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ABSTRACT
Hypoxia inducible factors (HIFs) are transcription factors and the master regulators of
oxygen-dependent gene expression in animals. The focus of this thesis is the distribution of HIF
protein in tissues of the fish Fundulus heteroclitus and F. grandis, two widespread species that
occur in naturally hypoxic waters. Polyclonal antibodies against HIF-1α, HIF-2α, and HIF-3α
were tested on proteins made in vitro and on extracts made from several tissues of normoxic and
hypoxic fish. Antibodies against HIF-1α and 3α bound specifically to full length protein made in
vitro, and produced bands on western blots of nuclear extracts of near the expected molecular
weights for these proteins. Hypoxic exposure did not markedly increase the intensity of these
bands, and mass spectrometry failed to identify HIF-1α and 3α peptides in excised gel bands.
Thus, further tests of antibody specificity are needed before the tissue distribution of HIF in these
fish can be confidently assessed.

Key words: Atlantic killifish, Fundulus grandis, Fundulus heteroclitus, Gulf killifish, HIF-1α,
HIF-2α, HIF-3α, hypoxia, hypoxia inducible factor, mummichog, normoxia, fish, transcription
factors, western blotting
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INTRODUCTION
Most metazoans require oxygen to survive (50). Hypoxia, or reduced levels of oxygen,
results in a decrease in ATP production by mitochondrial oxidative phosphorylation, which in
turn negatively impacts the cell’s functioning (48). Effects of hypoxia can be pathological
conditions, such as stroke, cancer, lung disease, heart disease, tumor cell malignancy, ischemia,
or death (23, 31, 56).
Despite this reliance upon oxygen for life, hypoxia is a natural occurrence in estuaries
and coastal waters. For instance, there is a hypoxic zone in the northern Gulf of Mexico (59).
Over the past 25 years, the prevalence of aquatic hypoxia has increased due to eutrophication
caused by increased nutrient inputs (36). During warmer months, hypoxic stress is worse because
higher temperatures increase biological activity that consumes oxygen and decreases the
solubility of oxygen in water (6). Since fish experience wide variations of oxygen levels in their
natural environment, studying the regulation of oxygen-dependent gene expression is
ecologically important, and may provide insights into the hypoxic responses of other vertebrates
(33, 40, 58).

The Hypoxia Inducible Factor, HIF-1
The hypoxia inducible factor-1 (HIF-1), a transcription factor discovered about two
decades ago, has an essential role in the maintenance of oxygen homeostasis in animals. HIF-1
was discovered in mammalian cells based on its binding to a Hypoxia Responsive Element
(HRE) located in the 3’-flanking region of the human EPO gene (51). In mammals, HIF-1 has
been found to control the expression of hundreds of genes that either promote oxygen delivery to
cells or allow cells to survive oxygen deprivation (48).
1

HIF is a dimer of two non-identical subunits (α and β). HIF-α members only dimerize
with β members, whereas the β subunits can dimerize with non-HIF transcription factors (22).
The α subunit of HIF-1 is known as HIF- 1α, and its concentration is regulated by the amount of
oxygen present. HIF-β is the β subunit of the HIF-1 dimer, and it is constitutively expressed and
oxygen-independent. The HIF-1β subunit was originally identified as the aryl hydrocarbon
receptor nuclear translocator (ARNT). In metazoans, there are three HIF-α family members
(HIF-1α, HIF-2α, and HIF-3α) and three β family members (HIF-1β/ARNT1, HIF-2β/ARNT2,
HIF-3β/ARNT3).
Both the α and the β subunits are members of the basic helix-loop-helix Per-ARNT-Sim
(bHLH-PAS) family of transcription factors. The bHLH and PAS domains are found in the
amino terminal half of HIF-αs and HIF-βs, and these domains are required for dimerization and
DNA binding (22). The carboxyl half of the α subunits contains transcriptional activation
domains (TAD) whose activity is regulated by the amount of oxygen present (22, 49) (Figure
1.1). Both HIF-1α and HIF-2α contain two transactivation domains called the NTAD and CTAD,
and can activate transcription when bound to DNA in complex with a β subunit. HIF-1α is found
in many different types of cells, whereas HIF-2α expression is restricted to a limited number of
cell types (22). The importance of HIF-3α with respect to transcriptional regulation is less clear.
At least one HIF-3α isoform, referred to as Inhibitory PAS Domain Protein (IPAS), is generated
by alternative splicing of HIF-3α, and can act as a dominant- negative regulator of HIFs (22, 28).
The mechanisms associated with HIF-α activation are centered around the oxygen
dependent degradation domain (ODD). In the presence of oxygen, two proline residues in the
ODD are hydroxylated by prolyl hydroxylase domain proteins (PHDs). The target residues are
P402 and P564 in human HIF-1α (49). The oxygen dependence of PHDs was verified in vivo
2

Figure 1.1: Schematic representation of HIF-α and HIF-β domains. Positions of all elements are
approximate. Modified amino acid residues are shown above the schematic. Pro is proline, Asn
is asparagine, bHLH is basic helix-loop-helix, PAS is Per/Arnt/Sim, NTAD is N-terminal
transactivation domain, CTAD is C-terminal transactivation domain, ODD is the oxygendependent degradation domain. Figure modified from reference 22.

using a hypoxia gradient, where PHD activity decreased with increasing hypoxia. The results
mirrored the characteristics of HIF induction, further showing that PHDs are oxygen sensors that
regulate HIF (14). Hydroxylation of HIF-α promotes its interaction with a ubiquitin ligase. There
is pVHL (von Hippel- Lindau)-dependent polyubiquitylation and destruction of HIF-1α by the
26S proteasome (20, 21, 22, 48). By this action, oxygen directly regulates the half-life of HIF-α
(22, 48) (Figure 1.2).
In the presence of oxygen, Fe2+, and 2-oxoglutarate, HIF-α is also hydroxylated by
factor-inhibiting HIF (FIH) on an asparagine residue. This action prevents the coactivators from
binding, representing another level of control by oxygen. So even though low levels of HIF-1α
are present under normoxia, their transcriptional activity is low due to asparagine hydroxylation
(22).
3

Under hypoxic conditions, PHD activity decreases, the rate of hydroxylation slows, and
there is less proteasomal degradation (22, 49). The HIF-α subunits accumulate, dimerize with
HIF-β, translocate to the nucleus, recruit accessory proteins CREB binding protein (CBP) and
p300, and activate transcription of genes that help the cells to deal with the low oxygen stress
(Figure 1.2). HIF target genes usually have the HIF-binding site 5’ –RCGTG- 3’ (22), although a
different sequence of 5'-GATGTG-3' was discovered in the lactate dehydrogenase-B gene of
Fundulus heteroclitus (37). Many of these genes influence acute or chronic adaptation to
hypoxia.
The result is that HIF induces the transcription of dozens of genes, including the gene that
encodes erythropoietin, to make more red blood cells to carry more oxygen to hypoxic tissues
(61). Some other examples are genes that regulate glucose uptake and metabolism, iron transport,
angiogenesis, vasomotor function, cell survival, cell proliferation, and apoptosis (49, 56).

Studies on HIF in fish
Little is known about HIFs in fish compared to what is known about mammalian HIF
(49). Just as in mammals, in fish, there are physiological and biochemical changes that occur in
the organism to cope with the environmental stress of hypoxia. These changes in fish during
hypoxia may be caused by HIF-1 (58).
HIFs have been identified and studied in some species of fish. There are many
similarities, but there are also differences in HIFs that have been found in fish. Fish represent an
extremely large and divergent vertebrate group. This can partially explain why among fish HIF1α, great variations exist in sequences, challenging the study of HIFs in fish. This is different
from what is observed in other vertebrate groups, such as mammals, where the similarity among
4

mammalian HIF-1α is very high (58). Mammals have at least three different HIF-α subunits,
protein paralogs expressed in a tissue-specific manner (HIF-1α, HIF-2α, and HIF-3α). In
contrast, the functional properties of fish HIFs are poorly understood, and many assumptions are
made based on mammalian studies (35). The three HIF-α genes have been identified from many
fish species, and the HIF-α genes of mammals and other vertebrates are grouped separately from
teleost HIF-α genes (Figure 1.3).

Figure 1.2: Simplified representation of HIF-α regulation under normoxic and hypoxic
conditions. Under normoxia, HIF-α degradation is initiated by the prolyl hydroxylase enzyme
(PHD), which hydroxylates two proline residues. HIF-α is polyubiquitylated by pVHL, and
targeted for degradation by the 26S proteasome. Under hypoxia, PHD activity decreases. HIF-α
stabilizes because degradation is blocked. HIF-α subunits begin to accumulate and form a dimer
with HIF-β. This creates a transcriptionally active dimer that recruits coactivators p300 and CBP.
The entire complex moves to the nucleus and binds to hypoxia response elements (HRE) of
DNA which changes the expression of these genes. Proline (pro) residues are shown above the
HIF-α subunit. Figure modified from reference 59. Purple oval is CBP. Orange square is p300.
Green cylinder is the 26S proteasome.
5

Figure 1.3: Phylogenetic tree displaying 3 HIF-α genes. I.Townley and B.B.Rees, unpublished
data.
In fish, HIF-1α mRNA can be expressed under both normoxic and hypoxic conditions
(58). There are several studies that suggest HIF in fish is regulated in part by changes in mRNA
levels in fish exposed to hypoxia (7, 24, 26, 36, 41, 43, 52, 55, 58, 59). In Micropogonias
undulates (Atlantic croaker), HIF-1α and HIF-2α mRNAs are highly expressed in the brain,
6

heart, liver, and gonads under hypoxic conditions, whereas muscle tissues show lower levels of
expression (36). In sea bass (Decentrarchus labrax), the mRNA copy number was higher in the
liver, with lower expression levels being detected in brain, heart, muscle, and kidney, and
negligible expression in the spleen (58). This differs from Eurasian perch (Perca fluviatilis),
where HIF-1α was expressed under hypoxia in several different tissues, with the highest
expression in heart, spleen, brain, and eye (41).
In a field study, gonadal HIF-1α and HIF-2α mRNA expression was significantly
elevated in Atlantic croaker from hypoxic sites. Similar patterns of HIF-1α and HIF-2α mRNA
expression were observed in controlled hypoxia laboratory studies with this species (59). At least
two studies displayed some differences between the expression of HIF-1α, HIF-2α, and HIF-3α
(7, 52). In Wuchang bream (Megalobrama amblycephala), HIF-1α and 2α mRNAs have
different expression patterns under hypoxia. During hypoxia, the mRNA levels of HIF-2α were
upregulated significantly in liver and kidney. There were no significant changes seen in HIF-1α
mRNA in liver and kidney. These results could indicate that HIF-1α and 2α in Wuchang bream
have different functions under normoxia and hypoxia (52). In Chinese sucker, HIF-1α and 3α
mRNA were highly expressed in the liver and gonads. HIF-2α mRNA expression pattern was
similar to 1α and 3α, but its expression was low during hypoxia (7).
Two studies analyzed expression pattern during embryonic and larval development.
Zebrafish HIF-1α and HIF-2α are both expressed throughout development in certain areas.
Although HIF- 1α and HIF- 2α overlap in some places, in others their patterns are mutually
exclusive, and in some tissues the expression of HIF-1α is replaced by that of HIF-2α. Results
suggest that the two genes might have partially overlapping, although non-redundant functions in
development (43). When measuring mRNA expression levels of all three HIF-αs, the results of a
7

second study showed increases in HIF-1α and 3α under hypoxia (24). HIF-1α mRNA transcript
levels could be useful as a molecular biomarker, providing valuable information on aquatic
hypoxia response in fish (41).

HIF protein in fish
The first study of the expression and function of HIF-1α in fish was published in the 2001
paper by Soitamo and colleagues. Rainbow trout and chinook salmon cells were incubated at
different oxygen concentrations from 20 to 0.2% O2 for 1 hour. The greatest amount of HIF-1α
protein was found at 5% O2 (38 torr), which is a typical tension of venous blood in normoxic
animals (54). Later, HIF-1α protein was found to be present in relatively large quantities under
normoxic conditions in crucian carp (Carassius carassius), suggesting a role at high oxygen
levels (55). This study showed individual variation in HIF-1α levels that could be partially
explained by fish size. This could be related to different metabolic rates (55). In crucian carp,
HIF- 1α protein was often present during normoxia, but was found to be stabilized during
hypoxia. In this study, there was also some weight-dependent variation present (42). Increased
HIF- 1α protein levels in hypoxia have also been observed in the zebrafish (24, 25). An increase
in HIF-1α protein was measured in hypoxic zebrafish larvae (24).
The deduced amino acid sequences for fish HIF-1α and HIF-2α have high similarity to
orthologous proteins from other vertebrates (26, 36, 52, 54, 58). One fish HIF study identified,
characterized, and isolated the cDNA of HIF-2α from the estuarine teleost, Fundulus
heteroclitus. The ODD was found to have diverged from well-conserved mammalian sequences,
suggesting the possibility of important functional differences (35). Protein stability experiments
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have shown that there may be a high degree of evolutionary conservation in the degradation of
HIF-1α protein (54).
There have been attempts to relate the oxygen demand of a species to the amino acid
composition of HIF. In sea bass, the amino acid that aligns with human position 28 in the bHLH
domain is cysteine, like in salmonids, and not serine, like in the hypoxia-tolerant cyprinids.
Rytkönen et al (2007) were the first to hypothesize that the substitution cysteine/serine in this
position correlates with a species-specific oxygen demand (45, 58). Teleost HIF-1α has a short
region that is enhanced with acidic amino acids, and teleosts lack two cysteine residues, which
varies from the amino acid sequence in tetrapods and shark (44).
Chen et al reported that hypoxia sensitive and tolerant fishes could potentially be
identified according to the number of serine residues of the fish ODD domain. Cyprinomorpha
fishes with less than forty serine residues in the ODD domain could be classified as hypoxia
sensitive. Those with greater than forty serine residues could be labeled as hypoxia-tolerant (7).

Oxygen-independent functions of HIF
HIF-1α and Glut 1 (glucose transporter and HIF target gene) were measured in naked
carp (Gymnocypris przewalskii) in response to hypoxia. It was found that Glut 1 mRNA
expression increased after eight to twenty-four hours of hypoxia in brain, heart, liver, and muscle
(6). Another set of experiments tested the effects of short term copper exposure on the gill
structure and HIF-1α levels in rainbow trout. The results showed that after four hours of
exposure to copper, hypoxia is induced in the gill, causing activation of HIF-1α (18).
Other studies have focused on the effects of temperature on HIFs. In crucian carp, a fish
that regularly faces large fluctuations in its core body temperature, HIF-1 DNA binding activity
9

increased with falling temperatures, demonstrating greater sensitivity to lowered temperature
than to hypoxia. HIF-1 is involved in controlling gene responses to both oxygen and temperature
in crucian carp (42). Similarly, in the North Sea eelpout (Zoarces viviparous), HIF-1 DNA
binding activity in the liver increases after cold stress. The conclusion was that HIF may be used
in fish during adaptation to cold temperatures (19).

Antibodies
One critical technique for assessing protein abundance in cells and tissues is western
blotting. For western blotting, proteins are separated in a gel according to their size, the proteins
in the gel are transferred to a blot, the blot is probed with antibodies, and the antigen bands are
detected. Effective western blotting is dependent on the specificity of the antibodies used.
Unfortunately, understanding the dynamics of HIF-α protein in fish has been hampered by the
lack of reagents that recognize the protein from fish. Some antibodies that exist are specific for
HIF-1α in Rainbow trout (54), and there is also a commercially available HIF-2α antibody (36).
For a zebrafish study, a HIF-1α polyclonal antibody was generated in rabbits, then affinity
purified (24). For the same study, they used a HIF-3α antibody that was found to be effective
(24).
The HIF-α antibodies used for these experiments are polyclonal antibodies. Polyclonal
antibodies are the most widely used type of antibody for western blotting. They contain the
whole inventory of antibodies circulating in the immunized animal at the time its serum was
collected. They exhibit more versatility than monoclonal antibodies, which bind to only one
epitope (the region of an antigen that interacts with an antibody), and can be more useful when
trying to identify a particular part of an antigen. One challenge that arises when using
10

monoclonal antibodies is that they may not recognize the epitope if it has been denatured in some
way (17).
Although using rabbits and other mammals to create antibodies is a more common
method, there are many advantages to using chicken antibodies (5). Housing chickens is
inexpensive, egg collection is noninvasive, isolating the IgYs is simple, and a very low amount
of the antigen is required. Camenisch et al produced a polyclonal HIF-1α antibody in chicken,
and a monoclonal HIF-1α antibody in mice. The monoclonal antibody produced much more
restrictive results, and could not be used with all the techniques tested (5).

Research goals
The aim of this thesis is to measure HIF-1α, 2α, and 3α in the two closely related fish:
Fundulus heteroclitus (Atlantic killifish or mummichog) and Fundulus grandis (Gulf killifish).
F. heteroclitus inhabit the Atlantic coast and is a highly adaptable species of killifish that can
survive at low oxygen levels. F. grandis occupies the marshes of the Gulf of Mexico and also
demonstrates a high tolerance to stresses in the environment. The ability of these fish species to
face extreme variations in oxygen makes them great models for studying hypoxia- related topics
(1, 4).
F. heteroclitus can grow in a wide variety of oxygen concentrations, and can compensate
for the initial effects that hypoxia has on their growth (39). At low oxygen concentrations,
Fundulus utilize aquatic surface respiration (ASR) in an attempt to avoid oxygen deprivation (9,
27), which is possible because of the size and position of their head and mouth (9). Increased
lactate levels were measured in F. grandis and F. heteroclitus tissues below the critical oxygen
concentration, indicating increased use of anaerobic metabolism during hypoxic conditions (9,
11

60). Metabolic enzymes were shown to respond to hypoxia in a tissue-specific manner (30). A
study using F. grandis suggested that an increase in body size could be a useful strategy for
minimizing the effects of hypoxia (16).
The available antibodies do not cross-react with the HIF-α subunits of F. grandis and F.
heteroclitus. Six custom made polyclonal HIF-α antibodies were used, since commercially
available HIF-α antibodies are not useful for the species that were studied: HIF-1α, HIF-2α, and
HIF-3α IgYs from chickens and HIF-1α, HIF-2α, and HIF-3α IgGs from rabbits. The three
chicken HIF-α antibodies were created from recombinant protein expressed in E. coli. The three
rabbit HIF-α antibodies were created from amino acid peptide sequences.
To satisfy the aim of this thesis, western blotting was performed on various tissues of the
fish after they were subjected to different oxygen concentrations. In the process of trying to
identify HIF, efforts were made to verify that the bands recognized by the antibodies were, in
fact, HIF. Molecular weight, nuclear localization, and hypoxic induction were used as evidence
that the bands recognized by the antibodies were really the proteins of interest. In addition, some
samples were analyzed by mass spectrometry in attempts to confirm protein identity.
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MATERIALS AND METHODS
Animals and hypoxia exposures
Tissues of normoxic Fundulus heteroclitus were kindly provided by Sibel Karchner and
Mark Hahn (Woods Hole Oceanographic Institution, Woods Hole, MA, USA). Liver, muscle,
ovary, testis, intestine, brain, spleen, kidney, gill, and heart were dissected, frozen in liquid
nitrogen, shipped to UNO on dry ice, and kept at -80 °C until used. Fundulus grandis were
purchased from the Rigolet’s Baitshop (Slidell, LA, USA) and kept in 40 l aquaria at room
temperature (19-23 °C) in dechlorinated tap water adjusted with Instant Ocean Synthetic Sea Salt
to 9-12 ppt. Each tank had 8-12 fish. Aquarium water was filtered and aerated. Water was
partially changed once per week. Fish were acclimated to the laboratory conditions for at least 2
weeks and fed 4-5 times per week with TetraMin Tropical Flake food. Fish were not fed for 24
hours prior to and during experimental exposures. All research conformed to national and
institutional guidelines for research on vertebrate animals (protocol no. UNO-12-002).
Three hypoxia exposures of different durations were done using F. grandis (Table 2.1).
For each, hypoxia was achieved by gassing the aquarium water with a mixture of air and
nitrogen to achieve approximately 15% air saturation (1.2 mg/l). Two of the exposures included
normoxic control tanks which contained fish exposed to atmospheric air only. The dissolved
oxygen (DO) in mg/l, temperature (°C), and salinity (ppt) were measured at regular intervals
with a YSI Model 85 handheld oxygen, conductivity, salinity, and temperature system (Yellow
Springs, OH, USA). Oxygen dropped to target values within 2 h of the start of gassing and
remained relatively stable thereafter (Figure 2.1). The difference between each exposure was the
times that fish were sampled. Exposure 1 lasted for 3 h. Exposure 2 lasted for 96 h, and there
were 3 sample times: 24, 48, and 96 h. The duration of Exposure 3 was 48 h.
13

At the desired time points, fish were euthanized with tricaine methanesulfonate (MS
222). An approximately equal number of males and females were sampled for each time point,
and the mass of each fish was recorded (Table 2.2). Tissues dissected were liver, muscle,
intestine, gill, kidney, brain, spleen, heart, testis, and ovary. Kidney was not dissected for
Exposure 1. Tissues were frozen immediately in liquid nitrogen, then kept on dry ice until stored
at -80 °C.

Figure 2.1: Dissolved oxygen levels in normoxic and hypoxic exposure (Exposure 3). Solid line
is normoxia. Dotted line is hypoxia.
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Table 2.1. Treatment Conditions of Laboratory F. grandis Exposures.
Dissolved Oxygen (mg/l)

Temperature (°C)

Salinity (ppt)

Exposure

Treatment

Duration (h)

Mean

Range

Mean

Range

Mean

1

Normoxia

3

8.2

8.2-8.3

19.5

19.3-19.8

9.0

8.9-9.0

Hypoxia

3

1.3

1.2-1.6

19.7

19.5-19.9

9.1

9.1

Normoxia

48

7.7

7.6-8.0

22.5

21.1-22.9

11.7

11.6-11.8

Hypoxia

24

1.2

1.0-1.4

21.3

21.1-21.6

11.7

11.6-11.7

Hypoxia

48

1.2

1.0-1.6

22.5

21.3-23.1

12.4

12.4-12.6

Hypoxia

96

1.4

1.2-1.8

21.6

21.2-22.1

12.1

12.0-12.3

Hypoxia

48

1.4

1.3-1.6

22.5

22.2-23.6

10.0

9.9-10.1

2

3

15
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Table 2.2. Mass and Sex of F. grandis Used in Experimental Exposures.
Males
Exposure Treatment
1

2

3

Females

Duration (h)

n

Mass (g) ± S.D.

n

Mass (g) ± S.D.

Normoxia

3

2

4.1 ± 0.3

6

5.2 ± 1.3

Hypoxia

3

3

5.2 ± 0.3

5

4.2 ± 0.5

Normoxia

48

4

4.0 ± 0.5

5

6.0 ± 2.7

Hypoxia

24

5

7.7 ± 3.7

3

6.6 ± 1.2

Hypoxia

48

4

4.8 ± 2.9

4

6.4 ± 1.4

Hypoxia

96

4

5.9 ± 1.4

4

6.5 ± 2.9

Hypoxia

48

4

5.7 ± 0.4

4

5.0 ± 1.9
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Preparation of nuclear and cytoplasmic extracts
Three techniques were used to prepare nuclear and cytoplasmic extracts. In the first
technique (used with normoxic F. heteroclitus), nuclear extracts from about 100 mg of tissue
were prepared by modification of a standard protocol (11, 55). In some cases, tissues of multiple
fish were pooled. Frozen tissues were ground to a powder under liquid nitrogen using a mortar
and pestle. Powdered tissues were homogenized using a 7 ml dounce homogenizer in 1 ml of
buffer A (10 mM HEPES pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 0.1 mM EDTA, 0.6 % Igepal CA
630, 0.5 mM DTT, 0.2 mM PMSF, and 25 µg/ml MG- 132) with ten strokes with the type-A
pestle followed by three strokes with the type-B pestle. Homogenates were allowed to settle
under gravity for 20 min. The supernatants were removed and centrifuged at 800 x g for 5 min at
4 °C. This second supernatant was removed and stored at -80 °C as the cytoplasmic extract. The
nuclear pellet was resuspended in 100 µl of Buffer C (20 mM HEPES pH 7.9, 25 % glycerol,
0.42 M NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT, 25 µg/ml MG- 132, and 0.5 mM
PMSF) and vortexed for 30 sec. Samples were incubated on ice for 30 min with vortexing for 30
sec every 10 min. Samples were centrifuged 16,000 x g for 10 min at 4 °C. The supernatant was
removed, and stored at -80 °C as the nuclear extract.
In the second technique (used with Exposure 1), the procedure above was modified by
passing the extract through syringe needles to further disrupt cells and macromolecular
aggregates. Tissues were ground and homogenized as above, except Buffer A was supplemented
with 1% Halt Protease Inhibitor Cocktail (Thermo Scientific), 0.7 mM spermidine, and 0.15 mM
spermine (no PMSF was added). Homogenates were allowed to settle under gravity for 30 min.
This extract was centrifuged 800 x g, and the resulting supernatant was discarded. One milliliter
of buffer A was added to the pellet. The suspension was slowly drawn into a syringe and needle,
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and contents were ejected with a single stroke. This was done five times with a 20 gauge needle
and one time with a 25 gauge needle. The suspension was centrifuged at 800 x g for 15 min at 4
°C. The supernatant was removed and frozen at -80 °C as the cytoplasmic extract. Nuclear pellet
was resuspended in Buffer C (400 µl for muscle, and 200 µl for other tissues). Buffer C is the
same as Buffer C above, except 1% Halt Protease Inhibitor Cocktail was added and PMSF was
not included. The suspension was slowly drawn into a syringe and needle, and contents were
ejected with a single stroke. This was done 5 times with a 20 gauge needle and 1 time with a 25
gauge needle. Samples were incubated on ice for 30 min with vortexing for 30 sec every 10 min.
Nuclear suspension was centrifuged at 16,000 x g for 10 min at 4 °C. Supernatant was frozen at 80 °C as the nuclear extract.
The third technique used to prepare nuclear extracts involved ultracentrifugation through
a sucrose cushion and was used for Exposures 2 and 3. It was necessary to pool tissues from
several fish to get about 0.5- 1 g of tissue. A mortar and pestle was used to grind frozen tissues
into a powder under liquid N2. A volume of 10 ml of homogenization buffer (HB) was added to a
15 ml dounce homogenizer. Tissue powder was homogenized in HB using 10 passes with the
type-A pestle followed by 4 passes with the type-B pestle. Cushion buffer (CB) was added to the
homogenate at a 1:1 ratio. A volume of 6.5 ml of this mixture was gently placed on top of 4 ml
CB in 11 ml Beckman ultracentrifuge tubes. This step was repeated for 2 additional tubes.
Samples were centrifuged in Beckman L-60 ultracentrifuge at 23,000 rpm (about 90,000 x g) for
1 h at 4 °C in Beckman SW 41 Ti rotor (Beckman, Palo Alto, CA, USA). A sub-sample of the
supernatant was kept and placed at -80 °C as the cytoplasmic extract. The supernatants, including
the interface and CB, were then aspirated. Liquid was aspirated. Pellets were resuspended in
nuclei storage buffer (NSB). Nuclei extraction buffer (NEB) was added as 1:1 ratio of NSB to
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NEB. Samples were mixed end to end for 35 min at 4 °C. Samples were centrifuged 20,817 x g
(14,000 rpm) for 20 min at 4 °C. Supernatants were concentrated using centrifugal filter units (10
kD MWCO, Millipore, Billerica, MA, USA), while also changing solution to exchange buffer
(EB). Buffers used for this technique: HB (10 mM HEPES pH 7.5, 5 mM KCl, 0.75 mM
spermidine, 0.15 mM spermine, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 10% (w/v)
sucrose, 1% (v/v) Halt Protease Inhibitor Cocktail, and 25 µg/ml MG-132); CB (HB, containing
72% sucrose instead of 10%); NSB (25% (w/v) glycerol, 50 mM HEPES pH 7.5, 3 mM MgCl2,
0.1 mM EDTA, 1 mM DTT, 1% (v/v) Halt Protease Inhibitor Cocktail, 25 µg/ml MG-132); NEB
(15% (w/v) glycerol, 840 mM NaCl, 1.5 mM spermidine, 0.3 mM spermine, 1 mM DTT, 1%
(v/v) Halt Protease Inhibitor, 25 µg/ml MG-132); EB (20% (w/v) glycerol, 25 mM HEPES pH
7.5, 1 mM DTT, 50 mM NaCl, 1% (v/v) Halt Protease Inhibitor Cocktail, 25 µg/ ml MG-132).
Protein concentrations of all nuclear and cytoplasmic extracts were determined by using
the Bicinchoninic assay (BCA), with bovine serum albumin standards. Samples were read in
triplicate. The method used was from Smith et al as modified by Brown et al (3, 53).

HIF-α antibodies
For each HIF-α, a 11-15 kDa fragment of each HIF-α protein was cloned and expressed
in Escherichia coli (Townley et al, unpublished). Two hens were immunized for each HIF-α, and
IgYs were isolated from clutches of 6 eggs per hen (Aves, Tigard, OR, USA). The recombinant
F. heteroclitus sequences used for the immunizations: HIF-1α (amino acids 406-510, 104 amino
acids), ELQPQDCLYDLLKEQPDALTLLAPAAGDMIISLDFSRPETEPQLLKDVPLYSDVM
LPSADDKLALPLSPLSPTEPLEASSCEEAKPDGFAPAVSTSPPRKPSDVD; HIF-2α (amino
acids 500-636, 136 amino acids), SSPGDYYSSVESDQRLELTEKLFALETEGNDSDAHTEE
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DLSDLDLETLAPYIPMDGEDFQLNPIIPESEPLEVAQTGSMGSMSNLNIHQSCNNVASLFQ
PLTSPRQPQNRYPPQPQASWATGERRGSNPASVDTRQR; HIF-3α (amino acids 529-647,
118 amino acids), DFQLTFLSDLPEEADKPSPLMFDAARVLPAVAVSRKRTHDSDREASPQ
LLLQDKRQKQEPSSIEEDLLLSHRLLGSLEDSDQPDLILVSGRSQLLTDRDPVLGGVSELC
DTAALMRDIF.
Rabbit HIF-α antibodies were created using synthetic peptide sequences (15 amino acids)
unique to each HIF-α. Two rabbits were immunized for each HIF-α, and then the serum was
collected from each animal. Anti-HIF-α IgGs were obtained by affinity purification of serum
pooled from 2 rabbits (Affinity BioReagents, Golden, CO, USA). Sequences used for the peptide
epitopes of the HIF-α subunits: HIF-1α (amino acids 393-407), EKTLEVIKLFTQVEL; HIF-2α
(amino acids 389-403), DSLFTTFKEEPDELA; HIF-3α (amino acids 504-518), RKKHAVEDIE
GKELE.
The ARNT antibody is commercially available monoclonal mouse IgG from Human
ARNT, and was created against amino acids 771-789 SYNNEEFPDLTMFPPFSE (Thermo
Scientific MA1-515, Rockford, IL, USA). The anti-histone H3 polyclonal antibody rabbit
antibody is also commercially available, and the immunogen was a synthetic peptide
corresponding to the carboxy-terminal sequence of human histone H3 (Thermo Scientific PA517697, Rockford IL, USA).

TNT lysates
The TNT Coupled Reticulocyte Lysate Systems kit from Promega (L4611) was used to
make full length HIF-1α, 2α, 3α, and ARNT from plasmids containing the cDNA from F.
heteroclitus. Reactions were performed as in Promega’s manual, with the addition of 200 µg/ml
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MG- 132. Transcend™ detection system was included for colorimetric detection and product
verification (Promega, Madison, WI, USA). The Transcend™ reagent incorporates biotinylated
lysines into newly synthesized proteins, which can be detected by streptavidin alkaline
phosphatase to assess the size of in vitro transcribed and translated proteins. Full length HIF
proteins were used as positive controls for western blotting, and lysate volumes of 2-5 µl were
used for SDS-PAGE.

Western blotting
Proteins were analyzed by western blotting following sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS- PAGE). SDS- PAGE was performed using 4- 12%
Bis-tris NuPage gels (Invitrogen, Grand Island, NY, USA) and 1X MOPS SDS Running Buffer
(Invitrogen NP0001, 50 mM MOPS, 50 mM Tris Base, 0.1% SDS, 1 mM EDTA, pH 7.7).
Biotinylated molecular weight markers (Cell Signaling, Danvers, MA, USA) and Prestained
molecular weight markers (Invitrogen) were used. Gels were run at 150 V for 1 h. Transfer was
performed at 100 V and 10 °C for 2 h, onto a polyvinylidene difluoride (PVDF) membrane, and
using 1X Transfer Buffer (Invitrogen NP0006-1, 25 mM Bicine, 25 mM Bis-Tris [free base], 1
mM EDTA, pH 7.2, 20% methanol, 0.05% SDS). Blocking steps and antibody incubations were
performed using 5% dry milk in TBS-T (0.05% Tween 20 from Sigma, St. Louis, MO, USA, in
20 mM Tris pH 7.6, 150 mM NaCl). Anti-HIF-1α, 2α, and 3α antibodies (Aves for chicken or
ABR for rabbit) were used at 1:1000. Anti-ARNT antibody (Thermo Scientific) was used at
1:1000. Anti-histone H3 antibody (Thermo Scientific) was used at 1:2000. Wash steps were
performed using TBS-T. Horseradish peroxidase-conjugated secondary antibodies were from
Thermo Scientific and used at 1:5000. Blots were incubated for 1 min using enhanced
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chemiluminescence western blotting detection reagents. An equal mix of solutions A and B were
used. Solution A contains 100 mM Tris pH 8.5, 2.5 mM luminol, and 0.4 mM p-coumaric acid.
Solution B contains 100 mM Tris pH 8.5 and 0.02% H2O2. Images were obtained with
ChemiDoc XRS and analyzed by Quantity One software (Bio-Rad, Hercules, CA, USA). When
necessary, blots were stripped and reprobed following standard protocols.

2D electrophoresis
Approximately 1 mg of nuclear protein was precipitated with trichloroacetic acidacetone (10). Sample was resuspended in rehydration buffer containing 7 M urea, 2 M thiourea,
2% CHAPS, 40 mM DTT, 0.5% IPG buffer (3- 10 NL GE Health Care, Pittsburgh, PA, USA),
and 0.001% bromophenol blue. Protein concentrations were verified by Amersham Biosciences
2D Quant Kit (GE Health Care). Duplicate samples of 300 µg each were used from pooled gill
tissue. For muscle, two samples of 150 µg each were used. The first dimension of electrophoresis
was isoelectric focusing (IEF) using immobilized pH gradient (IPG) strips with Ettan IPGphor II
Isoelectric Focusing Unit (GE Health Care). Samples were loaded as a maximum volume of 250
µl on 13 cm 3-10 NL IPG strips, and active rehydration was performed overnight. The six step
protocol was 30 V for 10 h (step), 500 V for 1 h (step), 1000 V for 1 h (gradient), 8000 V for 2.5
h (gradient), 8000 V for 55 minutes (step), and 300 V for a 1 h (step) for a total of ~20.5 kVhr.
After the first dimension IPG strips were incubated for 10 min in 6 M urea, 75 mM Tris- HCl pH
8.8, 30 % glycerol (v/v), 2 % SDS (w/v), and 1 % DTT (w/v). Then, the IPG strips were
incubated for 10 min in 6 M urea, 75 mM Tris- HCl pH 8.8, 30 % glycerol (v/v), 2 % SDS (w/v),
and 2.5 % iodoacetamide (w/v). The second dimension was SDS- PAGE in 10% polyacrylamide
gels (37.5:1 acrylamide: bisacrylamide). Gels were 16 cm x 18 cm x 1.5 mm. IPG strips were
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fixed on top of gel using Bio-Rad ReadyPrep Overlay Agarose. Gels were electrophoresed at 15
mA per gel for 15 min followed by 40 mA per gel for 4 h at 25 °C using Laemmli buffer (25 mM
Tris base, 192 mM glycine, 0.1% SDS). One of each duplicate gel was used for a colloidal
coomassie blue staining, and the other was used for western blotting. Western blot transfer was 2
Amps (24 V) for 30 min using Towbin transfer buffer (25 mM Tris base, 192 mM glycine, 20%
methanol, 0.05% SDS).

Coomassie staining of gels
Gels were stained using a modified version of the colloidal Coomassie protocol (35). The
gels were fixed for 3 h in 200 ml 50% (v/v) ethanol and 3% (v/v) phosphoric acid. Gels were
washed with water for 5 min, then stained overnight in 300 ml of 34% (v/v) methanol, 6% (w/v)
ammonium sulfate, 2% (v/v) phosphoric acid, and 0.1% (w/v) Coomassie brilliant blue G-250.
Gels were destained with water for 3-4 days and imaged using Quantity One.

Spot excision and digestion with trypsin
Protein spots (3 mm) were excised manually and destained as follows. Gel pieces were
washed with 500 µl of water. Then gel pieces were incubated in 200 µl of the following solutions
successively, each for 10 min with frequent vortexing: 50 mM ammonium bicarbonate
(NH4HCO3); 50% acetonitrile and 50 mM NH4HCO3 solution; 100% acetonitrile. The 3 steps
were repeated until colloidal coomassie blue was removed (about 6 times). In-gel digestion steps
were performed as follows. The gel pieces were then immersed in 100 µl of 10 mM DTT in 50
mM NH4HCO3 and incubated for 1 h at 45°C. After cooling to room temperature, this solution
was replaced with 100% acetonitrile and incubated for 10 min. This solution was replaced with
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100 µl of 55 mM iodoacetamide in 50 mM NH4HCO3 and incubated at room temperature for 45
min in the dark with occasional vortexing. Gel pieces were washed with 50 mM NH4HCO3, then
dehydrated with 100% acetonitrile for 10 min. The liquid phase was removed using vacuum
centrifugation for 15 min. A solution of 50 mM NH4HCO3 and trypsin (250 ng of mass
spectrometry grade trypsin from Promega per gel piece) was added to the gel pieces for 20 min
at 4°C. Another 20 µl of 50 mM NH4HCO3 without trypsin was added, and gel pieces were
incubated overnight at 37°C.
The next day, liquid was removed from the tubes and placed into a clean tube.
Acetonitrile (100%) was added to the gel spots. To extract peptides, gel pieces were incubated in
50 µl of the following reagents, each for 10 min with frequent vortexing, and the steps were as
follows: 1.) added 25 mM NH4HCO3, 10 min later replaced with 100 % acetonitrile, 2.) replaced
with 25 mM NH4HCO3, 10 min later added 100% acetonitrile (step 2 was repeated), 3.) replaced
with 100% acetonitrile. Acetonitrile was removed. The pooled supernatants were vacuumconcentrated using a speed-vac without heat for 3 h. Dried peptides were kept at -20°C until
analysis.
All chemicals were of reagent or electrophoresis grade and, unless specified above, were
purchased from GE Health Care, Bio-Rad Laboratories, Sigma Chemical Company, or Fisher
Scientific (Pittsburgh, PA, USA). Water was reagent-grade (Milli-Q, Millipore, Billerica, MA,
USA).

Mass spectrometry and database searches
HPLC and MS/MS was performed at the Research Institute for Children (New Orleans)
by Dr. Yang Cai. LC–MS/MS was performed on a LTQ linear ion trap mass spectrometer
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(ThermoElectron, San Jose, CA) equipped with electrospray ionization source and coupled with
nano-flow LC system. Vacuum-concentrated samples were suspended in 25 µl of 3% acetonitrile
and 5% formic acid in a ninety six well microtiter plate and 8 µl of sample was injected.
Electrospray was performed by setting the needle voltage at 2.65 kV. The capillary temperature
was held at 200 °C, with a potential of 49 V. Samples were first loaded on a C18 trap column
and washed with 3% acetonitrile and 0.1% formic acid for 60 min for desalting, then the purified
peptides were eluted to a reverse-phase C18 analytical column (PicoFrit Column: 75 µm ID, 15
µm tip ID, packed with 5 µm Bio BasicTM C18, 10 cm length, New Objective, Woburn, MA,
USA) by a 60 min linear gradient of buffer A (0.1% formic acid: 97% water: 3% acetonitrile
v/v/v) to buffer B (0.1% formic acid: 3% acetonitrile: 97% water v/v/v) at a flow rate of 200 ~
500 nl/min. Separated peptides were analyzed under the data-dependent acquisition mode set by
Xcalibur, 2.2 version (Thermo Electron). After a MS survey scan over the m/z range of 3002000, the three most intense precursors were selected and subjected to fragmentation by
collision-induced dissociation. The normalized collision energy was set at 30% with activation Q
value being 0.25 and dynamic exclusion of 120 s. HPLC grade solvents were used.
The mass spectral raw data were processed by Bioworks software, version 3.3 (Thermo
Electron, Waltham, MA, USA). Tandem mass spectra were searched using SEQUEST against a
nonredundant ray-finned fishes (Actinopterygii) protein database (downloaded from NCBI, July
20, 2012) augmented with sequences of (F. heteroclitus HIF-1α, HIF-2α, and HIF-3α) (13 and
unpublished). Parameters for SEQUEST database search were set as follows:
carbamidomethylation of cysteine (+ 57.02 Da) as a fixed modification; oxidation of methionine
(+ 15.99 Da) as a variable modification; and up to 2 missed cleavage sites. The output for the
search results was filtered by cross-correlation score [XCorr] which must be ≥ 3.0 for triply
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charged ions, ≥ 2.5 for doubly charged ions, ≥ 2.0 for singly charged ions, and protein
probability had to be < 10-3. MS/MS fragment tolerance = 1.0 amu. When the matches were a
proteins of unknown function, sequences were compared to other fish sequences using BLAST
to determine potential homologs (2).
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RESULTS
Validation of HIF-α antibodies using in vitro transcribed and translated proteins
Figure 3.1A shows the colorimetric determination of the full length protein products
made by Promega TNT lysates using F. heteroclitus HIF-1α (Lane 1), HIF-2α (Lane 2), HIF-3α
(Lane 3), and ARNT or HIF-β (Lane 4). Each lysate produced a protein of the size corresponding
to the intact respective protein. All proteins appear at the expected molecular weights (84 kDa
for HIF-1α, 96 kDa for HIF-2α, 74 kDa for HIF-3α, 80 kDa for ARNT). This is verification that
these proteins were made in vitro.
Next, SDS-PAGE and western blotting were performed using in vitro transcribed and
translated full length HIF-α subunits to determine the specificity of the HIF-α IgYs and IgGs
(Figure 3.1B-F). When these lysates were probed with anti-HIF-1α IgYs from two hens (Figure
3.1B), both showed a band corresponding to HIF-1α, although the intensity of the band was
greater for IgYs from one hen (#6210) compared to the other (#6209). When lysates were probed
with anti-HIF-2α IgYs, only one (#6212) recognized a band in the HIF-2α lysate; however, IgYs
from both hens showed a band in HIF-3α lysates (Figure 3.1C), indicating that these IgYs were
not specific for HIF-2α. For HIF-3α, IgYs from #6213 produced a darker band when compared
to the antibody that was produced in hen #6214 (Figure 3.1D). Subsequent experiments used
IgYs from hens #6210 (HIF-1α), #6212 (HIF-2α), and #6213 (HIF-3α).
Rabbit anti-HIF-α IgGs were also used to probe western blots for TNT lysates of the full
length HIF-α subunits. Although two animals were immunized for each HIF-α, sera were pooled
prior to affinity purification of the anti-HIF-α IgGs. When using the HIF-1α antibody, a faint
band was observed for the HIF-1α TNT lysate (Figure 3.1E). The rabbit HIF-2α antibody bound
to proteins in all four lanes of the western blot, indicating poor specificity (Figure 3.1E). The
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rabbit HIF-3α IgG produced an intense band in the lane corresponding to the HIF-3α TNT lysate
(Figure 3.1E). Finally, a commercially available ARNT antibody was used to probe western blot
for ARNT. Binding to the ANRT TNT lysate using this antibody produced a dark band in the
appropriate lane of the western blot (Figure 3.1F).
When using HIF-α protein made in vitro, the chicken and rabbit HIF-1α and 3α
antibodies were specific for HIF-1α and 3α, respectively. The HIF-2α antibodies were not
specific for HIF-2α.
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Figure 3.1: Immunoblot assessment of HIF-α antibody specificity. (A) Full length HIF proteins
made by Promega TNT lysate reactions. Figures B-F are western blots. (B) TNT lysates probed
with a HIF-1α antibody produced in chicken # 6209 (left) or chicken # 6210 (right). (C) TNT
lysates probed with HIF-2α antibody produced in chicken # 6211 (left) or chicken #6212 (right).
(D) TNT lysates probed with HIF- 3α antibody produced in chicken # 6213 (left) or chicken #
6214 (right). (E) TNT lysates probed with rabbit HIF- 1α antibody (left), HIF- 2α antibody
(middle), or HIF-3α antibody (right). (F) TNT lysates probed with monoclonal mouse antiARNT antibody. For all panels, TNT lysates used were HIF- 1α (1α), HIF-2α (2α), HIF-3α (3α),
and ARNT (β). All lysates were loaded as a volume of 2-5 µl.
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Western blotting of tissues from normoxic F. heteroclitus
Nuclear extracts were used for SDS-PAGE and western blotting to determine the
presence of HIF-α in various tissues of normoxic F. heteroclitus. Using chicken IgYs, a single
band was seen in skeletal muscle nuclear extracts probed for HIF-1α (Figure 3.2A). No bands
were observed in other in other tissues from normoxic fish (Figure 3.2A, B). When using the
anti-HIF-2α IgYs, no bands were seen in any of the tissues used (Figure 3.2C, D left hand lanes).
Also, as seen before, the anti-HIF-2α IgYs bound to both the HIF-2α and HIF-3α TNT lysates.
Because of the poor specificity of HIF-2α IgYs and the lack of bands in western blots of nuclear
extracts probed with them, no further data will be shown for HIF-2α. Banding patterns and
intensities using the anti-HIF-3α IgYs were variable; multiple bands were seen in all tissues, but
the sizes of the bands varied among tissues (Figure 3.2E, F). Most of the bands in Figure 3.2E
and F were near the size of the HIF-3α positive control. Using the ARNT (HIF-β) antibody, a
band near the correct size was seen in liver, muscle, testis, ovary, and brain (Figure 3.2G, H).
In western blots of cytoplasmic extracts (not shown), there were no bands seen using the
chicken HIF-1α antibody. When using the chicken HIF-3α antibody, there was faint (possibly
nonspecific) banding in some liver, brain, and muscle samples. The HIF-2α antibody did not
bind to any proteins in cytoplasmic extracts near the molecular weight of the positive control.
ARNT was mostly absent from the cytoplasmic extracts. Blots probed with the pre-immune
serum for the chicken HIF-1α antibodies show no bands, which partially confirms the specificity
of the HIF-1α IgY.
The chicken HIF-1α and 3α antibodies showed promising protein bands in nuclear
extracts. The chicken HIF-2α antibody showed no protein bands in western blots.
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Figure 3.2: Western blotting of nuclear extracts from tissues of normoxic F. heteroclitus. (A, B)
Nuclear extracts probed with chicken HIF-1α antibody. (C, D) Nuclear extracts probed with
chicken HIF-2α antibody. (E, F) Nuclear extracts probed with chicken HIF-3α antibody. (G, H)
Nuclear extracts probed with monoclonal mouse anti-ARNT antibody. For all blots: L, liver; M,
muscle; I, intestine; O, ovary; T, testis; G, gill; K, kidney; B, brain; S, spleen; H, heart. Liver,
muscle and intestine are loaded as nuclear extracts from individual animals. All other tissues
were pooled to make nuclear extracts. An amount of 30 µg of protein was loaded per nuclear
extract lane. Positive controls are shown in the left hand lanes and correspond to TNT lysates of
F. heteroclitus HIF-1α (1α), HIF-2α (2α), HIF-3α (3α), and ARNT (β), all at a volume of 2-5 µl.
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Short-term hypoxic exposure of F. grandis
Because HIF-α protein levels are expected to increase during hypoxia, F. grandis were
exposed to low oxygen for 3 h (Exposure 1). Fundulus grandis were used in these exposures
because they are locally available. In addition, I assessed whether passing the tissue extracts
through syringe needles to further disrupt cells and aggregates improved the yield of HIF-α
proteins observed in western blotting. Finally, to determine the recovery of a constitutively
expressed nuclear antigen, I measured Histone H3 in these experiments.
Figure 3.3A shows that the chicken HIF-1α antibody recognized protein in muscle that
appeared to be about 75 kDa, smaller than the protein bands recognized by the rabbit HIF- 1α
antibody, which were around 100 kDa (Figure 3.3B). Variable and faint bands were observed in
liver and ovary using the rabbit HIF-1α antibody, and migrated near 100 kDa (Figure 3.3B).
There was a large increase in band intensity in muscle when using the syringe technique (Figure
3.3A, B, compare + and - lanes), but no effect of hypoxic exposure (compare N and H).
Using the chicken HIF-3α antibody, there were few to no bands present (Figure 3.3C).
The rabbit HIF- 3α antibody recognized protein in muscle, liver, and ovary (Figure 3.3D). No
bands show changes in intensity due to the syringe technique (compare + and -) or hypoxic
exposure (compare N and H). When probing blots with the anti-histone H3 antibody, there
appeared to be consistency in the ability to collect nuclear protein, within each tissue type
(Figure 3.3E). Histone H3 was not seen in cytoplasmic extracts (not shown).
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Figure 3.3: Western blotting with tissues of F.grandis exposed to 3 h hypoxia. (A) Probed with
chicken HIF-1α antibody. (B) Probed with rabbit HIF-1α antibody. (C) Probed with chicken
HIF-3α antibody. (D) Probed with rabbit HIF-3α antibody. (E) Probed with anti- histone H3
antibody. For all images, L, liver; M, muscle; O, ovary; N, normoxia; H, hypoxia; - , extracts
created without syringe; +, extracts created using syringe. Tissues were pooled to make nuclear
extracts. An amount of 20 µg of protein was loaded per nuclear extract lane. Protein ladder is
indicated in kDa.
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Figure 3.4 shows the results of western blots with nuclear and cytoplasmic extracts
prepared from other tissues of F. grandis after 3 h hypoxia. The extracts were prepared using the
syringe technique. When using the chicken HIF-1α antibody, there was banding seen in intestine,
heart, and brain around 75 kDa, although a more prominent band was seen for muscle (Figure
3.4A). The cytoplasmic extracts show faint bands in testis, muscle, and heart (Figure 3.4B). The
bands in muscle appears to be around 80 kDa and not 75 kDa as seen in the nuclear extracts.
When probing nuclear extracts with the rabbit HIF-1α antibody, there was a band in every tissue
around 100 kDa (Figure 3.4C). Band intensity varied, but was the greatest in gill. Some tissues
show multiple protein bands of different molecular weights. Only intestine and brain showed a
possible increase in band intensity in the hypoxic sample (Figure 3.4C). In cytoplasmic extracts
probed with the rabbit HIF-1α antibody, gill and spleen show bands around 100 kDa (Figure
3.4D), although the bands in gill are less intense than they were in nuclear extracts probed with
the same antibody. When using the chicken HIF-3α antibody, nuclear extracts show a band at 6065 kDa in testis, and no bands in other tissues (Figure 3.4E). The corresponding cytoplasmic
extracts for all tissues appear to have no nonspecific bands (Figure 3.4F), showing that the HIF-α
antibodies do not recognize the protein that they bound to in nuclear extracts. Nuclear extracts
probed with the rabbit HIF-3α antibody showed bands in all tissues around 50-60 kDa (Figure
3.4G). The corresponding cytoplasmic extracts show similar bands in testis, muscle, and brain
only (Figure 3.4H), indicating possible nuclear protein in the cytoplasm or nonspecific binding to
cytoplasmic proteins. There were no bands seen for gill, intestine, heart, or spleen cytoplasmic
extracts.
The chicken IgYs and rabbit IgGs recognized prominent bands in Figures 3.3 and 3.4,
some of which appeared to be enriched in the nuclear extracts when compared to the cytoplasmic
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extracts. In order to identify the proteins responsible for these bands, selected nuclear extracts
were run in parallel for western blotting (Figure 3.5A, B) and total protein staining (Figure
3.5C). The latter was then used to digest hypoxic nuclear extract bands of interest to analyze by
mass spectrometry.
Results of LC MS/MS analysis are displayed in Table A.1. Prominent coomassie blue
band at 100 kDa that co-migrated with a band observed in western blot probed with rabbit antiHIF-1α IgG was identified as alpha-actinin in three tissues: gill (band 2), skeletal muscle (band
4), and heart (band 20). A band around 75 kDa in western blots probed with chicken anti-HIF-1α
and anti-HIF-3α IgYs was identified as heat shock protein 70 from coomassie-stained gel (band
12, 14, 16, 22). A band at 120 kDa seen in intestine extract on the western blot using the HIF-1α
rabbit antibody was identified as myosin from the corresponding gel (band 6). Lower molecular
weight bands that co-migrated with an immunoreactive band using chicken or rabbit HIF-3α
antibodies were identified as Pl10 (band 18) and beta-tubulin (band 8, 10), respectively. A
positive control band from skeletal muscle was identified as creatine kinase (band 24). None of
the proteins matched by mass spectrometry were HIF subunits.
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Figure 3.4: Western blotting with tissues of F. grandis exposed to 3 h hypoxia. (A) Nuclear
extracts probed with chicken HIF- 1α antibody. (B) Cytoplasmic extracts probed with chicken
HIF-1α antibody. (C) Nuclear extracts probed with rabbit HIF- 1α antibody. (D) Cytoplasmic
extracts probed with rabbit HIF-1α antibody. (E) Nuclear extracts probed with chicken HIF- 3α
antibody. (F) Cytoplasmic extracts probed with chicken HIF-3α antibody. (G) Nuclear extracts
probed with rabbit HIF- 3α antibody. (H) Cytoplasmic extracts probed with rabbit HIF-3α
antibody. For all blots M, muscle; I, intestine; T, testis; G, gill; B, brain; S, spleen; H, heart. For
each tissues, left band is normoxia and right band is hypoxia. Tissues were pooled to make
nuclear and cytoplasmic extracts. An amount of 20 µg of protein was loaded per extract lane.
Protein ladder is indicated in kDa.
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Figure 3.5: Western blotting and Coomassie staining of 1D gels. Figure A and B are western
blots. (A) Nuclear extracts probed with HIF-1α chicken antibody and HIF-3α chicken antibody.
(B) Nuclear extracts probed with HIF-1α rabbit antibody and HIF-3α rabbit antibody. (C)
Coomassie-stained gel of the same nuclear extracts as (A) and (B) after excision of bands of
interest. M, muscle; I, intestine; T, testis; G, gill; B, brain; H, heart. All pairs of lanes are shown
as normoxic extract on the left and hypoxic extract on the right, except for heart which is a
normoxic extract only in figures (A) and (B). An amount of 20 µg of protein was loaded in all
extract lanes. Protein ladder is indicated in kDa.
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Longer-term hypoxia exposure of F. grandis
Hypoxia exposures 2 and 3 were performed to incorporate improvements such as a longer
hypoxic exposure, preparing better nuclear extracts, and using 2D instead of 1D gel
electrophoresis. Exposures 2 and 3 lasted for 96 h and 48 h, respectively, and included a
normoxic control at 48 h for exposure 2. Nuclear and cytoplasmic extracts were prepared using a
sucrose cushion technique, and pooling tissues from several animals. This technique produces
high quality nuclei, although it takes longer than the syringe techniques used previously,
increasing the potential degradation of HIF-α subunits. Figure 3.6 shows nuclei from ovary tissue
when using the sucrose cushion technique. Similar images were obtained with liver and muscle
(not shown), although the yield of nuclei from muscle was extremely low (Table 3.1).
Figures 3.7-3.10 show western blots from nuclear and cytoplasmic extracts of fish from
exposure 2. In these figures, most of the TNT lysate positive controls appear as smears, and may
have degraded. When the skeletal muscle extracts were probed with the chicken HIF-1α preimmune IgYs, a single band was seen in the nuclear extracts at 75 kDa (Figure 3.7A). When the
corresponding chicken HIF-1α antibody was used, the band at 75 kDa was more intense and
appeared as a doublet (Figure 3.7B). The length of hypoxia did not have a significant effect on
band intensity when measured using Quantity One, although the band for 96 h visually appears
darker than the others in figure 3.7B. Using the rabbit HIF-1α pre-immune serum, the blot
showed no bands (Figure 3.7C), but the rabbit HIF-1α antibody produced a band around 100 kDa
(Figure 3.7D). The chicken HIF-3α pre-immune serum was not used with skeletal muscle
extracts in Figure 3.7 due to limited amounts of nuclear extract from this tissue (Table 3.1). The
chicken and rabbit HIF-3α antibodies produced similar bands in the nuclear extracts, one fainter
band around 100 kDa and one darker band around 75 kDa (Figure E, F). The band for 48 h
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hypoxia appears darker than the surrounding bands in Figure 3.7E, but this was not found to be
significant.

Figure 3.6: Nuclei extracted from ovary of F. grandis, viewed at 1000X using oil immersion. (A)
Stained with Trypan Blue. (B) Stained with DAPI.
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Table 3.1. Nuclear protein yields for exposure 2.

Tissue
Skeletal
muscle

Gill

Liver

Ovary

Duration
(h)
48 N

Mass
(g)
1.74

Nuclear
protein
Yield (µg)
58

24 H

1.77

48

48 H

1.82

27

96 H

1.70

20

48 N

0.46

689

24 H

0.71

870

48 H

0.65

1545

96 H

0.65

1357

48 N

0.62

531

24 H

1.39

617

48 H

0.78

523

96 H

0.90

451

48 N

0.35

389

24 H

0.34

230

48 H

0.54

532

96 H

0.66

380

Notes: N is normoxia. H is hypoxia.
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Figure 3.7: Western blots of nuclear and cytoplasmic extracts from F. grandis skeletal muscle.
(A) Nuclear and cytoplasmic extracts probed with chicken HIF-1α pre-immune serum. (B)
Nuclear and cytoplasmic extracts probed with chicken HIF-1α antibody. (C) Nuclear and
cytoplasmic extracts probed with rabbit HIF-1α pre-immune serum. (D) Nuclear and cytoplasmic
extracts probed with rabbit HIF-1α antibody. (E) Nuclear and cytoplasmic extracts probed with
chicken HIF-3α antibody. (F) Nuclear and cytoplasmic extracts probed with rabbit HIF-3α
antibody; The numbers aligned to the left of blots A, C, and E represent the molecular weight
marker in kDa; 1α, 2α, 3α, and β represent TNT lysates; N, 1, 2, and 4 represent the number of
days for the hypoxia exposure, with N being the 48 hour normoxic sample. NE represents
nuclear extracts; CE represents the cytoplasmic extracts. An amount of 10 µg of protein was
loaded in all extract lanes.
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Figure 3.8 shows clean blots after probing with pre-immune sera for both the rabbit and
the chicken antibodies of HIF-1α and HIF-3α using gill nuclear and cytoplasmic extracts (Figure
3.8A, C, E, G). There was a faint band present in the nuclear extracts around 75 kDa when using
the chicken HIF-1α antibody, but this band was darker in the cytoplasm (Figure 3.8B). There
was a dark protein band around 100 kDa in the nuclear extracts when using the rabbit HIF-1α
antibody (Figure 3.8D), and a fainter band around 80 kDa. There was a band in the 3α positive
control lane and a faint band in the nuclear extracts around 75 kDa using the HIF-3α chicken
antibody (Figure 3.8F), although a darker band of the same size appeared in the cytoplasmic
extracts. There was also a faint band seen around 60 kDa in the nuclear extracts. When using the
rabbit HIF-3α antibody, there was a doublet band around 60 kDa only seen in nuclear extracts
(Figure 3.8H).
In western blots using liver nuclear and cytoplasmic extracts, probing with the preimmune serum for chicken and rabbit HIF-1α and 3α antibodies produced no binding in the
nuclear extracts (Figure 3.9A, C, E, G), and faint bands in the cytoplasmic extracts. The chicken
HIF-1α antibody produced a band around 140 kDa, which was darker in the cytoplasmic extracts
than nuclear extracts (Figure 3.9B). The rabbit HIF-1α antibody showed no bands (Figure 3.9D).
When using the chicken HIF-3α antibody, a faint band was seen in the nuclear extracts at 140
kDa, but was darker in the cytoplasmic extracts (Figure 3.9F). Finally, when using the rabbit
HIF-3α antibodies, bands appeared around 60 and 140 kDa in the nuclear extracts, and a band
was also around 140 kDa in the cytoplasmic extracts (Figure 3.9H). In all blots, there appeared to
be no obvious change in band intensity with duration of hypoxia.
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Figure 3.8: Western blots of nuclear and cytoplasmic extracts from F. grandis gill. Blots A-F all
contain nuclear and cytoplasmic extracts. (A) Probed with chicken HIF-1α pre-immune serum.
(B) Probed with chicken HIF-1α antibody. (C) Probed with rabbit HIF-1α pre-immune serum.
(D) Probed with rabbit HIF-1α antibody. (E) Probed with chicken HIF-3α pre-immune serum.
(F) Probed with chicken HIF-3α antibody. (G) Probed with rabbit HIF-3α pre-immune serum.
(H) Probed with rabbit HIF-3α antibody. The numbers aligned to the left of blots A, C, E, and G
represent the molecular weight marker in kDa; 1α, 2α, 3α, and β represent TNT lysates; N, 1, 2,
and 4 represent the number of days for the hypoxia exposure, with N being the 48 hour normoxic
sample. NE represents nuclear extracts and CE represents the cytoplasmic extracts. An amount
of 20 µg of protein was loaded in all extract lanes.
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Figure 3.9: Western blots of nuclear and cytoplasmic extracts from F. grandis liver. Blots A-F all
contain nuclear and cytoplasmic extracts. (A) Probed with chicken HIF-1α pre-immune serum.
(B) Probed with chicken HIF-1α antibody. (C) Probed with rabbit HIF-1α pre-immune serum.
(D) Probed with rabbit HIF-1α antibody. (E) Probed with chicken HIF-3α pre-immune serum.
(F) Probed with chicken HIF-3α antibody. (G) Probed with rabbit HIF-3α pre-immune serum.
(H) Probed with rabbit HIF-3α antibody. The numbers aligned to the left of blots A, C, E, and G
represent the molecular weight marker weights in kDa; 1α, 2α, 3α, and β represent TNT lysates;
N, 1, 2, and 4 represent the number of days for the hypoxia exposure, with N being the 48 hour
normoxic sample. NE represents nuclear extracts and CE represents the cytoplasmic extracts. An
amount of 20 µg of protein was loaded in all extract lanes.
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Figure 3.10 shows western blotting with nuclear and cytoplasmic extracts from ovary.
Blots probed with HIF-1α and 3α pre-immune serum from rabbit and chicken antibodies show no
protein bands in the nuclear extracts (Figure 3.10A, C, E, G). In blots probed with chicken HIF1α, there is a faint band in the nucleus around 75 kDa that has about the same intensity in the
lanes for the cytoplasmic extracts (Figure 3.10B). There was also a band seen in the lane of the
HIF-1α positive control (Figure 3.10B). The blot probed using the rabbit HIF-1α antibody
resembled the pre-immune blots (Figure 3.10D). When using the chicken HIF-3α antibody, there
was a doublet protein band around 80 kDa, and the smaller band of the doublet was possibly
present in the cytoplasmic extracts (Figure 3.10F). There was also a faint band around 50 kDa
and a band in the 3α positive control lane. For the western blot probed with the rabbit HIF-3α
antibody, there were prominent bands around 60 kDa in the nuclear extracts, and around 50 kDa
in the cytoplasmic extracts (Figure 3.10H). There was also a band seen in the 3α positive control
lane. There was no apparent increase in the band intensities on any blots as a result of hypoxia.

2D gel electrophoresis, western blotting, and protein identification
One-dimensional gel electrophoresis produced protein bands that likely contain numerous
proteins of similar molecular weight to the HIF-α subunits. It is possible that the abundance of
other proteins in those bands prevented identification the HIF-α subunits by mass spectrometry
(Table A.1). To separate proteins of similar molecular weight, isoelectric focusing and SDS
PAGE were performed with muscle and gill nuclear extracts (exposures 3 and 2, respectively).
This was followed by western blotting, Colloidal Coomassie Blue protein staining, and mass
spectrometry analysis of selected spots.
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Figure 3.10: Western blots of nuclear and cytoplasmic extracts from F. grandis ovary. (A)
Probed with chicken HIF-1α pre-immune serum. (B) Probed with chicken HIF-1α antibody. (C)
Probed with rabbit HIF-1α pre-immune serum. (D) Probed with rabbit HIF-1α antibody. (E)
Probed with chicken HIF-3α pre-immune serum. (F) Probed with chicken HIF-3α antibody. (G)
Probed with rabbit HIF-3α pre-immune serum. (H) Probed with rabbit HIF-3α antibody. The
numbers aligned to the left of blots A, C, E, and G represent the molecular weight marker
weights in kDa; 1α, 2α, 3α, and β represent TNT lysates; N, 1, 2, and 4 represent the number of
days for the hypoxia exposure, with N being the 48 hour normoxic sample. NE represents
nuclear extracts and CE represents the cytoplasmic extracts. An amount of 20 µg of protein was
loaded in all extract lanes.
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Muscle nuclear extracts were selected based on immunoreactive band at 75 kDa using the
chicken HIF-1α antibodies (Figure 3.7B). The 2D blot of muscle nuclear extract shows a protein
spot around 75 kDa when probed with the chicken HIF-1α antibody (Figure 3.11A). Gel spots
corresponding to spots detected by western blotting were excised from a colloidal coomassie
blue-stained gel (Figure 3.11B). Gill nuclear extracts were chosen for 2D electrophoresis based
on the immunoreactive band at 100 kDa using the rabbit HIF-1α antibody (Figure 3.8D). The
blot of gill nuclear extract probed with rabbit HIF-1α antibody shows about two ~100 kDa
protein spots towards the acidic end where HIF-1α should be located (Figure 3.12A). Based on
position in the western blot, protein spots were excised from the colloidal coomassie blue-stained
gel (Figure 3.12B). This experiment was repeated to excise lower abundance proteins. The
second western blot in figure 3.13A appears almost identical to the first gill 2D blot in figure
3.12A. Blots with gill demonstrate the consistency between the technique and the reproducibility
of the results. Spots of the less abundant proteins were excised from the colloidal coomassie
blue-stained gel (Figure 3.13B). No protein spots were seen on western blots using gill nuclear
extracts when using the HIF-1α chicken antibodies (not shown).
After in-gel digestion and LC MS/MS analysis, the proteins identified from peptide
fragments were inspected. Appendix Table A.2 presents the protein identifications for muscle
spots 1, 2a, 2b, 3a, 3b, 4, and 5 (Figure 3.11B). All matched peptides for gill are reported in
Appendix Table A.3, and this corresponds to spots 1-4 (Figure 3.12B) and spots 5-12 (Figure
3.13B).
In 2D gel analysis, myosin-binding protein and beta tubulin were identified from protein
spots around 75 kDa (spots 1 and 2a, respectively) in muscle nuclear extract (Figure 3.11, Table
A.2). Myomesin was identified in spot 5, around 160 kDa. At 55-60 kDa in muscle, the matched
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proteins were pyruvate kinase and phosphoglucose isomerase (spots 3a and 3b, respectively).
Protein in spot 4 around 25-30 kDa was identified as carbonic anhydrase.
Figure 3.12 and Table A.3 show that at ~100 kDa in gill, proteins were identified as
gelsolin, valosin-containing protein, heat shock protein 90, and zinc finger protein homolog
(spots 1, 2, 3, and 4, respectively). Figure 3.13 shows that the protein spots were all excised at
80-100 kDa. Table A.3 shows that spots 5 and 6 are tropomyosin, spot 7 is protein kinase Crelated kinase, spots 8 and 10 are alpha actinin, spot 11 is dystrophin-like, spot 12 is
neurobeachin-like protein. Most 2D spots were removed from a location at a pH near the
isoelectric point of HIF-1α from F. heteroclitus, which is 4.78. None of the excised proteins were
identified as HIF-1α.
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Figure 3.11: Western blotting and colloidal coomassie staining after 2D gel electrophoresis of
muscle nuclear extract. (A) Western blot probed with HIF-1α chicken antibody. (B)
Polyacrylamide gel stained with colloidal coomassie blue. Image shown is before spot excision.
(48 h hypoxia exposure, Exposure 3). About 150 µg of protein was loaded per gel.
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Figure 3.12: Western blotting and colloidal coomassie staining after 2D gel electrophoresis of
gill nuclear extracts. (A) Western blot probed with HIF-1α rabbit antibody. (B) Polyacrylamide
gel stained with colloidal coomassie blue. Image shown is after spot excision. (48 h and 96 h
hypoxia gill tissues pooled, Exposure 2). 300 µg of protein was loaded per gel.
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Figure 3.13: Western blotting and colloidal coomassie staining after 2D gel electrophoresis of
gill nuclear extracts. (A) Western blot probed with HIF-1α rabbit antibody. (B) Polyacrylamide
gel stained with colloidal coomassie blue. Image shown is before spot excision. (24 h, 48 h, and
96 h hypoxia pooled, Exposure 2). 300 µg of protein was loaded per gel.
51

DISCUSSION
The hypoxia inducible factor is the key regulator of oxygen-dependent gene expression in
animals. Protein stability is determined by hydroxylation of the oxygen-dependent HIF-α subunit
catalyzed by prolyl hydroxylase domain proteins (PHDs). This hydroxylation targets HIF for
degradation by the ubiquitin proteasome pathway (22, 48). The other subunit of the HIF dimer,
ARNT, is constitutively expressed and its stability is oxygen-independent. Although HIF was
first discovered in mammalian cells in culture, orthologs have been found in all metazoans (49,
51). Fish are a great model to study HIFs because of the variable oxygen concentrations of
aquatic habitats and their diversity as a vertebrate group. In fish, many assumptions are made
about the HIF regulatory mechanisms based on previous mammalian research because there is a
lack of available studies on HIFs in fish. In this thesis, I studied the HIF-α paralogs (HIF-1α,
HIF-2α, and HIF-3α) in F. heteroclitus, and the closely related species, F. grandis.
Fundulus are sensitive to variations in oxygen, yet have high tolerance to these types of
stresses in the environment (1). Another advantage to studying two Fundulus species was being
able to use individual organs for analysis, and also have easy access to F. grandis, which is
locally available. However, it is difficult to study HIFs in fish species that are not the typical
“model” organism. One factor impeding the progress in this area is the lack of reagents that
specifically detect HIFs in fish tissues. HIF proteins in Fundulus are challenging to study
because of the poor cross-reactivity of commercially available antibodies for their HIF-α
subunits (data not shown). There are rabbit HIF-1α antibodies, a commercially available HIF-2α
antibody, and a HIF-3α antibody, that have been used in Rainbow trout, Atlantic croaker, and
zebrafish (24, 36, 54). Some of these antibodies cross-react with HIF-α proteins from other
species, but are not specific for the Fundulus HIF-α subunits.
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Using rabbit and other mammals to create antibodies is one of the more common methods
of antibody production. Camenisch et al produced chicken HIF-1α antibodies against a human
HIF-1α sequence and reported on the general applicability of IgY antibodies, although scarcely
used (5). These antibodies were found to recognize HIF-1α from a variety of species, including
monkey, human, pig, and dog (5).
To analyze HIF-α protein distribution in F. hetertoclitus and F. grandis, custom-made
antibodies were used. There were 3 polyclonal chicken IgYs developed and used for the 3 HIF-α
paralogs, (1α, 2α, and 3α). Three polyclonal rabbit IgGs were produced for the 3 HIF-α paralogs.
Prior to analyzing HIFs in actual fish tissues, the specificity of these antibodies required
verification. To validate the HIF-α antibodies, the custom-made IgYs and IgGs were analyzed
using 5 criteria that will be discussed in detail on the following pages. The antibodies must:
1. Recognize in vitro transcribed and translated HIF-α protein.
2. Recognize HIF-α proteins in F. heteroclitus and F. grandis tissues and should not
recognize the same antigen using the pre-immune serum.
3. Bind to a protein that is more abundant in the nucleus than the cytoplasm.
4. Bind to a protein that increases in concentration during hypoxia when compared to
normoxia.
5. Bind to a protein that can be identified and confirmed by a technique such as mass
spectrometry.
(1) HIF-α antibody validation using protein made in vitro
Colorometric detection verified the production of full-length HIF proteins (Figure 3.1A).
HIF-α IgY and IgG specificity were tested using the HIF-α proteins made in vitro. The chicken
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HIF-1α and HIF-3α antibodies bound specifically to their respective proteins (Figure 3.1B, D).
The chicken HIF-2α antibodies recognized the HIF-2α and the HIF-3α proteins (Figure 3.1C,
right). It is possible that the HIF-3α immunogen sequence can be recognized by the HIF-2α
antibodies, although the immunogen sequences were carefully chosen as to avoid this crossreactivity between the antibodies for different paralogs. The rabbit HIF-1α and HIF-3α
antibodies recognized antigen bands specific for HIF-1α and 3α, respectively (Figure 3.1E). The
rabbit HIF-2α antibodies bound nonspecifically (Figure 3.1E). The commercially available
monoclonal mouse ARNT antibody bound to ARNT (Figure 3.1F). The chicken and rabbit HIF1α and 3α antibodies were partially validated by using in vitro-produced proteins. These TNT
lysates were used as positive controls for further experiments using Fundulus extracts.

(2) Recognition of HIF-α proteins in F. heteroclitus and F. grandis tissues
Once rabbit and chicken HIF-1α and HIF-3α antibodies were verified using TNT lysates,
efforts were made to verify these antibodies using fish tissues. The chicken and rabbit HIF-1α
and HIF-3α antibodies bound to antigens near the expected molecular weights of the proteins of
interest (Figure 3.2A, E, F, 3.7B. E, F, 3.8G, H). The chicken HIF-1α antibody consistently
bound to a protein around 75 kDa, most notably is skeletal muscle nuclear extracts (Figure 3.3A,
3.4A, 3.7A). When using the rabbit HIF-1α IgGs, a prominent band near 100 kDa was seen
(Figure 3.3B, 3.4C, 3.7D, 3.8D). One explanation to explain this difference could be that the
rabbit antibodies have been affinity purified, whereas the chicken antibodies have not and may
be binding nonspecifically (5). Another explanation for this result could be that there are many
known protein posttranslational modifications at amino acid side chains that could occur, such as
phosphorylation or glycosylation, or cleavage which could affect antibody binding or make
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proteins run differently during SDS-PAGE (47, 61). Occasionally, the chicken and rabbit HIF-1α
antibodies did bind to a protein of the same size (~100 kDa), although darker bands were seen
using the HIF-1α rabbit antibody (Figure 3.7B, D, 3.8B, D).
The HIF-3α antibodies bound to an antigen near 60 kDa (Figure 3.3D, 3.4G, 3.8H, 3.9H,
3.10H). Sometimes western blotting with HIF-3α antibodies produced multiple bands within the
same extract lane (Figure 3.2F, 3.3D, 3.4C, 3.7B, E, F. 3.8B, D, 3.10 C, F). Others have
observed that the use of a crude IgY fraction in western blot analysis may generate nonspecific
binding (5), which could possibly be true for the IgGs as well. Also, even with careful and proper
technique, there is always the possibility of protein degradation. Both mouse and human HIF-3α
have been shown to produce multiple splice variants that are smaller than the normal HIF-3α
transcript (28, 31, 32), an observation that might partially explain the size differences between
the protein made in vitro compared to the nuclear extract proteins bound by the antibodies.
When using the HIF-2α antibodies, no bands were generally seen (Figure 3.2C, D, some
data not shown). In 2002, data on the identification and functional characterization of HIF-2α in
F. heteroclitus were published. Unfortunately, there is still no existing antibody to study the
protein in this species. A commercially available HIF-2α antibody that has been used with
Atlantic croaker produces no results with Fundulus. The blots probed with pre-immune sera
generally showed no bands of interest (Figures 3.7C, 3.8A, C, E, G, 3.9A, C, E, G, 3.10 A, C, E,
G, more supporting data not shown). Due to poor antigen binding using the chicken and rabbit
HIF-2α antibodies, no further data was reported for HIF-2α.
When probing blots using the pre-immune sera, there were generally no antigen bands
seen in nuclear extracts (Figure 3.7C, 3.8A, C, E, G, 3.9A, C, E, G, and 3.10 A, C, E, G).
Probing blots of liver extracts with the pre-immune serum produced bands in the cytoplasmic
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extracts, but none in the nuclear extracts (Figure 3.9A, C, E, G). When bands existed in blotting
of skeletal muscle extracts using the pre-immune serum, the pattern was different from what was
observed using the corresponding HIF-α antibody (Figure 3.7A).

(3) Nuclear localization
HIF-α protein is expected to be in the nucleus of cells (49, 51, 55). Under hypoxia, much
of the HIF-α protein is expected to translocate to the nucleus to regulate gene expression (22).
Mammalian studies of HIF have prepared nuclear extracts from cells in order to study HIFs (51,
62). Studies using fish tissues to study HIF-α protein have followed by also preparing nuclear
extracts (42, 55). Thus, for fish HIF protein studies in this thesis, nuclear extracts were also
prepared because this is the hypothesized location of HIF-α protein within the cell during
hypoxia.
A control used to access the purity and quality of the nuclear extracts was Histone H3,
which is a nuclear protein that is used to organize DNA within the nucleus of cells. Histone H3
protein was found in all nuclear extracts of muscle, liver, and ovary, confirming that the methods
used produced bona fide nuclear extracts (Figure 3.3). Histone was found to be absent from the
cytoplasmic extracts (not shown), confirming the purity of the nuclear extracts. An image of
nuclei extracted from ovary shows round structures that appear to be nuclei (Figure 3.6) and
fluoresce when stained with DAPI (4',6-diamidino-2-phenylindole) fluorescent stain for DNA
(Figure 3.6B).
The cytoplasmic extracts show either no bands (3.7C, D, F, 3.8A, C, E, H, 3.9D), a
different banding pattern (Figure 3.4B, D, F, 3.7A, B, E, 3.8D, 3.10A-E, G), or darker bands in
the cytoplasm (Figure 3.8 F, 3.9A, B, C, E, G) from what was observed in the corresponding
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nuclear extracts. This clarifies that the nuclear and protein extracts are different in terms of their
protein content. But, these darker protein bands in cytoplasmic extracts were usually of a
molecular weight that was not likely to be HIF-α subunits. In one instance, there were similar
bands seen in both the nucleus and cytoplasm (Figure 3.4H, 3.8B). Bands produced from the
cytoplasmic extracts are likely to be nonspecific IgY or IgG binding, or possible nuclear protein
contamination. When bands were seen in the blots probed with pre-immune sera, these bands
were identical in size to protein bands seen in the cytoplasmic extracts probed with the
corresponding HIF-α antibody. This is likely to be nonspecific binding (Figure 3.9). In summary,
these results agree with the scientific literature, which reports that HIF-α is located in the nucleus
of cells.

(4) Hypoxic induction
In mammalian cells, HIF-α protein is rapidly degraded under normoxia, through the
ubiquitin proteasome pathway (47). However, the protein is present at reduced levels in some
tissues of both mice and some species of fish during normoxia (55, 56). During hypoxia, HIF-α
protein subunits stabilize in mammalian cells and also in some species of fish (47, 54). In
rainbow trout, HIF-1α subunits accumulate most at normal venous oxygen tension (5% O2) (54).
Due to the lack of available comprehensive studies of HIF-α proteins in fish, an assumption
made is that HIF-α protein increases in concentration during hypoxia in Fundulus. It has also
been shown in mammalian studies that HIF-α accumulation in the nucleus is independent of the
HIF-β subunit, ARNT (8).
The chicken and rabbit HIF-α antibodies are expected to bind to proteins that increase in
concentration during hypoxia when compared to normoxia (22). The chicken HIF-1α and 3α
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antibodies bound to proteins in some tissues of western blots using normoxic F. heteroclitus
extracts (Figure 3.2A, B, E, F), and also in normoxic F. grandis extracts (Figure 3.4A-H, 3.7A,
B, D, E, F, 3.8D, H, 3.9B, F, H, 3.10H). No visible hypoxic induction was seen in western blots
during 3, 24, 48 or 96 h hypoxia (Figure 3.3, 3.4, 3.7, 3.8, 3.9, 3.10). HIF-1α protein levels in
crucian carp were found to stabilize during hypoxia (55). A transient increase in HIF-1α protein
levels was seen in zebrafish larvae during hypoxia (24). A study using F. grandis measured the
effect of hypoxia in liver, and found an increase in mRNA of many genes involved in oxidative
phosphorylation, and suggested that this change could indicate a possible mechanism to maintain
ATP production as an effect of short-term hypoxia (15). This same study also suggested that
transcription factors (e.g. HIF) may be responsible for regulating some of the genes, some of
which are HIF targets. In this thesis, I thought it would make for an interesting find to measure
HIF-α protein, after using the same short-term hypoxia time points. Thus, the same sample times
used were, 0, 24, 48, and 96 h of hypoxia, yet no increase in HIF-α protein was found in liver
although a similar oxygen concentration was used (Figure 3.9). It is possible that more time
points should have been sampled. Another possibility is that the dissolved oxygen levels may
need to be lowered more to see an increase in the HIF-α protein. However, lowering the hypoxia
much more than the levels used in these experiments is likely to kill the fish, since Fundulus
begin to die at dissolved oxygen levels below about 15% (9, 27).

(5) Verifying protein identity using mass spectrometry
One common method to identify proteins is mass spectrometry (12). To verify that the
protein bands produced by the HIF-α antibodies are actually HIF-αs would be sufficient to
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validate the chicken and rabbit antibodies. It was hypothesized that the HIF-α proteins would be
identified after electrophoresis and trypsin digestion of the proteins.
In 1D electrophoresis (Figure 3.5), MS/MS matched proteins such as alpha actinin in gill,
muscle, and heart for the 100 kDa band that was excised, corresponding to the recurrent 100 kDa
band seen in western blotting using the rabbit HIF-1α antibody (Figure 3.5 B, Table A.1). Heat
shock proteins were identified from the ~75 kDa protein band in muscle, heart, brain, and testis,
typical of the molecular weight seen in western blots using the chicken HIF-1α IgYs. Beta
tubulin was identified from the brain and testes extracts, at ~60 kDa, where the chicken and
rabbit HIF-3α antibodies typically bound.
Isoelectric focusing was followed by SDS-PAGE to achieve better protein separation
which would allow for a better chance of identifying the HIF-α proteins compared to separation
by SDS-PAGE only. After 2D gel analysis, and using the chicken HIF-1α antibodies, beta
tubulin was identified from a protein spot around 75 kDa in muscle nuclear extracts (Figure 3.11,
Table A.2). These spots were chosen based on the chicken HIF-1α antibody binding in western
blotting. Spots at 100 kDa in gill were identified as heat shock protein and alpha actinin (Figure
3.12, 3.13, Table A.3), which are somewhat consistent with 1D gel MS/MS results. The spots
from gill were chosen based on the western blotting with the rabbit HIF-1α antibodies. Beta
tubulin was identified in muscle, which was found in brain and testis during 1D gel analysis.
Many 2D spots were removed from a location at a pH near 4.78, which is the isoelectric point of
F. heteroclitus HIF-1α. Results from 1D and 2D gel analysis show a level of consistency of
matched proteins, although they are not HIF-α subunits.
A possibility is that the HIF-α proteins are less abundant than the proteins matched by
MS/MS, which would make it difficult to stain HIF-α proteins using colloidal coomassie blue or
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identify HIF-α subunits by mass spectrometry. When manually excising protein bands or spots,
there is a possibility of removing proteins from a location that is not accurate (i.e. incorrect
molecular weight or isoelectric point).
It is not very likely that the HIF-α antibodies bound nonspecifically to recurring proteins
identifications like alpha actinin, beta tubulin, or heat shock protein. BLAST searches comparing
the HIF-α immunogen sequences to the peptides matched by MS/MS show no significant
similarity between the amino acid sequences. One exception was beta tubulin identified from 1D
gel analysis, which only showed two amino acids in succession that matched between the
chicken and rabbit HIF-3α antibodies immunogen sequences and beta tubulin. Another exception
was heat shock protein 90 identified at ~100 kDa from 2D gel spots, which showed 4 successive
amino acids matching between the sequence of beta tubulin and the rabbit HIF-1α antibody
immunogen. The short amino acid sequences that matched between the sequences of the HIF-α
immunogens and the proteins matched by mass spectrometry were concluded to be not
significant. Matches from 2-4 amino acids as seen here could occur by random chance, and may
or may not cause the antibodies to bind nonspecifically.

Conclusions
Efforts were made to validate the HIF-α IgY and IgGs, but not all of the 5 criteria were
met. Therefore, evidence to support this validation is mixed. It is unlikely that oxygen
inconsistencies, environmental or fish tank conditions, or size or sex of fish played a significant
role in causing variability within or between experiments. In all exposures, hypoxia was quickly
established, and maintained at a steady rate (Figure 2.1). The masses and sexes of sampled fish
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were relatively consistent (Table 2.2). The DO, temperature, and salinity remained within a
narrow range and did not fluctuate (Table 2.1).
Efforts to analyze HIF-α tissue distribution could provide preliminary clues to their
function in fish. The lack of verified antibodies to use with HIF-α protein in species like F.
heteroclitus and F. grandis is an example of a challenge faced when studying HIFs in fish.
Although fish are believed to be an excellent, or perhaps ideal, model for studying HIFs, there
are still many unanswered questions and uncertainties.
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APPENDIX
Table A.1. LC-MS/MS protein identifications of 1D gel bands from Fundulus grandis tissues.

Band
2

4

Protein Name
Actinin alpha 3b [Danio rerio]

Accession
No.
41351010

Unique
Peptides
Matched
10

Staphylococcal nuclease domaincontaining protein 1 [Salmo salar]
Actinin, alpha 2 [Danio rerio]

224613410
82414763

1
4

Actinin alpha 3b [Danio rerio]

41351010

6

Actinin, alpha 4 [Danio rerio]

32766291

11

68

Peptide sequences
K.M#LDAEDIVNTPKPDEK.A
K.MVSDIANAWK.G
K.LVSIGAEEIVDGNVK.M
R.KDDPIGNLNTAFEVAEK.Y
K.DDPIGNLNTAFEVAEK.Y
N.IDKLEGDHQLIQEALIFDNK.H
R.VEQIAAIAQELNELDYHDAATVNAR.C
K.DDPIGNLNTAFEVAEK.Y
K.LASELLEWIR.R
K.LVSIGAEEIVDGNVK.M

Xcorr
4.19
3.49
4.07
5.31
5.36
5.84
5.75
4.39
4.09
4.25

∆Cn
0.17
0.06
0.48
0.01
0.07
0.04
0.05
0.10
0.24
0.45

R.DTTGENIAESLVNEGLATVR.R
R.LEGDHQLIQESLIFDNK.H
K.MVSDIASAWQGLEQAEK.G
K.LNKDDPLGNLNLAFDIAEK.H
R.VGWELLLTTIAR.T
K.M#LDAEDIVNTPKPDEK.A
K.M#VSDIANAWK.G
K.LVSIGAEEIVDGNVK.M
R.KDDPIGNLNTAFEVAEK.Y
R.VEQIAAIAQELNELDYHDAATVNAR.C
K.LASELLEWIR.R
K.HEAFESDLAAHQDR.V
R.KTFTAWC*NSHLR.K
R.KAGTQIENIEEDFR.D
R.FAIQDISVEETSAK.E
K.AGTQIENIEEDFR.D
K.C*QLEINFNTLQTK.L
R.DLLLDPAWEK.Q
K.EGLLLWC*QR.K
R.DLLLDPAWEK.Q

5.37
5.01
5.24
5.45
3.89
3.99
3.52
3.83
5.41
5.88
4.01
5.54
4.31
5.27
4.40
4.36
5.00
2.94
3.50
2.10

0.35
0.24
0.44
0.38
0.27
0.15
0.07
0.42
0.00
0.05
0.20
0.43
0.00
0.23
0.27
0.29
0.37
0.13
0.21
0.25

6

4.57
3.32
2.94
2.79
3.16
4.73
3.95
5.32
3.28
4.06
4.78
2.76
5.30
5.39
3.48
6.04
4.26
5.18

0.38
0.25
0.46
0.23
0.21
0.18
0.22
0.53
0.26
0.28
0.42
0.25
0.56
0.41
0.15
0.39
0.26
0.33

Actinin alpha 3a [Danio rerio]

32766313

16

unnamed protein product [Tetraodon
nigroviridis]a

47210836

8

R.GAGTGGLGLAM#EGPSEAK.M
R.YGGQDVPNFPAR.L
R.AWGPGLEGGVVGK.S
K.GVVEPVEVVDNGDQTHTVNYVPTR.E
R.DNHDGTYLVSYVPDM#TGR.Y
R.FNDEHIPDSPFIVPVASPSDDAR.R
R.TFEPAEFIIDTR.D
R.LIGLLEVLSQK.K

3.72
3.66
3.09
4.19
3.86
3.74
2.77
4.15

0.36
0.46
0.33
0.34
0.23
0.17
0.43
0.33

47228615

1

K.LPGAQPVEVLEAVYK.S

4.49

0.19

227600.8

6

213394

12

K.VAQLEEQLEQESR.D
K.SELEDTLDTTATQQELR.A
K.HLDIDPNLYR.I
K.LDAHLVLEQLR.C
R.LQQELEDTLM#DLDNQR.Q
K.TQLEELEDELQAAEDAK.L
R.FPGQLNADLR.K
R.ISEQFTAM#FR.R
K.VSDTVVEPYNATLSVH.Q

4.79
6.06
3.18
3.48
4.89
6.55
3.09
3.59
4.42

0.37
0.44
0.22
0.44
0.39
0.46
0.21
0.41
0.35

unnamed protein product [Tetraodon
nigroviridis]b
Myosin, heavy polypeptide 11, smooth
muscle [Danio rerio]

8

R.VGWEQLLTTIAR.T
K.LMLLLEVISGER.L
Y.HAFAGAEQAETAANR.I
H.AFAGAEQAETAANR.I
R.LSNRPAFMPSEGK.M
R.RELPPEQAEYC*ISR.M
K.GISQEQLNEFR.A
R.ETAETDTAEQVM#ASFK.I
K.M#VSDIADAWK.G
R.TINEVENQILTR.D
Y.VSC*FYHAFAGAEQAETAANR.I
N.IIGPWIQTK.M
Q.C*QGIC*DQWDNLGTLTQK.R
R.KDDPIGNLNTAFDIAEK.F
K.DGLALC*ALIHR.H
R.QFAAQANIIGPWIQTK.M
K.GYEEWLLTEIR.R
R.AC*LISM#GYDLGEVEFAR.I

beta-tubulin 1 [Notothenia neglecta]
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10

12

Zgc:55461 [Danio rerio]c
beta-1 tubulin [Gadus morhua]

Elongation factor 1-gamma [Osmerus
mordax]
heat shock protein 70 [Ictalurus
punctatus]
unnamed protein product [Tetraodon
nigroviridis]d

14

16

PREDICTED: carnitine Opalmitoyltransferase 1, liver isoform-like
isoform 1 [Oreochromis niloticus]
heat shock protein 70 [Paralichthys
olivaceus]
Hadha protein [Danio rerio]

heat shock cognate [Danio rerio]
heat shock protein 70 [Ictalurus
punctatus]

K.LAVNM#VPFPR.L
R.AVLVDLEPGTM#DSVR.S
R.SLTVPELTQQMFDSK.N
F.IGNSTAIQELFK.R
R.SGPFGQIFRPDNFVFGQSGAGNNWAKG.H
K.MAATFIGNSTAIQELFK.R

3.66
4.08
2.88
3.58
7.26
3.77

0.14
0.36
0.46
0.28

K.GHYTEGAELVDSVLDVVR.K
K.LTTPTYGDLNHLVSATMSGVTTC*LR.F
K.NSSYFVEWIPNNVK.T
R.SGPFGQVFRPDNFVFGQSGAGNNWAKG.H
D.PTGTYHGDSDLQLDR.I
R.EIVHLQAGQC*GNQIGAK.F
K.FWEVISDEHGIDPTGTYHGDSDLQLDR.I
R.LHFFM#PGFAPLTSR.G
K.GHYTEGAELVDSVLDVVRKEAESC*DC*.L

7.24
5.37
7.72
6.34
4.67
5.53
6.31
3.46
3.64

0.00
0.32
0.21
0.33
0.01
0.35
0.43
0.30
0.41
0.25
0.36

28277569
3907633

1
5

225707858

1

K.VPAYQGDDGFC*LFESNAIAHYLSNDALR.G

7.52

0.53

761725

2

R.IINEPTAAAIAYGLDK.K
R.FEELNADLFR.G

4.95
3.11

0.04
0.27

47208602

3

K.TGIDYKPPEYK.E
R.LNATISDLIM#GNTYK.F
K.TGDWFTVLDHYHR.L

2.92
4.91
2.98

0.19
0.39
0.15

348505707

1

K.LSTSQTPLQQVELFDLVR.H

5.31

0.36

3513540
62531065

1
4

K.NQVAM#NPTNTVFDAK.R
K.LIVVVGDGPGFYTTR.C
K.MGLVHQLVDPLGPGLK.S
K.TVLGTPEVM#LGLLPGAGGTQR.L
K.M#VGLPAAFDM#MLTGR.N

4.92
5.09
5.28
4.61
3.30

0.25
0.46
0.39
0.24
0.04

1

K.SINPDEAVAYGAAVQAAILSGDK.S

6.06

0.29

3

K.FELTGIPPAPR.G
K.SINNAVITVPAYFNDSQR.Q

2.60
4.15

0.29
0.00

1235933
761725
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18

20

24

4.78
4.44

0.11
0.43

2

K.LPIGDVATQYFADR.D
R.SQDAEVGDGTTSVTLLAAEFLK.Q

3.96
6.71

0.48
0.61

223649022
82414763

1
8

6840980

2

R.ELAQQVQQVAAEYGR.A
R.ISNRPAFMPSEGK.M
R.NVNVQNFHVSWK.D
R.TINEIETQILTR.D
R.LEGDHQLIQESLIFDNK.H
K.M#VSDIASAWQGLEQAEK.G
K.LNKDDPLGNLNLAFDIAEK.H
K.DDPLGNLNLAFDIAEK.H
R.VGWELLLTTIAR.T
R.AAQIC*GAGM#AAVVDK.I
R.STPDGTENGDFLALDLGGTNFR.V

4.92
2.71
4.14
4.59
5.03
6.49
6.07
4.70
4.46
4.64
5.17

0.44
0.00
0.41
0.30
0.35
0.43
0.39
0.48
0.27
0.13
0.45

47214725

1

R.VLLLGSGYVSGPVVEYLTR.D

5.29

0.57

51859263

1

R.AIAVLTSGGDAQGM#NAAVR.A

5.81

0.35

223649022
31419302

1
2

R.ELAQQVQQVAAEYGR.A
K.NQLTSNPENTVFDAK.R
K.SQIFSTASDNQPTVTIK.V

4.89
4.26
4.75

0.46
0.38
0.48

F.ILTC*PSNLGTGLR.G
K.GGDDLDPNYVLSSR.V
K.TDLNFENLK.G
K.RGTGGVDTASVGGVFDISNADR.I
K.TFLVWVNEEDHLR.V

3.56
4.87
3.26
6.68
3.98

0.41
0.09
0.28
0.53
0.45

37590512

1

190340060

Probable ATP-dependent RNA helicase
DDX5 [Salmo salar]
Actinin, alpha 2 [Danio rerio]

hexokinase I [Cyprinus carpio]

22

R.IINEPTAAAIAYGLDK.K
K.HVINFDLPSDIEEYVHR.I

Pl10 [Danio rerio]
Chaperonin containing TCP1, subunit 7
(eta) [Danio rerio]

unnamed protein product [Tetraodon
nigroviridis]e
Phosphofructokinase, muscle a [Danio
rerio]
Probable ATP-dependent RNA helicase
DDX5 [Salmo salar]
Heat shock protein 5 [Danio rerio]
creatine kinase M1-CK [Cyprinus
carpio]

4027925

Notes: C* is carbamidomethylated cysteine; M# is oxidized methionine.
a
Most similar to filamin-A-like isoform [Oreochromis noloticus].
b
Most similar to ubiquitin-like modifier-activating enzyme 1-like [Takifugu rubripes].
c
Most similar to tubulin, beta 2B [Danio rerio].
d
Most similar to myosin-binding protein H [Dicentrarchus labrax].
e
Most similar to alpha-aminoadipic semialdehyde synthase, mitochondrial-like [Takifugu rubripes].
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Table A.2. LC-MS/MS protein identifications of 2D gel spots from Fundulus grandis muscle.

Spot Protein Name
unnamed protein product [Tetraodon
1
nigroviridis]a
agouti-related peptide [Leucopsarion
petersii]
PREDICTED: myosin-binding protein Hlike [Oreochromis niloticus]
unnamed protein product [Tetraodon
nigroviridis]b
cardiac muscle myosin heavy chain 6 alpha
protein [Maurolicus australis]
PREDICTED: hypothetical protein
LOC569976 [Danio rerio]
kinase-like protein SgK196 [Salmo salar]
PREDICTED: slit homolog 3 protein-like
[Oreochromis niloticus]
keratin type IE [Acipenser baerii]
cytochrome b [Polypterus delhezi]
trypsin 4 [Kryptolebias marmoratus]
Zgc:66442 [Danio rerio]c
cannabinoid receptor-like protein cb1-zf
[Danio rerio]
PREDICTED: LOW QUALITY
PROTEIN: kinesin-like protein KIF21Blike [Oreochromis niloticus]
PREDICTED: hypothetical protein
LOC100712406 [Oreochromis niloticus]
LOC100007612 protein [Danio rerio]
myosin binding protein H-like
[Epinephelus coioides]
PREDICTED: myosin-binding protein C,
cardiac-type-like [Oreochromis niloticus]

Accession No.

Unique
Peptides
Matched

47208602

1

327343765

1

348532430

1

47228639

2

321152107

Peptide sequences

Xcorr

∆Cn

5.16

0.44

4.14

0.07

3.42

0.48

K.DNGNTEITGYTIQK.A
L.QIVELPGPPASVK.L

4.99
2.89

0.33
0.14

1

K.M#GIYKLTGAIMHFGNM#.R

2.74

0.11

326673028
223646734

1
1

T.EQPTETSEMPLLPK.V
R.VM#C*DSNDLVKTLSQFLL.T

3.34
3.45

0.01
0.06

348511809
32452099
296099611
326694559
32451833

1
1
1
1
1

V.C*AQGAC*REGGETGVTCDC*PPGR.S
R.VLDELTLAR.S
M.IFLVFMPLSGWIENKM#LNRN.I.RHPEYNSYYIDNDIM#LIK.L
R.TIFLKLLNEQRLEGEHCDIAVVVEDVK.F

4.13
3.05
3.38
3.58
3.92

0.16
0.26
0.02
0.09
0.12

31322057

1

-.M#LFPASKSDVKSVLDGVAETT.F

4.23

0.07

348507771

1

R.RLLMLKLQYEE.K

2.79

0.03

348531402
115528170

1
1

S.PNDLQISVGHAWR.S
S.FIEYCAADISC*PVR.R

3.10
3.18

0.14
0.12

295792262

1

R.QIC*VQGIC*SLEIR.K

3.35

0.38

348516421

1

K.DNGNCEITGYTIQK.A

3.34

0.43

R.LNATISDLIM#GNTYK.F
R.SC*LLLRSLSLLRISSALVQNLQLDQGPG.G
K.EPTSAPVDLFVEDK.N
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2a

Tubulin beta-2A chain [Salmo salar]
beta-tubulin 1 [Notothenia neglecta]

223649350
213394

1
1

R.SGPFGQLFRPDNFVFGQSGAGNNWAK.G
R.SGPFGQIFRPDNFVFGQSGAGNNWAK.G

6.86
6.86

0.00
0.02

unnamed protein product [Tetraodon
nigroviridis]d
putative [Carassius auratus]

47228639
388623

1
2

K.DNGNTEITGYTIQK.A
T.VARLEDEIQM#LK.E
K.LALDIEIATYR.K

4.27
3.34
4.08

0.37
0.09
0.37

47210354

1

Q.CSQFDGTDFQGNRYK.W

2.83

0.01

47210018

1

K.QDVMELSKQIAKSGVHVDVD.A

4.02

0.14

189521304
308323542

1
1

K.LFSSSMERPSSSSPVFKSAGFGG.G
K.IVELEEELR.I

3.24
2.77

0.13
0.12

220678237
8895765

1
1

-.QFQSSLGFC*RLSLASDIKMLC*TFSLILAL.T
R.VAPEEHPILLTEAPLNPK.A

4.15
3.78

0.13
0.08

358364237

1

K.VIGVDQSEIIYHAMDIVRANHLEDTIT.L

2.57

0.01

47229339

1

R.M#LPGC*EVYSDAGNHASM#IQ.G

3.37

0.06

47226379

1

K.IELISMDLPMVNGERIHCL.D

3.18

0.05

348539206

1

K.TVGC*CRFLQNIQGMTGTPMVA.A

3.91

0.03

47228910

1

R.AIEEFQMSLKDA.K

2.60

0.21

639895
223649438

1
1

R.EYKENDVLHYEC*DRA.F
Q.DLNDRFASFIDK.V

2.66
2.77

0.14
0.03

pyruvate kinase [Epinephelus coioides]

295792240

2

Pyruvate kinase, muscle, b [Danio rerio]

50369254

1

K.GVNLPGAAVDLPALSEK.D
R.AEASDVANAVLDGNDC*IM#LSGETAK.G
R.DPTESVAIGAVEASFK.C

5.30
4.12
5.06

0.48
0.26
0.50

unnamed protein product [Tetraodon
nigroviridis]e
unnamed protein product [Tetraodon
nigroviridis]f
PREDICTED: hypothetical protein
LOC563749 [Danio rerio]
tropomyosin [Ictalurus punctatus]
novel methyltransferase protein [Danio
rerio]
alpha actin [Ictalurus punctatus]
protein arginine methyltransferase
[Ictalurus punctatus]
unnamed protein product [Tetraodon
nigroviridis]g
unnamed protein product [Tetraodon
nigroviridis]h
PREDICTED: insulin gene enhancer
protein isl-1-like isoform 2 [Oreochromis
niloticus]
unnamed protein product [Tetraodon
nigroviridis]i
complement regulatory plasma protein
[Paralabrax nebulifer]
Plasticin [Salmo salar]
3a
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phosphoglucose isomerase-1 [Anguilla
anguilla]
puryvate kinase M2 [Scophthalmus
maximus]
PREDICTED: glucose-6-phosphate
isomerase-like isoform 1 [Oreochromis
niloticus]
PREDICTED: pyruvate kinase isozymes
M1/M2 isoform 1 [Oreochromis niloticus]
Gpib protein [Danio rerio]

3b

PREDICTED: hypothetical protein
LOC557083 [Danio rerio]
Legumain precursor [Salmo salar]
unnamed protein product [Tetraodon
nigroviridis]j
PREDICTED: autophagy-related protein 2
homolog B-like [Oreochromis niloticus]
cannabinoid receptor-like protein cb1-zf
[Danio rerio]
unnamed protein product [Tetraodon
nigroviridis]k
novel protein similar to vertebrate ubiquitin
specific protease 43 (USP43) [Danio rerio]
unnamed protein product [Tetraodon
nigroviridis]l
complement regulatory plasma protein
[Paralabrax nebulifer]
phosphoglucose isomerase-2 [Plecoglossus
altivelis altivelis]
phosphoglucose isomerase-1 [Anguilla
anguilla]
putative [Carassius auratus]
myosin binding protein H-like
[Epinephelus coioides]

158936890

1

N.TDDGDILIDYSK.N

4.86

0.00

33318305

1

R.EATESFGPGSVDYRPVAIALDTK.G

4.94

0.28

348500074

1

K.DTAEVHSHDSSTNGLINFLK.K

4.85

0.22

348512773

1

K.VVQVGSHIYVDDGLISLK.V
K.TFTTQETITNAESAK.E

3.38

0.33

113197919

2
K.ILLANFLAQTEALM#K.G

5.17
4.97

0.45
0.45

326669278
223647772

1
1

R.LSDSFPDDFPTLPYTLPSQA.N
M.FTSTLALLGLSLGLVANAFPTQQLENGK.N

3.69
2.89

0.19
0.10

47229558

1

R.DQGSFEDIVEGLRVFDKE.G

3.04

0.08

348531353

1

T.SSIC*MYHQGLIDGGTSVSDIK.L

3.47

0.00

31322057

1

-.M#LFPASKSDVKSVLDGVAETT.F

4.29

0.04

47210354

1

Q.CSQFDGTDFQGNRYK.W

2.68

0.08

126632447

1

D.DDGGFGDTASVHNSGNYRESSAR.K

4.00

0.01

47228910

1

R.AIEEFQMSLKDA.K

2.76

0.03

639895

1

R.EYKENDVLHYEC*DRA.F

2.68

0.01

158936902

1

R.FTAYFQQGDM#ESNGK.Y

4.03

0.25

158936890
388623

1
2

N.TDDGDILIDYSK.N
T.VARLEDEIQM#LK.E
K.LALDIEIATYR.K

4.90
3.20
3.80

0.00
0.09
0.40

295792262

1

R.QIC*VQGIC*SLEIR.K

4.14

0.41
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unnamed protein product [Tetraodon
nigroviridis]m
Gpib protein [Danio rerio]
Zinc finger protein 503 [Danio rerio]
agouti-related peptide [Leucopsarion
petersii]
unnamed protein product [Tetraodon
nigroviridis]n
Glucose phosphate isomerase a [Danio
rerio]
Zgc:158645 [Danio rerio]o

4

unnamed protein product [Tetraodon
nigroviridis]p
MHC class 1 alpha 1 antigen [Salmo salar]
PREDICTED: hypothetical protein
LOC100712406 [Oreochromis niloticus]
unnamed protein product [Tetraodon
nigroviridis]q
PREDICTED: tuberin [Danio rerio]
novel protein similar to vertebrate aldehyde
oxidase 1 (AOX1) [Danio rerio]
cytoplasmic carbonic anhydrase
[Oncorhynchus mykiss]
carbonic anhydrase [Platichthys flesus]
Pyruvate kinase, muscle, b [Danio rerio]
unnamed protein product [Tetraodon
nigroviridis]r
cannabinoid receptor-like protein cb1-zf
[Danio rerio]
Plasticin [Salmo salar]
PREDICTED: peptidyl-prolyl cis-trans
isomerase FKBP10-like [Oreochromis
niloticus]

47210018
113197919

1
1

3.90
5.01

0.03
0.46

1

K.QDVMELSKQIAKSGVHVDVD.A
K.TFTTQETITNAESAK.E
K.NCSSDGSAPTSVSHSRISVSC*AGINVEVDQHQ
E.T

28277628

3.05

0.14

327343765

1

R.SC*LLLRSLSLLRISSALVQNLQLDQGPG.G

3.97

0.08

47216066

1

Y.MVIFLM#ALAGNSLVIYIIVKK.R

3.71

0.10

27881906
120538672

1
1

Q.LNAETTLFIIASK.T
K.SLTYIVGAQLLTSSAYMWVVAC*SGLIAG.M

4.04
3.37

0.40
0.05

47209704
4588229

1
1

S.ACVLGVAAWIR.D
P.NFPEFMVVGM#VDGVQIDHYDSNSQRMVPK.Q

2.63
3.24

0.18
0.10

348531402

1

S.PNDLQISVGHAWR.S

2.97

0.17

47219862
326664325

1
1

E.QEKEVVSALR.Y
R.SNTDSVVMEESGRSMASVSPAE.S

3.10
3.45

0.13
0.09

148725253

1

T.KYSC*GGGGCGACTIM#VSR.Y

2.73

0.06

41059441
3747062
50369254

1
1
1

K.YAAELHLVHWNTK.Y
H.SFQVTFIDDTDSSTLK.D
R.DPTESVAIGAVEASFK.C

3.36
3.04
4.67

0.07
0.29
0.45

47224545

1

K.DLAELQGLATEINQE.G

3.05

0.03

31322057
223649438

1
1

-.M#LFPASKSDVKSVLDGVAETT.F
Q.DLNDRFASFIDK.V

3.87
3.09

0.14
0.07

348508701

1

G.EGWMIKGMDEGLLGM#CVGEIR.K

4.18

0.23
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5

PREDICTED: hypothetical protein
LOC559067 [Danio rerio]
carbonic anhydrase 2 [Fundulus
heteroclitus]
trypsin 4 [Kryptolebias marmoratus]
unnamed protein product [Tetraodon
nigroviridis]s
unnamed protein product [Tetraodon
nigroviridis]t

292620303

1

R.KLLEIQELLQSKESPLE.L

3.14

0.02

60460472
326694559

1
1

K.LIDAFGSIK.T
I.RHPEYNSYYIDNDIM#LIK.L

2.76
3.64

0.22
0.02

47220886

1

K.GDSSNKHTLMIKQLSSPPP.Q

2.79

0.08

47217448

8

L.LWKPPVYQGR.D
K.GLEGVM#YYVEK.C
R.FPVTGLVEGR.S
R.VAGGLPDVVTIQEGK.T
R.ATLTLTHLNKEDEGLYTLR.V
R.FALFDLAEGK.S
K.ATNQSSLVLIGDVFK.E
K.DLM#NEVFSFIANSSTPLK.I
K.ADEHLGFTEGVLK.L

3.20
3.58
3.55
4.45
4.50
3.45
4.90
5.05

0.22
0.40
0.36
0.49
0.31
0.19
0.36
0.47

R.DPVNGFYVDIK.E
K.SGVVGEQLWLQITEPTEK.D

4.04
3.19
6.00

0.26
0.27
0.42

R.VYSENLC*GLSEEPR.Q
R.KDLSC*FVIEGAER.E
R.LIIDDVKPNDAGDYTFVPDGY.A
K.EEPEIDVWELLK.N
K.ELEVLQDIADLTVR.A
K.IVDVPDPPENVK.C
K.TKEWFTVYEHNR.R
K.IAFKYGITDLR.G
R.NSNVDSILFIR.A
R.ADAGEDEGDLDFSALLK.A

4.63
3.96
2.74
3.01
4.79
2.75
4.17
3.38
3.05
4.61

0.42
0.22
0.13
0.19
0.42
0.16
0.35
0.42
0.15
0.39

R.C*EVGTTHWIQC*NDTPVK.F
K.FASFTITGVNTSDSGK.Y

3.75
5.27

0.22
0.52

317420044
Myomesin-1 [Dicentrarchus labrax]

3

Myosin-binding protein C, fast-type
[Dicentrarchus labrax]

317419297

5

Zgc:110761 [Danio rerio]u

60649489

5

PREDICTED: myomesin-1-like
[Oreochromis niloticus]

348503713

6
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PREDICTED: myomesin-1 isoform 1
[Danio rerio]
unnamed protein product [Tetraodon
nigroviridis]v

Zgc:91926 [Danio rerio]w
Plasticin [Salmo salar]
PREDICTED: RPE-spondin-like [Danio
rerio]
immunoglobulin light chain [Danio rerio]
Mybpc3 protein [Danio rerio]
SCY1-like 3 (S. cerevisiae) [Danio rerio]
PREDICTED: myosin-binding protein C,
fast-type-like [Oreochromis niloticus]
unnamed protein product [Tetraodon
nigroviridis]x
cannabinoid receptor-like protein cb1-zf
[Danio rerio]
PREDICTED: hypothetical protein
LOC559067 [Danio rerio]

R.EGETM#SLGC*TVIIYPALHR.Y
R.FIC*HGLITGEKYVFR.V
N.ISGNPVPEVTWLK.N
K.ALNLTC*NISGNPVPEVTWLK.N

3.48
4.33
2.61
4.52

0.31
0.21
0.02
0.36

326669724

1

K.DTSTLNLTDQGFK.D

4.65

0.44

47225940

3

50416863
223649438

1
1

K.LM#DDYHVVVGER.V
K.IHLDTTGNM#VSQNTIIVVAGNK.L
K.IGAGGLDGYVIEYC*K.E
K.WYLDLRALSSGTGPVNWPDNYGPAER.D
Q.DLNDRFASFIDK.V

3.06
4.13
4.61
3.55
2.56

0.22
0.37
0.39
0.04
0.06

189536685
218158204
77748430
28278653

1
1
1
1

I.SEVNSGESETAGALDDFVNNNR.T
L.SWKVSDSSRSSGVNMSPSELQ.K.IAFQYGITDLR.G
L.NSLVFAEPMAVK.S

3.95
3.07
3.38
4.39

0.01
0.02
0.00
0.08

348502222

1

R.DDEGNYSITVTNPAGEDK.A

2.62

0.01

47209704

1

S.ACVLGVAAWIR.D

2.61

0.18

31322057

1

-.M#LFPASKSDVKSVLDGVAETT.F

4.12

0.05

292620303

1

R.KLLEIQELLQSKESPLE.L

2.83

0.10

Notes: C* is carbamidomethylated cysteine; M# is oxidized methionine. Sample 2b is not listed because no peptides were matched.
a
Most similar to Myosin-binding protein H [Dicentrarchus labrax].
b
Most similar to PREDICTED: myosin-binding protein H-like [Takifugu rubripes].
c
Most similar to PREDICTED: zinc finger protein 161 homolog [Oreochromis niloticus].
d
Most similar to PREDICTED: myosin-binding protein H-like [Takifugu rubripes].
e
Most similar to PREDICTED: papilin-like [Takifugu rubripes].
f
Most similar to PREDICTED: keratin, type I cytoskeletal 18-like [Oreochromis niloticus].
g
Most similar to PREDICTED: 5-aminolevulinate synthase, nonspecific, mitochondrial-like [Takifugu rubripes].
h
Most similar to PREDICTED: sodium channel protein type 2 subunit alpha-like [Takifugu rubripes].
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I

Most similar to PREDICTED: LOW QUALITY PROTEIN: dystonin-like [Takifugu rubripes].
Most similar to PREDICTED: myosin light polypeptide 6-like [Takifugu rubripes].
k
Most similar to PREDICTED: papilin-like [Takifugu rubripes].
l
Most similar to PREDICTED: LOW QUALITY PROTEIN: dystonin-like [Takifugu rubripes].
m
Most similar to PREDICTED: keratin, type I cytoskeletal 18-like [Oreochromis niloticus].
n
Most similar to PREDICTED: pyroglutamylated RFamide peptide receptor-like [Takifugu rubripes].
o
Most similar to PREDICTED: ubiquitin-associated domain-containing protein 2-like [Oreochromis niloticus].
p
Most similar to PREDICTED: tetraspanin-12-like [Takifugu rubripes].
q
Most similar to PREDICTED: rap guanine nucleotide exchange factor 1-like [Takifugu rubripes].
r
Most similar to PREDICTED: muscarinic acetylcholine receptor M5 [Oreochromis niloticus].
s
Most similar to PREDICTED: kinesin-like protein KIF13B-like [Takifugu rubripes].
t
Most similar to PREDICTED: myomesin-1-like [Oreochromis niloticus].
u
Most similar to myosin-binding protein C, fast-type [Danio rerio].
v
Most similar to PREDICTED: myosin-binding protein C, fast-type-like [Takifugu rubripes].
w
Most similar to PREDICTED: Protein ADP-ribosylarginine hydrolase-like [Oreochromis niloticus].
x
Most similar to PREDICTED: tetraspanin-12-like [Takifugu rubripes].
j
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Table A.3. LC-MS/MS protein identifications of 2D gel spots from Fundulus grandis gill.

Spot Proein Name
PREDICTED: gelsolin [Oreochromis
1
niloticus]
beta-actin [Ctenopharyngodon idella]
Fructosamine-3-kinase-related protein
[Danio rerio]
Si:ch211-218c6.1 protein [Danio rerio]
unnamed protein product [Tetraodon
nigroviridis]a
Zgc:66442 [Danio rerio]b
2

3

4

Valosin containing protein [Danio rerio]

proteasome 26S ATPase subunit 1
[Oreochromis mossambicus]
PREDICTED: uncharacterized
transmembrane protein C1orf95 homolog
[Oreochromis niloticus]
heat shock protein hsp90alpha [Danio
rerio]
heat shock protein 90-beta [Danio rerio]

PREDICTED: uncharacterized protein
C3orf63 [Danio rerio]
Zgc:66442 [Danio rerio]c
Zgc:175280 protein [Danio rerio]d

Accession No.

Unique
Peptides
Matched

348505198
213034

1
2

K.HVVTNEVSVQR.V
L.SGGTTM#YPGIADR.M
K.SYELPDGQVITIGNER.F

53734088
133778684

1
1

47210728
32451833

Peptide sequences

Xcorr

∆Cn

2.83

0.31

3.47
3.73

0.45
0.26

K.ASLEAILSSNTVKVPR.P
R.GDDNDEEEEEDETTTKSGLGQAEL.E

2.98
4.14

0.10
0.15

1
1

G.VGGPGGAMGGGGFSGR.E
R.TIFLKLLNEQRLEGEHCDIAVVVEDVK.F

3.91
3.40

0.27
0.15

29791670

4

K.AIANEC*QANFISIKG.P
R.LGDVISIQPC*PDVK.Y
R.QAAPC*VLFFDELDSIAK.A
K.NAPAIIFIDELDAIAPK.R

2.61
3.47
3.33
5.07

0.12
0.17
0.41
0.46

44355275

1

P.KGVILYGPPGTGK.T

3.41

0.00

348506543

1

H.DKGVTASGGGVVVEVR.E

2.85

0.07

3212011
2791863

1
3

K.DQVANSAFVER.L
K.EDQTEYIEEK.R
K.YIDQEELNK.T
K.HLEINPDHPIM#ETLR.Q

3.11
2.99
3.58
3.45

0.30
0.24
0.14
0.25

326679102
32451833
160774392

1
1
1

Q.M#NPFEVGAAGEIILFKVMK.G
R.TIFLKLLNEQRLEGEHCDIAVVVEDVK.F
V.GSTLGAGVYVLSGEVAR.T

3.12
3.20
2.55

0.07
0.02
0.01
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PREDICTED: interferon-induced
transmembrane protein 5-like
[Oreochromis niloticus]
5

6

7

348512719

1

S.TVVNM#GNTGKNPPR.D

2.51

0.15

putative [Carassius auratus]
tropomyosin4-2 [Takifugu rubripes]
unnamed protein product [Tetraodon
nigroviridis]e

388623
28557139

1
1

K.LALDIEIATYR.K
K.KAGDAEAEVASLNR.R

3.83
4.59

0.35
0.35

47210354

1

Q.CSQFDGTDFQGNRYK.W

2.60

0.02

tropomyosin4-2 [Takifugu rubripes]

28557139

1

K.KAGDAEAEVASLNR.R

3.84

0.39

4572552
133778684

1
1

K.ATITPPLPEEIETMTLEQLKK.T
R.GDDNDEEEEEDETTTKSGLGQAEL.E

3.42
3.80

0.11
0.03

348506543

1

H.DKGVTASGGGVVVEVR.E

2.62

0.09

317418863
296099695

1
1

G.LAINMVDSRMSM#NILNR.I
L.LFLVFMPLSGWIENKM#LNRN.-

3.54
3.85

0.02
0.00

374110743

1

E.EEVFDSIVNDEVRYPK.Y

3.35

0.05

223647918

1

M.GWADFSSNFSPIRPK.D

2.56

0.08

AF130354_1 vitellogenin precursor
[Pimephales promela]
Si:ch211-218c6.1 protein [Danio rerio]
PREDICTED: uncharacterized
transmembrane protein C1orf95 homolog
[Oreochromis niloticus]
ATP-dependent RNA helicase DDX19B
[Dicentrarchus labrax]
cytochrome b [Polypterus palmas polli]
Protein-Kinase C-related kinase [Danio
rerio]
SAPS domain family member 3 [Salmo
salar]

8

Actinin, alpha 4 [Danio rerio]
titin a [Danio rerio]

32766291
110005909

1
1

R.VGWEQLLTTIAR.T
K.VTGLEEGLQYQYR.V

4.01
2.65

0.33
0.21

10

Actinin alpha 3a [Danio rerio]

32766313

2

Alpha-actinin-1 [Salmo salar]
novel protein (zgc:103762) [Danio rerio]
unnamed protein product [Tetraodon
nigroviridis]f
unnamed protein product [Tetraodon
nigroviridis]g
unnamed protein product [Tetraodon
nigroviridis]h

223647892
220673207

1
1

K.VLAVNQENEK.L
K.DDPIGNLNTAFDIAEK.F
K.VLAVNQENEQ.L
K.LKLQSRSLNYQGSLFELCSGNVG.A

3.17
3.09
3.17
3.51

0.29
0.06
0.00
0.01

47229109

1

E.YLLAIGNYLNENAGK.E

3.14

0.05

47205247

1

Q.AEKAAQQAHSSSSSSSSSSSSR.R

3.16

0.03

47225484

1

N.SCFDDLMSTAFRR.D

3.17

0.09

11
12
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proteasome 26S ATPase subunit 1
[Oreochromis mossambicus]
Si:ch211-218c6.1 protein [Danio rerio]
protocadherin 2A24 [Takifugu rubripes]
vitellogenin 1 [Oryzias latipes]

44355275
133778684
119514201
18143624

1
1
1
1

P.KGVILYGPPGTGK.T
R.GDDNDEEEEEDETTTKSGLGQAEL.E
S.DHDDSNNAQITYR.I
E.DSSSAEISSEIIEEDVKR.K

3.19
4.42
2.54
3.09

0.00
0.02
0.01
0.02

Notes: C* is carbamidomethylated cysteine; M# is oxidized methionine. Sample 9 is not listed because no peptides were matched.
a
Most similar to PREDICTED: liprin-alpha-3-like [Takifugu rubripes].
b
Most similar to PREDICTED: zinc finger protein 161 homolog [Danio rerio].
c
Most similar to PREDICTED: zinc finger protein 161 homolog [Oreochromis niloticus].
d
Most similar to PREDICTED: low affinity cationic amino acid transporter 2-like [Oreochromis niloticus].
e
Most similar to PREDICTED: papilin-like [Takifugu rubripes].
f
Most similar to PREDICTED: hypothetical protein LOC796271 [Danio rerio].
g
Most similar to PREDICTED: dystrophin-like [Oryzias latipes].
h
Most similar to PREDICTED: LOW QUALITY PROTEIN: neurobeachin-like protein 2-like [Takifugu rubripes].
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