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Abstract

The presence of many human pharmaceuticals in the aquatic environment is now a
worldwide concern and yet little 1s known of the chronic effects that these bioactive
substances may be having on aquatic organisms. This study used mammalian
pharmacodynamics to predict the mode of action of the 3-blocker, propranolol, on fish, in
order to identify chronic effects in fathead minnows. [-blockers target B1- and B2-
adrenergic receptors in humans and hence these receptors were characterised in the fathead
minnow. It was found that fish possess 31- and B2-ARs that are structurally very similar to
their mammalian counterparts. Further, the distributions of these two B-ARs in various
organs of the fathead minnow were similar to those in mammals. Pair-breeding assays
were conducted, in which fathead minnows were exposed to various concentrations of
propranolol. To discover whether B-ARs had been up or down regulated by propranolol,
molecular analysis was conducted on different tissues of the exposed fish using real-time
polymerase-chain reactions (RT-PCR). Exposurc of fathead minnows to propranolol

caused acute toxicity at 10 mg/L.. Propranolol caused a statistically significant decrease in

reproduction at 1.0 mg/L, dose-related decreases in male weight, condition index and
fatpad weight, and a dose-related increase in female GSI. Molecular analysis of B1- and
f2-AR expression levels revealed a dose-related decrease in B2-AR expression in fathead
liver and heart. LOEC and NOEC values were 0.1 mg/L and 0.01 mg/L, respectively.
Propranolol plasma concentrations in tish exposed to water concentrations of 0.1 and 1.0
mg/L. were greater than the human therapeutic concentration and hence these data very

strongly support the fish plasma model proposed by Huggett et al. (2001).
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Chapter 1 Introduction

1.1 Pharmaceuticals in the environment

In Britain alone, approximately 3,000 different human pharmaceutical substances are
registered for use, of which a vanety (e.g. painkillers, aspirin, paracetamol, the anti-
epileptic carbamazepine, and antibiotics) sell an excess of 10 tonnes per year (ENDS
Report, 2005; Thomas & Hilton, 2004). This may be because a number of illnesses require
long term treatment, and so a lot of some particular drugs are used and may enter the
environment. With regard to veterinary pharmaceuticals, a trend has developed towards
more Intensive farming and more reliance is being placed in pharmaceuticals, teed

additives, hormones and potent pesticides (D1 Guardo et al., 2001).

There are many routes of pharmaceutical entry into the aquatic environment, but the main
route 1s recognised as being in effluent from sewage treatment works (STWs) (Andreozzi
et al., 2003). Humans that are prescribed drugs excrete metabolites and often a percentage
of the parent compound, in urine and faeces. Sewage 1s taken to STWs and although the
majority of human pharmaceuticals are removed during treatment processes, complete
degradation does not occur and so a small percentage of the pharmaceutical reaches the
aquatic environment via eftfluents. In addition to this, a lot of pharmaceuticals are excreted
as conjugates that are formed via phase [l reactions within the body. Conjugation (¢.g. the
addition of a glucuronide or sulphate group to the active molecule) brings about an
increase 1n molecular weight and polarity of a molecule, which also has the effect of
making the parent molecule less toxic. However, during sewage treatment, the conjugate
1s often cleaved off, thus releasing the active moiety (Gros et al., 2007). Hence, a varying
amount of a pharmaceutical can routinely end up in treated effluents, rivers, and lakes and
more rarely in groundwater. Occurrence of pharmaceuticals, although less frequent, has
also been detected in estuarine and coastal waters (Thomas & Hilton, 2004). Other routes
of entry of pharmaceuticals into the aquatic environment can occur during the production
of drugs, direct disposal of surplus household drugs that leach from landfill sites, runoff
from irrigating crops with treated wastewater and leaching of compounds from the
application of sludge onto agricultural land (Pedersen et al., 2005; Ternes, 1998). The fate
of veterinary and human drugs is quite different from each other. Unlike human
pharmaceuticals, veterinary pharmaceuticals don’t have to pass through a STW prior to
entering a river and hence they can enter the aquatic system directly from runoff or by

leaching from manure (Chen et al., 2006; Ternes, 1998).




1.2 Concentrations of pharmaceuticals in the environment

Pharmaceutical compounds such as analgesics, antibiotics, anticonvulsive drugs, cancer
drugs, lipid regulators, psychiatric drugs and even recreational drugs have been detected in
a range of water bodies (Jones et al., 2004). However, when the design of pharmaceuticals
1s taken 1n to consideration, this is hardly surprising. The majority of drugs are designed to
be generally resistant to hydrolysis and persistent, so that their chemical structures can be
retained long enough for their therapeutic work to be done (Jones et al., 2002). For
example, the ethinyl group on ethinyl estradiol makes this estrogen much more resistant to
biodegradation and conjugation in the liver, so that it is tough enough to be taken orally but
not degraded 1n the gut, so that enough of the drug can reach the blood and target organ.
These factors unfortunately may enable pharmaceuticals to remain in the environment for a
significant period of time. As well as having the above characteristics, some
pharmaceuticals are also designed to ensure that they can be taken at relatively low doses,
yet can have an extremely potent effect. However, it has to be remembered that there 1s
often only a small percentage of people in the population taking such potent drugs at any

one time, and hence these drugs are often found at low concentrations 1n the environment.

Concentrations of drugs in rivers are often dependent on the pharmacokinetic properties of
the drug, 1.e. what the body does to a pharmaceutical, which includes the distribution,
metabolism and elimination of a pharmaceutical.  The physical properties of a
pharmaceutical can also give an indication of how long 1t may reside 1n the environment,
where 1t partitions to, and how readily it can be degraded. For example, log K, provides a
measure of the hydrophobicity of a chemical, i.e. its tendency to move from water (a polar
liquid) 1nto a non-polar liquid (i.e. fat) when the chemical is at thermodynamic equilibrium

(Walker et al., 1997). Pharmaceuticals with a high K, have a propensity to adsorb on to

organic particles and settle at the bottom of streams, or undergo biological uptake into fatty
tissue of animals and plants (Brun et al., 2006). However, in addition to hydrophobicity
partioning, mdependent mechanisms such as cation exchange, cation bridging at clay
surfaces, surface complexation and hydrogen binding are also involved in determining the

fate of a pharmaceutical compound in the aquatic environment (Calamari et al., 2003)

Kd values detine the sorption constant of a pharmaceutical, which defines the partition of a
compound between the sludge and the water phase, and pKa values help us understand
how much the chemical will dissociate and to what extent, at environmental pH values.
The halt life of a drug in a stream is also affected by the physical dynamics of the

environment. For example, the amount of natural stream flow will dictate the amount of

2




dilution and mixing of a drug, whilst the landscape characteristics such as drainage, soil

and sediment type will affect partioning dynamics (Brun et al., 20006).

Tables 1.1 and 1.2 give a rough guide to which pharmaceuticals are known to be present in
rivers and STW effluents at some of the highest concentrations around the world. It must
be remembered that not all pharmaceuticals were tested for in each paper, and detection
limits and methodology between laboratories are often different. For example, matrix
eftects are often encountered when determining the concentration of a pharmaceutical,
which can lead to signal suppression or enhancement, possibly leading to erroneous results.
There are different ways to reduce matrix etfects (e.g. selective extraction, effective
sample clean up after extraction, improvement of chromatographic separation, internal
standard or dilution of samples extracts) but these can often be expensive, time consuming,
lead to analyte losses or be unavailable (Gros et al., 2006). However, these Tables do
show that a range of pharmaceuticals can be present in the environment in the low pg/l.

range, although many are in the high ng/L range.

Ibuprofen, an analgesic with anti-inflammatory properties, features quite frequently in
these Tables. This is probably due to high over the counter sales of this pharmaceutical,
and because 1t i1s poorly metabolised in humans, with 70 - 80 % of the parent compound
and metabolites being excreted. In addition to this, ibuprofen i1s not readily degradable and
has the potential to bioaccumulate (log K, 1s 3.5), hence it is not surprising that it is found

in both effluents and rivers at relatively high concentrations for pharmaceuticals (Ashton et

al., 2004; Thomas & Hilton, 2004).




Country | Pharmaceutical found at the highest concentration in Reference
each study in effluent (ng/L)
Drug Type of drug Range
concentration
| (ng/L)
U.K. Ibuprofen Analgesic and anti- <20 -27256 | Ashtonetal., 2004
U.K. inflammatory 1800 - 3800 Hilton & Thomas |
2003
EU 50-7110 Andreozzi et al.,- |
countries 2003
Canada 381 - 1191 Gagné et al., 2006
U.SA. Naproxen Analgesic and anti- 380 Yu et al., 2006
US.A. inflammatory 81 - 106 %Boyd et al., 2003
Canada | Salicylic acid | Analgesic, antipyretic {  bld - 35,000 Brun ct al., 2006
Canada (aspirin) and anti- 1675 - 3522 Lajeunesse &
inflammatory Gagnon, 2007
Germany Diatrizoate | X-ray contrast media 80 - 8700 Ternes, 2001
4 KU Diclofenac Non-steroidal anti- bld - 5450 Ferrari et al:, 2003
countries inflammatory
Germany Bezatibrate Lipid regulator <250 - 4600 Ternes 1998
US.A. | Meprobamate | Minor tranquilizer 1270 Vandertord &
Snyder, 2006
India | Ciprofloxacin L Antibiotic 28.000,000- [Larsson et al., 2007
31,000,000
Croatia | Acetaminophen Analgesic and blg - 5990 [ Gros et al., 2006
(paracetomol) antipyretic
[ S. Korea | lopromide | X-ray contrast media 1170 - 4030 Kim et al., 2007
Table 1.1 Pharmaceuticals found at the highest concentrations in effluent in difterent

countries. It must be noted that these data by Larsson et al., (2007) are quite unique in that

about 90 pharmaceutical companies were discharging their liquid wastes into just one

STW. blq: below limit of quantification. bld: below limit of detection.




media

Country | Pharmaceutical found at the highest concentration Reference
in rivers (ng/L)
Drug Type of drug Range or
actual
concentration
(ng/L)
Canada Naproxen Analgesic and 94 - 551 Metcalte et al., 2003a
US.A. anti-inflammatory bld - 68 Boyd et al., 2003
Spain Atenolol B-blockers 160 - 465 Gros et al., 2007
Croatia bld - 250 Gros et al., 2006
| Finland Metroprolol 39 - 107 Vieno et al., 2007
U.K. Erythromycin | Antibiotic 1000 Hilton & Thomas ]
2003
Germany | Bezafibrate Lipid regulator 350 - 3100 Ternes 1998
| Canada Salicylic acid | Analgesic, bld - 17,000 Brun et al., 2006
(aspirin) antipyretic and
anti-inflammatory
U.K. [buprofen Analgesic and <20 - 5044 Ashton et al., 2004
anti-inflammatory
[taly Hydro- Diuretic bld - 255.8 Calamari et al., 2003
chlorothiazide
[taly Lincomycin Antibiotic 80 | Castiglioni et al., 2004
S. Korea [opromide X-ray contrast 20 - 361 Kim et al., 2007

Table 1.2. Pharmaceuticals found at the highest concentrations in rivers in different

countrics. bld: below limit of detection




1.3  The risk pharmaceuticals pose to non-target organisms

Many, and perhaps most, pharmaceuticals are probably present in the environment at
concentrations too low to cause any effects on fauna and flora (Sumpter 2007). However,
some pharmaceuticals pose a greater potential threat to the aquatic environment than
others, as some will have a higher usage, others will be more potent at low levels, whilst
some will be poorly degraded and have the ability to bioaccumulate in aquatic organisms.
To highlight pharmaceuticals that may cause harm to aquatic organisms, risk

characterisation ratios can be calculated.

Predicted environmental concentration (PEC)

Risk characterisation ratio = Predicted no-effect concentration (PNIEC)

PEC is the predicted environmental concentration in surface waters calculated from a worst
case scenario. This value is based on usage, physical properties, chemical and biological
properties, STW effluent flows and surface water flows. PNEC is the predicted highest
concentration considered unlikely to cause an effect, and is an estimate of the
concentration at which no potential effects on aquatic organisms and ecosystems might
occur. It 1s usually obtained using ecotoxicology data from the open literature and
quantitative structure-activity relationships (QSAR). Substances with a ratio greater than 1
are deemed to be of ‘potential concern’ (Ashton et al., 2004). However, these ratios can

only be as good as the data available to feed into the calculation. Table 1.3 shows two

different drugs with very different PEC/PNEC ratios.

Drug UK use (tonnes per year) | PEC pg/l. | PNEC pg/l. | PEC/PNEC
! 1 L

Propranolol 11.8 2.17 1.87 1.16

Ethinylestradiol | 0.029 10.005 0.84 <0.01

Table 1.3. Summary of PEC and PNEC values and ratios for 2 pharmaceuticals found in

the environment. Taken from Webb: Pharmaceuticals in the environment (2001)

Propranolol, a B-blocker, has a ratio >1 and therefore is shown to be of ‘potential concern’.
Studies show 1t has been found to affect medaka (Oryzias latipes) reproduction at
concentrations as low as 0.005 mg/L, although these data have not been repeated since
(Huggett et al.,, 2003a). However, from the calculations in Table 1.3a, ethinylestradiol has

a ratio much less than 1, and therefore is deemed to be of no concern. Yet ethinylestradiol

is found at environmental concentrations at < 1ng/L and has been found to be a most potent
6




endocrine disrupter, demonstrating an estrogenic potency over a thousand times greater
than any xenobiotic mimic, and found to elicit a response in fish at concentrations as low
as 0.1 - 0.5 ng/l (Purdom et al., 1994, Thorpe et al. 2003). The PNEC data from Webb
(2001) seems to be the acute toxicity value and not the chronic PNEC, for if recalculated
using a PNEC of 0.5 ng/L, the resulting risk characterisation ratio is 10, and hence shows

cthinylestradiol to be of great concern, highlighting how this ratio relies heavily on

accurate data.

The above example shows that those drugs of environmental concern are not necessarily
those 1n high production, but can also be those with a high environmental persistence, that
have a high potency or have effects on key biological functions such as reproduction (Fent
et al., 2006). However, the vast majority of pharmaceuticals do not exhibit high acute
ecotoxicity, in that they are not lethal to aquatic life at concentrations less than 1mg/L.
More than 90 % of these compounds have EC50 values greater than Img/lL., and only 1 %
have ECS50 values less than 0.01mg/L. (Cunningham et al., 2004). Hence. most
pharmaceuticals are not expected to cause lethal effects, as they are found at very low

concentrations 1n the environment.

Despite this, there is a lack of knowledge about long term risks that the presence of a large
variety ot drugs may pose for non-target organisms, even though they may be found at low
concentrations (Gros et al., 2006). However, many pharmaceuticals do not enter aquatic
organisms easily, and even though a drug may be very potent, for the drug to cause any
effect, it must tirst get into the organism (e.g. through gills of a fish), and reach the site of
action without being metabolized. Once the drug is inside an organism, its distribution and

consequently its effect will be dependant on factors such the K, of the drug. For example,

if a drug 1s lipid soluble it would accumulate in the fat portion of an animal, and unless
metabolized In times of stress or deprivation, it could be assumed that the drug would
remain 1n the fat as an inactive compound. However, if the drug becomes partitioned into
the blood and circulation, the plasma concentration could increase in the organism and
come close to, or even exceed, the therapeutic level that is set in humans (Huggett et al.,
2003). Various models have been developed to predict the internal concentration of a
pharmaceutical based on the chemical properties of a pharmaceutical and likely
concentration in the environment, although currently very little data are available to assess

the accuracy of these models (e.g. Huggett et al., 2003).



Drugs can reach non-target animals through unexpected routes, and once inside an animal
may act unexpectedly based on what 1s known of the drug, leading sometimes to
unexpected outcomes. In 2004, diclofenac, an analgesic and nonsteroidal anti-
inflammatory pharmaceutical, caused extremely high death rates in three species of
vultures 1n India and Pakistan, resulting in the death of more than 95 % of the population
of the oriental white backed vulture (Gyps bengalensis) (Fent et al., 2006; Oaks et al.
2004). By eating carcasses of cows which had been treated with the drug, the vultures
ingested diclofenac and consequently died of renal failure, visceral gout and kidney
malfunction from the accumulation of uric acid throughout the body cavity (Fent et al.,
2006). This 1s a very important message, as we may be unable to predict all the different
modes of action of a pharmaceutical, which can in turn sometimes lead to very serious
consequences. Only time and further research will show whether the case of diclofenac

killing vultures 1s a unique example, or is more common than realized currently.

Another way of evaluating the risk posed by a pharmaceutical is the acute: chronic ratio
(ACR) of the drug. If the ACR of a drug is high, then the patient can tolerate a high dosc
without the drug causing significant side effects and therefore it could follow that if the
ACR of a drug 1s high in humans, it 1s also likely to be high in other organisms. For
example, pharmaceuticals that have low ACRs (e.g. lower than 10) are perhaps more likely
to cause an acute effect in another organisms. There are very limited data available to
assess whether or not this is true (Fent et al., 2006), although presumably the ACR for
diclofenac 1s much lower for vultures than it is for cows, since vultures receive an acute
dose from eating a small amount of carcass of a cow that had been treated with diclofenac,

yet the cow did not die from the drug.

1.4  Different modes of action of pharmaceuticals

The study of pharmacodynamics describes the biochemical and physiological effects of a
pharmaceutical on an animal, i.e. what a pharmaceutical does to an animal and how it does
it. In order to alter an array of structures, functions and metabolic processes within the
body of a patient, pharmaceuticals are designed to stimulate a response in humans and
animals at low doses, and so their design is often engineered such that they have a very
specific mode of action (Jones et al., 2004; Calamari et al., 2003). The modes of action of

pharmaceuticals can be categorized into four recognized groupings, as shown in Figure

1.1.
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Figure 1.1. The four main modes of action of pharmaceuticals. (Taken from Rang et
al., 2003).

Most receptors and enzymes found in humans have also been identified and characterized
in fish and other vertebrates, showing that between mammalian and teleost systems there is
a great deal of conservation. For example, sequence homologies for receptors and
enzymes In fish compared to mammals range from 31 — 88% (Huggett et al., 2003).
Therefore if a drug has a particular mode of action in humans, we would expect to see the
equivalent mode of action in other organisms that also have the same receptor or enzyme.
However, it 1s much less clear whether invertebrates exposed to a drug would respond with
the same mode of action that occurs in humans. This 1s because currently there 1s not
enough information available to suggest that the same biochemical and molecular

machinery exists in these animals.

If it can be assumed that the same mode of action will occur in humans and other classes of
vertebrates for a particular pharmaceutical, the next logical step might be to ask whether
the effect of a pharmaceutical occurs at the same therapeutic dose, 1.e. if the concentration
of the pharmaceutical in the blood is the same for both humans and other vertebrates, will
the drug elicit the same effect? Unfortunately little data are available to assess this theory,

as very few ecotoxicology studies have included measurement of the plasma concentration

of test drugs.



1.5  Metabolism of pharmaceuticals

In humans, pharmaceuticals are mostly ingested orally, adsorbed into the blood, and once
metabolised, a variable proportion is excreted as conjugates (Ashton et al., 2004).
Pharmacokinetic studies have indicated that drugs are mainly excreted as metabolites and
the concentrations of the metabolites in the environment are sometimes higher than the
parent molecule (Ternes 1998). Metabolism occurs in the liver, where phase | and/or
phase Il biotranstormation pathways are involved. Phase 1 metabolism results in the
production of polar, less toxic metabolites by oxidative, hydrolytic and reductive
processes, €.2. oxidation of an alkyl side chain (Cravedi et al., 2001). Phase Il metabolism,
namely glucuronidation or sulphation of the parent compound or phase I metabolite, also
achieves a more polar, less toxic product (Cravedi et al.,, 2001). Phase Il metabolism
predominates over other routes of metabolism in many fish, including rainbow trout
(Coldham et al., 1998). In humans, the main enzymes involved in Phase I pathways are
cytochrome P450 monoxygenase enzymes (P450 cytochromes), the major ones being
CYP2CY9 and CYP3A4, and the minor ones being CYPIA2, CYP2CI19 and CYP2D6
(Gagné et al., 2006). Fish have cytochrome P4503A but not any of the CYP2C family, and
so fish will metabolise drugs differently to humans in an attempt to eliminate them and
prevent toxic accumulation. Since many pharmaceuticals require phase 1 oxidative
metabolism to assist in their elimination, without equivalents of the human cytochromes,

fish have the potential to bioaccumulate these drugs (Gagné et al., 2006).

1.6  Current legislation and testing of pharmaceuticals (guidelines)

In the U.S.A., the tood and drug administration (FDA) have monitored pharmaceuticals in
the environment since 1977 under the National Environmental Policy act of 1969.
Regulation occurred via an environmental review process for new drug applications and
since 1980 this has become more extensive (Jones et al., 2004). For new drug applications,
the expected ntroductory concentration (EIC) of a drug into the environment over S years
had to be calculated. It this concentration does not exceed 1ug/L, then no further action
need be taken. But if the EIC 1s greater than 1 pg/L, then a formal environmental risk
assessment has to be carried out, which includes a tiered set of ecotoxicology tests on
microbial, algal, invertebrate and fish species. However, if a drug had the ability to bio-

accumulate, then chronic testing is also considered (Jones et al., 2004).

In Europe, up until recently, a less rigorous procedure was in place, and hence for the

majority of medicinal products and their metabolites, an environmental risk assessment has

never been carried out (Ternes 1998). The old system (EMEA/CHMP/96268/2005) looked
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at PEC values; 1f these were less than 0.01ng/L., then no further assessment was needed. If
the PEC value was greater than 0.01 ng/L., then the PEC/PNEC ratio was calculated and
phase 2 testing was conducted if the ratio was greater than 1 (Jones et al., 2004). However,
there was no legal requirement for this to be done, and there were many criticisms of this
system as no terrestrial component was considered, providing physico-chemical data such
as rate of adsorption (Koc) or Pow or LCsg ECsg and NOEC were not mandatory, and there

was an inclination towards acute rather than chronic effects (Jones et al., 2004; Ternes

1998).

However, the recent realisation that many pharmaceuticals are present in the environment
has triggered a new proactive approach, and a proposal to include an environmental risk
assessment 1n the registration procedure for medicinal products was issued (Escher et al.,
2005). In 2000 the European Medicines Evaluation Agency (EMEA) 1ssued guidelines to
assess the environmental impact of veterinary medicines, and draft guidelines for human

pharmaceuticals (CPMP/SWP/4447/00) (Escher et al., 2005). The approach is a step-wise,

two phase procedure, as shown 1n Table 1.4.

Stage in Stage in risk Objective Method TEST /DATA
regulatory assessment REQUIREMENT
evaluation

Phase 1 | Pre-screening | Estimation of Action Iimit | Consumption data,

exposure log Kow

Phase 11 Screening Initial Risk | Base set of aquatic |

Tier A prediction of Assessment toxicology and
risk fate data

PhaseII | Extended | Substanceand Risk Extended dataset

Tier B compartment- Assessment on
specific emission, fate and
refinement and cticcts
risk
assessment

Table 1.4. Summary of the EMEA guidelines in assessing the impacts of human

pharmaceuticals in the environment (EMEA document: CPMP/SWP/4447/00)
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The first phase estimates the concentration of a drug substance in the environment by
calculating a PECgsurracrwarer value. It the PECsurracrwarer value 1s equal or above
0.01ug/L, phase 2 Tier A is carried out. In some cases, if the drug substances may aftect
the reproduction of vertebrate or lower animals at concentrations lower than 0.01 pg/L,
then a tailored risk assessment strategy is followed that addresses the specific mode of
action of the drug, regardless of the PEC value obtained. Phase 2 Tier A assesses the fate
and eftects of a pharmaceutical in the environment using Organization for Economic Co-
operation and Development (OECD) protocols on three aquatic species, one plant (algal
growth inhibition test), one invertebrate (Daphnia reproduction test), and one vertebrate
(fish early life stage test) (Sumpter 2007). If a potential risk is detected in Phase Il Tier A,

then Phase II Tier B is conducted into extended effects analysis.

The recent EMEA guidelines are a vast improvement on former guidelines, and data from
Germany collected over the last ten years show that the EMEA method provides a good
approximation ot environmental concentrations (Castglioni et al., 2004). Nevertheless, it
is unlikely that the guidelines would have highlighted the dangers posed to the
environment from ethinylestradiol or diclofenac (Sumpter 2007). The very nature of
pharmaceuticals 1s their specificity to target particular enzymes and receptors and their
narrow scope of biological activity and potency. These properties mean that the use of
standard acute ecotoxicology tests may not be suitable for assessing the risks caused by
pharmaceutical compounds (Thomas & Hilton, 2004). Another criticism of the guidelines
is that they only consider one pharmaceutical at a time and ignore the fact that some
compounds can cause additive or even synergistic toxic effects when in the presence of
other compounds (Nunes et al., 2005). For example, a number of different representatives
of the same class of pharmaceutical may be present 1n the environment at the same time,
for instance a number of different B-blockers are undoubtedly present in the environment
simultaneously and these might have an additive eftect. Then there i1s the issue of the
simultaneous presence of quite different drugs, such as an estrogen and a progesterone, and
the question here would be whether these would act synergistically or independently of

cach other.
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1.7  B-blockers and their use in humans

B-blockers are designed to target ;- and/or B2-adrenergic receptors (1-ARs, B>-ARs) and
currently there are at least 14 different -blockers that are widely used. There are two
types of [-blocker; selective B-antagonists, such as atenolol, which only block f3;-ARs and
are prescribed most commonly for treating heart conditions such as angina, arrhythmia and
heart attacks, and non-selective B-antagonists, such as propranolol, which block both [3;-
and [3;-ARs. In addition to treating heart problems, non-selective -antagonists are also
prescribed to treat migraines, essential tremors, stress, and some, such as timolol, are used

for the treatment of glaucoma (Lee et al., 2007). Appendix A shows the chemical

structures of these compounds.

1.8  Environmental concentrations of 3-blockers

Since the aquatic environment has been termed ‘the ultimate sink’ for natural and man-
made chemicals, 1t 1s hardly surprising that B-blockers have been detected in the aquatic
environment, with them and other pharmaceutical contaminants now present in surface
waters throughout the world (Sumpter, 1998; Lindqvist et al.,, 2005). After patient
administration, non-metabolised B-blockers and their metabolites are excreted by patients.
Due to the incomplete removal of these biologically active compounds at sewage treatment
plants, these drugs enter our rivers primarily via sewage treatment works effluent. Table
1.5 details the environmental concentrations of B-blockers that have been reported in STW
wastewater and surface waters from different studies conducted around the world.
Propranolol has also been detected in 41 % of estuarine water samples at a maximum
concentration of 56 ng/L and a median concentration ot 13 ng/l. (Thomas & Hilton, 2004).
It can be seem from Table 1.5 that B-blockers are frequently detected in both rivers and
wastewater at concentrations normally in the ng/L to low pg/LL range. The maximum
concentration recorded in effluent was 950pg/L; however this was measured in samples
obtained from India, where the particular wastewater originated primarily from about 90

bulk drug manufacturers (Larsson et al., 2007).
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Table 1.5. Summary of reported levels of B-blockers in wastewater discharges and

surface waters from studies conducted around the world.
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1.9  Effects of p-blockers on aquatic organisms

From acute ECsg data 1t would seem that atenolol 1s non-toxic to aquatic organisms, whilst
metroprolol would be classified as toxic, and propranolol as very toxic (Cleuvers 2005).
Atenolol and metroprolol have PEC/PNEC ratios of less than 1 and hence the
environmental risk based on acute studies seems to be relatively low. However, if as stated
by Webb (2001), propranolol has a PEC/PNEC ratio of 1.16, it is classed as being of
environmental concern. Chronic data with respect to aquatic life and B-blockers are not
found 1n abundance. Owen et al., (2007) summarises 1n vivo data of f3-blocker activity in
fish and chapter 3.1.3 reviews more specifically the biological eftects that -blockers have
been found to have on plants, bacteria, invertebrates and fish. The chronic effects of -
blockers include inhibited plant growth, reduced bioluminescence and photosynthesis in
plants and bacteria and reduced movement, growth and reproductive capability in
invertebrates and fish. These chronic effects have been found to occur 1n the low to mid

mg/L concentrations.

1.10 Mechanisms of action of B-blockers

In mammals, the ‘fight or flight’ syndrome, or a response to stress, is controlled by two
hormones that are produced in the adrenal medulla found within the middle of the adrenal
gland (Roberts, 1986). The two hormones, adrenaline and noradrenaline (also termed
epinephrine and norepinephrine, respectively), are catecholamines that are synthesised in
chromatfin cells from the amino acid tyrosine via the Blaschko pathway (Campbell, 1993;
Reid et al., 1998). Catecholamines are charged compounds that contain a catechol moiety
(see Figure 1.2), and amongst other things, their presence in the blood enables an
immediate supply of energy to be released that allows for rapid contraction of major

locomotor muscles (LLodish et al., 2000).
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Figure 1.2.  A. A catechol moiety (Lodish et al., 2000). B. Chemical structure of

adrenaline (also known as epinephrine). C. Chemical structure of nor-adrenaline (nor-
epinephrine). The only difference from adrenaline is that the -CHj group has been

replaced by H. shown in red. (www.ch.ic.ac.uk/rzepa/mim/drugs)

Most hormones derived from amino acids are unable to pass through plasma membranes of
their target cells and the same is true for catecholamines. Catecholamines bind to specific
receptors, known as adrenergic receptors, that are located on the outer surface of particular
cells. A receptor 1s a molecular structure within a cell, or cell membrane, that produces a
particular physiological response in the cell after a specific ligand binds to it. G-protein
coupled receptors (GPCRs) are membrane-bound serpentine receptors that make up one of
the largest families of proteins in vertebrate species. Adrenergic receptors (ARs) belong to

the large rhodopsin branch of GPCRs and are divided into two main groups: a and 3
(Fredriksson et al., 2003). In mammals, nine different subtypes exist; aja, g, ®p, 024,
a-n, e and Bi, Bz, and B; Each subtype carries out a particular function and has been
identified as a separate subtype based on the receptor’s pharmacology and relative affinity
for adrenaline and noradrenaline. In humans, B;-ARs are found in cardiac muscle and
when circulating catecholamines bind to these receptors, an increase in heart rate and
contractility 1s observed, which consequently increases blood supply to tissues. B,-ARs are

present in smooth muscle cells lining the bronchial passage, and when active enable the

relaxation of smooth muscle, allowing the bronchioles to open (Lodish et al., 2000). f;-
ARs in mammals have a major role in the mediation of the adipose tissue thermogenic
response (Nickerson et al., 2003). Liver and adipose tissues also possess B-ARs and the
binding of catecholamines to these receptors causes the liberation of glucose and fatty

acids to the blood within seconds (Lodish et al., 2000). B-ARs are also found on
17



leukocytes (white blood cells) and by neuro-immune communication they are responsible

for many stress-related immunological changes (Jozefowski & Plytycz, 1998).

GPCRs are made up of seven a-helical transmembrane domains (TMDs), which span the
membrane 1n an anti-clockwise manner, with an extracellular amino terminal and
intracellular carboxyl terminus, as illustrated in Figure 1.3. When comparing the
hydrophobic TMDs and membrane proximal regions of the intracellular loops of f-
adrenergic receptors (B-ARs), a high degree of amino acid sequence homology between the
different ARs can be found. These conserved areas are thought to be involved in ligand
binding and G-protein interaction (Strosberg 1997). In situ (in a cell membrane), B-ARs
have a complex three-dimensional (3D) structure in which all the TMDs, and the amino
acids in the TMDS, are close to each other (see Figure 1.3). This important structural
feature allows the formation of ligand binding pockets, sites of phosphorylation, and
regions of protein interaction in B-ARs (and other GPCRs) between TMDS. For example,
adrenaline has been predicted to interact with amino acids in TMDs 111, IV, V and VI in
the B>-AR (Freddolino et al., 2004). Hence, the ligand-binding site is not a consecutive
row of amino acids, but an assortment of residues spread throughout the receptor. The
ligand binding site forms a pocket and develops hydrogen bonds, salt bridges and
hydrophobic interactions with hydroxyl and methyl groups on the ligand (Freddolino et al.,
2004). Other key residues form similar bonds to maintain the 3D structure of the receptor

(Rezmann-Vitti et al., 2004).

Figure 1.3. Three dimensional view of a f2-AR. The numbers 1 to 7 refer to each TMD.
(Ranganathan, 2007). Note the ligand in the centre of the receptor.
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The signalling pathway in ARs (and other GPCRs) 1s brought about by a series of
biochemical changes within the cell, which result in a physiological change (see Figure
1.4). The classical signal transduction pathway involves intracellular heterotrimeric
guanine proteins, (G-proteins) that are made up of 3 subunits; Ga, G and Gy, of which the
Ga- subunit has three different subtypes: Gag-, to stimulate phospholipase C; Gas-, and
Gai- to stimulate or inhibit adenylyl cyclase, respectively (Fitzgerald et al., 1999). When
an endogenous ligand such as adrenaline or noradrenaline binds to a B-AR, the
transformation of GTP to GDP + Pi{ occurs, causing the stimulatory part of G-protein (Gas)
to dissociate tfrom the Gy subunit, and interact with the enzyme adenylyl cyclase. The
interaction triggers the synthesis of cAMP, by hydrolysis of ATP, and switches the
receptor to an active state. However, the conversion of ATP also hydrolyses GTP in the
Gas- protein back to GDP, and hence the synthesis of cAMP only lasts for a few seconds.
The receptor now returns to an inactive state and the stimulatory Gas-protein moves back

to the remaining Gy subunit.
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Figure 1.4. Schematic representation of the signal transduction pathway in an adrenergic

receptor. (A) 2D diagram of a GPCR, based on the model for the rhodopsin receptor.

(B) Adrenergic receptor in a basal state with GDP bound to Ga-s. (C) Upon a ligand
binding to the receptor, GTP replaces GDP and Ga-s dissociates from the G-y complex
and binds to adenylyl cyclase, resulting in the synthesis of cAMP. Consequently,

intracellular concentrations of cAMP increase and activate proteins, such as protein

kinase A (PKA), that induce a physiological response.
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High intracellular concentrations of cAMP, ranging from tens of thousands, to millions, of
cAMP molecules per cell are required to trigger cellular responses (Lodish et al., 2000).
Only a few thousand B-ARs are present on the outside of one cell and hence a method of
amphfication 1s needed to produce the required concentration of cAMP molecules. This
happens 1n two steps; firstly, each GPCR complex can switch up to a hundred Gas
molecules to an active state, and secondly, several hundred molecules of cAMP can be
produced whilst adenylyl cyclase is activated, before the dissociation of GTP from the
Gas-protein (Lodish et al., 2000). This enables a significantly increased intracellular
concentration of the 2" messenger, cAMP, to trigger dose-dependent changes in the cell.
For example, 1n a stressful situation, noradrenaline would be released from the adrenal
gland into the blood to bind to B;-ARs on cardiac myocyte cell surfaces. Subsequent
activation of the Gas-protein would result in an increased concentration of cAMP inside
the cardiac muscle cells, which would in turn activate protein kinase A. This would
phosphorylate particular proteins, to influence cardiac Ca*" channels and result in an

increase 1n cardiac output (Ellis & Frielle, 1999).

When an agonist 1s lost from the receptor, homologous desensitisation of B;- and B,-ARs
occurs. The pathway 1s shown in Figure 1.5. Phosphorylation of the receptor Gfy subunit
by second messenger independent G-protein-coupled-receptor-kinases (GRKs), and
subsequent binding to inhibitory B-arrestin isoforms, prevents further coupling between the
receptor and G-protein. The phosphorylated, B-arrestin-bound, uncoupled receptor is then
moved from the plasma membrane by internalisation and bound to clathrin and adapter
protein 2 (AP2). It is then recycled via clathrin-coated vesicles, de-phosphorylated and

either recycled back to the cell surface (re-sensitisation) or degraded in the lysosomes

(Métaye et al., 2005; Mayor et al., 1998).

21



Phosphate Clathrin

: ted pit
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Figure 1.5. Summary of the endocytotic pathway, leading to recycling or degradation of
ARs . (A) GRK binds to the Gs-Py/receptor complex and phosphorylates the receptor.
which promotes binding of B-arrestin. [-arrestin acts as an intermediary protein and
binds the receptor complex to clathrin coated pits via clathrin and AP2 proteins. (B) In
the presence of GTPase dynamin, endocytic vesicles are formed. The receptor complex
then undergoes resensitization, where it is recycled back to the membrane surface, or it

is trafficked to lysosomes to be degraded by proteases.
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Heterologous desensitisation occurs regardless of whether an agonist 1s bound to the
receptor, to cause a general decline in receptor responsiveness.  Second messenger
generating systems activate enzymes, such as cAMP dependent protein kinase (PKA) or
protein kinase C (PKC), to result in phophorylation of multiple proteins and the
desensitisation of -AR activity (Guimond et al., 2005; Freedman et al., 1995). However,
heterologous desensitisation has also been discovered to be a route by which different ARs
modulate activity via molecular ‘cross talk’; for example, a;-ARs can desensitise and
regulate 3>-ARs and affect cardiac contractile responses. This pathway is brought about by
a;-AR coupling to inositide-specific phospholipases via Gag-proteins, to activate 2™
messenger pathways of inositol-triphosphate and diacylgylcerol, which in turn modulate
intracellular concentrations of Ca®’ and PKC respectively, to lead to hetcrologous

desensitisation of B-AR activity (Guimond et al., 2005).

Additional mechanisms of 3;- and [3,-AR signalling also occur via the mediation of distinct
cytoplasmic proteins and trans-membrane proteins, €.g. GRKs, PKA and B-arrestins (Hall,
2004; Tsao & Zastrow, 2001). Further interactions of [3;- and [},-ARs also include receptor
specific proteins, such as endophilin-1, post-synaptic density proteins, membrane
associated guanylate kinase-like inverted-2 (MAGI-2) and cyclic nucleotide Ras guanine
nucleotide exchange factor (CNRasGEF), to mention but a few. These proteins have very
particular functional effects and they exhibit distinct tissue-specific patterns of expression.
These proteins help contribute to physiological differences between different B-AR

subtypes and tissue specific 3-AR function (see Hall, 2004).

1.11 B-Adrenergic receptors in teleost fish

As in mammals, the secretion of catecholamines in fish occurs when they are subject to
environmental or phystiological stressors, which elicit physiological changes that minimise
the detrimental eftfects of stress on physiological function (Perry & Bernier, 1999). Such
stressors can include air exposure, environmental hypoxia or hypercapnia, metabolic
acidosis, exercise, handling, physical disturbance, anaemia, anaesthesia or hypotension.
However, not all stressful situations in fish have been found to elicit a catecholamine
response. kor example, rainbow trout will not release catecholamines in response to mild
or moderate environmental hypoxia, sustained aerobic exercise or to a 20-25 % reduction

in blood pressure (Perry & Bernier, 1999).

Fish, hike mammals, also possess a and [ adrenergic receptors and the transduction

pathway for fish f-ARs seems to resemble the one present in mammalian cells, whereby
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the occupation of a GPCR receptor causes stimulation of adenylyl cyclase and the
synthesis of cCAMP (Fabbri et al., 1998). On activation of the afterent limb of the humoral
adrenergic stress response (i.e. the secretion of catecholamines), the efferent limb (i.e. the
physiological reactions elicited by the catecholamines) responds by modulating
cardiovascular and respiratory function to maintain an adequate supply of oxygen to the
blood and tissues, and mobilization of energy stores, such as glucose and lipids, to provide

for the increased energy demands (Reid et al., 1998).

The storage of catecholamines is different in fish. Catecholamines are still produced by
chromafttin cells, but in teleosts these are primarily located in the walls of the posterior
cardinal vein in the region of the head kidney and 1n close association with lymphoid tissue
of the kidneys, where they have been observed to exist singularly or in clusters (Perry &
Bernier, 1999; Reid et al., 1998). However, it must be noted that in less evolutionary

advanced fish, the location of chromaffin cells differs again.

Adrenaline and noradrenaline are stored in separate types of chromaftin cells; those storing
adrenaline contain spherical or elongated granules (30 nm diam.), whilst chromatfin cells
storing noradrenaline contain spherical, electron dense granules (200 nm diam.) (Reid et
al., 1998). Levels of catecholamine storage also ditfer between different groups and
species of fish, and one particular catecholamine can be stored at greater concentrations
than another; for example, in teleosts, adrenaline 1s the predominant catecholamine that is
stored (Reid et al., 1998). However, levels of catecholamine storage can also be aftected

by pollution, nutritive and/or physical stress, hormonal inference and anoxia (Reid et al.,

1998).

In teleost fish, three subtypes of B-AR receptor exist (3;, 3> and B3), as they do in
mammals, with a further subdivision of 33-AR into B3, and B3p. B;-AR has been reported to
be present on red blood cells of many fish species and is associated with the Na'/H’
antiporter to increase intracellular pH and allow greater affinity of haemoglobin for oxygen
and consequently increased oxygen transport in the blood (Fabbri et al., 1998). In addition
to this, B1-AR 1s also reported to be present on the hepatic membrane of coho salmon, and

on activation, increased cAMP levels activate triacylgycerol lipase, resulting in glycerol

and free fatty acid release (Fabbri et al., 1998).

The most characterised B-AR receptor in fish is the f,-AR. In the channel catfish, the

primary 3-AR receptor present on the membranes of the liver, head kidney leukocytes and
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spleen leukocytes is the f,-AR, whilst in rainbow trout, }>-AR, a 409 amino acid protein, 1s
highly expressed in the liver and red and white muscle, with lower expression levels in the
gills, heart, kidney and spleen (Nickerson et al., 2001; Finkenbine et al., 2002). When
catecholamines are released into the blood, the function of liver ,-AR in rainbow trout

and other species of teleosts has been found to be the mobilisation of hepatic glycogen

(Nickerson et al., 2001).

Through phylogenetic relationships, it has been suggested that teleost B3-ARs are
homologous to mammalian B3-ARs. However, their roles are completely ditferent, for in
mammals these receptors mediate the adipose tissue thermogenic response, a response that
fish are unlikely to have (Nickerson et al., 2003). p3a-AR mRNA has been found to be
highly expressed in the gill and heart of rainbow trout, whilst evidence ot the presence of
B3b-AR has been found on red blood cells (Nickerson et al., 2003). Strong evidence exists
that the activation of 33b-AR by catecholamines, predominantly noradrenaline, results in
an increase 1n the oxygen-binding affinity of red blood cells (Nickerson et al., 2003). The
resulting rise 1In cAMP from the activation of the red blood cell B3b-AR, results in
activation of protein kinase A that consequently activates the B-Na'/H™ exchanger by
phosphorylation. H" then extrudes from the red blood cell in exchange from Na' and the
increase 1n alkalisation/pH increases the affinity of haemoglobin for oxygen, and hence
increases oxygen transport in the blood (Nickerson et al., 2003). Following adrenergic
stimulation, the blood oxygen capacity was found to increase two-fold within minutes

(Wang et al., 1999). The two B3-ARs in rainbow trout have been found to have an 84 %
degree of sequence conservation, both at the nucleotide and amino-acid level, with f3a-AR

encoding a protein of 429 amino acids and B3, encoding one for 477 amino acids

(Nickerson et al., 2003).

B-ARs have also been found on white blood cells (leukocytes) in fish (with phagocytic,
adherent cells bearing more receptors than lymphocytes), and in the special sphincter in
puffer fish (Ng et al., 1973; Jozefowski & Plytycz, 1998). However, B-AR subtypes have
been found to be specific to species, tissues and the function of the tissues, but there is
little explanation as to why the high diversity of adrenergic receptor systems exists in
teleosts (Fabbri et al., 1998). The sensitivity of receptors also differs between fish species:
for instance, adrenaline 1s 100 times more effective in stimulating carp liver pieces than
noradrenaline 1s, whereas chinook salmon liver pieces responded equally well to both
catecholamines (Fabbri et al., 1998). Temperature can also effect adrenergic sensitivity

and density of 3-ARs; for example, a heart trout acclimated at 8 °C is more sensitive to
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adrenaline than one acclimated at 18 °C, due to the cardiac cells at 8 °C having a greater

cell surface adrenoreceptor population (Keen et al., 1993).

Almost all fish tissue is potentially able to remove catecholamines from the blood via two
deactivation enzymes; monoamine oxidase and catechol-o-methyl transterase (Fabbri et
al., 1998). Once circulating catecholamines have been deactivated, the blood level of
catecholamines returns to the resting concentration of between 1 to 10 nM, which is a 100-
fold reduction from circulating catecholamine concentrations occuring during periods of

acute stress (Fabbri et al., 1998).

1.12 Differences between -ARs of different species

A lot of research and information has been gathered with regard to the structure and
genetics of mammalian 3-ARs, but few studies have dealt with B-ARs of non-mammalian
species. The completion of the zebrafish (Danio rerio) and pufferfish (Takifugu rubripes
and Tetraodon nigroviridis) genomes has allowed B-ARs to be identified in these species
of fish, showing that 3-ARs in fish and humans demonstrate a high sequence homology. In
humans, the sequences of [3;- and B,-ARs are 54% 1dentical (71% when only TMDs are
compared). However, the efficacy (the inherent ability of the receptor to produce a signal)
of B1-ARs 1n humans 1s six times lower than that of B>-ARs in transducing a given receptor
occupancy signal, yet the molecular basis for this difference i1s poorly understood
(Birnbaumer et al., 1994; Frielle et al., 1987). It seems that changes in efficacy may occur
as a consequence of relatively small molecular differences within a single species, let alone

when data are extrapolated across species.

The specificity of B-ARs for adrenaline and noradrenaline, and other agonist and
antagonists, 1s a feature that distinguishes each p-AR subtype. B-ARs in the goldfish head
kidney share a similar affinity for adrenaline and noradrenaline to mammalian B-ARs
(Jozefowskl & Plytyczt, 1998). However, in rainbow trout (Oncorhynchus mykiss), the
B3»-AR shows a high affinity for propranolol and nadolol (non-selective B-AR antagonists),
which 1s not consistent with mammalian 3;-ARs, which show low affinities for these
compounds (Nickerson et al., 2003). Currently, not enough is known about the

specificities of fish ARs to know whether they will be similar or different from their

mamimalian counterparts.

Physiological endpoints between humans and fish B-ARs also differ. For example, in

mammals, Bj-, P2- and B3-ARs are all found to stimulate lipolysis in fat cells. However in
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carp, $1-ARs inhibit lipolysis, whereas B,-ARs stimulate 1t (Vianen et al., 2004). Hence,
the signal transduction of 3-ARs may be similar between mammals and teleost fish, yet the
physiological outcomes may be completely different. Small structural differences may
account for some of the above differences, such as the lack of phosphorylation sites within
G-protein binding domains and the finding of three potential phosphorylation sites in the
carboxyl terminus in rainbow trout (3;-ARs (Nickerson et al., 2001). These sites play an
essential role 1n desensitisation pathways in mammals, and the change or removal of them

has unknown consequences.

1.13 Evolution of -ARs

It is most likely that all ARs arose from a common gene, and despitec 350 million years of
evolution, overall ligand-binding character, order of potency and efficacy of agonists has
been found to be highly conserved between zebratfish and human a;- adrenergic receptors
(02-AR) (Ruuskanen et al., 2005). However, gene duplication, in particular complete
genome duplication 1n the bony fish lineage after the split from mammals (leading to some,
but not all, families of fish being tetrapoloid), and amino-acid polymorphisms, may
account for some of the differences between teleost and mammalian B-ARs (Yang-Feng et
al., 1990). The abundance of trace-amine receptors in zebrafish (Danio rerio) compared to
Japanese puffer fish (Takifugu rubripes) is an example of how protein evolution can
proceed at a rapid rate (Gloriam et al., 2005). Hence, despite transduction pathways for
fish B-ARs seeming to resemble, in all details, the ones present in mammalian cells (Fabbri
et al. 1998), it has to be considered that the pharmacodynamic activities of f3-blockers, and
their metabolites, could induce effects that are totally different, or even 1f similar, more

potent, than the original therapeutic actions that were intended for humans (Laville et al.,

2004).

1.14 Aims and objectives

The general aim of my research was to improve the understanding of the consequences to
fish of the presence of human pharmaceuticals in the aquatic environment. 1 chose to focus
on f3-blockers, mainly because it is well documented that these are present in the aquatic
environment. It B-blockers do affect wild fish, they are most likely to do so via the AR
system of the fish. Hence, basing my rescarch on the fathead minnow (Pimephales
promelas), because of 1ts widespread use in ecotoxicology, I investigated several of the key
issues that need to be resolved if any possible eftects of B-blockers on fish are to be
understood. Specitically, to demonstrate that fathead minnows are capable of responding

to PB-blockers 1n the expected manner, I characterised two of their $-ARs, namely p1- and
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B2-AR. Then, as an aid in indicating what physiological processes these p-ARs regulate
(and hence what effects f3-blockers might cause), I determined the tissue location of these
receptors. Finally, to begin the process of determining the possible effects of B-blockers on

fish, I investigated whether the -blocker propranolol affected reproduction.
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Chapter 2 Pl- and PB2-adrenergic receptors in fathead minnow

2.1 Introduction

B-adrenergic receptors (B-ARs) have been found in many species of organism from
mammals to plants. Whether their functions are the same 1n each organism it 1s not yet
known. However, the completion and annotation of genome databases has enabled

bioinformaticists to identify p-ARs in a range of organisms.

2.1.1 The genetic code

An organism develops by replicating information that 1s held within the nucleic acids of
genes. Nucleic acids are found in all living cells and viruses and the two main types are
deoxyribonucleic acid (DNA), which 1s found in the nucleus of cells, and ribonucleic acid
(RNA), found mostly in the cytoplasm (Roberts, 1986). The building blocks of nucleic
acids are known as nucleotides and consist of a 5-carbon sugar (deoxyribose in DNA and
ribose in RNA), phosphoric acid and an organic base. There are four organic bases,
(adenine (A), guanine (G3), cytosine (C) and thymine (T), which is replaced by uracil (U) 1n
RNA) and the organic base determines the name of the nucleotide. It is the sequence of the

bases that carries the information which determines an organism’s development.

DNA consists of two parallel polynucleotide chains and these are held together by pairs of
bases that are linked by hydrogen bonds. The pyrimidine bases, T and C, have a single
hexagonal ring and join to the larger purine bases, A and G, which have a hexagonal ring
joined to a pentagonal ring. However, the only possible pairings are A to T via two
hydrogen bonds, and C to G via three hydrogen bonds (see Figure 2.1). Other variations of
bonding are not possible because either the bases repel each other, or the pattern of

hydrogen donors and acceptors does not correspond.
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Figure 2.1. Chemical structure of nucleotide bases showing the hydrogen bonds

between adenine and thymine, and between cytosine and guanine.

(www.ncc.gmu.edu/dna/three.htm)
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The two strands of polynucleotide chains run in opposite directions and are twisted to form
a double helix. This model was proposed by James Watson and Francis Crick in 1953.
The 5° and 3’ ends of the polynucleotide strand are identified with regard to which carbon
in the sugar 1s attached to the phosphate group, e.g. carbon 5 or 3 of the sugar, respectively.
One strand runs 1n the 5° to 3’ direction, this 1s known as sense strand, and the other
complimentary strand runs in the 3° to 5° direction, and this is known as the anti-sense

strand.

A triplet of bases, known as a codon, codes for a particular amino acid and 1s the basis for
the genetic code. Table 2.1 details the 20 amino acids and the codons that are required to
produce them in DNA (In RNA the same code applies except thymine is replaced by
uracil). As shown, most amino acids can be coded for by more than one codon, e.g.
leucine and serine. In order to make proteins, DNA instructs the cell which amino acids

have to be put together in which order for the protein to be synthesised.
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First

Letter T
T Phenylalanine TCT
I WeeE) TCC
T TTA : TCA
Leucine
16 ool TCG
CTT Leucine CCT
o CTC (Lew. L) cec
CTA Leucine CCA
cre. 2L oo
ATT [soleucine ACT
Atc D ACC
A :
Isoleucine
ATA (Ile. ) ACA
" GTT vjie  GCT
GTA viline GCA

i.l,.l-'.:. :-. n l_I;] ii | R

P P \} \’

I :‘.l'::!I I:-'-:‘_.:‘ l‘: _II 1:.. .'" )y r G ( al’ )
" F-'""' ek A

Table 2.1.

ce (Ala, A)

Second Letter Third

C 00
o N B R T W PR AT s

Serine TAT Tyrosine Cysteine T
(Sera S) TAC (Tyra Y) (Cysa C)

: TAA
Serine
ASE5) A TCG
Proline  CAT Histidine Arginine
(Pro, P) CAC (His, H) CGC (Arg, R)
Proline CAA Glutamine CGA Arginine
Fro.P)  cag ™9 ¢ =N
Threonine AAT Asparagine AGT Serine A
(Thr, T) AAC (Asn, N) AGC (Ser, S) C
Threonine AAA  Lysine AGA Arginine A
(Thr, T) (Lys, K) (Arg, R)

AAG AGG
Alanine GAT ;tsiga(r:‘;’p GGT Glycine
(Ala, A) GAC D) ; GGC (Gly, G)
Alanine GAA Gl_utamic Glycine
acid (Glu, (Gly, G)
GAG E) &

A table depicting the amino acids specified by each codon of three

nucleotides. The abbreviation of each amino acid with i1ts coded letter are in brackets.

The bold letters refer to nucleotides. ATG codes for the start codon, and TAA, TAG or

TGA codes for the stop codon. Adapted from www.people.virginia.edu

2.1.2 Gene expression

Gene expression 1s the process whereby information encoded in a particular gene is

decoded to generate a protein (Lodish et al., 2000). Proteins are synthesised in ribosomes

which are found in the cytoplasm. In order to transfer the information stored in DNA from

the nucleus across to the cytoplasm, another molecule, messenger RNA (mRNA), is made,

which consists of only one strand of polynucleotides. In this process an enzyme, RNA

polymerase 11, splits the double stranded DNA apart at the appropriate point. This is the

most important step in transcription, for it determines which genes are expressed and how

much mRNA and subsequently proteins are produced (Lodish et al., 2000). The DNA

sequence that specifies where RNA polymerase Il starts this process is known as a
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promoter, and transcription from the promoter is controlled by DNA binding proteins

named transcription factors (Lodish et al., 2000).

The anti-sense strand (3’ to 5°) acts as a template for the formation of mRNA. Free RNA
molecules, which can only be added to the 3” end of the polymer, align themselves to pair
with their complimentary base, and in this way the mRNA strand elongates in the 5° to 3’
direction. Once assembled, the mRNA, which has the same sequence as the sense strand
of DNA, peels 1tselt off from the template and the DNA strands re-join. This whole
process 1s known as transcription. Immediately atter transcription, a poly(A) tail 1s added
to the cleaved 3’ end of the mRNA, a process catalyzed by polyadenylate polymerase. The
function of the poly (A) tail is to protect the mRNA molecule from exonucleases, for the

export of mRNA from the nucleus, and for translation (www.cn.wikipedia.org). Nearly all

mRNAs contain the sequence AAUAAA, 10 — 35 nucleotides upstream from the poly (A)
tail, which enables the poly(A) tail to be added.

Once the mRNA 1s in the cytoplasm, it attaches itself to the surfacc of a ribosome, which
provides a suitable surface for the attachment of mRNA and protein assembly. The protein

is formed via transfer RNA (tRNA), which reads the information from the mRNA and
translates the message into amino acids. tRNAs are clover-leaf shaped and have three
unpaired bases projecting from them; these line up to the appropriate complimentary bases
in the mRNA. Attached to the other end of the tRNA is the correct amino acid which
codes tor the codon sequence of the unpaired bases. When the tRNAs are lined up, peptide
bonds form between adjacent amino acids, after which the polypeptide chain breaks away

from the tRNA and a protein is formed.

A third kind of RNA, not described so far, is ribosomal RNA (rRNA). This type of RNA
is synthesised 1n the nucleolus by RNA polymerase I and makes up the central part of the
ribosome. Recently a fourth kind of RNA has also been discovered. This type of RNA,
known as micro RNAs, are short lengths of RNA that control gene transcription through

silencing genes (GrofBhans & Filipowicz, 2008).

Not all nucleotides code for amino acids. At the start and end of mRNA there are two
untranslated regions (UTR). Within the 5° UTR there 1s a component known as the DNA
promoter region, otherwise known as the initiation site, or TATA box, (5’ Y-Y-A"'-N-

T/A-Y-Y-Y 37), where Y codes for C or T, which is found 25 — 30 bases from the start

codon. The TATA sequence acts as a promoter to position RNA polymerase Il for
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transcription initiation (Lodish et al., 2000). Another nucleotide sequence 1n the 5° UTR
includes the ribosomal binding site (RBS; also known as the Kozak sequence In

eukaryotes). The RBS is the region where the ribosome binds to an mRNA to begin the
translation of the mRNA into a protein (Oiveira et al., 2004). This series of purine rich
bases (A and () are located roughly 3 — 14 bases from the beginning of the gene. and their
consensus sequence 1s AGGAG. However, the RBS sequence is highly degenerative, and

may have a great deal of variation with respect to its location and its sequence.

Other specific nucleotide sequences include start and stop codons (see Table 2.1 for their
coding). Most start codons encode for the amino acid methionine, but stop codons are
known as nonsense codons. This is because they cannot be translated because they do not
code for an amino acid, instead their purpose is to act as a signal to release the protein from

the ribosome during translation.

2.1.3 Topology

Topology refers to the number of times a membrane protein spans the membrane, and the
orientation of these membrane-spanning segments, all of which can be determined from a
receptor sequence. For example, GPCRs and other serpentine receptors characteristically
span the lipid bilayer of the cell membrane in seven a-helical trans-membrane domains
(TMDs) (see Figure 2.2). Each TMD contains 20 to 25 hydrophobic amino acids and each
particular TMD shows significant sequence homology to other corresponding TMDs
within the GPCR gene family, e.g. The first TMD 1s similar in all classes GPCRs. The
amino acid terminus of B-ARs is extracellular and the carboxy terminus is intracellular,

whilst the 3™ cytoplasmic loop is characteristically longer than the 1% and 2™ (Strosberg,

1997: Frielle et al., 1987).
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Figure 2.2. Diagrammatic representation of a B-AR in a cell membrane. showing the

cytoplasmic loops (C'1.) and the trans-membrane domains (TMD).



2.1.4 GPCR motifs

In a similar way that start and stop codons are specific nucleotide sequences that are found
in all genes, GPCRs also have conserved short nucleotide sequences that have specific
functions and these sequences can be used to identify, characterise and distinguish GPCRs
from each other and other genes. These motifs are often sequences that ensure the three
dimenstional (3D) structure and functional properties of GPCRs are conserved and some
molecular sequences are preserved because of the ligand. Adrenergic ligands are small
positively charged amines and in human B1-, f2- and B3-ARs, two asparagine residues are
found in analogous positions and these are thought to act as counterions 1n order to

maintain electric neutrality (Devic et al., 1997).

Because of the (3D) structure of GPCRs, the ligands bind with amino acid residues dotted
throughout the molecular sequence. At least four of the seven TMDs are essential for
ligand binding (Strosberg, 1997; Libert et al., 1989). For instance, in human [2-ARs,
adrenaline binds with aspartic acid in TMD III by the formation of a salt bridge (seen as
part of the “DRY’" motif), three serine residues in TMD V and asparagine in TMD VI via
hydrogen bonds, isoleucine in TMD 1V, and with both valine in TMD III and phenylanine
in TMD VI by van der Waals interactions with the ligand (Freddolino et al., 2004; Cao et
al., 1998). These residues (especially the serine residues in TMD V) are especially
important for binding ligands, and the efficacy with which the ligand binds may be due to
the ligand’s orientation in the ligand binding pocket which affects the difterent affinities
(strengths) between the ligand and the receptor. Subtle changes in the conformation of

these bonds consequently provide weaker or stronger interactions between receptors and

different ligands (Freddolino et al., 2004).

A region 1n Pl-ARs that is highly conserved between B1-ARs is the start of the
cytoplasmic COOH tail. This region of eleven amino acids (RSPDFRKAFKR) is
considered 1mportant for receptor coupling (Mason et al., 1999). Another distinguishing
feature of B-ARs are the proline rich residues in the third cytoplasmic loop and it is

possible that the cytoplasmic loops are also involved in interactions with the Gs part of the

G-protein (Freille et al., 1987).

N-linked glycosylation 1s often the principle post-translational chemical modification to
most proteins. The process, which takes place in the rough endo-reticulum (ER) of a cell,
results in the addition of saccharides (sugars) to proteins. Some proteins require the

addition of an oligosaccharide in order to fold properly and to maintain stability (LLodish et
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al., 2000). One agreed site for N-linked glycosylation in GPCRs i1s the asparagine residue
in the NH; terminal region before TMD I (Cao et al., 1998; Frielle et al., 1987).

Phosphorylation is the process whereby a phosphate group 1s added to an amino acid 1n the
presence of a protein kinase receptor, and this process 1s often crucial in regulating the
activity of many cellular responses to an external signal (Lodish et al., 2000). There are
consensus CAMP-dependent kinase phosphorylation sites in GPCRs which include serine
and threonine residues in the 3" cytoplasmic loop (between TMD V and TMD VI) and the
COOH terminal region (after TMD VII), which may mediate receptor desensitization
through phosphorylation (Machida et al., 1990; Emorine ¢t al., 1989).

Disulfide bonds form covalent bonds between sulthydril groups on two cysteine residues in
the same or different polypeptide chains to help stabilize the tertiary and quaternary
structure of many proteins (Lodish et al., 2000). A lot of GPCRs have conserved cysteine
residues. These are believed to create a disulphide bridge between the loops to help keep

the structural integrity of the protein (Cao et al., 1998).

2.1.5 pB-Adrenergic receptors in mammals
ARs are found in many species and a blast search (www.ncbi.nlm.nih.gov) reveals that
they have been characterised in many mammals. Table 2.2 shows the spectes for which [3-

ARs have been 1dentified.

Mammal Latin name p—-AR subtype
Human i Homo sapiens B1, B2, B3
Domestic cat Felius catus B1, B2, B3
Rhesus monkey Macaca mulatt | B1, B2, B3
Dog Canis familiaris B1, Ba, Bs
Brown rat Rattus norvegicus ! Bl . Bg, ﬁ3
Gorilla | Gorilla gorilla | B,, B;
Chimpanzee | Pan troglodytes i B2, B3
Domesticated cattle | Bos taurus | BI, 3, B3
Mouse Mus musculus | B1, B2, B3
Cotton top tamarin Saguinus oedipus | Bz, B3

Table 2.2. A list of mammals that have had -ARs identified in their genome. '
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In the mammals named above, all three B-ARs have been characterised in most animals.
However, just because the f1-AR has not been identified in the gorilla, chimpanzee or
tamarin, does not mean that these animals don’t have these receptors. It 1s more likely that

they are present, but have not been annotated or characterised.

2.1.6 P-Adrenergic receptors in fish

Table 2.3 details the B-ARs found in fish. One noticeable difference between the fish and
the mammalian data are that fish appear to have two subtypes of the B3-AR (33a- and B3b-
AR), whereas mammals only have one subtype. The division of the fish 3-AR was
initiated by Nickerson et al. (2003). In this paper it is stated that the two novel 3-ARs that
had been discovered were both homologs of the mammalian 33-AR (52.0 and 52.8 %
homology, respectively). However, due to the clearly different expression patterns of these

two genes, and the 84% i1dentity between them, they were considered two subtypes, namely

B3a- and B3b-AR.

Fish species Latin name B-AR subtype Source
Zebrafish | (Daniorerioy | B1, B2, 3, B3b | www.ncbi.nlm.nih.gov
Rainbow trout |  (Oncorhynchus | B2, B3a, B3b Nickerson et al.,
mykiss) 2001;2003
Tiger pufter fish | (Takifugu rubripes) ! B1, B2 | www.Ensembl.org
Spotted green (Tetraodon | B1, B2 wWWww.genoscope.cns.ir
puffer fish nigroviridis)
Stickleback Gasterosteus B1, B3 www.ensembl.org/
aculeatus
| . . 4 |
Hagfish (Myxine glutinosa) 3 www.ncbi.nlm.nih.gov
Marine lamprey (Petromyzon 1 3 | www.ncbi.nlm.nih.gov
marinus)
Catfish (Ictalurus B1 (fragment), B2 www.ncbi.nlm.nih.gov |
punctatus)

Table 2.3. A Iist of the B-ARs reported in various species of fish.

These data in Table 2.3 were found from a variety of sources and sometimes initial results
could not be taken at face value. For instance, with respect to annotation of the stickleback

B-ARs, a search under ‘beta adrenergic receptor’ of the stickleback genome at
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www.ensemble.org provides eight matches and identities each scquence with an
annotation. However, on comparison of these matched sequences to -ARs 1n zebrafish,
sequence 1dentity analysis suggests that some of the annotations are incorrect, due to the
extremely low overall sequence similarity and lack of identity in TMD regions. Analysis

suggest and that only one of the annotated f1-ARs has its identity predicted correctly, and
that another of the named B1-ARs 1s in fact a $3-AR, as detailed in Table 2.4.

B-AR as ENSEMBL gene 1D Subtype of Yo Proposed
assigned by zebrafish B-AR to | Identity B-AR
ENSEMBL which each subtype

, ENSEMBL gene |
was compared |
B1-AR | ENSGACG00000006578 | pI-AR | 76 Bl1-AR
ENSGACGO0000005437 P1-AR 2 -
ENSGACG00000007811 | B1-AR 2 -
| ENSGACG00000011022 pI-AR 48 | -
ENSGACG00000011022 | 32-AR 45 -
ENSGACG00000011022 B3-AR 65 B3-AR
(XM 681440)
B2-AR ENSGACG00000011022 B3b-AR 49 -
(XM 696013)
83-AR ENSGACG00000006598 | $3-AR |6 -
ENSGACGO00000015178 B3-AR 3 -

Table 2.4. A comparison of putative stickleback B-ARs as annotated by ENSEMBL,,
compared to authentic zebrafish -ARs. The % identity is the result of the pair wise

comparison between the Ensemble stickleback gene and a particular zebrafish gene.

Zebrafish 1s another species that required some analysis to fully understand the [B-AR
sequences given in the annotation. From the NCBI database, two 2-ARs have been
annotated for zebrafish, one has been placed on chromosome 14 (Accession number
XM _689100) and appears to begin half way through the first TMD, as shown in Figure

2.3, and the second sequence has not yet been placed on a chromosome (Accession
number XM 695628).
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XM 689100

T — — — A S AR e A A A A N EE—

M 1

XM 695628 MEGDNTLITENTSLYMNISAGLNASSPVSLSVSEYSDAEVVLISILIGILVLVIVFGNAL 60

XM 689100 VITAISRFOQRLONVTNCFITSLACADLVMGLVVIPFCALYMVGDTWHFGHFLCDFWTATD 61

XM 695628 VISAIVRFQRLQTVTNYFISSLACADLVMGLMVVPFGACYILLNTWHFGNFFCEFWTATD 120
e **:** *i—****-*** **:***********:*:** * ic:: :*****:i:*:******

XM 689100 VLCVTASIETLCVIAMDRYIAITSPFRYQSLLTKNRARFIVLMVWVIAGLVSYLPIHMEW 121

XM_695628 VLCVTASIETLCVIALDRY IAIMWPLRYQSMLTKRKACGMVIGVWAVAALISFLPIHMEW 180
7o hkhhkhhhhhh kb hh ko hhkhkh  hohhhhkoehhkh o4 ek e hk ok hedkokhkhhkokkk

XM 689100 WISTDNETLCCYNNTYCCEFDITYSYAIVSSIISEFYIPLVIMVEFVYSRVFQEARKQLKKI 181

XM 695628 WVSEDPEALSCLEEPTCCDFNTNAAYAVPSSIISFYIPLVIMAFVYSRVFQEARRQLQKI 240
5 *:* * *:*.* * o 'Jlr*::lr: 2 :**: *************-***********:**:**

XM_689100 NKTEGRFHAQKSNSRNQDVANNHSEMRSTKKAKFY LKEHKALKTLGI IMGVFTLCWLPFF 241

XM 695628 DRIEGRIRTQSLSTQEGNEIKN--—-——- RRTKFCMKDHKALKTLGIIMGTFTMCWLPFF 293
= . . ***:::*. _® = e . :*Ir :::** :*:************-**:****ii

XM 689100 VLNVIP---KGSVDIWTFRILNWIGYANSAFNPLIYCRSPDFRYAFKEILCLNRSRYPNV 298

XM_ 695628 VLNVVAATIWKMDNIMLPFRILNWIGYANSAFNPLIYCRSPEFRCAFQEILCWRPSHLPST 353
g ****:_ * . _***********************:** ir':lr:*'k'lr* " 'ir: '-Ir_

XM 689100 RPNNGY I YNAHSWQSENREQSKGSSGDSDHAEGNLAKEECLSADKTDSNGNCSKAQMRVL 358

XM 695628 RSKKGYLYSGHSWKVHTKTTRPREP--SPACETEIG-AECLTAGTKNKNGNYNKTVTSI- 409
: R B WOk AN s wiml BN SR BEROE DTS
Figure 2.3. Clustal alignment of probable zebrafish B2-ARs (Accession no's

XM 689100, XM _695628):

TMDs highlighted in yellow in XM 689628, were

predicted using the programme www.ch.embnet.org/software/TMPRED with a window

size of 19.

On further investigation, the upstream data for XM 689100 in the NCBI website can be

found by looking at contig 14, which is accessed through NW_633576.

However, 37

nucleotides upstream from the 5° end XM 689100 in the contig information, 10 unknown

nucleotides (NNNNNNNNNN ) occur.

The translation of the extra sequence information

obtained from contig 14 shows that it very closely resembles the protein sequence found in

the zebrafish B2-AR. accession number: XM 695628 up to the point of the unknown
nucleotides (N XX X), see Figure 2.4.
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xtended XM 689100 HAV-KSQF-YCENK-CSALKN-ETERSRIHDCIKVFMGILVDNLYLKKVLSLI-TH-NHH

KM 695628 93 = 2 e MEG---DNTLITENTSLYMNISAG-LNASSPVSLS———-——-
- . _ . . e ’ . * ; * . * .. :'ﬁr‘.lr

Extended XM 689100 IW-KKNIRV-VIQSSDHKECFIS-ICFILSKFYQEIPAKMF-SV-MWCD-ICQPRSTVIM

XM 695628 e e VSEYSDAEVVLIS-—————===———c e e e e e

* . * & . o * %

Extended m_GB 9100 SSTLOHVITRIKOE-T-CFTVVCKTOYNPVKCRVSSVL-SITHTKNS-ICFMCT-NYTAN
B B Rl L e e e o ot et e i e e e e el e e

ixtended XM 689100 111 S R I TAT SRFQRLONVTNCFITSLACADLVMGLVVIPFCALY
XM 695628 ILIG----ILVLVIVFGNALVISAIVRFQRLQTVTNYFISSLACADLVMGLMVVPFGACY

* - K  db b db SR 4 A J 2 e Tk o ¥ %k b A 2 A * & * Kk ok hkhkdkhhdhk hkhkhkd ok o % E 3 b 3
- L] & @ - - L3 - -

ixtended XM 689100 MVGDTWHFGHFLCDFWTATDVLCVTASIETLCVIAMDRYIAITSPFRYQSLLTKNRARFI
XM 695628 ILLNTWHFGNFFCEFWTATDVLCVTASIETLCVIALDRYIAIMWPLRYQSMLTKRKACGM

sk hhkdodhohkebhhkhkhbkhkhhhkhkhhkhbhkhhhkhkhkhkhkdtodhdhkhihh % RWRN RN > X

ixtended XM 689100 VLMVWVIAGLVSYLPIHME
XM 695628 VIGVWAVAAL-—=———=—-

* . . . K * .

e —— . === — — e —

Figure 2.4. Alignment of the translation of the extended XM 689100, using contig 14,
and XM 695628. The extension of contig. 14 1s shown in purple, and unknown
nucleotides have been represented by . The B0l highlighted amino acids show the
very close resemblance of the extended part to XM 695628

Upstream of the unknown nucleotides () in the extended section, homology is lacking

between the two sequences. This may be because there are more than 10 nucleotides that

are unknown 1n this region. However, when different frames of translation are used and

compared to XM_695628, no homology is found.

Hence, XM 696100 could be a truncated protein. If the methionine (ATG) start codon
highlighted 1n blue, in Figure 2.5, is the actual start codon, then the initiator element
sequence (5° Y-Y-A"'-N-T/A-Y-Y-Y 3°) expressed at _ can be found 25-30 bp
from the start codon. This cannot be found if the alternative methionine start codon (NS
1s used. However, in the truncated form the ribosomal-binding site (RBS) (ACCAUGQG)
cannot be found 7-13 bp before the start codon, but it can also not be found up to 600bp
upstream of the alternative methionine start codon () either. Hence, because the RBS

cannot be found upstream regardless of whether the receptor sequence is extended or not,

may mean that this receptor is not actually expressed and is a pseudo gene.
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AAACTAAGAAACTGAGCGATCACGCATACATGACTGCATARAAGTGTTTATGGGTATTCTTGTAGATAATCT
TTACTTAAAAAAAGTTTTGTCTCTCATCTAAACACACTGAARATCATCACATTTGGTGAAAAAAAAACATCAG
AGTTTGAGTCATTCAGTCTAGTGATCACARAGAGTGTTTCATTTCTTAAATCTGTTTCATTTTGTCCAAATT
TTACCAAGAAATTCCAGCAAAAATGTTTTGAAGTGTTTAAATGTGGTGTGACTAAATATGCCAACCACGTTC
CACCGTAATCATGTCTTCCACTTTACAACACGTTATAACTCGAATTAAACAAGAATGAACATGTTTTAC
AGTGGTGTGTAAGACACAGTACAACCCAGTAAAATGTAGGGTATCATCTGTCCTGTAATCAATCACACACAC
AAAAAACTCATAGATTTGTTTTATGTGCACATGAAATTATACTGCAAATATCATAAT TGNNNNNNNNNNGT

BG T CTTGATCATCGTCTTTGGCAATGTGATGGTGATTACAGCCATTAGCCGCTTCCAGCGTCTTCA

GAACGTCACTAACTGCTTCATTACATCACTTGCGTGCGCTGATCTGGTCATGGGATTGGTGGTGATTCCCTT
CTGTGCCCTTTA

Figure 2.5. The S’UTR of p2-AR zebrafish accession number XM 689100 as obtained
from contig 14 1s shown in purple. The 5° end of XM 689100 is highlighted in black.

N shows a region of unknown nucleotides. A'TG is the start codon before the extension.

BN is the initiator element sequence. Bl is the alternative start codon in

the extended area.

Because gene XM 695628 (protein accession number XP 700720) has 7 TMDs, an

initiator element sequence found 22 bp from the start codon, an RBS, as 1s found in the
human and fathead minnow B2-AR sequences, start and stop codons, and the ‘AAUAAA’
motif 10 to 35 nucleotides upstream from the poly (A) tail, as shown in Figure 2.6, this
gene was used to represent the zebrafish 2-AR.
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catggagggagacaatacgctgatcacggagaacacctccctgtat
M E & D N T L &I T & N T oS L Y
atgaacatttcagctgggctaaacgcttcctcaccagtgtctctctctgtctcagagtac
M N I & A ¢ L N A § 8 P VvV &8 L S V 8 E Y
agcgatgcagaggtggtcttaatcagcatcttaataggcattctggttctagtcattgtc
S D A E KU SR el g chr s b - ks VN Y
tttggtaatgcgctggtcatcagtgccattgtacgattccagcgcttgcagactgtcaca
E e V' R F QO R L Q T V T
aactacttcatcagctccctggcgtgtgctgatctagtcatgggtcttatggtggtgecce
N Y F I S S L A C A D EEEs iy iy
ttcggcgcatgctacattctcctcaatacatggcactttggaaacttcttttgcgagttt
P N T W H F G N F F C E F
tggacggctacggatgtattgtgtgtgaccgctagcattgagacattgtgtgtgattgct
W T SSEs ey = LI S el e B e 2 A G W ST s
ctggaccggtacatagccatcatgtggcctctgcgttatcagtctatgcttacaaagcgg
# D R ¥ I A I MW P L R Y Q S M L T K R
aaggcctgcgggatggtcataggggtgtgggcagtggccgcccttatctcecgttcecctaccc
K RECGHGTENEBOVICE e Ve Rt WO e B &8 B In 2P
atccacatggagtggtgggtgtcagaggatcctgaggcgctgagctgcttggaagaaccc
B H M ECW R R DR R s e BB
acctgctgcgacttcaacaccaacgctgcgtacgccgtgceccctcecctceccattatctecttce
T C C D F N T N A A Y S s
tacatcccgctggtcatcatggcgttcgtgtacagccgggtcttccaagaggcccgtagg
S T R V. F QO E A R R
cagcttcagaaaatagaccgcattgaggggcgaatacgaacacagagcttaagcacccag
O . L O K X D R I EBE @ R I R 7T Q9 & L & T @
gagggaaatgagataaagaacaggaggaccaagttctgcatgaaggaccacaaagctctg
E. & ¥ B - K- B R "R T K F "M K B 82 K A L
aagaccttggggatcatcatgggaaccttcaccatgtgttggctgccattttttgtgctt
K T8 m % ¥ I s rr B T T e e e
aatgtggtggcagccatctggaagatggacaacatcatgttgcccttcaggatcttaaat
v A A I W K M D N I M L P F R ESmaas
tggattggctacgccaactctgccttcaacccattaatctactgcaggagtcctgagttt
B TR~ Sl TR R R s P EOF
agatgtgcttttcaggaaatcctgtgctggagaccctctcatctaccttccacaaggagt
R © A ¥ @ & 1 L € W R P & 82 L P 5 T R O
aaaaagggatatctctacagtggtcacagctggaaggttcacacaaagaccaccagacca
K ¥ &6 ¥ ' & ¥+8 G B S W R " ¥ B 7T .K T T R ¥
cgagagccctcgccggecttgtgaaacagaaattggtgcectgaatgtttgactgcaggecacc
R & P & P A C E T E I © A E € L T A & T
aaaaacaaaaatgggaattataataaaactgtgacgtccatttagggcactaaatatatc
K N K B 68 X¥.8 K T v 7T & & = 6 %I K ¥ 2
cggttgaaactgtttttgtctgtgacaaaacatccattttagatatttaagcctttgaac
R L A L ¥F L &8 V- & K H P F =

gaatatgtggattatagatcagaaggagcagtgtcttat

Figure 2.6.

The translated sequence of XM 695628 (protein accession number

XP 700720). Orange nucleotides represent the UTR, atg and tag are the start and stop

codons respectively, [SMBHMERE is the initiator element sequence, the RBS sequence is
catgg, the 3° UTR motif is [§llM# found 10-35 nucleotides from poly(A) tail, TMDs are

highlighted 1n yellow and the positions of the TMDs were predicted using the programme

TMPRED.
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These analyses carried out here of the putative (provisionally named) 3-ARs ot both the
stickleback and the zebrafish demonstrate the considerable difficulties associated with
firstly 1dentifying genes that definitely code for a functional 3-AR, secondly, the naming of
any 3-AR correctly (i.e. 1s the sequence a B1-, B2- or B3-AR?), and thirdly, comparing the
sequences of B-ARs. The latter 1ssue includes comparisons of B-AR sequences within a
single species (e.g. how similar are B1-, f2- and B3-ARs in a given species?), and between
spectes (e.g. how similar are the B1-ARs of different species?). It is apparent that unless
the B-AR genes can be identified and named correctly, any sequence comparisons can be

misleading, 1f not incorrect.

2.1.7 Aims

To characterise the sequences of the B1-AR and B2-AR in the fathead minnow. This will
be carried out by first isolating a short sequence from each receptor using polymerase
chain reaction (PCR), and then the remaining sequence in each direction, will be found

using 3’ and 5’ rapid amplification of cDNA ends polymerase chain reaction (RACE
PCR).
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2L Materials and Methods

2.2.1 'Tissue acquisition

Fathead minnow (Pimephales promelas) and rainbow trout, (Oncorhynchus mykiss), as
shown 1n Figure 2.7, were both used in experimental procedures and tissue samples from

both species were collected in the same way.

A

| Figure 2.7. (A) Image of a fathead minnow (Pimephales promelas) taken from

| www.duluthstreams.org/understanding/fatheadminnow.html.

' (B) Image of a juvenile rainbow trout (Oncorhynchus mykiss) taken from

www.nps.gov/isto/NR Profile Internal/NR stills/tish imag/index1.htm I

All bench surfaces and equipment were wiped down with RNase away (Molecular Bio

Products) and the microtubules were autoclaved before use to remove any enzymes or
other sources of contamination. The fish were anaesthetised in methanesulfonate salt (MS-
222) (Sigma, Dorset) until the fish rolled onto one side and no fin movement was
observed. Each fish was killed by lobotomy, and the relevant tissues such as the heart.
liver, brain and gonads were extracted from each fish by dissection. Each organ was placed

in a microtubule and immediately snap frozen in liquid nitrogen to be later stored in a —

80°C freezer.
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2.2.2 RNA isolation
Before any work began, all work surface, and instruments were wiped down with RNase

away. A tissue sample was obtained from the —80°C freezer and immediately put on ice.
The sample was weighed, and 1 ml of TriReagent (Sigma, Dorset) was added per 50 to 100
mg of tissue. The tissue sample was homogenised (initially with only 200 ul of TriReagent
in a 1.5 ml eppendorf tube, after which the remaining 800 ul was added), and then left to
stand at room temperature for 5 minutes. (0.2 ml of chloroform (Sigma, Dorset), per ml of
TriReagent, was added to the tube, which was shaken for 15 seconds, at which stage the
sample looked like a milkshake, as shown in Figure 2.8. The tube was left to stand at room
temperature for 10 minutes, after which the sample was spun in a centrifuge (Gilson,
Anachem, Bedfordshire) at 12,000¢ for 15 minutes at 4°C.

H-
>

DNA

-. Protein

A

Figure 2.8. (A) An eppendorf tube containing TriReagent, chloroform and
homogenised tissue. Its appearance is similar to a milkshake. (B) Appearance of tube
(A) after centrifugation. RNA, DNA and protein have become separated into three

distinct layers.

The RNA supernatant was very carefully removed, using a pipette, and placed in a clean
eppendorf tube. To ensure no DNA contamination occurred, chloroform was added again
to the RNA supernatant and the previous steps were repeated. Following this, 0.5 ml of
[sopropranol (Sigma, Dorset) per ml of TriReagent used was added to the RNA

supernatant and the sample was mixed and left to stand for 6 minutes. The sample then
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underwent further centrifugation at 12,000g, for 10 minutes at 4°C, after which a pellet
formed at the base of the tube. The supernatant was removed and 1ml of 75 % ethanol for
I ml TriReagent was added, and the sample vortexed until the pellet came detached from
the base of the tube. The sample was then centrifuged at 7,500¢ for 5 minutes at 4°C, the
supernatant was removed with a pipette, and the remaining pellet was left to air dry for 5 to
10 minutes or until it became clear around the edges. Depending on the size of the pellet,
30 to 400 ul of Milliq water was added to the pellet before it was then placed in a 55 °C
water bath (Grant, Chelmsford) for 10 minutes. If the pellet had not dissolved, further
small amounts of Milliq water were added to re-suspend the pellet, taking care not to over-

dilute the sample.

To measure the concentration and quality of the total RNA, 1 ul of RNA sample in 70 pl of
TE butfer (see Appendix A) was analysed on a GeneQuant (Pharmacia, Surrey) machine
against a blank reading of 71 pul of TE buffer. In the later stages of the project, 1.5 ul RNA
was quantified on a Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific,
Loughborough) against a blank reading of 1.5 pl Milliq water. In addition to this, 1 — 2 ug
of RNA 1 9 pl of water mixed with 2 ul of loading buffer were run on a 1 % ethidium

bromide agarose gel at 80 volts for 45 minutes against a 1 Kb DNA ladder (Helena

Bioscience, Tyne & Wear).

2.2.3 Agarose Gel

The gel was made using 1.0 g (1 % gel) or 1.2 g (1.2 % gel) certified molecular biological
agarose (BioRad, Hemel Hempstead) with 100 ml, 1 x TBE buffer (see Appendix A) in a

250 ml conical flask. A tissue was used to plug the top of the flask, which was placed in a
microwave at ‘MED HIGH” for about 3 minutes. When the mixture reached boiling point,
the tlask was gently swirled and returned to the microwave until it boiled a second time.
The flask was removed from the microwave and constantly swirled under cold running

water to cool the contents. 5 pl of ethidium bromide (Sigma, Dorset) was added to the

flask and the solution mixed by swirling. The gel was poured into a plastic mould that had

been taped at either end with autoclave tape, and the comb inserted 1 ¢cm from the top

edge. The gel was left to set for at least 30 minutes before the samples were loaded.
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2.2.4 Messenger RNA (mRNA) isolation

Four types of RNA exist, messenger RNA (mRNA), ribosomal RNA (tRNA), transfer
RNA (tRNA) and micro RNAs, and it is only mRNA that contains the coded information
obtained from DNA during transcription (Lodish et al., 2004). Since mRNA only
constitutes 1 — 5 % of total RNA, a significant reduction of sample occurs when mRNA is
1solated. In addition to this, isolation of mRNA is an extra step which can result in a
further loss of sample. However, if maximum sensitivity is required, then mRNA is the

preferred choice of material (Bustin, 2000).

mRNA was 1solated from 50 to 100 pg total RNA in 200 to 500 pl of water using a
Nucleotrap nucleic acid purification mini kit (BD Sciences, USA) using the protocol
supplied with the kit. The maximum mRNA yield using this mini kit is 10 pg. To
calculate the concentration of mRNA, 1 pl of mRNA in 70 pl of TE buffer was analysed
on a GeneQuant machine against a blank reading of 71 pl of TE buffer. In the later stages
of the project, mRNA was isolated using Genelute mRNA miniprep kit (Sigma, Dorset)
and 1.5 ul mRNA was quantified using a Nanodrop ND-1000 spectrophotometer (Thermo
Fisher Scientific, Loughborough) against a blank reading of 1.5 pul Milliq water. The
Genelute kit required 5 to 500 pg total RNA in 250ul water to give a yield of 2- 5 % of the

starting material.

2.2.5 Reverse transcription
Complementary DNA (cDNA) was obtained using Superscript 11l reagents and protocol

(Invitrogen, Paisley). 1 ng to 5 ug of total RNA or mRNA was required together with 1 pl
10mM deoxynucleoside triphosphate (ANTP) mix, 1 ul Oligo (dT), and enough DEPC-

treated water to make the total volume up to 10 pl. These ingredients were mixed and
placed 1n a heated block (PCR machine, Omnigene, Cambridge) for 5 minutes at 65 °C to
denature the RNA. The tube was placed on ice for at least a minute, after which 2 ul 10 x

RT bufter, 4 pl 25mM magnesium chloride, 2 pl 0.1M DTT, and 1 pl RNase OUT were

added. The tube was mixed and returned to the incubator for 2 minutes at 42 °C and 1 pl
Superscript Il RT was added, and the mixture was left on the incubator block for a further
50 minutes. During this time, reverse transcription took place, whereby adenine is
replaced by thymine, and vice versa, and cytosine is replaced by guanine, and vice versa.
To terminate the reaction, the incubator temperature was changed to 70 °C for 15 minutes.
after which the tube was left to cool on ice for 1 minute. To complete the process, any
remaining RNA 1s destroyed by the addition of 1 pl of E. coli RNase H 2U/ ul and the tube

incubated at 37 °C for 20 minutes. This ensures only the newly made ¢DNA remains.
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2.2.6 Primers

All primers were oligonucleotide primers, i.e. short single strand pieces of DNA between

20 to 30 nucleotides long, and were ordered from Sigma Genosys (http://orders.sigma-

genosys.cu.com) and dissolved with Millig water to 100 uM. Primer pairs were designed

to have the same melting points; these were calculated using the oligo-calculator on the
Sigma Genosys website. Taq polymerase has a melting temperature of 72 °C and therefore
primers were designed to have melting points between 60 — 68 °C. Primers were also
designed to have a guanine and cytosine (GC) content of between 40 — 60%. Guanine and
cytosine bind to each other using 3 covalent bonds, which make the link stronger than
between adenine and thymine, which link using only 2 covalent bonds. Because of this,
primers were designed to end in a C or a G so that the enzyme, taq polymerase, could
casily bind and start the amplification process. Degenerate primers were also designed
and used when the sequence was unknown and an educated guess meant that the sequence

could be either one of two different nucleotides.

In order to ensure that the primers did not bind to themselves or other primers and

consequently reduce the yield of the reaction, secondary structures of the primers were
investigated.  Secondary structures are produced through inter- and intra-molecular
interactions and include structures such as hairpins, self dimers and cross dimers. The
possibilities of these forming can be identified using programmes such as

http:/frodo.wi.mit.eduw/ and www.basic.northwestern.edu/biotools/oligocalc.html. If a

primer design had a secondary structure potential that was stronger than a weak

association, or if it produced a primer dimer, then it was re-designed.

2.2.7 Polymerase Chain Reaction (PCR)

PCR allows specific regions of DNA to be amplified. The enzyme, DNA polymerase,
extends primers, designed to be complementary to particular parts of a DNA sequence,
onto a single DNA template in the presence of dNTPs. AmpliTaq Gold (Applied
Biosystems, Warrington) was used in all PCR reactions. Under optimum conditions, this
results 1in the synthesis, in the 5° to 3’ direction, of new complimentary DNA strands
(Newton & Graham, 1997). Figure 2.9 details how this process works. Amplification of
the target region occurs exponentially after cycle 3 of the PCR. Single adenine residues

form at the end of each PCR product and these are utilised by the Uracil overhang during

ligation of the PCR product into a vector.

47



)
5
Cycle 1 Temperature 1
DR _
Cycle 1 l Temperature 2

Figure 2.9. Diagrammatic explanation showing how a specific region of a DNA strand
undergoes amplification in a PCR reaction. A. Firstly, the double-stranded DNA is
denatured by thermal denaturation. B. Once the DNA has cooled, the primers anneal
to the target regions at a temperature specific to the primers C. DNA polymerase is
then used to extend the primers in the presence of dNTPs and buffer, and the target

strands re-anneal. D. In second and subsequent PCR cycles, the three processes above

are repeated.
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The primers used in obtaining putative f1- and f2-AR fragments using PCR are as follows.

$2.2al and P2.5R are degenerate primers. See Appendix A for the coding translation.

B1.2aF: 5>  CCC CAT CCT AAT GCA CTG G 3’
B1.2aR: 5  AGCCTTCTGCTCTT TTAAAGC 3
B1.7aF 5°  GAC TCT AAA CGC GCC ACG 3’
B1.7aR 5  CGA GAC CCT GTG CGT AAT TG 3
B2.2aF 5>  CTR GTK MTR KKC ATW GTC TTT GG 3
82.2aR 5>  CAC ACC SYY AYS ACC AYC MCG CA 3
B2.5F 5 G TAC GTC GCC ATC ATG TGG 3
32.5R 5> GTT GTC CAY CTT CCA GAT GGY YR 3

There are several limiting factors that can affect the effictency of the PCR technique.

1) Enzyme degradation

Due to thermal degradation, the amount of enzyme present in the reaction tube becomes
limiting after 25 — 30 cycles. This causes the primer annealing and the re-annealing of

target strands to start competing with each other for enzyme, which reduces the efficiency

of both processes.

2) Temperature

This is crucial at several stages of the PCR reaction. Initially, the denaturation of the DNA
template has to be between 95 and 100 °C, whilst from the second cycle onwards it is
sufficient for the temperature to be between 92 and 95 °C. If either of these temperatures
are any higher, thermal damage can occur to the DNA. The temperature that the primer
anneals to the DNA strand is also crucial and is spectfic to each primer, whilst the
optimum temperature for primer extension is 72 °C.

3) Number of cycles

[f the number of cycles is increased to over 30, it is usual to see an increase in the number

of unwanted artefactual products.

4) Quantities of other components
Magnesium chloride (MgCl,) forms soluble complexes with dNTPs to allow them to be
incorporated into the extending strand, and also stimulates the polymerase activity of the

enzyme. llence the concentration of MgCl, in the final reaction mix can radically affect
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the specificity and yield of PCR reactions, whereby insufficient MgCl, results i a low

yield or too much MgCl, can produce an accumulation of non-specific products.

Table 2.5 details the quantities of components added for first and second (with nested

primers) rounds of PCR.
Component | 1* Round PCR 2" Round PCR
(With nested primers)
Double distilled water 35.75 ul 37.25
5 ul GeneAmp 10 x B 11 Buffer 5 ul | 5 pl
25 mM Magnesium chloride | 5 ul | 5 ul
| 10 mM dNTP mix | 1 pl
Forward primer 0.5 ul * 0.5 ul
Reverse primer 0.5 ul | 0.5 ul
AmpliTaq Gold | 0.25 ul | 0.25 ul
Sample | 2 ul RNA or mRNA | 0.5 ul PCR product

Table 2.5 Table detailing the amounts of the various components used 1n each PCR

reaction.

Nested primers are used in a second round of PCR and are primers that amphty a smaller
amount of more specific DNA from the previously amplitied segment obtained in the first
round of PCR. Nested primers were used to increase the specificity of the PCR. A
gradient PCR (Icycler, BioRad, Hemel Hempstead, see Figure 2.10) was used, tfor which

the annealing temperature for most reactions was between 50 to 64 °C.
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Well H1

Figure 2.10. An Icycler made by BioRad, Hemel Hempstead. In a temperature
gradient PCR, wells Al to Al2 (top left to bottom left) function at the highest
temperature in the gradient. Wells H1 to H12 are set to the lowest temperature in the

gradient (top right to bottom right).

The PCR programme used for most primers pairs is set out in Figure 2.11.

Figure 2.11. Diagram detailing the PCR program used. The number above the line
represents the temperature (°C) and the number below represents the time (minutes).
* This 1s the annealing temperature, which is specific to each set of primers, ** this 1s
the extension time, during which the DNA is synthesised within the target region.

Both these parameters can be altered to improve the efficiency of the PCR. As a rule

of thumb, extension occurs at about 1 Kb per minute.




2.2.8 Extraction of DNA from agarose gel

Once the PCR run had been completed, 25 pl of the product mixed with 5 pl loading bufter
was run on a 1.2 % agarose gel for 45 minutes at 80 Volts (see section 2.2.3 on gel set up).
If a band appeared that was the correct size, it was quickly cut from the gel under UV light
using a sharp scalpel (Swan-Morton, Sheffield). The band was weighed and then the
protocol from the MinElute gel extraction kit (Qiagen, Crawley) was followed. Firstly, the
gel containing the band was dissolved in a pH-sensitive buffer by incubation n a water
bath (set at 50 °C) and periodic vortexing. The now yellow solution was transferred into a
MinElute spin column and spun in a mini-centrifuge, whereon the nucleic acids adsorbed
to the silica-gel membrane of the spin column, and impurities such as enzymes, mineral
oil, salts, agarose and ethidium bromide were washed away and discarded. The DNA on

the spin column membrane was then eluted in 10 pl of a low-salt butfer.

2.2.9 Ligation

Ligation of the DNA into a vector (See appendix A) was carried out using the protocol and
kit components supplied in a PCR cloning plus kit (Qiagen, Crawley). 1 to 4 pl of
extracted DNA solution was added to 1 pl pDrive cloning vector (50 ng/pl) and 5 pl

ligation master mix 2x. The solution was made up to 10 ul with distilled water and
incubated for 15 °C for 2 hours in an incubator. During incubation, under optimal
conditions provided by the master mix, the linear vector, which has a Uracil (U) overhang

at each 3 end, hybridises to the A overhang of each PCR product (see Figure 2.12).
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Figure 2.12. Diagrammatic explanation of the orientation of the PCR product in the

vector.

After incubation, 2 pl of the ligation-reaction mix was added to QIAGEN EZ Competent
Cells (Qiagen, Crawley) and left on ice for 5 minutes. The cell mixture was then heat
shocked for 30 seconds at 42 °C and returned immediately to the ice. 250 ul of room
temperature SOC medium was added, and after mixing, the solution was spread over 4
agar plates using a sterilised glass spreader. The agar plates were made up of 100 ml agar

(see appendix A), 100 pl ampicillin, 160 pul Xgal and S0 ul IPTG. Once the cells had sunk
into the agar, the plates were turned upside down and left overnight at 37 °C.

The next day, the plates were left in the fridge for 30 minutes to let the colour develop.

The vectors that had DNA incorporated into the plasmid appeared white, whilst those that
did not have incorporated DNA appeared blue (see Figure 2.13).
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Figure 2.13. Appearance of an agar plate that had ligation mix spread over the surface
and then been incubated overnight at 37 °C. White dots are colonies with the DNA

incorporated into the vector; blue colonies contain vectors without the incorporation
of DNA

The white colonies were then selected and run on a PCR with SP6 (5° AT TTA GGT GAC
ACT ATA G 37) and M13 reverse (5° CAG GAA ACA GCT ATG ACC ATG 3’) primers.

The PCR products were then run on a 1 % agarose gel to ensure that a DNA fragment of
the expected size had been inserted into the plasmids. The successful colonies were picked

from the agar plates and grown up in a culture of 5 ml L broth (see Appendix A) and 5 pl

ampicillin overnight in a 37 °C shaker.

2.2.10 Preparation of glycerol stocks

250 pl of 20 % glycerol and 250 pl of a colony were mixed in a 1.5 ml eppendorf tube and
stored at —80 °C. These stocks can be used to grow up the same colony repeatedly, by
streaking a loop from the stock over an agar plate and growing colonies overnight at 37 °C.

2.2.11 Plasmid (mini-prep)preparation
The culture tubes were spun at 2,500 rpm at room temperature for 10 minutes. The
supernatant was poured away and any excess liquid was blotted out onto tissue. Using the

protocol set out in the QIA prep spin miniprep kit (Qiagen, Crawley), a buffer was added
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and the cells re-suspended by repeat pipetting. After several steps, the bacterial lysates are
adsorbed to a silica-gel membrane in the QIA prep spin column, and any impurities are

washed away using a washing buffer. The remaining DNA is then eluted in 50 pl of

buffer. To ensure that above procedures were successful, 2 pul of DNA with 2 ul loading
buffer were run on a 1 % agarose gel at 80 V for 45 minutes, and 1 pl of DNA in 70 pl of
TE buffer was analysed on a GeneQuant machine against a blank of 71 ul of TE buffer. In
the later stages of the project, the 1.5 ul of DNA was quantified using a Nanodrop ND-

1000 spectrophotometer (Thermo Fisher Scientific, Loughborough) against a blank reading
of 1.5 ul elution buffer.

2.2.12 Sequencing
Dilutions of each DNA sample were made with Milliq water so that each 30 ul sample

contained 500 ng of DNA. These dilutions were sent off to Dundee University’s

sequencing service (www.dnaseq.co.uk). The information that was sent back was the

nucleotide sequence from the M13R primer in the vector, and a chromas plot that showed

the quality of the sequence. Figures 2.14 and 2.15 are examples of chromas <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>