I R A RV R RV RV AV v B IV N I R R R I I I RV RV RV RV EVEVEVEV VRV SV VI SV 3% 3% MM M M M M M M M M 3 B e
Mo o @ W e wowe W e w0 W WL NSNS R A0 WW P W wwow O W WE W NeWwn [PPQ TV U R R VSTV RO R TY QY G SR T ST P YT T G TR
B B L e I = A i T T T T e e e B e e P (G
I Ll Ve e e e S SISy S S S
B[R G L R LW W Wl WM W L R MWW MWW
ol [0 & san cacrs & AtLGtAAS AAAGAAAMAAAAMSMGEGEGEAMAAGAE A S AAAAALCLLAAALAALMAAGALALMARARAAARAAtASt Laa AARAAVEAGEASAE A& GGAGAAGALOCAGLAAALELEEARLEAS
- #/*=T X ZZX TZIZIII T ITIITIIII IITIIIIIIITIIIIIIIIIIIIEST OZIZ O LIETIIITIIIIIIIITIITITIIIISIZIIIIIIIIEIIEIIE x@r XIS SSSSSST=S @ zszszaasszoamzEal
g s6| - OO CLOLLVLOV O VVAVKVL VUYD NNVVLVNLVLLUNOULOVOLDZVLOOLZZ VO VOV VVVVVVVVVVUDUIZINOVOOUOVOUVOUOUY RzZz LKLCCZZZODOCOOAD UCCLCVOVVOOLLOLOVOOVOOLOBBO
R TR - LN R - X - A - RV RV EVEV IV EVEVEVEVEVEVEVEVEVEVEVEVEVEVEVEVEVEVEVEVEVEVEN SN T 1N R N R R SVEVEVEVEVEVEVEVEVEVEVEVEVEVEVEY RVIEVEVEVEVEYEVEY RO RV SRR RSO RV N PR N N TRV EVEVEVEVEVEVIVEVIEV VIV SV V]
1 I 1 e T e P T T T e T e T o T P P P T P o P e T P P P TPV PE VR PR PO AT e e b b b b e e b b b e e e e b e e e e e W
ol UWE= - Hdd Dl ddd W ddddd Dl dedd D ddddd DD dddd A dd e W HEddddddddddd DS S Dl dd DD D d S d e Ll dd b e e e e
of If| % &, % o K M oKX A BN OO ROV aC D e o %R RO XXLEE yxx DXL XXX AAXLY EXXXXXANN N KKK KKK KK
P T R e - e e e e - - BRI 5 el e S5 BT A 5 R e A BRI B RIS Y L -
gl 609 = 2,4 Hrdke D dEdddd dd! dddd Dl DD d DAl dddddddd Jd HEddddddddddddddddd Dl dddd Wl d Dl e e Ldd dd bl dd e e
ol 8 F> > > > > = PP P PP PP PP PP PP P I IO P PP PP PP PP P I P e e mmmm P mr e, m e m 3PP =" 555 5> PP PPP P> PPmm> PP
o (] CW O W O W W W W W W W W Wow P HUWLWWWWWEWOOoC oS0 N0CQHMWWNWWOOORORAE WwWww O W WL W W W W WD O W W W W L W W W W W W W
P %, O 0O<4 0 O0OQ0O 00! QOOOOOOOOOOOOOOOOCOOOOO0O OO PO OOCOOOOOO00O00OO0O00000OCO0OCOO00O00 OO COUOCDOCDODOOODOD COOOOOOOOOOOOOCOOOOD T
o ©.,0 © 00O U DVOOV VL' DVVVOOVVOVVVLVLYVOYVOOVVOLL VO :DVOLVVOOOLVOOVVOOOVOODVOVDOOVVLOLVLOOLL PV VOVLVVUVOOVLOLOLOE VOOVUVULVUVLOLVLLOLLOLLVLLVLLOLLOLOVL
N T, T/ ZTX X »IIITTIIZ' ITITTITITIIIITIIIIIIITIIZIIIS XX EIIITIIIIIZIIIIZIIIIIITICITIIIIIZIZIICIE xrxrx ZIZSITZIZTIISIT SIS ISTSITCSTSTZITSITrITITSITZSSTZTITSIESSI
o ©,0 0 'OVVU VY CVOLVV VD' VOUUVLUUVULLVLVDLCLOLVLLULLLVLLOLLRLY VO OO0O00VOVOVOOOODVOOOOVOOOOVVOOOOOVLLY VY VLOLLLBVOVLOVOLY VOVCVUVVDUVLLLLLnLLLLLnn OO
o O, & 16l & AAMALNLLE ' CCCCLLCLLLP PP ALALLLCLLLLLLL € 1 CTLCLCLLLCLLLLLLLCLLCLLLCNNNNNNLLLLCLCLLCL CCq LCLCLCLLCLLCOND D € < €< LCLCO Vot oo toootoooddad
™ W= e - ' dnddaddddddadddddddddaddadd mm (PP>22230305 220000 memddddudduldddddadded gad ouddoddoddedsdsd=dad el ke A o ) 4 [ -
- 6.8 0 :'000 0 ARCARQAQ' ARAOCAAAAANALAACAAANAAS A0 +ARAAAVUARACANAAAAAAAARAARAARARBALAES ane N0OQOQOOOARQGCO0O GOoOGOGOQGOGCGOGOQRAOCOASGR
) F, € € 1 €€ € CCLCLL L' Fhrhrrrrrrr LR L LLCL L €€ + CTCLrP AL L LCLLCLCLCLCLLLCCLCLCLLCLCLLCLLCLCLLLLCLCL (X COCLPNOLLLCOO € CLLCLXLCLLLLLLLLLLLLCLCLCCC
T £ W W W W W W W W W W
2| a2 P EEPE B BEERP PP RBPRERIEEPFEIBPEERIEFPPPIE EE R RBEPFEREEDEP RIS EEIE PP BFPEFEIEFFEIE EEFE RS E PRSI F B P
2 el I ettt R R IV IV RV SV VIRV RV SV RV I RV RV RV IV SV VRV EVEVEVIV VI RV EVEVEVEVEVIVEV VRV EVEY]
2 ©:,0 000V 0 VOVDVLLOLOLV' VUOVLOVVVVVOVVVVVUVLOVOOVOY VB 1VVVVVDDVULCLCLCLCLLCLLCCCCCCCCCOUD 'VVVVY POV VVLVODVDVVDVDVLVODY VVLVVDVLDLLLVDLDOLVLUVLULLVLOOL LY
E 2.3 % ' 32238 3 323233 33' 3333333333833 33328233333 33 3333333333 535335338333333333% 333383 333 3333333333323 2333535233353 3333383233523333
= =€ DI r ™ P> =P> LD PPOPP PP m R mmm PP PP =P D mm > 1 PCLCLCLCCCLP "~ m e =- PIIPPIIPI =P VPP IIP 5> PmpPI>rrrI>Cr— P =P = m P PP r s
2| Z.Z Z 'Z4d4 Z ZZZ2Z2Z22' Z22ZZ2Z2ZZ22Z2ZZZ2ZZ2ZZ22222 Z22Z +R2ZZ2Z22222Z2Z2Z22Z2ZTTTIITTIIITZ2Z ' ZZZ2ZZ 2,2 ZZTILZZTIZ2ZZNZ ZALZZZZZZZZZZZZZZZZZZZZ
- T I e i e e T I T I I T e g s S R S SddddddAddrddAddddddddd Al A S bt DD Wl el el sdeded o il sl s el ekl o3 el kel el o ol el ol o) e el o
- PP B ES B, PR EER R FEBE R EEERE SRR PEE B PRI EBFEEOEEE D RBEEEE P F B BB e i R B R R B S el BRI 3 I Pe P59
ol e i - e W SO HAE HE dddddddddd Al DS dd—- OO ddddddddddddddddddddddddddddaddaddd gud AFddoddddddaddd oo vdddddoddddddd oo dds
o 4 0.0 OrQUWW O OUOCO OO0’ ITITITIITIITIOOOCOTOCO0OOCOO OO POOOFROOOOTIOOOOTIO0O0000000O00000000 000 COO0OO00000OCD COOOO00O0OD00O0OOOOO00 T
R e R e e R T P
- ¥ e W e W e O e M W e e e e e
1~ s 0.0 <000 0 OCOOLC <V0' DOVVDVOUVVVODUVDVVCLCOPVVOLOOD VB 1P0DVVVODUCLCCCCCVOVVCCCCCCVUOVOOVY €V VOVOLOVOUVUBDSC DVOVVDOVLOVVOVVOOVOVG OO
= 8.8 0 +'000 0 0cACC Q0 00CAANNAANAARASA0ARACA0 00 +000000CACARACAQAUWWUWWWWWWWOAWNWWWOOD apas COOOOCORRAACAS SOoOcOADccAccAcBcBccaccal
-l D8 A LANA B NN PE AA AANNANNNNNANNALNANANNNNN B T AARANANNNFANNNNNNNANNNNRRANNNANNNY LY NENRNANNANNNEN AANBANNALNANNNABARAGR®
< L] LI - - - I e I I I I [ s s i R i S S U S At S i s SR R | D e e I I [ [ s S R S S S i R S - o o o - - v o o - -
zl Y| ©° 9.9 © 00V O CLUCT UY ' ONVVUUTVUOLVUULCVOVVOCLL OO POOO0000>>rE>F>2>>F0000C000000000 OO VOOOORLVOTOED VOCOS0DVIEO00QCLN0 00T
& 3 =
K] g . = 2 = 4
1 i 3 g g Ef z 2
g E. & z ke o 3 g
5 o 2 = g B g 5 = % -4
: 8 : g g : I 2 :
g 7 m 2 = a 3 3 E z a
2 ER T g = 3 - < ! 3 3
% s ;2 3 E = 7 5 z 7 2 = 8
2 T pifdc: £ s : 3 T : 2
- 2 S mm a S £ 2 H A z 3
8 _Ef33 3 £ ¢ F 2 fzg; 82 §o. B e 8 38 % 2 i 3 ¢ z
m ge 2138 WMHKM g iz §id g & 35 ggz228% g2 mmmmmmmwm EEEZZR 2353 z gz wmmm zEree RI: mmmmmwmmnm“ mmmmmwmmmmmwxwmmmmmm
¢ BE EaE Eeedd s 0§ afs 222 B £ Ec xEE2Ea 22 325589530 BEBSSE SBESE § FE PYYY FggPY BRF S5IcE¥cifEci i PEEEEEEEEEEEEIREsEESE:
H
eS| E 3 3 3 - 3
HIE & S35 ~ § 3 .13 g8 3§ . B i § $ =
IR § ST IR AN AT FYRRE PR YT PAY il BRI I BENIE T . .25
8185 o8f sxliy v Ldds il B, RgiRRia E.5 8% s o B P2E33E0Y, sESiCirL 43 Saiesy BOF g3 B, BF O¥8Y iaisid 3.5 §§_ i3
B4 HiN BB IR SR H TR TSRS M FE S L mmmm”wmmwmﬁmmmwm N R HHIER IR
i3s3 Sast 34383 & $eFdfifpaddavc it 45 ,nm....w,wmfm-. 31 K $38¢ SESETESE By GESiipEipicid giEsfairiiivifisiiiiss
£ %% 531 mwm‘m Nm 41 233 m.vnm.mmw.wuwwhn.-m.mam L B Mmum.nvm .wmrummm m,rwwwamcwnm.mm 35§ $§8 eSS IERSIPEEEY Sf3sdsipiSiessiniss
] I T T L T M E3Ld558s0ise b Il 5 3 Pm,u....,m Ersffiisfl 38 FEHES HNEF B 3 jisisEEseE, EERigR89)
i HRE gl b palii ik ikl 0 g iR L H L HEHE
B 88 141 §a858 & Jaddh fiy SRUGESHIIRIENRGE 3] LaadRaRldi R E B s HERT R0 0E) R il
£ > 5
=
10158 H g 3 M m i
5 oA-oUﬁ 8 3 H »58 .8
no.hn ﬂ g & .m..h .m-l - .__M‘ Mn m m &
LR IR ol £l i3 HHHHTHRH
L it EL badier 3 ¥ H
1 HI R R R i Bahihniiihnl
E) j | ST
083513705530k, 38 Beaads FHLBRREEIINIEBIT

197



Table A2 Data for the quantity of charged residues in the myoglobin (Mb) of mammalian species. The Mb net charge and specific buffer values for three pHs of physiological relevance, calculated from amino acid
sequence. Species highlighted in blue boxes are diving species. Species in red text have incomplete Mb amino acid sequence.

86T

Species Quantity of strongly charged residues Mb net charge Mb specific buffer value Quantity of strongly charged residues Mb net charge Mb specific buffer value
pes His  Glu _Asp Lys Arg pH6.0 pH6.5 pH7.0 pH6.0 pHE.5 pH7.0 SPecies His Glu Asp Lys Arg pH6.0 pH6.5 pH7.0 pH6.0 pHE.5 pH7.0
Monotremata Cetartiodactyla (continued)
Echidna 9 12 9 21 2 365 240 141 2.81 223 1.73  Pygmy hippo 10 16 6 18 3 198 025 -150 333 3.59 3.24
8 13 8 21 2 339 229 138 238 202 1.65 Fin-back whale 12 12 9 20 2 495 301 124 3.93 3.79 3.21
Marsupialia Humpback whale 1 12 9 20 3 538 3.72 212 336 3.31 297
Red kangaroo 10 13 9 21 2 403 254 1.10 293 3.01 267 Greywhale 1 12 9 20 3 538 372 212 3.36 3.31 297
Wallaby 9 10 1 19 1 Pygmy Bryde's whale 1" 12 9 20 3 5.380E3.7202.12 3.36 3.31 297
Opossum 8 14 8 19 2 035 -0.73 -1.63 237 1.98 1.63  Seiwhale 1 12 9 20 3 538 372 212 3.36 3.31 297
Afrotheria Minke whale 12 13 8 20 3 596 401 224 3.96 3.79 3.21
Aardvark 8 13 9 18 3 034 -073 -163 234 1.98 1.63 Bowhead 1 12 9 20 3 538 372 212 3.36 3.31 297
Lesser hedgehog tenrec 7 11 6 20 1 Pygmy sperm whale 13 14 7 19 4 642 431 239 4.28 4.10 3.46
Cape hyrax 9 12 9 18 3 165 040 -059 281 223 1.73  Dwarf sperm whale 13 14 ¥s 19 4 642 431 239 4.28 4.10 3.46
African elephant 9 14 7 20 2 357 212 0.86 3.09 271 2.30 Sperm whale 12 14 Y/ 19 4 6.17 422 236 3.85 3.90 3.39
Asian elephant 9 14 ve 20 2 357 212 086 300 27 2.30 Stejneger's beaked whale 14 14 7 21 2 753 510 286 4.75 4.86 3.95
Xenarthra Hubbs' beaked whale 14 14 7 21 2 753 510 286 4.75 4.86 3.95
Armadillo 8 14 8 20 2 122 006 -1.24 264 250 2.18 Sowerby's beaked whale 14 14 7 21 2 753 510 286 4.75 4.86 3.95
Insectivora Longmans' beaked whale 14 14 7 21 2 753 510 288 4.75 4.86 3.95
Water shrew 5 12 6 19 2 328 265 2.09 1.39 1.16 1.13  Northem bottlenose whale 14 15 6 21 2 754 510 286 478 487 3.95
Short-tailed shrew 7 12 9 19 2 104 015 -067 184 1.74 1.54 Cuvier's beaked whale 14 14 7 20 3 753 510 286 4.75 4.86 3.95
Hedgehog 8 13 9 20 2 134 027 -063 234 1.98 1.63  Amazon river dolphin 12 13 8 20 3 596 4.04 233 3.93 3.70 3.06
Star-nosed mole 7 11 7 19 2 402 315 233 1.79 1.72 1.54 Narwhal 12 13 8 19 4 596 4.04 233 3.93 3.70 3.06
Coast mole 7 13 7 19 2 205 116 033 1.86 1.75 1.54 Beluga 12 12 6 20 3
Chiroptera Harbour porpoise 12 14 7 20 3 597 4.05 234 3.96 3.71 3.08
Little brown bat 5 15 10 22 1 -166 -233 -290 153 1.20 1.14 Dall's porpoise 12 14 7 20 3 597 405 234 3.96 37 3.06
Eygptian rousette 8 13 8 20 2 234 127 037 233 1.97 1.63  Killer whale 12 12 9 20 3 595 404 233 3.90 3.70 3.06
Large flying fox 7 1 6 20 1 White beaked dolphin 12 12 9 20 3 595 4.04 233 3.90 3.70 3.06
Carnivora Risso's doliphin 12 12 9 20 3 595 4.04 233 3.90 3.70 3.06
Grey seal 13 14 8 19 5 655 434 245 453 4.19 3.30 Long-fin pilot whale 12 13 8 20 3 596 4.04 233 3.93 3.70 3.06
Baikal seal 13 13 8 19 5 753 534 345 449 418 3.29 Melon-head whale 12 12 9 20 3 595 404 233 3.90 3.70 3.06
Harbour seal 13 14 8 19 5 655 434 245 453 419 3.30 Bridled dolphin 12 12 9 20 3 595 404 233 3.90 3.70 3.06
Ringed seal 13 14 8 19 5 6.55 434 245 453 419 330 Saddleback dolphin 12 12 9 20 3 595 4.04 233 390 370 3.06
Harp seal 13 14 8 19 5 655 434 245 453 4.19 3.30 Bottlenose dolphin 12 12 9 20 3 595 404 233 3.90 3.70 3.06
Hooded seal 13 14 8 19 5 655 434 245 453 419 3.30 Lagomorpha
Bearded seal 12 14 8 19 5 622 421 241 4.02 3.93 3.20 Rabbit 12 14 8 18 2 222 032 -149 377 3.81 3.30
Weddell seal 13 14 8 19 5 6.55 434 245 453 419 3.30 Black-lipped pika 8 13 9 20 2 162 044 -056 244 222 1.77
Elephant seal 12 14 8 18 6 622 421 241 402 393 3.20 American pika 7 13 9 20 2 1.06 0.16 -067 1.88 1.75 1.55
California sea lion 1 13 9 21 4 581 422 289 351 291 2.38 Rodentia
Steller sea lion 1 13 9 21 4 581 422 289 3.51 291 2.38 House mouse 7 13 9 20 2 092 -0.18 -128 215 2.26 2.09
Australian sea lion 1 13 9 21 4 581 422 289 3.51 291 2.38 Norway rat 6 14 7 20 2 118 033 -052 174 1.69 1.68
Northern fur seal 1 13 9 21 4 581 422 289 3.51 291 2.38  Muskrat 1 13 8 20 3 531 361 210 3.49 3.28 272
Walrus 10 13 9 21 4 548 408 285 300 264 227 Mole rat 7 13 8 21 5] 206 1.16 033 1.87 1.75 1.55
Raccoon 8 13 9 21 2 234 127 037 234 1.98 1.63 Ehrenberg's mole-rat 8 13 8 20 1 134 027 -063 233 197 1.63
Badger 8 14 & 21 2 344 243 153 2.22 1.88 1.73 Kangaroo rat 5 15 8 20 2 -0.80 -166 -252 179 1.71 1.68
American mink 8 14 8 21 2 235 127 037 237 1.99 1.63  Eurasian beaver 1 14 6 21 2 632 462 3.10 3.51 3.29 272
River otter 8 14 8 21 3 335 227 137 237 1.99 1.63 Plains viscacha 8 13 8 17 4 134 027 -063 233 197 1.63
Black bear 9 14 8 20 3 324 199 082 259 245 220 Casiragua 8 14 7 18 3 135 027 -063 236 1.98 1.63
Polar bear 9 14 8 20 3 324 199 0.82 259 245 220 Guinea pig 8 13 8 18 3 134 027 -063 233 1.97 1.63
Giant panda 8 14 8 20 3 235 127 037 2.37 1.98 1.63  Northem gundi 8 15 8 19 2 -063 -1.72 -263 240 2.00 1.64
Cape fox 10 13 10 21 2 303 154 0.10 294 3.01 2.67 Grey squirrel 7 16 7 21 2 110 0.17 -067 197 1.78 1.56
Bat-eared fox 10 13 10 21 2 303 154 0.10 2.94 3.01 2.67 Ground squirrel 7 9 6 16 0 :
Dog 10 13 TR 21 2 303 154 0.10 2.94 3.01 267 Primates
African hunting dog 10 13 10 21 2 3.03 154 0.10 2.94 3.01 267 Tree shrew 8 14 8 20 2 135 027 -063 237 1.98 1.63
Cat 10 15 7 20 3 349 197 0.70 3.27 283 2.21  Thick-tailed bush baby 8 12 9 20 2 237 129 038 2.35 2.01 1.65
Perrisodactyla Potto 9 13 8 19 2 228 101 -017 260 248 222
Horse 11 13 8 19 2 341 176 0.22 336 324 2.83 Slow loris 8 12 8 19 2 237 129 038 234 2.00 1.64
Zebra 1 13 8 19 2 341 176 022 3.36 3.24 2.83 Weasel lemur 10 13 8 20 2 351 204 077 3.14 2.77 2.26
Cetartiodactyla Grey mouse lemur 9 12 9 20 2 265 140 041 2.81 223 1.73
Alpaca 2 2 4 4 1 Common woolly monkey 9 14 8 22 1 268 140 041 2.88 2.25 1.74
Pig 9 14 8 19 2 124 -001 -1.18 259 245 2.20 Douroucouli 10 14 8 22 1 357 212 086 3.10 272 231
Cow 13 13 8 18 2 389 184 -011 409 407 3.63 Squirrel monkey 9 14 8 22 1 268 140 041 2.88 225 1.74
Yak 13 13 8 18 2 389 184 011 409 4.07 3.63 Brown capuchin 9 14 8 22 1 268 140 041 2.88 225 1.74
Water buffalo 13 14 8 18 2 290 085 -1.11 412 408 363 White tuf-ear marmoset 10 14 8 22 1003, 57082 12 880.86 B 3 1002 72888 31
Goat 12 13 8 18 2 333 156 -022 352 360 3.40 Rhesus monkey 9 14 8 20 2 224 099 -0.18 259 245 2.20
Sheep 12 14 7 17 2 234 056 -1.22 355 3.61 3.40 Crab-eating macaque 9 14 8 20 2 224 099 -0.18 259 245 220
Tibetan antelope 12 13 8 18 2 333 156 -022 352 360 340 Olive baboon 9 14 8 20 2 224 099 -018 259 245 220
Red deer 12 13 7 18 2 433 256 0.78 3.51 3.60 340 Red guenon 9 14 8 20 2 224 099 -0.18 259 245 2.20
Hanuman langur 9 14 8 20 2 224 099 -018 259 245 220
Agile gibbon 9 14 8 20 2 211 066 -080 286 2.96 275
Siamang 9 14 8 20 2 211 066 -080 286 2.96 275
Orangutan 9 14 8 20 2 224 099 -0.18 259 245 2.20
Mountain gorilla 9 14 8 20 2 211 066 -080 286 2.96 275
Chimpanzee 10 14 8 20 2 296 130 -044 3.16 3.49 3.28
Human 9 14 8 20 2 211 066 -0.80 286 2.96 275




Table A3 Maximum muscle myoglobin (Mb) content, maximal dive duration and associated body mass, and whole muscle non- bicarbonate
puffering capacity (Bmusciens, between pH 6.0 -7.0) for mammalian species considered in this study. Species in blue boxes are diving

species. Reference 19 refers to data determined in this study.

Max Mb content Body Average imum B (umol g

ies
e (9100 g w.wt) = ! Mass (kg) dive duration (s) and pH (6-7)) . el
Echidna 1.35 Triceps 1
Platypus 1.60 Triceps 2 1.25 60.0 35
African elephant 0.460 Psoas 3
Armadillo 0.845 Thigh 4
Water shrew 1.10 Cardiac 5 0.0148 18.2 36 38.2 Skeletal 36
Short-tailed shrew 0.877 Cardiac 5 24.9 Skeletal 36
Star-nosed mole 1.44 Forelimb 6 0.0502 246 6 48.0 Hindlimb 6
Coast mole 1.21 Forelimb 6 38.9 Hindlimb 6
Little brown bat 0.519 Pectoralis 7
Grey seal 5.40 Longissimus dorsi 8 217 1265 37 67.7 Longissimus Dorsi 19
Baikal seal 6.70 Posterior spinal muscles 9
Harbour seal 4.97 Hind extremities 10 86.5 381 37 76.2 Longissimus Dorsi 20
Ringed seal 7.18 Longissimus dorsi 11 46.4 745 37
Harp seal 9.70 Longissimus dorsi 12 76.5 1200 38 85.0 Longissimus Dorsi 44
Hooded seal 10.4 Longissimus dorsi 12 129 3120 39 81.5 Longissimus Dorsi 44
Bearded seal 350 812 37
Weddell seal 7.24 Longissimus dorsi 13 415 2093 37 721 Longissimus Dorsi 20
Elephant seal 7.90 Longissimus dorsi 14 655 2519 37
california sea lion 4.90 Dorsal triceps complex 15 111 463 37 61.2 Longissimus Dorsi 20
Steller sealion 4.90 Pectoralis 16
Australian sea lion 2.70 Locomotor muscle complex 17 125 360 <y
Northern fur seal 3.48 unknown 18 37.0 366 37
Walrus 2.96 unknown 18 1900 762 37
Raccoon 0.290 Forelimb 19 35.8 Forelimb 19
American mink 0.648 32,0 40
River otter 7.00 35.0 37
Polar bear 350 39.0 41
Dog 0.610 Longissimus dorsi 20 50.2 Longissimus Dorsi 20
Cat 0.301 Left ventricle 7
Horse 0.705 Psoas 21
Alpaca 0.510 Sartorius 22
Pig 0.450 Psoas 21 51.9 Adductor 20
Cow 0.600 Psoas 3 49.7 Temporalis 20
Water buffalo 0.393 Longissimus dorsi 23
Sheep 0.350 Psoas 3
Fin-back whale 3.73 24 56300 174 37
Grey whale 31800 688 37
Sei whale 0.910 25 23600 900 37
Minke whale 7000 266 37 11 Skeletal 45
Bowhead 3.54 Longissimus dorsi 26 79400 3300 37 75.0 Longissimus Dorsi 46
Pygmy sperm whale 4.33 Longissimus dorsi 26 87.4 Longissimus Dorsi 46
Sperm whale 7.00 Longissimus dorsi 27 51700 3918 37
Northern bottlenose whale 6.34 unknown 24 4750 3300 37
Cuvier's beaked whale 4.32 Longissimus dorsi 26 2113 5220 37 94.5 Longissimus Dorsi 46
Narwhal 7.87 26 989 812 37
Beluga 344 Longissimus dorsi 26 1600 820 37 74.2 Longissimus Dorsi 46
Harbour porpoise 4.26 Dorsal muscle 28 48.0 231 37 80.1 Longissimus Dorsi 46
Dall's porpoise 50.0 167 37
White beaked dolphin 3.05 Longissimus dorsi 19 734 Longissimus Dosri 19
Risso's dolphin 261 Longissimus dorsi 19
Long-fin pilot whale 1250 1140 37
Bridled dolphin 2.54 Skeletal muscle 20 80.0 242 37 84.1 Longissimus Dors 46
Saddleback dolphin 3.55 Longissimus dorsi 26 89.6 Longissimus Dors 46
Bottlenose dolphin 2.66 Longissimus dorsi 26 200 480 37 69.1 Longissimus Dorsi 46
Rabbit 0.170 Cardiac 29
House mouse 0.604 Cardiac 11
Norway rat 0.546 Cardiac 1 30.2 Hindlimb 19
Muskrat 1.38 Skeletal muscle 30 0.910 120 42 50.9 Hindlimb 19
Ehrenberg's mole-rat 0.400 Masseter 31
Eurasian beaver 1.30 Gastrocnemius 32 17.6 900 43
Guinea pig 0.676 Right ventricle 33
Human 0.645 34 70.0 48.0 37

1 Hochachka et al., 1984
2 Evans et al., 1994

3 Lawrie, 1953

4 Seab and Burns, 1976
5 Campbell Unpublished
6 Mcintyre et al., 2002

7 Schuder et al., 1979

8 Reed et al., 1994

9 Neshumova & Cherepanoa, 1985
10 Blessing & Hartschen-Niemeyer, 1969

11 O'Brien et al., 1992
12 Lestyk et al., 2009

13 Kanatous et al., 2008
14 Hassrick et al., 2010
15 Weise & Costa, 2007
16 Richmond et al., 2006
17 Fowler et al., 2007

18 Lenfant et al., 1970
19 This study

20 Castellini & Somero, 1981
21 Lawrie, 1950

22 Reynafarje et al., 1975
23 Dosi et al., 2006

24 Scholander, 1940

25 Tawara, 1950

26 Noren & Williams, 2000

27 Sharp & Marsh, 1953
28 Blessing, 1972

29 Bailey & Driedzic, 1992
30 MacArthur et al., 2001

31Aretal., 1977

32 McKean & Carlton, 1977
33 Leniger-Follert & Lubbers, 1973

34 Blessing, 1971
35 Kruuk, 1993

36 Gusztak Msc thesis, 2008

37 Halsey et al., 2006

38 Irving & Orr, 1935

39 Folkow et al., 2004

40 Schreer & Kovacs, 1997
41 Hays et al’, 2007

42 Dyck & Romberg, 2007
43 MacArthur, 1992

44 Lestyk et al., 2009

45 Abe 1995

46 Noren, 2004

199



00z

Table A4 Tissue sample information. Species marked with an asterisk were processed in the lab of Dr. Kevin Campbell, University of Maintoba

Species common name Scientific name Sex_Age Muscle Obtained from Year Received Location Country Sample provided by Affiliation

Humpback whale Megaptera novaeangliae M Juvenile Longissimus dorsi Stranding 2009 Greater London England Dr. Robert Deavilie Zoological Society of London
Risso's dolphin Grampus griseus M Adult Longissimus dorsi Stranding 2009 Anglesey England Dr. Robert Deaville Zoological Society of London
Northern-bottlenose whale  Hyperoodon ampullatus F Juvenile Longissimus dorsi Stranding 2009 Dorset England Dr. Robert Deaville Zoological Society of London
White beaked dolphin Lagenorhynchus albirostris  F Adult  Longissimus dorsi Stranding 2009 Cornwall England Dr. Robert Deaville Zoological Society of London
Sowerby's beaked whale Mesoplodon bidens F Juvenile Longissimus dorsi  Stranding 2009 Silverdale Morecombe England Dr. Robert Deaville Zoological Society of London
Pygmy hippo Choeropsis liberiensis ? Juvenile Skeletal muscle Post mortem 2010 Whipsnade zoo England Dr. Edmund Flach Zoological Society of London
Common dolphin Delphinus delphis F Juvenile Longissimus dorsi Stranding 2009 Comwall England Dr. James Bamett & Dr. Nick Davisor Veterinary Laboratories Agency
Harbour porpoise Phocoena phocoena M Juvenile Longissimus dorsi Stranding 2009 Comwall England Dr. James Bamett & Dr. Nick Davisor Veterinary Laboratories agency
Bowhead * Balaena mysticetus ? Skeletal muscle Biopsy 2010 Wakeham Bay Canada Dr. Kevin Campbell University of Manitoba
Narwhal * Monodon monoceros ? Skeletal muscle Biopsy 2010 Arctic Bay Canada Dr. Kevin Campbell University of Manitoba
Minke whale Balaenoptera acutorostrata M Juvenile Skeletal muscle Stranding 2009 Merseyside England Scott Mirceta University of Liverpool

Cow Bos taurus F Adult  Left ventricle Slaughter house 2008 Merseyside England Lee Moore University of Liverpool
Sheep Ovis aries Sus F Juvenile Left ventricle Slaughter house 2008 Merseyside England Lee Moore University of Liverpool

Pig scrofa Sorex ? Adult  Left ventricle Slaughter house 2008 Merseyside England Lee Moore University of Liverpool

Water shrew palustris ? Various Fore/Hind limb Trapping 2008 Manitoba Canada Dr. Kevin Campbell University of Manitoba
Short-tailed shrew Blarina brevicauda ? Various Fore/Hind limb Trapping 2008 Manitoba Canada Dr. Kevin Campbell University of Manitoba
Star-nosed mole Condylura cristata ? Various Fore/Hind limb Trapping 2008 Manitoba Canada Dr. Kevin Campbell University of Manitoba
Coast mole Scapanus orarius ? Various Fore/Hind limb Trapping 2008 Manitoba Canada Dr. Kevin Campbell University of Manitoba
Muskrat Ondatra zibethicus ? Various Fore/Hind limb Trapping 2008 Manitoba Canada Dr. Kevin Campbell University of Manitoba

Grey squirrel Sciurus carolinensis F Adult Hind limb Trapping 2008 Merseyside England Dr. Julian Chantrey University of Liverpool
American mink Neovison vison ? Hind limb Fore Trapping 2008 Aberdeen Scotland Prof. Xavier Lambin University of Aberdeen
Raccoon Procyon lotor F Aduit limb Masseter Hunting 2010 Héovelriege Germany Heinz Pauleickhoff Hunter

Polar bear Ursus maritimus M Adult Longissimus dorsi Hunting 2009 Skagafjordur Iceland Dr. Einar Amason University of Iceland

Grey seal Halichoerus grypus M Adult  Skeletal muscle Stranding 2009 Isle Of May Scotland Dr. Dominic McCafferty University of Glasgow
Ringed seal Phoca hispida ? Skeletal muscle Biopsy 2010 Alaska USA Dr. Jennifer Burns University of Alaska

Harp seal Pagophilus groenlandicus F Adult  Skeletal muscle Biopsy 2010 Gulf of St. Lawrence Canada Dr. Jennifer Bums University of Alaska

Hooded seal Cystophora cristata F Adult  Skeletal muscle Biopsy 2010 Gulf of St. Lawrence Canada Dr. Jennifer Burns University of Alaska

Bearded seal Erignathus barbatus ? Adult  Skeletal muscle Biopsy 2010 Alaska USA Dr. Jennifer Burns University of Alaska

Weddell seal Leptonychotes weddellii M Pup Skeletal muscle Biopsy 2010 Big Razorback Island Antarctica Dr. Jennifer Burns University of Alaska
Northern elephant seal Mirounga angustirostris ? Pup Biopsy 2010 Alaska USA Dr. Jennifer Bums University of Alaska
Califomian sea lion Zalophus californianus ? Neonate Skeletal muscle Biopsy 2010 Alaska USA Dr. Jennifer Bums University of Alaska

Steller sea lion Eumetopias jubatus ? Adult  Skeletal muscle Biopsy 2010 Alaska USA Dr. Jennifer Burns University of Alaska
Australian sea lion Neophoca cinerea F Adult  Skeletal muscle Biopsy 2010 Alaska USA Dr. Jennifer Burns University of Alaska
Northern fur seal Callorhinus ursinus F Adutt  Skeletal muscle Biopsy 2010 Alaska USA Dr. Jennifer Burns University of Alaska

Walrus Odobenus rosmarus M__ Adult Skeletal muscle Biopsy 2010 Alaska USA Dr. Jennifer Burns University of Alaska




Table A5 Volume of oxygen (O,) stored in the lung of mammalian species and the duration lung O, could support basal metabolic rate (BMR).
Measured BMR was used where possible. If data was not available then BMR was calculated from the allometric equation 3.03M°72 (White et al., 2009).
In order to calculate lung O, measured lung volume was used if available, if not then lung volume was calculated by allometry 65.6M % (Stahl 1967).

Data obtained by allometry are highlighted in blue text. Diving species are indicated by blue boxes. Although myoglobin sequence was taken from the
Eurasian beaver, lung O2 data was obtained for the closely related Canadian beaver, Castor canadensis .

T0¢

(e, Body mass Measured BMR ¢ Measured lung Average Body Allometry BMR Lung volume VOj.,g VOgzung/
2 (kg) (ml 0, s™) vol (mlkg") mass (Kg) (ml 0, s™) (ml) (ml 02) BMR (s)

Echidna 2.73 0.120 1 4.22 0.343 246 23.8 199
African elephant 3670 118 2 2430 833 207000 47100 398
Armadillo 3.51 0.240 3 4.00 0.330 233 30.61 127
Etruscan shrew 0.00220 0.00194 4 0.00180 0.00129 0.0659 0.0121 6.24
Water shrew 0.0146 0.0194 5 0.0125 0.00520 0.516 0.096 4.97
Short-tailed shrew 0.0243 0.0319 6 0.0169 0.00645 0.709 0.116 3.65
Star-nosed mole 0.0509 0.0306 7 0.0455 0.0132 2.02 0.621 20.3
Coast mole 0.0641 0.0229 8 0.0612 0.0163 2.77 0.468 20.5
Little brown bat 0.0052 0.0072 9 0.0080 0.00375 0.319 0.0312 4.32
Harbour seal 86.8 8.37 10 81.3 21 107 351 7550 1060 127
Ringed seal 46.6 3.92 10 79.4 22 75.8 2.74 5260 555 141
Weddell seal 389 20.7 11 27.3 23 367 8.54 28000 1590 76.8
California sea lion 73.0 8.86 11 103 24 111 3.61 7880 11300 1270
Raccoon 4.82 0.607 12 7.32 0.510 441 43.6 71.9
Black bear 130 4.24 13 110 3.60 7840 1380 325
Polar bear 181 6.19 14 225 6.00 16600 2010 325
Dog 20.8 1.83 2 12.9 0.768 806 195 106
Cat 3.00 0.367 2 3.41 0.294 196 25.9 70.7
Pig 150 6.46 2 86.2 3.01 6020 1573 244
Cow 445 16.3 2 269 6.83 20100 5000 307
Sheep 46.6 3.12 2 33.8 1.53 2230 462 148
Minke whale 7240 731 660000 99000 1350
Harbour porpoise 28.5 5.38 15 62.0 2.37 4250 293 54.4
Killer whale 3220 108 11 3880 46.7 341000 42400 392
Bottlenose dolphin 149 16.1 1 180 5.11 13100 1630 101
Rabbit 3.37 0.385 2 1.52 0.165 83.6 27.7 72.0
House mouse 0.0210 0.0087 2 0.0174 0.00658 0.730 0.132 152
Norway rat ,0.282 0.0678 2 0.320 0.0535 16.0 2.11 312
Muskrat 0.681 0.191 16 58.2 25 1.04 0.125 55.9 5.95 31.2
Ehrenberg's mole-rat 0.135 0.0319 17 0.176 0.0348 8.48 .0.976 30.6
Eurasian beaver 1553 1.29 18 60.5 26 17.6 0.961 1120 139 107
Guinea pig 0.629 0.0961 19 0.728 0.0968 38.2 4.95 5115
Human 70.0 4.17 20 59.7 2.31 4080 718 172

1 McNab, 1984

2 Klieber, 1947

3 McNab, 1980

4 Frey, 1980

5 Gusztak Msc thesis, 2008
6 Hindle et al., 2003

7 Mclintyre et al., 2002

8 Campbell unpublished

9 Geiser, 1988

10 Ochoa-Acuna et al., 2009

11 Williams et al., 2001

12 Mugaas et al., 1993

13 Watts & Cuyler, 1988

14 Watts et al., 1987

15 Kanwisher & Sundnes, 1965
16 Campbell et al., 1998

17 Haim & Izhaki, 1993

18 MacArthur, 1989

19 Arends & McNab, 2001

20 Blakemore & Jennett, 2001

21 Burns et al., 2005

22 Lydersen et al., 1992

23 Burns & Castellini, 1996
24 Kooyman & Sinnett,1982
25 MacArthur et al., 2001
26 McKean & Carlton, 1977
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Table A6 Volume of oxygen (O,) stored in the blood of mammalian species and the duration blood O, could support basal metabolic rate (BMR). Measured BMR was used where possible. If
data was not available then BMR was calculated from the allometric equation 3.03M°72 (White et al., 2009). In order to calculate blood O, measured blood volume was used if available, if
not then blood volume was calculated by allometry 65.6M "% (Stahl 1967). Data obtained by allometry are highlighted in blue text. Diving species are indicated by blue boxes. Although

myoglobin sequence was taken from the Eurasian beaver, lung O2 data was obtained for the closely related Canadian beaver, Castor canadensis.

: Body mass Measured BMR Measured blood Average Body Allometry BMR Allometry blood Hb Arterial O, Venous O, VOjgi00¢ VOjpi00d /
Species 4 7 Ref 4 1 4 Ref 1 <
(kg) (ml O, s™) vol (mlkg”) mass (kg) (ml O, s™) volume (ml kg™) (g 100 mI™") (mikg!)  (mlkg') (mlO;) BMR(s)

Echidna 273 0.120 1 4.22 0.34 67.5 17.2 23 4.88 7.70 34.3 286
African elephant 3670 118 2 2420 33.27 76.7 15.3 24 4.93 7.78 46700 395
Armadillo 3.51 0.240 3 4.00 0.33 67.4 10.3 24 2.92 4.61 26.4 110
Etruscan shrew 0.00220 0.00194 4 0.00180 0.00 57.8 17.4 25 4.23 6.67 0.0196 10.1
Water shrew 0.0146 0.0194 5 76.0 16 0.0125 0.01 60.1 20.9 8 6.67 10.5 0.251 13.0
Short-tailed shrew 0.0243 0.0319 6 76.0 16 0.0169 0.01 60.5 17.3 8 5.52 8.72 0.345 10.8
Star-nosed mole 0.0509 0.0306 7 76.0 17 0.0455 0.01 61.7 17.2 17 5.49 8.67 0.721 235
Coast mole 0.0641 0.0229 8 76.0 17 0.0612 0.02 62.0 17.4 17 5.56 8.77 0.918 40.2
Harbour seal 86.8 8.37 9 132 18 107 3.51 72.0 21.2 18 11.7 18.5 1410 168
Ringed seal 46.6 3.92 9 75.8 2.74 71.5 249 26 7.48 11.8 2880 736
Weddell seal 389 20.7 10 210 19 367 8.54 73.8 26.0 19 22.9 36.2 43200 2080
California sea lion 73.0 8.86 10 96.0 19 111 3.61 110 18.0 27 7.26 11.5 2080 235
Dog 20.8 1.83 2 12.9 0.77 69.0 16.4 28 4.75 7.49 255 139
Cat 3.00 0.367 2 3.41 0.29 67.2 11.7 29 3.30 5.22 25.6 69.8
Pig 150 6.46 2 86.2 3.01 71.7 10.1 30 3.04 4.80 1180 182
Sheep 46.6 3.12 2 33.8 1.53 70.4 12.7 31 3.76 593 451 145
Minke whale 7240 73.10 78.4 18.3 32 6.01 9.49 112000 1530
Harbour porpoise 28.5 5.38 11 62.0 237 71.2 19.3 33 5.78 9.12 425 78.9
Killer whale 3220 108 10 3880 46.67 77.4 16.3 34 5.30 8.37 44000 407
Bottlenose dolphin 149 16.1 10 71.0 20 180 5.11 72.8 14.4 20 4.30 6.78 1650 102
Rabbit 3.37 0.385 2 1.52 0.16 66.2 14.8 35 4.11 6.49 35.7 92.8
House mouse 0.0210 0.00868 2 0.0174 0.01 60.5 17.7 36 4.50 7.10 0.244 28.1
Norway rat 0.282 0.0678 2 0.320 0.05 64.1 14.2 37 3.83 6.04 2.78 411
Muskrat 0.681 0.191 12 117 21 1.04 0.13 65.7 18.0 21 8.83 13.9 15.5 81.4
Ehrenberg's mole-rat 0.135 0.0319 13 0.176 0.03 63.4 15.0 38 3.99 6.30 1.39 43.6
Eurasian beaver 15.3 1.29 14 64.6 22 17.6 0.96 69.5 12.4 22 3.37 5.31 133 103
Human 70.0 4.17 15 75.2 39 59.7 2.31 71.2 14.7 39 4.65 7.34 715 172

1 McNab, 1984

2 Klieber, 1947

3 McNab, 1980

4 Frey, 1980

5 Gusztak Msc thesis, 2008
6 Hindle et al., 2003

7 Mcintyre et al., 2002

8 Campbell unpublished

9 Ochoa-Acuna et al., 2009
10 Williams et al., 2001

11 Kapwisher & Sundnes, 1965

12 Campbell et al., 1998
13 Haim & Izhaki, 1993
14 MacArthur, 1989

15 Blakemore & Jennett, 2001

16 Campbell unpublished
17 Mcintyre et al., 2002
18 Lenfant, 1970

19 Ponganis et al., 1993

20 Ridgway & Johnston, 1966

21 MacArthur et al., 2001
22 Mckean & Carlton, 1977
23 Parer and Metcalf, 1967
24 Dhindsa et al., 1972

25 Bartels et al., 1979

26 Lydersen et al., 1992

27 Ponganis et al., 1997

28 Bristow et al., 19

77

29 Dhindsa et al., 1974a

30 Novy et al., 1973

31 Ullery et al., 1965

32 Brix et al., 1989

33 Reed et al., 2000

34 Dhindsa et al., 1974b

35 Neuberger & Niven, 1951
36 Maclean & Lee, 1973

37 Dhindsa et al., 1981

38 Aret al., 1977

39 Kanstrup & Ekblom, 1984



Table A7 Volume of oxygen (O2) stored in the muscles of mammalian species and the duration muscle O2 could support basal metabolic rate (BMR).
Measured BMR was used where possible. If data was not available then BMR was calculated from the allometric equation 3.03M 0.72 (White et al., 2009)
these data are highlighted in blue text. Myoglobin (Mb) contents are maximum values reported for skeletal muscle, cardiac values used to allow inclusion of a
few species are highlighted in green text. Average maximum dive duration data and associated body mass were used in conjunction with Mb net charge in
order to model average maximum dive durations (see Chapter 5). Species highlighted with red text have incomplete Mb sequence and diving species are

indicated by blue boxes.

Average Skeletal Average Body mass Mb net

Species Bod{ Meas::(r)ed EMR Ref Body mass flometry _B1MR muscle Mb  Ref VBC::';T';I maximumdive divetime Ref charge pH

mass (kg)  (mlO;s™) (kg) (ml O, s7) (g100g™) S} duration (s) (kg) 6.5
Echidna 273 0.120 1 4.22 0.343 1.35 21 134 2.40
Platypus 1.30 0.130 2 1.76 0.183 1.60 22 69.8 60.0 1.25 55 2.29
African elephant 3670 118 3 2420 333 0.46 23 624 212
Armadillo 3.51 0.240 4 4.00 0.330 0.85 24 539 -0.06
Etruscan shrew 0.00220 0.00194 5 0.00180 0.00129 0.19 25 0.948
Water shrew 0.0146 0.0194 6 0.0125 0.00520 0.60 9 2.46 18.2 0.0148 6 2.65
Short-tailed shrew 0.0243 0.0319 7 0.0169 0.00645 0.30 9 0.845 0.15
Star-nosed mole 0.0509 0.0306 8 0.0455 0.0132 1.44 8 13.0 246 0.0502 8 3.15
Coast mole 0.0641 0.0229 9 0.0612 0.0163 1.21 8 19.2 1.16
Little brown bat 0.00520 0.00722 10  0.00796 0.00375 0.52 26 1.63 -2.33
Grey seal 193 5.38 5.40 27 846 1270 217 56 4.34
Baikal seal 285 1.36 6.70 28 614 5.34
Harbour seal 86.8 8.37 1 107 3.51 4.97 29 225 381 86.5 56 4.34
Ringed seal 46.6 3.92 11 75.8 274 7.18 30 372 745 46.4 56 4.34
Harp seal 150 9.51 1" 130 4.04 9.70 31 665 1200 76.5 57 4.34
Hooded seal 375 8.68 10.40 31 1960 3120 129 58 4.34
Bearded seal 248 6.43 812 350 56 421
Weddell seal 389 20.7 12 367 8.54 7.24 32 620 2090 415 56 434
Elephant seal 655 13.0 7.90 33 1740 2520 655 56 421
California sea lion 73.0 8.86 12 11 3.61 4.90 34 1760 463 11 56 422
Steller sea lion 273 6.91 4.90 35 845 4.22
Australian sea lion 300 7.39 2.70 36 478 360 125 56 4.22
Northern fur seal 169 4.88 3.48 37 524 366 37.0 56 4.22
Walrus 1060 18.3 2.96 37 747 762 1900 56 4.08
Raccoon 4.82 0.607 13 7.32 0.510 0.29 38 10.1 1.27
American mink 1.03 0.125 32.0 0.648 59 1.27
River otter 7.61 0.524 35.0 7.00 56 227
Polar bear 181 6.19 14 225 6.00 39.0 350 60 1.99
Dog 20.8 1.83 3 12.9 0.768 0.61 39 30.2 1.54
Cat 3.00 0.367 3 3.41 0.294 0.30 26 10.7 1.97
Horse 250 6.48 0.80 40 135 1.76
Alpaca 80.0 2.85 0.51 41 62.4
Pig 150 6.46 3 86.2 3.01 0.45 40 456 -0.01
Cow 445 16.3 3 269 6.83 0.60 23 715 1.84
Water buffalo 478 10.3 0.39 42 79.3 0.85
Sheep 46.6 3.12 3 33.8 1.53 0.35 23 228 0.56
Fin-back whale 62500 345 373 43 2950 174 56300 56 3.01
Grey whale 27880 193 688 31800 56 3.72
Sei whale 36667 235 0.91 44 619 900 23600 56 372
Blue whale 136000 604 0.84 45 825 468 101000 45
Minke whale 7235 73.1 266 7000 56 4,01
Bowhead 110000 519 3.54 46 3280 3300 79400 56 372
Pygmy sperm whale 356 8.35 433 46 804 431
Sperm whale 29000 199 567 43 3610 3920 51700 56 422
Northern bottlenose whale 6650 68.8 6.34 43 2670 3300 4750 56 5.10
Cuvier's beaked whale 3752 456 4.32 46 1660 6220 2110 56 510
Narwhal 1200 201 7.87 46 2060 812 989 56  4.04
Beluga 852 16.7 3.44 46 816 820 1600 56
Harbour pt:'poln 28.6 5.38 16 101160960 2.37 4.03 47 93.1 231 48,0 56 4,05
Dall's porpoise . 3.82 167 50.0 56 4,05
Long-fin pllot whale 2060.00 38.4 1140 1250 56 4.04
Bridled dolphin 68.33 2.55 254 ae 207 242 80.0 656 4.04
Saddleback dolphin 68,20 2.54 3.55 46 415 4,04
Bottlenose dolphin 148.6 16.1 12 179.50 511 266 43 107 480 200 56 4.04
Rabbit 337 0,385 3 1.62 0.165 017 48 6.49 0.32
House mouse 0.0210 0.00868 3 0.02 0.00657 0.19 49 2.01 -0.18
Norway rat 0.282 0.0678 3 0.32 0.0535 0.31 48 563 0.33
Muskrat 0.681 0.191 16 1.04 0.125 1.38 50 285 120 0.910 61 361
Ehrenberg's mole-rat 0.135 0.0319 17 0.18 0.0348 0.40 61 7.39 0.27
Eurasian beaver 153 1.29 18 17.63 0.961 1.30 52 67.0 000 176 62 462
Guilnea pig 0.629 0.0061 19 0.73 0.0968 0.68 53 19.3 0.27
Human 700 447 20 5870 . 244 0,68 b4 473 480 700 88 066

1 McNab, 1984

2 Grant & Dawson, 1978

3 Kleiber, 1947

4 McNab, 1980

5 Frey, 1980

6 Gusztak Msc thesis, 2008
7 Hindle et al., 2003

8 Mcintyre et al., 2002

9 Campbell unpublished
10 Geiser, 1988

11 Ochoa-Acuna et al., 2009
12 Williams et al., 2001

13 Mogas et al., 1993

14 Watts et al., 1987

15 Kanwisher & Sundnes, 1965

16 Campbell et al., 1998
17 Haim & Izhaki, 1993

18 MacArthur, 1989

19 Arends & McNab, 2001
20 Blakemore & Jennett, 2001
21 Hochachka et al., 1984
22 Evans et al., 1994

23 Lawrie, 1952

24 Seab and Burns., 1976
25 Peters et al., 1999

26 Schuder et al., 1979

27 Reed et al., 1994

28 Neshumova et al., 1983

29 Blessing & Hartschen-Niemeyer, 1969

30 O'Brien et al., 1992
31 Lestyk et al., 2009

32 Kanatous et al,, 2008
33 Hassrick et al,, 2010
34 Weise & Costa, 2007
35 Richmond et al., 2006
36 Fowler et al., 2007

37 Lenfant et al., 1970
38 This study

39 Castellini & Somero, 1981

40 Lawrie, 1950

41 Reynafarje et al., 1975
42 Dosi et al., 2006

43 Scholander, 1940

44 Tawara, 1950

45 Croll et al,, 2001

46 Noren & Williams, 2000
47 Blessing, 1972

48 Bailey & driedzic, 1992
49 Ordway & Garry, 2004
50 MacArthur et al., 2001
51Aretal, 1977

52 McKean & Carlton, 1977

53 Leniger-Follert & Lubbers, 1973

54 Blessing, 1971

55 Kruuk, 1993

56 Halsey et al., 2006

57 Folkow et al., 2004

58 Schreer & Kovacs, 1997
59 Hays et al., 2007

60 Dyck & Romberg, 2007
61 MacArthur, 1992

62 Irving & Orr, 1935
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Table A8 Myoglobin sequences used to calculate the average myoglobin molecular weight. Molecular weight
from ExPASYy is based on amino acid sequence only.

Molecular

Species Accession . Source
weight
Sperm whale P02185 17,331 ExPASy
Horse P68082 17,083 ExPASy
Saddleback dolphin P68276 17,188 ExPASy
Dwarf sperm whale P02184 17,368 ExPASY
Harbour seal P68080 17,428 ExPASy
Harbour porpoise P68278 17,232 ExPASy
Hubb's beaked whale  P02183 17,267 ExPASy
Grey seal P68081 17,428 ExPASY
Hedgehog P02156 17,115 ExPASy
Aardvark P02164 17,144 ExPASy
Plains viscacha P04250 17,011  ExPASy
Human P02144 17,184 ExPASy
Pig P02189 17,085 ExPASy
River otter P11343 17,168 ExPASy
Mole rat AQJIH7 17,077 ExPASy
Northern gundi P20856 17,075 ExPASy
Spiny rat P04249 16,999 ExPASy
Weasel lemur P02169 17,074 ExPASy
Hanuman langur P68085 17,148 ExPASy
Tree shrew P02165 17,099 ExPASy
Dog P63113 17,337 ExPASy
Mouse P04247 17,070 ExPASy
Badger P02157 17,097 ExPASy
Muskrat P32428 17,268 ExPASYy
Rat Q9QZ76 17,157 ExPASy
Rabbit P02170 17,221 ExPASy
Thick-thiled galago P02168 17,102 ExPASy
Eygptian fruit bat P02163 17,079 ExPASy
- Average 17,173
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Table A9 Measured muscle mass percentages used to calculate the average muscle mass

used throughout this study. A = adult, F = female

muscle mass

Species o, Agel sex  Source
Harp seal 25.6 AIF Lestyk et al., 2009
Hooded seal 28.0 AF Lestyk et al., 2009
California sea lion 37.0 ? Kooyman & Ponganis, 1998
Weddell seal 35.0 ? Kooyman & Ponganis, 1998
Atlantic bottlenose dolphin 30.0 ? Kooyman & Ponganis, 1998
Sperm whale 34.0 ? Kooyman & Ponganis, 1998
Rat (Fisher-344) 35.6 ? Delp et al., 1998
Human 36.0 AF Marieb & Hoehn, 2007
Rhesus monkey 39.6 AF Grand, 1977
Cat 38.3 A Grand, 1977
Koala 34.0 A Grand & Barboza, 2001
Sloth 23.0 A Grand & Barboza, 2001
Bovids (Av. 8 species) 41.5 A/F Grand, 1997

Average 33.66
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ATGGGGCTCAGTGATGGGGAGTGGCAGCTGGTACTGAACACCTGGGGGAAGGTGGAGGCCGACATCCCGGGCTACGGGCAGGAGGTCCTCATCAGGCTCTTCCAGGGCCACCCCGAGACCCTGGAGAAGTTCGAGAAGTT
ATGGGGCTCAGTGATGGGGAGTGGCAGCAGGTGCTGAATATCTGGGGGAAGGTGGAGGCCGACATCCCAAGCCACGGGCAGGCCGTCCTCATCAGGCTGTTCCAGGGTCACCCCGAGACCCTAGAGAAGTTCGACAAGTT
ATGGGGCTCAGTGATGGGGAGTGGCAGCTGGTACTGAACATCTGGGGGAAGGTGGAGGCCGACATCCCGGGCCATGGGCAGGAGGTCCTCATCAGGCTCTTCCAGAGCCACCCTGAGACCCTGGAGAAGTTTGACAAGTT
ATGGGGCTCAGTGATGGGGAGTGGCAGCTGGTGCTGAACGTCTGGGGGAAGGTGGAGGCTGACATCTCCGGCCATGGGCAAGAGGTCCTCATCAGCCTCTTTAAGAGCCACCCTGAGACCCTGGAGAAGTTTGACAAGTT
ATGGGGCTCAGCGACGGGGAATGGCACTTGGTGCTGAACGTCTGGGGGAAGGTAGAGACTGACCTCGCGGGCCATGGGCAGGAGGTCCTCATCAGGCTCTTTAAGAGCCACCCTGAGACCCTGGAGAAGTTTGACAAGTT
ATGGGGCTCAGCGACGGGGAATGGCACTTGGTGCTGAACGTCTGGGGGAAGGTAGAGACTGACCTCGCGGGCCATGGGCAGGAGGTCCTCATCAGGCTCTTTAAGAGCCACCCTGAGACCCTGGAGAAGTTTGACAAGTT
ATGGGGCTCAGCGACGGGGAATGGCACTTGGTGCTGAACGTCTGGGGGAAGGTAGAGACTGACCTCGCGGGCCATGGGCAGGAGGTCCTCATCAGGCTCTTTAAGAGCCACCCTGAGACCTTGGAGAAGTTTGACAAGTT
ATGGGGCTCAGCGACGGGGAATGGCACTTGGTGCTGAACATCTGGGGGAAGGTAGAGACTGATCTCGCGGGCCATGGGCAGGAGGTCCTCATCAGGCTCTTTAAGAGCCACCCTGAGACCCTGGAGAAGTTTGACAAGTT
ATGGGGCTCAGCGACGGGGAATGGCACTTGGTGCTGAACATCTGGGGGAAGGTAGAGACTGACCTCGCGGGCCATGGGCAGGAGGTCCTCATCAGGCTCTTTAAGAGCCACCCTGAGACCCTGGAGAAGTTTGACAAGTT
ATGGGGCTCAGCGACGGGGAATGGCACTTGGTGCTGAACATCTGGGGGAAGGTAGAGACTGACCTCGCGGGCCATGGGCAGGAGGTCCTCATCAGGCTCTTCAGGAGCCACCCTGAGACCCTGGAGAAGTTTGACAAGTT
ATGGGGCTCAGCGACGGGGAATGGCAGTTGGTGCTGAACATCTGGGGGAAGGTAGAGACTGACCTCGTGGGCCATGGGCAGGAGGTCCTCATCAGGCTCTTTAAGAGCCACCCTGAGACCCTGGAGAAGTTTGACAAGTT
ATGGGGCTCAGCGACGGGGAATGGCAGTTGGTGCTGAACATCTGGGGGAAGGTAGAGGCTGACCTCGTGGGCCATGGGCAGGAGGTCCTCATCAGGCTCTTTAAGAGCCACCCTGAGACCCTGGAGAAGTTTGACAAGTT
ATGGGCCTCAGCGACGGGGAATGGCAGTTGGTGCTGAACATCTGGGGGAAGGTAGAGGCTGACCTCGTGGGCCATGGGCAGGAGGTCCTCATCAGGCTCTTTAAGGGCCACCCTGAGACCCTGGAGAAGTTTGACAAGTT
ATGGGGCTCAGCGACGGGGAATGGCACTTGGTGCTGAACGTCTGGGGGAAGGTAGAGACTGACCTCGCGGGCCATGGGCAGGAGGTCCTCATCAGGCTCTTTAAGAGCCACCCTGAGACCCTGGAGAAGTTTGACAAGTT
ATGGGGCTCAGCGACGGGGAATGGCAGTTGGTGCTGAACGTCTGGGGGAAGGTAGAGGCTGACCTCGCGGGCCATGGGCAGGAGGTCCTCATCAGGCTCTTTAAGGGCCACCCTGAGACCCTGGAGAAGTTTGACAAGTT
ATGGGGCTCAGCGACGGGGAATGGCAGTTGGTGCTGAACGTCTGGGGGAAGGTAGAGACTGACCTCGCGGGCCATGGGCAGGAGGTCCTCATCAGGCTCTTTAAGGGCCACCCCGARACCCTGGAGAAGTTTGACAAGTT
ATGGGGCTCAGTGATGGGGAGTGGCAGCTGGTGCTGAACATCTGGGGGAAGGTAGAGGCTGACCTCGCAGGCCATGGGCAGGAGGTCCTCATCAGCCTCTTTAAGAACCACCCCGAGACTCTGGAGAAGTTTGACAAGTT
ATGGGGCTCAGCGACGGGGAATGGCAGTTGGTGCTGAACGTCTGGGGGAAGGTAGAGGCTGACCTCGCGGGCCATGGGCAGGAGGTCCTCATCAGGCTCTTCAAGGGCCACCCCGAGACCCTGGAGARGTTCGACAAGTT
ATGGGGCTCAGCGACGGGGAATGGCAGTTGGTGCTGAACGTCTGGGGGAAGGTGGAGGCTGATGTCGCAGGCCATGGGCAGGAGGTCCTCATCAGGCTCTTTACAGGTCATCCTGAGACCCTGGAGARATTTGAGAAGTT
ATGGTGCTCAGCGACGGAGAATGGCAGTTGGTGCTGAACATCTGGGCGAAGGTGGAAGCTGATGTCGCAGGCCATGGGCAGGATGTCCTCATCAGGCTCTTTAAGGGTCATCCCGAGACCCTGGAGAAATTTGACAAGTT
ATGGGGCTCAGCGAAGCAGAATGGCAGTTGGTGCTGCATGTCTGGGCGAAGGTGGAGGCTGATCTCTCAGGCCACGGGCAGGAAATCCTCATCAGGCTCTTTAAGGGTCATCCCGAGACCCTGGAGAAATTTGACAAGTT
ATGGGGCTCAGCGAAGCAGAATGGCAGTTGGTGCTGCATGTCTGGGCGAAGGTGGAGGCTGATCTCTCAGGCCACGGGCAGGAAATCCTCATCAGGCTCTTTAAGGGTCATCCCGAGACCCTGGAGAAATTTGAAAAGTT
ATGGGGCTCAGCGAAGGAGAATGGCAGCTGGTACTgAATGTCTGGGGGAAGGTGGAGGCTGATCTTGCAGGCCATGGGCAGGACGTCCTCATCAGGCTCTTTAAGGGTCATCCCGAGACCCTGGAGARATTTGACAAGTT
ATGGGGCTCAGCGACGGAGAATGGCAGCTGGTACTGAACGTCTGGGGGAAGGTGGAGGCTGATCTCGCAGGCCATGGGCAGGACGTCCTCATCAGGCTCTTTAAGGGTCATCCCGAGACCCTGGAGAAATTTGACAAGTT
ATGGGGCTCAGCGACGGAGAATGGCAGCTGGTACTGAACGTCTGGGGGAAGGTGGAGGCTGATCTCGCAGGCCATGGGCAGGACATCCTCATCAGGCTCTTTAAGGGTCATCCCGAGACCCTGGAGAAATTTGACAAGTT
ATGGGGCTCAGTGATGGGGAGTGGCAGCTGGTGCTGAGCGTCTGGGGCAAGGTGGAGGCCGACCTCGCCGGCCACGGGCAGGAAGTGCTCATCAGGCTCTTTAAGGATCACCCTGAGACCCTGGAGAAGTTCGACAAGTT
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CAAGAACCTTAAGTCGGAGGGTG CATGAAAGCGTCTGAGGACCTGAAGAAGCACGGCACCAC GTGC TACTGCCCT GGTGGCATCCTCAAGAAGAAGGGGCAGCACCAGGCTGAGCTGGCACCGCTGGCACAGTCTC
CAAGAACCTGAAGTCGGAGGACGAGATGAAGGGGTCCGAGGACCTGAAGAAGCACGGCACCACCGTGCTCACGGCGCTGGGCGGAATCCTCAAGAAGAAGGGGAACCACCAGGCCGAGCTGCAGCCGCTCGCCCAGTCCC
CAAGAACCTTAAGTCGGAGGGTGACATGAAAGCGTCTGAGGACCTGAAGAAGCACGGCACCACGGTGCTCACTGCCCTGGGCGGCATCCTCAAGAAGAAGGGGCAGCACCAGGCTGAGCTGCAGCCTCTGGCACAGTCTC
CAAGAACCTGAAGTCTGAGGGTGAGATGAAGGCCTCTGAGGACCTGAAGAAGCATGGCGCCACCGTGCTCACCGCCCTGGGCGGCATCCTCAAGAAGAAGGGGCAGCATGGGGCCGAGGTGCAGCCTCTGGCCCAGTCCC
CAAGCACCTGAAGTCAGAGGACGACATGAGGCGTTCTGAGGACCTGAGGAAGCACGGCAACACGGTGCTCACGGCCCTGGGGGGCATCCTCAAGAAGAAGGGACATCACGAGGCTGAGCTGAAGCCCCTGGCCCAGTCAC
CAAGCACCTGAAGTCAGAGGACGACATGAGGCGTTCTGAGGACCTGAGGAAGCACGGCAACACGGTGCTCACGGCCCTGGGGGGCATCCTTAAGAAGAAGGGACATCACGAGGCTGAGCTGAAGCCCCTGGCCCAGTCAC
CAAGCACCTGAAGTCAGAGGACGACATGAGGCGTTCTGAGGACCTGAGGAAGCACGGCAACACGGTGCTCACGGCCCTGGGGGGCATCCTCAAGAAGAAGGGACATCACGAGGCTGAGCTGAAGCCCCTGGCCCAGTCAC
CAAGCACCTGAAGTCTGAGGACGACATGAGGCGTTCTGAGGACCTGAGGAAGCACGGCAACACGGTGCTCACGGCCCTGGGGGGCATCCTCAAGAAGAAGGGACATCACGAGGCTGAGCTGAAGCCCCTGGCCCAGTCAC
CAAGCACCTGAAGTCAGAGGATGACATGAGGCGTTCTGAGGACCTGAGGAAGCACGGCAACACGGTGCTCACGGCCCTGGGGGGCATCCTCAAGAAGAAGGGACATCACGAGGCTGAGCTGAAGCCCCTGGCCCAGTCAC
CAAGCACCTGAAGTCAGAGGATGACATGAGGCGTTCTGAGGACCTGAGGAAGCACGGCAACACGGTGCTCACGGCCCTGGGGGGCATCCTCAAGARGAAGGGACATCACGAGGCTGAGCTGAAGCCCCTGGCCCAGTCAC
CAAGCACCTGAAGTCAGAGGACGAGATGAAGCGTTCAGAGGACCTGAAGAAGCATGGCAAAACGGTGCTTACGGCCCTGGGGGGCATCCTCAAGAAGAAGGGACATCACGATGCTGAGCTGAAGCCCCTGGCCCAGTCAC
CAAGCACCTGAAGTCAGAGGACGAGATGAAGCGTTCAGAGGACCTGAAGAAGCATGGCAAAACGGTGCTTACGGCCCTGGGGGGCATCCTCARGAAGAAGGGACATCACGATGCTGAGCTGAAGCCCCTGGCCCAGTCAC
CAAGCACCTGAAGTCAGAGGACGAGATGAAGCGTTCAGAGGACCTGAAGAAGCATGGCARAACGGTGCTTACGGCCCTGGGGGGCATCCTCARGAAGAAGGGACATCACGATGCTGAGCTGAAGCCCCTGGCCCAGTCAC
CAAGCACCTGAAGTCAGAGGACGACATGAGGCGTTCTGAGGACCTGAGGAAGCACGGCAACACGGTGCTCACGGCCCTGGGGGGCATCCTCAAGAAGAAGGGACATCACGAGGCTGAGCTGAAGCCCCTGGCCCAGTCAC
CAAGCACCTGAAGTCAGAGGACGAGATGAAGCGTTCTGAGGACCTGAAGAAGCATGGCAAAACGGTGCTTACGGCCCTGGGGGGCATCTTCAAGAAGAAGGGACATCACGATGCTGAGCTGAAGCCCCTGGCCCAGTCAC
CAAGCACCTGAAGTCAGAGGATGAGATGAAGGCTTCGGAGGACCTGAAGAAACATGGCAACACTGTGCTCACCGCCCTGGGGGGCATCCTCAAGAAGAAGGGGCAGCACGAGGCGGAGCTGAAGCCGCTGGCCCAATCAC
CAAGCACCTGAAGTCGGAGGATGAGATGAAGGGTTCTGAGGACCTGAAGAAGCATGGCAACACTGTGCTCACCGCCCTGGGCGGCATCCTCAAGAAGAAGGGGCAGCACGAGGCAGAGCTGAAGCCGCTGGCCCAGTCAC
CAAGCATCTGAAGTCAGAGGATGAGATGAAGGGTTCTGAGGACCTGAAGAAGCATGGCAACACGGTGCTCACCGCCCTGGGGGGCATCCTCAAGAAGAAGGGGCATCACGAGGCGGAGCTGAAGCCCCTGGCTCAGTCAC
CAAGAACCTGAAGACAGAGGATGAGATGAGGGCCTGTGAGAACCTGAAGAAGCACGGCAACACCGTGCTCACCGCCCTGGGGGGCATCCTCAAGAAGAAGGGGCATCACGAGGAGGAGCTGAAGCCCCTGGCGCACTCCC
CAAGCACCTGAAGACAGAGGCTGAGATGAAGGCCTCAGAGGACCTGAAGAAGCATGGCAACACGGTGCTCACCGCCCTGGGGGGCATCCTCAAGAAGAAGGGGCATCATGAGGCAGAGCTGAARGCCCCTGGCCCAGTCGC
CAAGCACCTGAAGTCAGAGGCTGAGATGAAGGCCTCAGAGGACCTGAAGAAGCATGGCCACACCGTGCTCACCGCCCTGGGGGGCATCCTCAAGAAGAAGGGTCATCATGAGGCGGAGCTGAAGCCCCTGGCCCAGTCGC
CAAGCACCTGAAGTCAGAGGCTGAGATGAAGGCCTCAGAGGACCTGAAGAAGCATGGCCACACCGTGCTCACCGCCCTGGGGGGCATCCTTAAGAAGAAGGGTCATCATGAGGCGGAGCTGAAGCCCCTGGCCCAGTCGC
CAGGCACCTGAAGACAGAGGCTGAGATGAAGGCCTCTGAGGATCTGARGAAGCATGGCAACACCGTGCTCACCGCCCTGGGGGGCATCCTCAAGAAGAAGGGGCATCATGACGCGGAGCTGAARGCCCCTGGCCCAGTCGC
CAAGCACCTGAAGACAGAGGCTGACATGAAGGCCTCAGAGGATCTGAAGAAGCATGGCAACACCGTGCTCACCGCCCTGGGGGCCATCCTCAAGAAGAAGGGGCATCATGACGCGGAGCTGAAGCCCCTGGCCCAGTCGC
CAAGCACCTGAAGACAGAGGCTGACATGAAGGCCTCAGAGGATCTGAAGAAGCATGGCAACACCGTGCTCACCGCCCTGGGGGCCATCCTCAAGAAGAAGGGGCATCACGACGCGGAGCTGARGCCCCTGGCCCAGTCGC
CAAGAACCTGAAGTCGGAGGAGGAGATGAAGGCCTCGGAGGAGCTGAAGAAGCACGGCAGCACGGTGCTCGGGGCGCTGGGGGGCATCCTGAAGARGAAGGGGCAGCACGAGGCGGAGATCAAGCCCCTGGCACAGTCGC
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ACGCCAACAAACACAAGATCCCCATCAAGTACCTGGAGTTCATCTCCGAAGCCATTATCCAGGTCCTGCAGGCCARGCAGGGTGGAAACTTCGGGGCCGACGCCCAGAGCGCCATGAARAAAGGCCTTGCAGCTCTTCCGG
ACGCCAACAAGCACAAGATCCCCATCAAGTACCTGGAGTTCATCTCAGAAGCCATCATTGATGTCCTGAAGGCTAAGCACGGTGGAGACTTCGGGGCCGACGCCCAGGGCGCCATGAGCAAGGCCTTGGAGCTGTTCCGG
ACGCCAACAAGCACAAGATCCCCGTCAAGTACCTGGAGTTCATCTCGGAGGCCATCATCCAGGTCCTGCAGACCAAGCACGGTGGARACTTCGGGGCCGACGCCCAGAGCGCCATGAAGAAGGCCTTGCAGCTCTTCCGG
ACGCCAACAAGCACAAGATCCCCGTCAAGTACCTGGAGTTCATCTCGGAGGTCATCATCCAGGTCCTGCAGAGCAAGCACCCCGGGGACTTCGGCGCCGACGCCCAGGGAGCCATGAGGARAGCCCTGGAGCTGTTCCGG
ATGCCACCAAGCACAAGATCCCCATCAAGTACCTGGAGTTCATCTCAGAAGCCATCATCCATGTCCTGCACAGCAAGCATCCCGCGGAATTCGGCGCCGACGCCCAGGCTGCCATGAARARGGCCCTGGAGCTGTTCCGG
ATGCCACCAAGCACAAGATCCCCATCAAGTACCTGGAGTTCATCTCAGAAGCCATCATCCATGTCCTGCACAGCAAGCATCCCGCGGARATTCGGCGCCGACGCCCAGGCTGCCATGAAAAAGGCCCTGGAGCTGTTCCGG
ATGCCACCAAGCACAAGATCCCCATCAAGTACCTGGAGTTCATCTCAGAAGCCATCATCCATGTCCTGCACAGCAAGCACCCCGCGGRATTCGGCGCCGACGCCCAGGCTGCCATGAAGARGGCCCTGGAGCTGTTCCGG
ATGCCACCAAGCACAAGATCCCCATCAAGTACCTGGAGTTCATCTCAGAAGCCATCATCCAGGTCCTGCACAGCAAGCATCCCGGGGAATTCGGCGCCGACACCCAGGCTGCCATGAARAAGGCCCTGGAGCTGTTCCGG
ATGCCACCAAGCACAAGATCCCCATCAAGTACCTGGAGTTCATCTCAGAAGCCATCATCCATGTCCTGCACAGCAAGCATCCCGCGGAATTCGGCGCCGACACCCAGGCTGCCATGARAAAGGCCCTGGAGCTGTTCCGG
ATGCCACCAAGCACAAGATCCCCATCAAGTACCTGGAGTTCATCTCAGAAGCCATCATCCAGGTCCTGCACAACAAGCATCCCGGGGARATTCGGCGCCGACACCCAGGCTGCCATGAARAAGGCCCTGGAGCTGTTCCGG
ATGCCACCAAGCACAAGATCCCCATCAAGTACCTGGAGTTCATCTCAGAAGCCATCATCCACGTCCTGCACAGCAAGCATCCCGGGGACTTCGGCGCCGACACCCATGCTGCCATGARAAAGGCACTGGAGCTGTTCCGG
ATGCCACCAAGCACAAGATCCCCATCAAGTACCTGGAGTTCATCTCAGAAGCCATCATCCACGTCCTGCACAACAAGCATCCCGGGGACTTCGGCGCCGACACCCATGCGGCCATGAARAAGGCACTGGAGCTGTTCCGG
ACGCCACCAAGCACAAGATCCCCATCAAGTACCTGGAGTTCATCTCAGAAGCCATCATCCACGTCCTGCAGAGCAAGCACCCCGGGGACTTCGGCGCCGACACCCATGCGGCCATGARAAAGGCACTGGAGCTGTTCCGG
ATGCCACCAAGCACAAGATCCCCATCAAGTACCTGGAGTTCATCTCAGAAGCCATCATCCATGTCCTGCACAGCAAGCATCCCGCGGAATTCGGCGCCGACGCCCAGGCTGCCATGAAARAGGCCCTGGAGCTGTTCCGG
ACGCCACCAAGCACARGATCCCCATCAAGTACCTGGAGTTCATCTCAGAAGCCATCATCCAGGTCCTGCAGAGCAAGCATCCCGGGGACTTCGGCGCCGACACCCATGCGGCCATGARAARGGCACTGGAGCTGTTCCGG
ATGCCACCAAGCACAAGATCCCTGTCAAGTACCTGGAGTTCATCTCCGATGCCATCATCCAGGTCCTGCAGAGCAAGCATCCCGGGGACTTTGGCGCCGACGCCCAGGCGGCCATGAAGAAGGCCCTGGAGCTGTTCCGG
ACGCCACCAAGCACAAGATCCCCGTCAAGTACCTGGAGTTCATCTCAGAAGCCATCATCCAGGTCCTGCAGAGGAAGCATTCTGGGGACTTCGGCGCCGACGCCCAGGCGGCCATGAAGAAGGCTCTGGAACTGTTCCGG
ATGCCACCAAGCACAAGATCCCCATCAAGTACCTGGAGTTCATCTCAGAAGCCATCATCCAGGTCCTGCAGAGCAAGCATCCCGGGGACTTCGGTGCCGATGCCCAGGGGGCCATGAGGAAGGCCCTGGAGCTGTTCCGG
ATGCCACCAAACACAAGATCCCCATCAAGTACCTGGAGTTCATCTCGGAAGCCATCATCCACGTTCTGCAGAGCAAGCATCCTGGGGACTTTGGTGCCGACGCCCAGGGAGCCATGAACAAGGCCCTGGAACTGTTCCGG
ATGCCACCAAGCACAAGATCCCCATCARGTACCTGGAGTTCATCTCGGACGCCATCATCCATGTTCTGCACAGCAGGCATCCTGGGGACTTTGGTGCCGACGCCCAGGGAGCCATGAACAAGGCCCTGGAACTGTTCCGG
ATGCCACCAAGCACAAGATCCCCATCAAGTACCTGGAGTTCATCTCGGACGCCATCATCCACGTTCTGCACAGCAAGCATCCTAGTGACT TTGGTGCCGACGCCCAGGGAGCCATGACCAAAGCCCTGGAACTGTTCCGG
ATGCCACCAAGCACAAGATCCCCATCAAGTACCTGGAGTTCATCTCGGATGCCATCATCCACGTTCTGCACAGCAAGCATCCTAGTGACTTTGGTGCCGACGCCCAGGGAGCCATGACCAAGGCCCTGGAACTGTTCCGG
ATGCCACCAAGCACAAGATTCCCATCAAGTACCTGGAGTTCATCTCGGAAGCCATCATCCATGTTCTGCACAGCAGGCATCCTGGGGACTTCGGTGCCGATGCCCAGGGAGCCATGAACAAGGCCCTGGAACTGTTCCGG
ATGCCACCAAGCACAAGATTCCCATCAAGTACCTGGAGTTCATCTCGGAAGCCATCATCCATGTTCTGCACAGCAGGCATCCTGCGGAGTTCGGTGCCGATGCCCAGGGAGCCATGAACAAGGCCTTGGAACTGTTCCGG
ATGCCACCAAGCACAAGATTCCCATCAAGTACCTGGAGTTCATCTCGGAAGCCATCATCCATGTTCTGCACAGCAGGCATCCTGCGGAGTTCGGTGCCGATGCCCAGGGAGCCATGAACAAGGCCCTGGAACTGTTCCGG
ACGCCACCAAGCACAAGATCCCCGTCAAGTACCTGGAGTTCATCTCGGAGGCCATCATCCAGGTCCTGAAGGGCAAGCACTCGGGGGACTTCGGCGACGCCGCTCAGGGCGCCATGAGCAAGGCCCTGGAGCTGTTCCGG

430 440 450 460
R R T FE T R TS ET TS PR Iy (e |
AACGACATTGCCGCCAAGTACAAGGAGCTAGGCTTCCAGGGCTAA
AACGACATCGCCGCCAAGTACAAGGAGCTAGGCTTCCAGGGCTAA
AACGACATTGCCGCCAAGTACAAGGAGCTAGGCTTCCAGGGCTAA
AATGACATGGCTGCCAAGTACAAGGAGCTAGGCTTCCAGGGCTAA
AATGACATCGCTGCCARATACAAGGAGCTGGGGTTCCATGGCTAA
AATGACATCGCTGCCARATACAAGGAGCTGGGGTTCCATGGCTAA
AATGATATCGCTGCCAAATACAAGGAGCTGGGGTTCCATGGCTAA
AACGACATCGCTGCCARATACAAGGAGCTGGGGTTCCATGGCTAA
AATGACATCGCTGCCAAATACAAGGAGCTGGGTTTCCATGGCTAA
AATGACATCGCTACCAAATACAAGGAGCTGGGTTTCCATGGCTAA
AATGACATCGCTGCCAAATACAGGGAGCTGGGTTTCCAGGGCTAA
AATGACATCGCTGCCAAATACAGGGAGCTGGGTTTCCAGGGCTAA
AATGACATCGCTGCCAAATACAGGGAGCTGGGGTTCCAGGGCTAA
AATGACATCGCTGCCAAATACAAGGAGCTGGGGTTCCATGGCTAA
AATGACATCGCTGCCAAATACAGGGAGCTGGGGTTCCAGGGCTAA
AATGACATCGCTGCCAAGTACAAGGAGCTGGGGTTCCAGGGCTAA
AACGACATCGCTGCCAAGTACAAGGAGCTGGGATTCCAGGGCTAA
AATGACATTGCTGCCAAGTACAAGGAGCTGGGGTTCCAGGGCTAA
AACGACATCGCCGCCAAGTACAAGGAGCTGGGCTTCCAGGGCTAA
AAGGACATCGCCGCCAAGTACARAGGAGCTGGGCTTCCAGGGCTAA
AAGGACATCGCCGCCAAGTACAAGGAGCTGGGCTTCCATGGCTAA
AAGGACATCGCCGCCAAGTACAAGGAGCTGGGCTTCCATGGCTAA
AAGGACATCGCCGCCAAGTACAAGGAGCTGGGCTTCCATGGCTAA
AAGGACATCGCCGCCAAGTACAAGGAGCTGGGCTTCCATGGCTAA
AAGGACATCGCCGCCAAGTACAAGGAGCTGGGCTTCCATGGCTAA
AACGACATCGCCGCCAAGTACAAGGAGCTAGGCTTCCAGGGCTAA

Figure A1 Mammalian myoglobin nucleotide alignment for species newly sequenced in this study. Red text indicates nucleotides that were influenced by the 5’
forward primer taken from Bianchi et al., (2005) which overlaps the coding sequence. Tissue samples from these species either ran out or subsequent tissues were

too degraded to determine the 5° end, once a primer had been established in the 5> end un-translated region (UTR). However the Bianchi et al. primer was also used

to initially sequence the 5° end of the water shrew, when the water shrew was re-sequenced with the 5° UTR primer, sequence did not alter. This region is highly
conserved among mammalian species and the influence of the forward primer does not affect amino acid sequence in terms of charge and Mb buffer value
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Norway Rat
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To Rodentia
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