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Abstract

The tropical frog, Physalaemus pustulosus, which is widespread throughout South and
Central America, protects its offspring during development by encapsulating them in a
foamn ncst. The nest material protects the tadpoles from environmental and predatory
dangers for several days. Previous work within the Cooper group has identified the
constituents of the nest to be based almost entirely on proteins and carhohydrates, and have
sequenced six proteins termex] Ranaspumins. Of these six proteins, RSN-2 (Ranaspumin 2)
is of patticular interest due 1o its lack of similarity to any other proteins published in the
protein data bank. Proceeding on the hypothesis that RSN-2 has an important role in the
foam structure, the recombinant protein has been cloned and expressed in bacteria and
subsequently the solution structure has been derived experimentally by NMR. Using
surface techniques including Langmuir-Blodgett depositions, surface pressure analysis and

atomic force microscopy, the surface structure has been studied.

A proteomic and chromatographic separation and identification stratcgy was used to
identify a large number of peptide and polypeptide [ragments present in various
abundances. This dramatically adds to the six protcing alrcady discovered and the initial
carbohydrate analysis performed by collaborators. The large number of peptides is typical

of amphibian secretions and they are almost certainly functional to some degree.

The solution structure of RSN-2 was calculated as a five-turn helix, running perpendicuiar
over a five-strand sheet. The elongated amino-terminus was very flexible and relatively
unstructured in solution whereas the carboxy-terminus was anchored to the sheet. Analysis
of nitrogen relaxation and chemical shifts suggested that there are turn regions in rapid
motion: one region with slow dynamics (possibly cis-trans proline isomerisation) and a
cleft undergoing slow conformational exchange. The region between the helix and first

strand is flexible and is postulated as a hinge for surface unfolding,.

Recombinant RSN-2 was established to be a powetful surfactant and provides surface
pressures of 20-30 mNm™ at approximately monolayer coverage. Hydrophobic patches
were observed to partition at the air interface, and it is proposed that this is a result of

reversible denaturing at the surface.

RSN-1 and other proteins were examined briefly and are good candidates for further

investigation due to their interesting postulated functions.
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1 Introduction

1.1 Natural Products

The term “natural product” describes the range of substances derived from living
organisms and, as such, encompasses a quite enormous collection of chemically diverse
materials. By definition these products have been the source of the vast majority of foods,
fuels, medicines and materials for much of the existence of humans and it is only relatively
recently that synthetic alternatives have becn used in some of these applications. The
chemistries of these natural systems have been of particular interest because ol their innate
functions, driven to a mature stage by cvolutionary pressures. Many of the planet’s natural
products have been discovered, studied and are well understood but there are many more
that remain unknown or untested and it is these materials that represent an exciting
opportunity [or bridging unmet needs and advancing the understanding of the environment.
In chemistry, the term “natural product”™ is often taken to mean a relatively small molecule,
isolated from plant or animal that has been identificd as potent in some form and efforts are
made to understand the chemistry that produced such an entity, and how that can be
transferred to modern research or manufacturing. In this work, the focus will be on a
particularly curious, naturally-derived product and the inner workings and potential

applications of such.

1.1.1 Pharmaceuticals

Certainly the most strenuous efforts in natural product rescarch have been put into finding
nature’s medicines: that is an extract that is biologically active in the human body and can
be developed for the ireatment of patients. Famous examples include acetylsalicylic acid,
the first known use of which was over two and a half miilennia ago in ancient Greece
where the scholar and physician Hippocrates described the fever and pain relief from an
extract from willow bark. Later this was found fo be salicylic acid, the acetyl adduct of
which is common aspitin which even recently has gained popularity for further indications

such as the recent data suggesting that it preventls the development of asthma in adults®.

At the opposite end of the toxicity spectrum (although aspirin does have significant side
effects), several natural products have been found to be exceptionally toxic. A pentapeptide
with some unusual modified amino acids, dolastatin-10 has been isolated® from a marine

molluse and found to be toxic to such a degree that its antimitotic properties could not be
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exploited due to it being pootly tolerated®. New technologies allowing antibody
conjugation have allowed dolastatin and the auristatin analogues to be promoted as a
promising treatment for haematological cancers' and the same is true for the

maylansinoids, extracted from tropical plants’.

Commonly thought to be the most important pharmaceutical discovery of modern times is
the isolation of penicillin from Penicillium notatum by Sir Alexander Fleming, in 1928°,
Although the auntibiotic properties of some moulds had been known, it was the observations
of the inhibilion of bacterial growth from the particular mould that allowed the particular
compound to be isolated from culture broth. Large scale productions were not made
possible until the flurry of work initiated by the mass casualties of World War II. Since
then, penicillin and other members of the B-lactam family have allowed countless lives to

be saved from otherwise fatal infections.
1.1.2 Other Materials

Traditionally, natural products such as timber were widely used in construction and the
advantageous strength and weight of these materials mean that they are still used, whilst
there is still availability. Other fields of use include the consumncr products industry where
extracts from plants are often used to add selected properties and value to shampoos, soaps

etc.

The ability to tailor protein sequences for specific applications and the ability for some
polypeptide chains to self-assemble in a controllable and defined mode has made them
attractive in a number of other emerging fields. Silk [rom vartous silkworms is composed
of a fibrous arrangement of glycine and alanine-rich protein chains arranged with a pleated
sheet structure and is known for natural strength and flexibility, and similar biomimetic
fibres have potential uses in a variety of fields such as textiles and tissue engineering’.
Modern methods in protein conjugation and immobilisation also allow for the preparation

of biofilms for packaging, detection and agrochemical industries.

In the field of diagnostics, proicins have already found a great number of applications. At
the heart of many of these, is the extraordinary avidity of the biotin-avidin complex. First
observed as a deficiency of vitamin H (biotin) in rodents being fed with high egg content
(avidin being found in egg)®, this is now known to be due the complexation of biotin by
avidin. A dissociation constant of 107 mol L is the strongest non-covalent biological

affinity known” and the relative ease of biotinylation of molecules means that avidin (or
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streptavidin, the non-glycosylated extract from Streptomyces avidinii with similar affinity)
can act as a molecular hook to capture a target from a mixture at extremely low levels.
These can then be identified with antibodies and conjugated with other remarkable proteins
for detection — for example, a green fluorescent protein (GFP) from Aequorea victoria or a
bioluminescent protein such as the luciferase from Photinus pyralis. Such systems have
been developed for use in an Enzyme-Linked Immuno-Sorbent Assay (ELISA), which has

become the standard test for sensitive biochemical identity in industry and academia.

1.2 Proteins

1.2.1 Amino Acids

The word “protein” describes an organic molecule made up of a group of building blocks
termed amino acids because of their amine and carboxylic acid group contents. There are a

total of twenty standard amino acids, the general structure of which is shown.

@)
HoN
\OH
R Co
Figure 1.1. The chemical structure of a generic amino acid. “R” represents the different

sidechains that make up the twenty amino acids.

Between the two functional groups is a tetrahedral carbon (the a-carbon or C,) which is a
chiral centre, the two isomers being described as L. and D amino acids (normally S and R
absolute configurations according to [UPAC convention). Only L isomers are usually

observed in natural proteins (some enzymes can invert the configurations for specific

purposes).

Variety in proteins is introduced by the twenty different sidechains possible, varying from
the simple glycine (R=H) to more complicated aromatic sidechains such as tryptophan. It
is the subtle diversity in sidechain structures that provide the exquisite variety in protein
structure, and therefore function, allowing them to fulfil almost every conceivable

biological role.

In nature, amino acids are coded for in the genetic material of the organism, being stored as

DNA and transcribed into proteins via messenger RNA. In these nucleic acids, an amino
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acid is represented by a combination of one or more sets of three nucleotides (codons).
Proteins are manufactured on the cellular ribosome where each of the constituent amino
acids are fused together before being released. Each amino acid is joined to the next via the
reaction of one primary amine group on onc amino acid io the carboxyl group of the next
through formation of an amide bond (or peptide bond). This very process is an example of
the power of these natural processes in that the amide bond is created rapidly, consistently
and selectively at physiological temperatures and in an agueous environment, whereas the
corresponding reaction in modern synthetic methodology would require expensive

coupling components and could not be as selective or robust.

Following assembly on the tibosome, some proteins undergo maoditication to create the
pative structure. This can include enzymatic cleavage of a part of the sequence to allow
membrane transport or to efficiently make fused proteins. There are numerous ways in
which a protein can be added to, to insert a functional group into an otherwise inert or
unsuitable biochemical environment. These modifications are termed post-transkational
modifications. One connnon modification is the addition of carbohydrate groups or chains
to create glycoproteins with a range of properties. Carbohydrates (often termed sugars or
glycans) can be attached to asparagine (N-linked), serine or threonine (O-linked). This
addition means that proteins can be further diversified from the usual 20 amino acids and
the field of glycoproteing is deeply studied in jtsell. Other, more simple adducts can be
brought about by phosphorylation, alkylation and acylation amongst others. Further to this,
natural amino acikds can be chemically modified into other less common structures or

transformed into other amino acids by citrullination or deamidation.

After synthesis, these linear hetero-polymers (polypeptides) told into three~-dimensional
structures dictated by their amino-acid sequence (their primary structure). Amino acids can
be divided into groups depending on their properties with respect to charge,
hydrophobicity, size and chemical function and are shown in Appendix A. At neutcal pH,
the amino terminus (N-terminus) is protonated and the carboxy lerminus (C-terminus) of
the protein is deprotonated giving them positive and negative charges respectively.
Throughout the protein, some of the other amino acid residues will possess a charge due to
the weak acid/base character of their sidechains given by the individual pK, of the group in
question. The combination of all of these charges combines to give the protein a net charge
given by its isoelectric point. This is the pH at which there is zero net charge on the protein

1.€. the opposite charges of the groups completely balance each other out.




1.2.2 Protein Folding

The process by which the linear sirip of amino acids folds into a three-dimensional
structure is not fully understood but a great deal of effort has been put in to investigations
and a great deal is now known. Due to the difficulties in physically imaging molecular
dynamics or inferring it from other data, this field has developed with a large theorelical

contribution.

Typical timescates {or protein folding arc in the millisecond range for a small protein™. It
seems that the propensity for an amino acid sequence to fold is so strong that a great deal
of the initial folding and sampling of conformational space occurs whilst the protein is still
on the ribosome (cotranslational protein folding)'. Proteins are thought to follow an
iterative folding path, driven by the lowering of energy, but this is not simply a case of
selecting the lowest energy conformation after trying all others — this has been shown to be
impossible as the random sampling of the 3N (where N is the number of amino acids)
conformations on a fast sampling regime would still take longer than the age of the
universe™. This contradiction, known as Levinthal’s paradox, has driven investigation into
the true folding pathway and has resulted in the modern Energy Funne! model.
Incidentally, computational studies have shown that relatively little extra energy would be
required to reduce the sampling time covered in Levinthal’s paradox to biologically

significant times”.

Simulations of protcin folding are highly CPU-mtensive, but dynamic simulations are
being performed by utilising distributed worldwide computing. Some early results have
shown it to be useful in demonstrating the formation of transient, structured species along
the pathway'*".

Theoretical descriptions have also changed. It is no longer assumed that the polypepiide
must fold in a particular way, uniform for its primary structure and rigid in progress.
Instead, it is assumed that a degree of inherent randomness must occur in each fold and
that some variability in the route from linear chain to folded (native) state is certain.
Biophysical measurements have shown that short~range order and the generation of simple
local structures (especially helices) occurs extremely rapidly, on the nano to microsecond
timescale'®". From thig early state the protein folds in a way that is random but only within
the available folds that it can make. As more native-like contacts are made, the less
flexibility the protein has and the less available areas of conformational space it can

sample. In this way the fold progresses down an cnergy funuel to an energy minima, driven
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by the increasing thermodynamic stability inferred by favourably electrostatic,
hydrophobic and other interactions and opposed by the decreasing entropy brought upon
it'®. Simulations have suggested that initial folds are heavily influenced by a few native
contacts and small proteins can adopt a largely native topology quickly and then smaller
adjustments are made until the global energy minimum is reached. During these
transitions, local energy minima are encountered where some stability is created from non-
native contacts so the energy landscape is a rugged structure rather than a smooth
funnel™”. These local minima are quickly overcome by Brownian motion and more
favourable native contacts elsewhere. The nature of the energy funnel and the nature by
which a small protein rapidly folds into a native state is summarised in Figure 1.2, which is

taken from a recent report”’ and excellent review on the subject™.

Representative starting structures

—

|
---- I
|
. Transition state
|
|

Figure 1.2.  Summary of the protein folding energy funnel (reproduced®). The initial
native contacts made by the essential residues (yellow) reduce the number
of possible structures dramatically and allow the folding to progress rapidly.

Some proteins do not spontaneously adopt the native fold and require assistance from

cellular machinery to induce the proper structure. Large (~800kDa) chaperone proteins are
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capable of encapsulating unfolded or misfolded proteins from the ribosorie or cellular
space and affect the correct fold, with the use of ATP®?, Ditferent classes of chaperone
proteins are capable of transporting the correctly folded protcins across various cellular
boundaries and this is an active area of research. Chaperones are often, or often associated
with, heat-shock proteins because cellular stress often promotes protein misfolding which

requires an increascd expression of chaperone proteins.

1.2.3 Profein Structure

After the primary structure, the next step in the structural hierarchy is short-range structure
driven primarily by hydrogen bonds forming defined compact shapes termed secondary
structure. These structures are defined by the energy favourable contacts between the
different atoms in the peptide bond rather than side-chain contacts, and so the local
structures are comamon to proteins in general (although certain amino acids do have a bias

towards certain secondary structural elements).

Most importantly in the analysis of protein structure, is the concept of electron resonance
in the peptide bond and the subsequent planar structure that must be enforced. The

carboxyl double bond is delocalised across the adjacent CN bond in two canonical forms in

resonarnce.
O
11 |
+
| I
H H
Figure 1.3. Resonance sfructures of amino acids through the delocalisation of the

carhon-oxygen pi bond.

Clectron delocalisation means that the C-N bond has approximately 40% double bond
character® and this makes the amide bond essentially (but not always) planar, Instead,
rotation in the backbone structure is brought about by the rotation of the bonds adjacent to

the central carbon (the a-carbon).
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Figure 1.4, A four-residue peptide showing the backbone flexibility creating the dihedral
angle {red).

The flexible bonds are denoted ¢ for the HN-C, bond and y for the Co-CO bond. These
bonds are relatively free to rotate and together form the 4-bond CONC dibedral angle. This
angle is affected by the steric testrainis placed on it by the particulur umino acid sidechains
involved but, in general, the two sidechains arrange themselves so that they are staggered
in a frans conformation rather than the eclipsed ¢is lorm where unfavourable steric
hindrances are more likely to occur. Exceptions to these rules are glycine, which has a
single hydrogen atom as a sidechain creating minimal steric resistance, and the cyclic
amino acid proline, which has much less of an energy dilference between the cis and trans

conformations than other amino acids, especially when the preceding residue is aromatic.

Generally, the secondary structure formed is one of three different types — helix or sheet, or
the joining regions with less regular structure. These structures were elucidated by the
examination of the known crystal structures of amino acids and the assumption that the
peptide bond was planar®. Crucially, no assumption was made as lo the requirement for
symmetrical structures; instead structures were derived that satisfied the hydrogen bond
donor and acceptor interactions most efficiently. The models created have shown to be
largely correct athough the original work predicted a y-helix and more importantly the o-
helix that was predicted was lell--handed, with D-amino acids rather than the right-handed

helix of L-amino acids now known to exist in proteins®.

In proteins, a-helix is almost always used to describe a twisted structure where the amine
proton is a hydrogen bond donor to the carbonyl acceptor of the residue four amino acids
ahead, and this creates a structure where there is an average of 3.6 residues for every
complete turn of the helix. A slightly tighter helix, termed the 3¢ helix, is lcss commonly
observed and usually not as long as the a-helix. The structure created has a packed axis
and the amino acid sidechains point outwards from the helix and are surface-exposed.
Because of this, the individual properties of the helices are different depending on the
composition of the outer residues. Efficient packing and energetic advantages (more

entropically favourable than sheet) mean that the helix is the most common secondary
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structure element in known proteins®. Because all of the charged peptide bonds are linear

with the axis of the helix, a dipole moment is created along the length.

A B-sheet is the other main form of secondary structure and is different from the helix in
many ways. The sheet consists of two or more constituent f-strands, which are strands of
trans-conformation peptides that interact with each other to satisfy the hydrogen bond
requirements of the amides. Strands can either run in the same direction (parallel) or
opposite directions (anti-parallel), and many strands can gather to form considerably large
sheet structures. Although usually thought of as planar they are often twisted and this may
infer stability.

(a)

5A

Figure 1.5. Depiction of an a-helix showing a) the backbone trace as a cylinder, b) the
helix dipole moment induced and c) the fully occupied hydrogen bond
network and surface exposed sidechains (raproduced”).
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Figure 1.6. Ball and stick depiction of the parallel and anti-paraliel arrangements
possible in a mixed orientation p-sheet®.

The relatively flat conformation of the sheet means that adjacent sidechains lie on opposite
sides of the plane and, as such, it can often bc scen that residues on one side of a plane
possess similar or complementary properties rather than residues that are close to each
other in primary structure. Similar structures can be formed whete a strand turis back on
itself to connect through hyvdrogen bonds and these structures are known as B-turns. The
amyloid fibrils produced when proteins mistold are thought to contain fibrils of helical B-

strands™.

For a protein of N amino acids, there are 20 possible combinations of possible proteins
which is 1.3x10"° for a 100 amino acid protein but the human genome project has only
identified 20000-25000 protein-coding genes®. Even allowing for the significant
application of gene splicing for prolein production, it would appear that not all

combinations of amino acids are favoured for protein structure.

One reason for the restriction on the number of structures is that many of the possible
dihedral angles crcated between two residues are not possible or very unfavorable due to
steric clashes. These observations are depicted on a plot of the ¢ versus w torston angles
for the peptide bonds of a protein where defined “allowed” regions are identified™. This
represontation is called a Ramachandran Plot. The allowed regions can be mapped to
specific secondary structure featurcs and are a uscful structure validation tool for

experimentally-derived structures.
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Figure 1.7. A Ramachandran plot showing the allowed region (blue) and the disallowed
(white) for polypeptide torsion angles and the corresponding secondary
structures associated with them (a = alpha helix, B = beta strand).

Further to this, certain amino acids are more prevalent on proteins than others and have a
tendency to form particular structures. Most amino acids will form a stable helix with a
few exceptions. Particularly large amino acids will preferentially form a strand structure
where there is more space for them to extend into (Tyr, Trp), or create inter-chain links
(Cys). This is also true for branched sidechains that need to occupy more space. Some
other residues destabilise hydrogen bonded structures due to hydrogen bonding sidechains,
rigidity, or size and these residues are more often found in structures with less order. These
areas are often called random coil which falsely suggests that the structure is random —

these loops and extensions are often functionally important.
1.2.4 Tertiary and Quaternary Structure

It is common for secondary structural elements to interact with each other in similar ways
in numerous proteins to form small structural motifs that are often diagnostic of function.
These small groups of secondary structure are known as super-secondary structure.
Secondary structure elements all combine to form into a more energetically favourable
environment called the tertiary structure. For a globular protein this will typically involve
the grouping of non-polar (hydrophobic) residues at the core of the protein from where

water is largely excluded and the promotion of polar residues to the surface where
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consideration of the thermodynamics of electrostatic contacts are favourable. This

Hydrophobic Effect concept was developed from the simple interaction of il and water™.

Other interactions also stabilise the overall protein fold. The electrostatic, charge-charge,
interaction between positive and negative residues (lysine and aspartic acid for example)
can be relatively strong — this bond is often. called a salt-bridge which is misleading due to
the lack of any salt. At the hydrophobic core of the protein aromatic residues are most
often observed to be stabilised by the interaction between their aromatic rings, maximising
the interaction between the clectron-rich and deficient regions by perpendicular edge-on
packing. Alternatively the aromatic rings can be slightly offset, often tetmed “pi-stacking™

due to the planar arrangements of the pi bonded electrons.

In oxidising environments the sulphydryl groups on cysteine residues will spontaneously
dimerise to form a disulphide bond. Thesc bonds can be formed beiween residucs that arc
close in space but often not close in sequence and can help to stabilise the overall topology
(fold) of the molecule. The structure of the disulphide bond normally creates a 90° dihedral
CSSC bond angle as shown in Figure 1.8, The intraceltular environment is mostly reducing
meaning that disulphides are less likely to be stably formed until secretion although there is
some evidence for the successful alteration of this*. Most proteins form disulphide bonds
in only one possible way to give the native structure which is particularly impressive given
that many proteins contain multiple free cysteine residues. The cotrect arrangement or
rearrangement of disulphides is often mediated by the redox enzyme Disulphide Isomerase
which ensures rapid native fold formation. Disulphide bonds are truly covalent and as such
add strength to proteins or parts of proteins which is extremely important in many

structural proteins like keratins,

OH

NH,

H
s
|
H
H,N
OH

Figure 1.8. A disulphide bond between two cysteine amino acids. The four hond CSSC
dihedral angle is normally 180°,
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Finally, the highest level of protein structure is quaternary structure and describes the
spatial arrangement of individual polypeptide structures that come together to form the
native protein. These individual structures are subunits of proteins with tertiary structure as

described.

A protein constructed from more than one subunit is called a multimer where two subunits
make a dimer, three subunits make a trimer and a single subunit is a monomer. Often the
identical subunits some together to form a homo-dimer which can be symmetrical or not
and different subunits can also come together to form hetero-dimers or higher ordered
multimers. Sometimes, the quaternary structure includes a component that is not an amino
acid, such as a substrate or a metal ion which completes the functionally active structure
such as haemoglobin, the oxygen carrier protein in red blood cells. This protein is a
tetramer of two o subunits and two B subunits as well as four haem groups. Similarly, ion
channels located in cellular membranes consist of a collection of subunits that alter

conformation to affect the bulk structure to create an open or closed pore.

Figure 1.9. Examples of proteins with functional quaternary structure shown as
cartoons. Left is haemoglobin®®, middle and right are across and above
membrane views respectively, of the mammalian potassium ion channels®.

1.2.5 Classes of Proteins

All living organisms create proteins from their genetic library and they produce a myriad
of different unique structures. Several different proteins from different sources have been
found to be similar in terms of structure or function and often both. Often these proteins
are found to have similar sequences and this can reveal a lot about the residues that are
important for either structural integrity, functional efficacy or both. These similarities can
also be related to evolutionary biology and insights into species divergence can be made

where other methods are ineffective.




14
Tncreasing computing power has lcad to the significant increase in the use of
bicinformatics as a tool for analysing and predicting protein struclure and function.
Derived protein structures arc deposited in the Protein Data Bank (PDB)” and assigned a
unique identifier, but smaller databases have been created to enhance the uses that can be
made of the information within the PDB. Cominonly, proteins are separated into families
that are classified according to structural similarity. Two [requently used databases are
CA'TH (Class, Architecture, Topology and Homologous superfamily)* and SCOP
(Structural Classification of Proteins)”® which both arrange protein structures into subsets
but view protein fold space in different ways leading to differences in the groupings.
Studies have shown that the differences are due to the definitions altributed to domain

classification rather than any actual distinctions in the philosophics behind them™.

1.2.6 Structure Elucidation

For structural studies of proteins with atomic resolution there are currently only two viable
methods - X-ray crystallography and nuclear magnetic resonance (NMR). Cryo-clectron
microscopy has more recently been used to gain extremely useful insights into the
structural mechanism of ribosomal transcription® but still suffers from relatively low

resolution.

X-ray crystallography is the dominant method for protein structure determination and is
responsible for the majority of structures in the PDB with the first crystal stincture of a
protein {myoglobin) being published in 1958, Packed protein crystals are subjected to X-
ray radiation and the regular array of electron density of the atoms diffract the radiation in
paticrns that can be related to structure. Difficulties in this technique can be due to the need
for a high quality protein crystal which is not always possible, especially for particularly

flexible or membrane bound proteins.

Nuclear magnetic resonance (NMR) can also be used to eclucidate protein struciures in
solution. Because these are solution structures, they can be complementary to X-ray
structures and are capable of providing additional data including information about protein
dynamics and intra- and inter-molecular interactions. This method probes the magnetic
properties of atomic nuclei with radio-frequency radiation in a powerful static magnetic
field. NMR is generally less sensitive than other methods and can be labour-intensive, but
promise in automation, the development of higher magnctic ficld instruments, and more

powerful radiation pulse sequences suggests that this technique will be increasingly useful
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in the emergence of high throughput biology. This technique will be described in more

detail in later chapters.

1.3 Amphibians, Frogs and Physalaemus Pustulosus

n this work, we are investigating proteins from an unusual source (in that the majority of
known proteins are mammalian or bacterial) — the foam nests of a tropical frog. T'rogs are
of the Anura order of amphibians and have some exfremely interesting fcatures due to their
ability to live in aqueous or tertestrial environments. Frogs have porous skin through which
they absorb water for hydration and importantly they can absorb dissolved oxygen into the
blood stream as a substitute for conventional breathing. It is for this reason that the skin is
usually kept moist. The appearances, behaviour and anatomy of frogs change across the
wide number of species which reflects the extremely wide range of territories over which

frogs can be found.

Frogs vary greatly in size from ~1 em (Brachycepahlus didactylus) to ~30 cm (Conraua
goliath) and have different features depending on requirements. For example, tree frogs
have evolved large fingers and toes containing pads with remarkable adhesive properties®,
whereas frogs that spend more of their lives in the water have developed webbed feet for
more efficient movement in water. Other burrowing frogs can have a useful Himb extension
to asgsist in digging. In confrast to these mainly tropical frogs, Rana sylvatica ranges
beyond the arctic circle and has devcloped strategics to survive the sub-zero temperatures -
the frog’s metabolism cnsures a build up of glucose and urea which act us cryoprotectants

[or the cells and proteins and prevents dehydration despite ~70% of the body freezing®.

In biochemical sciences there has been relatively little activity in the study of amphibians
except for the in-depth genomic analysis of frogs from the Xenopus genus. Xeropus laevis,
and morc rccently Xenopus iropicalis, have been used as model systems for exploring
developmental hiology because of the large and casy to manipulate oocyte. 'The most well
known use is in the original pregnancy test, the popularity of which, led to the African
frogs being exported in large numbers. Recently this exportation has been suggested as a
principle reason for the spread ol chytridiomycosis which threatens amphibian survival
worldwide®. Many hypothetical proteins and useful genetic information has been gleancd

from the ongoing project Lo sequence the genome of Xenopus tropicalis™.

Often the frog species which are best known are those with striking colours on display

such as the poison dart frogs of South America. In general these brightly coloured frogs
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use colour as a warning of their toxicity to deter potential predators (aposematism);
Dendrobates imitator, whilst itself toxic, imitates the colour in other local toxic frogs — an
extremely interesting case of Mullerian mimicry*’. The more common Batesian mimicry
where a non-toxic species imitates a toxic one is also found in poison dart frogs where it
has been shown that a species of relatively low toxicity is copied as a more effective anti-
predation strategy®. Toxic secretions are normally alkaloid based, and are easily

biosynthesised or stored from their rich diet"”

. Most other, less brightly coloured frogs, use
their darker and sometimes rougher skin as camouflage and this often affects the behaviour

when confronted with a predator — camouflaged frogs may remain still whilst coloured

frogs may take flight.

Figure 1.10. A variety of frog species with differing appearances according to their local
environments. They are Agalychnis callidryas (top left, © Mark Kostich
Photography) from Central America, Rana sylvatica (top right, © Walter W.
Knapp) from North America, Dendrobates azureus (bottom left, © Ryan
Photographic) from Surinam and Rana temporaria (© Henk Wallays) which is
common to the British Isles.

A large number of other secretions from frog skin have been collected and characterised
and are chemically diverse. At a fundamental level of biochemical activity, an enzyme
secreted from the skin of frogs in the Bombina genus is capable of isomerising natural L-
amino acids to D-amino acids®. Many antimicrobial peptides have been observed’ and

have been defined as active due to their charge properties which can disrupt bacterial
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membranes™. This is a different mechanism from most common antibacterials and may
slow rate of pathogen resistance. Recently some antimicrobial peptides from frog skin have
shown some promise as an inhibitor of the HIV virus®. Whilst the vast number of
antimicrobial peptides have claimed the greatest attention, many other secretions have been
identified with unusual properties such as a bradykinin-realted (a vascodilator) peplide

found in the scerctions of Phyllomedusa hypochondrialis™.

Much less attention has been paid to other frog secretions, most notably those associated
with egg and embryo protection. In most species, mating is triggered by rainfall when the
frogs gather at the breeding areas which are often at or near areas of water. They tend to
gather in large groups and the male frogs initiate calling in a chorus which is specific for
every species and can be very diverse. Once the male locates the female it positions on top
of the female and grasps her in amplexus, The female frog discharges a number of egps

and they are fertilised externally by sperm from the male and the frog spawn is compiete.

After mating, different species behave very differently. In many cases the parents
immediately leave the fertilised eggs although some frogs may linger for a period to
protect their offspring. In general the tadpoles emerge from the eggs very quickly and are
fully water-dwelling owing to their lack of limbs, their tail for movement and gills for
respiration. After some time, normally a number of days, the tadpoles undergo
metamorphosis into froglets in a process which is associated with some dramatic
morphological and metabolic changes. Forelimbs and legs are produced, the tail is
absorbed, the eyes translate around the head and the internal organs adjust to a land-based

diet.

During breeding frogs create many tadpoles, often hundreds or thousands and this is
necessary due to the high predation rate at this stage of the life cycle. Floaling on standing
water often attached to terrestrial vegetation, the tadpoles can be afiacked by insects,
snakes, newts, birds, lizards and even other frogs or other tadpoles (cannibalism has been
observed™ and some females lay excess, unfertilised eggs as a food source). In addition to
this, tadpoles face accidental crushing from larger amimals, dehydration, starvation and

many other possible dangers for which many defence strategies have evolved.

Many frog spawn or nests are created in less accessible areas to protect the young - many
tree frogs cicate nests above ground and the eggs arc allowed to develop in relative safoty
before the tadpoles drop or are transported to the ground by a parent. However, this does

not guarantee safety as predation of foam nests in elevated leaves has been observed by
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opportunistic monkeys*. Other frogs have adopted more unusual strategies for incubating
the eggs or tadpoles until they are developed, keeping their offspring about their bodies.
The most renowned of these is the gastric brooding frog (Rheobatrachus genus) which
kept the froglets in the stomach of the mother where the normally acidic conditions are
physiologically altered to prevent damage. It is now thought to be extinct”. Similarly,
Darwin’s frog (Rhinoderma darwinii) allows the tadpole to develop in the vocal sac, the
male midwife frog carries the developing eggs on its back for several days and the female
pouch frog carries the developing tadpoles in a marsupial-like pouch on its back. Frogs are
usually very sensitive to their environments due to their porous skin and their position in

the food chain. The recent decline in frog populations and the extinction of several species

has been identified as a biological indicator for the changing environment.

Figure 1.11.  Parental behaviour of the gastric brooding frog and the midwife frog (©
Michael Frede).

Foam nesting is one particularly interesting phenomenon and is the focus of the work
described here, concentrating particularly on Physalaemus pustulosus. P. pustulosus is a
tropical frog, prolific throughout Central and South America and the Caribbean. Also
known as the Tungara frog or Mud Puddle Frog, it is part of the Leptodactylidae family
which contains over 1,100 known species found throughout the Americas. Currently P.
pustulosus is not an endangered species and has managed to adapt to life in areas of human
disturbance, although habitat destruction may be a danger in the future. Although very
similar in size, the female is marginally larger than the male at approximately 50 mm in

size. The rugose skin gives it a toad-like appearance which is reflected in its name.
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Figure 1.12. An example of an adult Physalaemus pustulosus.

P. pustulosus is a ground-dwelling frog, residing in leaf-litter and grassed areas or marshes.
Mating is induced by heavy rains which are frequent during the Caribbean wet season
commencing in approximately June. Males attract females by inflating the air sacks below
their mouths and making two distinct calls which have been the subject of intense study as
a model for the evolution of acoustic sexual selection in frogs. Female frogs have been
found to show preference to frogs calling with a deep “chuck™ sound following the
standard “whine” but the deep chuck has been shown to attract predation in the males™.
Furthermore the males have been shown to use sound to discern the size of a competitor

and it uses this information to decide whether or not to compete™.

Many tropical frogs, including P. pustulosus, deposit their eggs in a foam nest rather than
spawn. These nests can be floating on water (as in P. pustulosus), in trees or elevated
vegetation as in many tree frogs or even buried under the ground surface (Leptodactylus
fuscus) and are assumed to be a defence against predation and dehydration when
surrounding water evaporates. The phenomenon is observed in frogs across many different
species from dispersed territories. The foam surface acts as a physical barrier against attack
from insects and although attack from snakes is still observed, the foam structure is less
easy to penetrate. Nests are observed to exist for several days without microbial attack and

so are assumed to affect some anti-microbial property.
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Figure 1.13. Foam nests from a number of different frog species. Clockwise starting top-
left — Rhacophorus schlegelii arborea from Japan (© Osamu Miyake),
Chiromantis xerampelina from South Africa, Chiromantis xerampelina again
and in amplexus (www.thefrog.org), Rhacophorus annamensis from Vietnam
(© Nikolai Oriov) and Polypedates leucomystax from Malaysia (©
Monkeyfrog.com).

Further to a physical defence, the foam barrier also prevents dehydration — a crust often
forms on the outside while the inside remains moist. In some cases the nests have been
observed to act as incubators for the tadpoles with an increase in temperature of 8.5°C
above ambient® and in other cases the foam acts as an insulator, regulating the tadpoles
against highs and lows of temperature®'. In P. pustulosus the frogs often engage in group
nesting where many foam nests are produced in a small area and are attached to each other.
This probably decreases the possibility of predation due to the decrease in surface area

available on each nest.
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Figure 1.14. Two foam nests from P. pustulosus attached to the bank of an area of
standing water (top) and an illuminated cross section of a foam nest (bottom,
courtesy of A. Cooper).

P. pustulosus eggs are consistently arranged so that they are gathered at the core of the nest
and we assume that this is a deliberate effort to prevent surface exposure or damage. Nests
are generally 10-20cm in a diameter with a vaguely hemi-spherical shape, they weigh
approximately 20-40 g depending on associated moisture and each nest contains ~400-500
eggs which is lower than in some larger species. Eggs are off-white in colour and

approximately 2 mm in diameter.

1.4 Foam Constituents and Ranaspumins

1.4.1 Previous Work

The unusual properties of the foam material have been the subject of investigation in this

group for some time and much is already known. Biophysical analysis of the whole foam
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has shown that it is a natural surfactant which preferentially self-assembles at the air-water
interface®. Chemical analysis has shown that the composition of (he foam is an aqucous
solution of protein and carbohydraic with proteins being present at ~1-2 mg/mL

concentration and carbohydrate at a similar level®.

Recently the foam has been shown to have potential in clinical use as an anti-adhesive®
and even more recently the group has crystallised® and solved the structure of a

remarkable blue protein named Ranasmurfin, from the Polypedates leucomystax foam nest.

Iield trips to ‘Irinidad have allowed collection of P. pusiulosus foam samplcs and frog
specimens for captive breeding programs. Collaborative studies of the carbohydrate
fractions have indicated diverse and high levels of different carbohydrate moieties
including fucose, mannose, galactose and glucose. Digestion and mass specirometry
revealed O- and N- glycans constructed of numerous different complex chains®. Some of

these were assigned but no complete analysis has been performed yei.

Denaturing electrophoresis of the raw foam showed a variety of discrete proteinaceous
bands, six of which were excised and sequenced. These six proteins were termed
Ranaspumins collcctively and named RSN-1 to RSN-6 (technically Pp-RSN-1 to ’p-RSN-
6 as these are inferred from the genetic information rather than protein sequence) based
loosely on molecular masses. A greal deal of work has gone into the recombinant
expression of these six proteins with vatrying success but the eventual aim of the project is
to investigate the structures and functions of all of the constituents and understand the
interactions between them. By relaling these properties to biological function is it hoped
that useful systems might be created with applications in biomedical, environmental and

chemical applications.

Each of the six sequenced proteins are individually interesting and warrant further
investigation. The amino acid sequences are given in Appendix B. Using bioinformatics,
each of the proteins can be compared to databases for similarities, and functionality can be
inferred. Prior to starting the work detailed in this thesis, the six proteins had been
identified and sequenced. Although the sequencing and initial sequence analysis was
performed by others, it is included here as background information. The sequence analysis
described here is an extension on what had gone previously (BLAST searches and SWISS-
MODEL structural modelling).
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1.4.2 RSN-1

RSN-1 is a small protein at 11.4 kDa with a slightly acidic cstimated pl at 5.1. It has a
glycine rich N-terminus which may indicate (exibility and a high number of proline
residues, particularly in two discrete regions. There are two cysteine residucs, presumably

forming a cystine linkage in the native fold, and no tryptophan residues.

A similarity search using BLAST® indicates a similarity to mammalian cysteine proteinase
inhibitors, although the similarities are not high encugh to have confidence in any
translation 1o structural or functional similarity. lowever, use of the Phyre (Protein
HomologY Recognition Engine) to investigate similarity gives a much more confident
prediction of a similarity to the same proteinase inhibitors. This method models the
sequence against known structures and generates structural motifs based on similar

stretches of primary sequence. Phyre is the successor to the 3D-PSSM sofiware®,

We hypothesise that RSN-1 may contribute towards anti-microbial behaviour in the nest by
inhibition of foreign proteinases. Proteolytic enzymes are found in many microbial
organisms including viruses, protozoa, bacteria, yeast and fungi and the inhibition of these

can prevent pathogenic advance.

1.4.3 RSN-2

Although named RSN-2, this protein has a lower molecular mass than RSN-1 but they are
very difficult to distinguish on SDS-PAGE gels. It has a relative molecular mass of 10.8
kDa and a theoretical pl of 5.2 which is also similar to the acidic RSN-1. There are a
number of striking features in the primary structure of RSN-2, most obviously at the
carboxy terminus where there is a sequence of six consecutive aspartic acid residues (poly-

Asps) which is a unique motif, as far as can be determined from database searches.

Six aspartic acid residues will create a region of intense negative charge in neutral solution
(the aspartic acid sidechain pKy is 3.9) and it is unlikely that this sequence would be
entirely random, and so some structural or functional properties are likely to be induced on
the protein that are necessury for its role in the natural foam. In many cases a grouping of
charged residues creates a metal binding domain where a central positively charged metal
ion is at the centre of a metal-ligand complex. In this case, this may take the form of an
octahedral complex with the charged aspatrtic acid residues creating six dative bonds with a

sujtable metal ion. Most proteins that contain a metal complex have the requirement of a

i
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redox centre for electron transport or for the electronic absorption of visible light for
colouration although sometimes they are present to stabilise the overall fold. In the foam
nest there is no obvious requirement for such a function although the charge interactions

may be related to foaming.

Analysis of the RSN-2 scquence also indicates the highly charged nature of the constituent
amino acids. The negative charge is almost entirely brought about by the extremely large
number of aspartic acid residues which are distributed throughout the protein to a total of
21% compared to the normal average of 5%. The neguative charge is largely countered by
a 19% lysine content (average is 6%). The highly charged, polar residucs are distributed
quite evenly throughout the sequence but there are some regions with a more hydrophobic
character (mostly at the amino terminus) and the scquence hag a high leucine, isoleucine
and valine content totalling 23.2% which is only slightly above the 21% average but is
more meaningful when considered in the otherwise extremely polar environment. The
highly charged nature of the protein is demonstrated by the GRAVY (Grand Average of
Hydropathicity) value of -0.97 suggesting a highly soluble protcin and the distribution of
this charge as well as the hydrophobic regions are shown in Figure 1.15 as a

hydrophobicity plot.
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Figure 1.16.  Hydrophobicity plot for the amino acld sequence of RSN-2. The residues are
numbered from the N- to the C-terminus.

Database searches have confirmed the highly unusual nature of the RSN-2 sequence. A
simple BLAST search revealed no similarity to any known protein and only one similarity
to a hypothetical protein — a 34 kDa thioredoxin reductase from Thermosipho
melanesiensis (a bacterinm) with a very low confidence level and this is unlikely to have
any significance, Using PHYRE, some predicted folds could be modelled but not with any
degree of confidence. Interestingly, the PHYRE predecessor 3D-PSSM identified a
similarity to the same cystatins identified for RSN-1 but with much less confidence. Close
cxamination of the resulls of these searches suggested that short peptide sequences could
have some similarity to known proteins but when taken as a whole the protein could not be

confidently mapped to any known protein family.

Although similarity searches did not suggest any biological function for RSN-2 it was
- hypothesised that the charge distribution in the sequence may be simplistically indicative
of a source for the foaming ability of the foam fluid. This idea is based largely on the
hydrophobicity plot showing a relatively hydrophobic N-terminus and an extremely
charged C-terminus and this division of sequence into an amphiphilic whole may mimic

classic surfactants such as SDS (sodium dodecylsulphate). It has also been postulated that a
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highly charged molecule is more likely to be surface active if the charges are nearly
balancing as they are in RSN-2". SDS contains a charged sulphate “head group” and a
long, oily, hydrophobic tail which is driven to the air-water interface (due to watcr
repulsion) whilst maintaining solubility. Whilst these detergent molecules are highly
efficient, they disiupt biological membranes and as such are not compatible with natural

systemts.

The concept of protein surfactants is not new and the foaming of any concentrated protein
solution is well known. This foaming is thought to be brought about by irreversible
denaturation from shear forces although some recent evidence appears (o suggest that the
shear forces involved in normal laboratory procedures would not be enough (o denature
most proteins™. Irrespective of the mechanism of typical protein foaming, true protein
surfactants operate in a different manner and are characterised by surface activity at a
relatively low concentration. Surface activity is often accompanied by denaturation and
often these slructure alterations are irreversible. For example, shear denaturing of

lysozyme in egg whites.

There are several examples of protein surfactants found in nature, with varying levels of
activity and a range of mechanisms. The term “protein surfactant” is often used to describe
the group of proteins found in mammalian hungs where they allow full inflation. In some
cases, such as prematurely born inlants, the lung surfactants are not present and must be
replaced with fully or partially synthctic altcrnatives. The structural basis for the activity in
these proteins is based on cooperative association in multimers and with other lipid and

metal ion components®.

Caseins are responsible for the foaming behaviour found in milk. $3-casein has a native
unfolded structure (very litlle secondary structure in the native fold), and associates with
charged calcium and phosphate groups to form an cimulsion of micelles in solution,
although the exact nature of this is still not exactly known™. Although not as strong as in
some other surfactants, bovine serum albumin is a well-known protein surfactant and the

ability to bind to surfaces is used widely as a blocking agent in immunochemistry.

Easily the most powerful natural protein surfactants known are the hydrophobins, secreted
from fungi to modify aqueous surfaces and promote growth. At the air water interface the
hydrophobins dramatically reduce surface tension™, allowing the fungus to escape the
aqueous environment and then form a protective, hydrophobic film on the surface to

protect the fungus in the air™. Analyses of these solutions have shown that the protein exist
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as oligomers in solution but contain a hydrophobic surface patch that drives migration to
the air-water interface. The structure is stabilised by a network of four disulphide bridges
(a large number for these ~100 amino acid proleins) which prevents internalisation of the
hydrophobic patches and preserves the rigid globular structure” and a recent surface study
has indicated that the film created is an extremely clastic monolayer, capable of supporting

a variety of different shapes™.

It is proposed here that RSN-2 is a proiein surlactant, either in its own right or by
interaction with other components and its unusual sequence indicates a possible new
mechanism. As such, RSN-2 may represent an extremely importani part of the foam matrix

and could present an avenue for the development of potential applications,

1.4.4 RSN-3 to RSN-6

The remaining four Ranaspumins span a molecular mass range of 18 — 26 kDa and
estimated pl range of 5.8 — 7.7. All of the proteins are related because database searches
show that they are all similar to lectins. These similarities are much more confident than
the matches found for RSN-1 and 2, with strong similarity between each of the other four

proteins and a large number of known lectins

Lectins are proteins that specifically bind carbohydrates via carbohydrate recognition
domains (CRDs) and arc ubiquitous throughout living organisms. Family divisions are
usually made based upon the particular sugar moieties recognised and a very large number
have been described — a search for “lectin” on the NCBI protein database returns 4095
reference sequence entries. Although the biological functions of lectins are unknown in
many cases, they undoubtedly hold a role in cell adhesion and it is this function that has led
to their widespread use in human blood-group typing. This ability is due to the different
specificity of lectins for surface carbohydrates on different red blood ccll types; different

blood groups are agglutinated by different lectins.

Each of the four Ranaspumins (3, 4, 5 and 6) were compared by a multiple sequence
alignment shown in Appendix C and it was observed that RSN- 3, 4 and 5 have a similar
sequence at their core and i1t would be reasonable to assume that they have similar
structures. RSN-6 appears to align poorly with the other three and it is unlikely that they

share structure.
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A BLAST search indicates that RSN-3, 4 and 5 are similar to the fucolectins, that is lectins
that bind fucose or the terminal fucose on a glycan chain, and a PHYRE search predicted
similarity to a galactose binding domain with more certainty. Further analysis of the
BLAST results gave some confidence that these three proteins were all members of the F-
type lectin family represented by similarity to the most well characterised member of the
family of agglutinins, from Anguilla anguilla, the European fresh water eel. This protein
binds fucose-termini on pathogens in serum and the crystal structure has been solved™ to
show the novel fold binding fucose. The crystal structure also shows how small sequence

deviations at the binding site can significantly alter sugar recognition.

Figure 1.16.  The crystal structure of an F-type Lectin binding fucose (PDB 1K12).

The structure is a B-barrel, held in place by two disulphide bridges allowing presentation of
a collection of five loops for fucose binding. In the crystal it was found to form a non-
covalent homotrimer which may enhance affinity. The affinity may also be enhanced by
calcium binding in a sub-domain. By making the reasonable assumption of structural

conservation in this family, the structures of RSN-3-5 have been modelled®.

F-type lectins are most commonly found in fish and many other animals and bacteria but it
has not been observed in plants, fungi, mammals, birds or reptiles. They are often observed
as tandem domains thought to be due to gene duplication and sometimes as fusions with
other functionalities*. The number of observed family members is growing, most recently
with the discovery of an F-type lectin from gilt head bream (Sparus aurata) serum®'. Using

multiple structure alignments (Clustal X*) RSN-3-5 have been shown to belong firmly to
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the F-type lectin family due to generally good alignment and particular conservation of
specific residues for structure and sugar binding. This is shown in Appendix C with the
following abbreviations for different organisms, following the alignment in reference 80:
Msa, Morone saxatilis (striped bass); Mch, Morone chrysops(white bass); Gac,
Guasterosteus aculeatus (stickieback); Fru, Fugu rubripes {tiger putlerfish); Aja, Anguilia
Japonica (Japanese eecl); Omy, Oncorhyncus mykiss (rainbow trout); Dre, Daniorerio
(zebrafish); Cca, Cyprinus carpio (carp); Ler, Leucoraja erinacea (skate); Xla, Xenopus
laevis (tetraploid clawed frog); Xtr, Xenopus fropicalis (diploid clawed frog), Ame,
Ambysioma mexicanum (axolotl); Spu, Strongylocentrotus purpuratus (sea uwrchin), Dime,
Drosophila melanogaster (fly);, Aga, Anopheles gambige {mosquito); Ttr, Tachypleus
tridentatus (horseshoe crab), Cvi, Crassostrea virginica (oyster); Dja, Dugesia joponica
(flatworm); Spn, Streprococcus preumoniae; Mde, Microbulbifer degradans; SS, Sargasso
sea. The number and diversity of these family members suggests an important functional

role,

It is common for members of this family to function as part of the organism’s innate
immune system, by recognising bacterial lipopolysaccharides and other surface structures.
The diversity of the F-type lectins found in different organisms, and in many cases within
the same organism, are thought to be present for defence against a wide variety of
pathogens and this may be the case in RSN-3, 4 and 5¥. The alignments suggest that RSN-
3 and 5 are very similar, RSN-4 is more divergent within the family and together they
possibly present protection against nest invasion from a large number of bacterial and other

pathogens.

RSN-6 belongs to another lectin fumily and probably has a similar biological function with
a different target. BLAST searches confidently predict that RSN-6 is a member of the C-
type lectin (calcium dependant) family and it shows especially close similarity (41% amino
acid identity) to the fish egg lectin (FEL) protein derived from the eggs of Cyprinus
carpio®™. Although not as numerous as members of the I'-type lectin family, there are
several known members of the C-type lectin family which are subdivided into other sub-

=3

groups based on function® and it may be that RSN-6 may incorporate a galactose or
mannosc binding domain to support the fucosyl binding of other nest proteins. This
mechanism is more likely than the suggestion that these arc membranc-bound protcins, as
suggested by a PHYRE search and elsewhere®, as the protein freely exists in the nest

solution (although it may bind foreign membranes).
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Members of the family that are similar to RSN-6 are from fish or crabs but there are also
members (called Tectonins) from a slime mould. Recently these have been added to by a
lectin from Ephydatia fluviatilis, a fresh water sponge”. An alignment of the family
members confirms that RSN-6 has the tachylectin repeat sequence highlighted in Appendix
C. Interestingly, all members of this family are aquatic or have a high exposure to water

which corresponds well to foam nest proteins.

It is likely that RSN-6 is another piece of armour in the nest for the defence against
pathogens in the environment. The combination of the RSN-6 (C-type lectin), RSN-3, 4
and 5 (F-type lectins) and RSN-1 (cystatin) is likely to infer strong protection for the

developing tadpoles against microbial invaders.

These proteins may have host defence functions in the nest, but it has also been suggested62
that they may form part the structural matrix of the nest. The related theory is that the
lectins bind the incorporated carbohydrates, which are known to be present in high
concentration in the foam fluid, and multiple bindings can create a three dimensional
structure. In this way, the identified proteins have all been postulated to have useful nest
functions with RSN-1 and the lectins being defence proteins, RSN-2 creating foaming
activity and the lectins and carbohydrates inferring stability on the macrostructure.

Air

20

30

25

Figure 1.17. A model of possible assembly of foam nest proteins and carbohydrates at
the air interface (courtesy of A. Cooper).

1.5 Objectives

In this thesis, the hypotheses for the protein functions will be tested. This will focus on the
particularly unusual protein RSN-2 primarily, but will undoubtedly encroach on the other

functions and structures of the other proteins in such a complex system. The content of the
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nest will be investigated using proteomic techniques and compared with the known

constituents.

The investigation of RSN-2 will use recombinant protein technology and this will allow
the structure to be probed at the atomic level using high resolution NMR. In addition, the
structure and function of RSN-2 will be examined at the air-water interface to examine the
presence of any of the proposed surface activity and the results will be examined with

respect to the foam properties.




2 Protein Production

2.1 Introduction

From an initial observation of the unusual foam material, deconvoluting the functions of
individual compeoncnts or combinations of these components was the next phase in the
discovery process. P. pusfulosus frogs are not an endangered species and are relatively
common in their natural habitat and, as such, the foarn material could be collected in large

enough quanlities for investigation.

An alternative, paralle] approach was to use recombinant protein technologies to produce
synthetic versions of the natural proteins. This approach is essential in structural studies
where molecular substitutions or isotopic enrichments are required. Recombinant protein
expression is routine practice in modern biochemical laboratories, with numerous different
expression and purification systems now being available meaning that the recombinant
route is often preferential to purification of native proteins; this is especially true where

samples are limited.

2.2 Collection of Foam

Pairs of P. pustulosus were collected, with permission from the Trinidad and Tobago
Wildlife Authority, from the Northern Range of Trinidad during the wet season (July —
August) 2004. During the hours of approximately 2200 — 0200, known breeding arcas were
examined for mating pairs. Once in amplexus, lhe pairs were carefully placed in a
container for transport to laboratories at the University of the West Indies, St. Augustine
and transferred to a glass tank with ~3¢m water. Usually, the pairs produced foam nests
during the night. After several hours, the foam nest was collected and manually separated
from the eggs with spatulas before being frozen at -20°C and eventual shipment to the UK
on dry ice. It was important to remove the eggs as the freezing process bursts the outer

membrane and would contaminate the nest with albumins and other egg proteins.
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Figure 2.1. Map of Trinidad with the Northern Range highlighted.

Approximately 5 litres of foam were collected and transported in this way. Once in the UK
foam samples were stored in various sized aliquots and in various freezers at -20°C or -
80°C along with eggs and frog tissue samples. This foam supply was used for at least 18

months with no obvious change in appearance or composition.

For general experiments, the foam was sampled whilst still frozen, as it was more
manageable in this form, and then allowed to thaw at room temperature. Various strategies
were employed to convert the foam into a fluid including dissolution and sonication but the
most convenient way was found to be centrifugation. This resulted in a foam fluid with a
protein content >1mg/mL (by the Bradford assay*) and a small amount of undissolved
material on top. The solid portion could be dissolved by mixing, followed by further
centrifugation, sonication, mixing or NaOH wash and was seen to be of identical

composition to the soluble fraction by electrophoresis.

Some foam samples from a laboratory breeding colony of P. pustulosus, for comparison,

were also obtained as a gift from Dr. Mike Ryan, University of Texas, Austin.

2.2.1 SDS-PAGE for Foam Analysis

Foam samples were analysed and compared by SDS-PAGE (Sodium DodecylSulphate
PolyAcrylamide Gel Electrophoresis). This method uses an electric potential gradient to
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move charged proteins through a porous matrix which behaves like a sieve. Proteins
migrate according to their charge (roughly correlated with size} and their mobility is
retarded by physical contacts with the gel pores, In this work the gels were prepared and

visualised using the general method of Laemmli®.

Proteinaceous solutions were treated with a mixture of reagents to ensure that they were in

the correct state for analysis. SDS was added to 0.5-1% by weight, which is thought to
denature proteins by fully encapsulating the surface via hydrophobic interactions between
the detergent tail and the peptide sidechains. Fach protein is evenly coated in SDS
molecules which are highly negatively charged and mask any protein charges. The rcesult of

this is that the proteins are all unfolded into different lengths of Jinear chain dependant on

size, and all of the proteins have the same charge per surface area without any contribution
{rom intrinsic protein charge. When applying an electric charge across these proteins, they
all move at the same rate due to their identical electrophoretic mobilities but by blocking
their path with a porous gel the proteins move at different rates due to their varying degree

of retardation.

A reducing agent, dithiothreitol (DTT) at 50-100 mM final concentration, was sometimes
added to break disulphide bonds in the proteins and ensure complete unfolding. This is a
redox agent that is capable of reducing the protein disulphides in favowr of oxidation of
free thiols and the formation of an internal disulphide bond in itself — thiol-disulphide
exchange. The disulphide is preferentially formed in the DTT molecule rather than the

protein due to the energetic favourability of forming a six-membered ring in the DTT

molecule®,
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Figure 2.2. The reduction of protein disulphide bonds by DTT.

Also added to the solutions was 20% by volume glycerol to make the solution dense and _
casy to apply to the gels, 0.05% bromophenol blue as a small molecule marker dye to track

the progress of the electrophoresis and a concentrated buffer to maintain pH control (1.5M ‘
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Tris.HCI pH 8.3). Typically, the solution was mixed and then boiled in a block heater for

approximately ten minutes before applying to the gels.

Gels were usually cast by polymerising an acrylamide solution between glass plates but on
some occasions pre-cast gels were purchascd (Bio-Rad Ready Gels or Invitrogen Nulage)
to take advantage of the increased resolution of gradient gels. Gradient gels have a higher
acrylamide concentration at the bottom of the gel relative to the top and give better
resolution of proteins over a wide molecular weight range compared to the gels prepared
in-house which were of a single acrylamide concentration — typically 15% compared to 8-
16% in pre-cast. Homemade gels were prepared in two parts: the resolving gel and the
stacking gel. The resolving gel was the bulk of the slab and is the area where separation
takes place and the stacking gel was poured on top to create an area of large pore size
where diffluse sumples were concenlrated to a tight band prior to separation. Acrylamide
mwononter (30% solution acrylamide:bis-acrylamide 37.5:1, Bio-Rad) was mixed with SDS
and buffer (1.5M Tris.HCl pH 8.5 for the resolving get, 0.5M 'I'ris.IICI pll 6.8 for
stacking) to the appropriate concentration and the polymerisation was initiated with 0.5%
APS (ammonium persulphate) and TEMED (tetramethylenediamine) was included in
calalytic quantities for rapid polymerisation. Polymerisation was allowed to proceed in a

gel mould until use.

To use the gels the electrophoresis tank was filled with running buffer 25mM Tris HCI,
192mM Glycine 0.1% SDS, pH 8.3) and the gels were immersed. After sample loading the
electrophoresis was allowed to proceed under an applied voltage of 150V until the dye
front was nearly at the bottom of the gel, at which time the gels were removed. Proteins
were fixed and stained by shaking in a Coomassie blue solution (0.125% Coomassie
brilliant blue R-250, 50% methanol, 10% acctic acid) and then destained in
methanol/acetic acid solution. For recording, the gel images they were photographed using
a Kodak Image Station 4000 system and analvsed with Kodak LD 3.5 software. An
example of an SDS-PAGE gel of foam nest fluid is shown in Figure 2.3.




A
R Tt

| SR
e : & > ¥
CPECURWOINE b RS

Figure 2.3. SDS-PAGE of P. pustulosus foam nests from Trinidad and Texas (gift from
Mike Ryan, University of Texas at Austin). Lanes 1 and 8 are molecular
weight markers. Lanes 2-4 are 5yl insoluble Trinidadian foam, 5 and 10 pL
soluble Trinidadian foam respectively. Lanes 5-7 are duplicated with Texas
foam.

2.3 Molecular Biology and Recombinant Protein Expression

2.3.1 Recombinant Protein Technologies

The advances in solid phase peptide synthesis and in couplings means that small proteins
can now be synthesised from freely available starting materials but the relatively low
yields, high expense and time taken for such reactions means that a biochemical route is
normally preferred. These techniques use genetic engineering to take advantage of the
highly efficient and robust protein production facilities already existing within cellular
bodies. There are a number of steps which are followed to produce a protein of interest
from a foreign expression system and the following steps which were used in this project
are typical. It should be noted that these procedures were the work of Dr. R. Fleming
(although many of the steps were replicated later by the author) and are only included for

background information and as means of an introduction.

From the SDS-PAGE gels, the principle bands were excised and subjected to N-terminal
sequencing (University of Leeds). Usually this is done by Edman degradation’ which
involves cycles of derivitisation and hydrolysis of the terminal N-terminal peptide bond
and sensitive detection. This technique doesn’t provide full length sequence information

because the hydrolysis reaction is not complete in every cycle, and gets progressively less
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accurate as sequencing proceeds, so molecular biology techniques are vsed to yield the full

sequence instead.

One method for extending the known sequence information is Rapid Amplification of
cDNA Ends (RACE). This technique produces complementary DNA (cDNA) from the
transeribed messenger RNA (mRNA) for the target gene. This avoids problems associated
with using genomic DNA as a template for gene duplication because mRNA doesn’t
contain any of the redundant information contained in the introns that can be present in
genomic DNA of higher organisms. In this case Trizol (Invitrogen) reagent was used to
extract total RNA (tRNA) from female P. pustulosus oviducts and were assumed to contain
mRNA sas a genetic template. RACE is performed in two directions of reverse transcription
—3” and 5°. The easiest to perform is 3’-RACE because it can take advantage of the natural
poly(A) tail of mRNA as a generic site for amplification.

Nucleic acid amplification is performed by variations of the Polymerase Chain Reaction
{PCR) which has allowed recombinant technologies to be performed as part of typical
laboratory procedures. The history of the invention of this technique is somewhat
controversial and it can be dated back to the carly ninctcen seventies”™ but the most
important part of the development was the adaptation of the polymerase enzyme (the
catalyst for nucleic acid polymerisation) [rom Thermophilus agquaticus (Taq) for usc in in
vifro DNA replication by variable temperature cycles. This enzyme remains stable at the
elevated temperatures required for the essential DNA denaturation and annealing that
allow the technique to proceed. Belore proceeding with PCR experiments, something must
be known about the genc scquence of intercst so that short sequences of complementary
DNA can be designed called primers. These primers should bracket the sequence of

intcrest so that it can be multiplied.

The reagents required for PCR experiments are a DNA source, primers, polymerase and 2
source of nucleic acid building blocks (ANTPs). In the first siep, DNA is heated to ~95°C
to separate the double strands. The temperature is then lowered to an annealing
temperaturc which is dependant on the primers used but is between 50 and 75°C and the
primers in solution hybridise to the target DNA. After annealing, the complementary DNA
is manufactured during an extension step at 72°C during which time the polymerase builds
the nucleic acid chain along the strands from the bases provided in the initial solution
mixture. The number of base pairs produced in this process is dependant on the time
atlowed for extension and the efficiency of the polymerase but it is only required to cxtend

past the binding site of the other primer. These steps are repeated for many cycles to
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produce many millions or billions of copies of the target sequence because the target
sequence is amplified exponentially (due to the use of the bracketing primers) whereas the
other lengths of DNA (from only one primer) are only amplified linearly. A diagram of this

process is given in Figure 2.4.

4th cycle
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Figure 2.4. Progression of the polymerase chain reaction to create billions of copies of a

single gene of interest.

Taking advantage of PCR techniques the 3’-RACE experiment uses a poly(T) primer to
bind the poly(A) motif on the mRNA and a gene specific primer (GSP) to bind to the
known N-terminal sequence for amplification of a stretch of nucleic acid containing the
gene of interest. cDNA is created from mRNA using the reverse transcriptase enzyme
rather than the polymerase enzyme, accordingly the technique is termed reverse
transcriptase PCR (RT-PCR). The previous work in this group has used a RACE kit
(Clontech) that also transfers a poly(C) motif to the end 3° end of the mRNA, allowing the
use of a generic poly(G) primer for 5’-RACE. Using the GSP and the generic primers the
complete cDNA for the gene of interest could be amplified. The full protein sequences
were then identified by cloning the cDNA into plasmid DNA and obtaining nucleic acid

sequences through which protein sequence could be inferred.

Plasmids are DNA molecules that can be present in organisms but are not part of the
chromosomal DNA. They can be present in high numbers and take advantage of the
replication machinery of the host. In molecular biology, the plasmids used for genetic
engineering are called vectors and in this work, and all previous work on this project, all
vectors have been specific for Escherichia coli bacteria. These vectors are typically double

stranded and circular in shape and contain restriction sites which can be cut by restriction
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enzymes. Following the cut (linearisation), DNA of interest can be inserted into the vector
using the DNA ligase enzyme which joins the ends of the DNA strands if the restriction
sites and enzymes are designed in a specific way. In this project these time-consuming
steps were avoided by use of the TOPO® cloning vectors ([nvitrogen) which are supplied
as linearised DNA. with overhanging thymidine (1) bases at the ends which elliciently
ligate to the adenosine (A) overhang created from the use of Taq polymerase in PCR

amplification.

Suceessfully cloned PCR products can then be introduced into an expression system for
cellular production of the protein of interest by tramsfection. This was accomplished
practically by altering the cellular membrane of competent cells by heat shock to make
them permeable to the vector. Different bacterial strains suitable for different purposes
such as storage or over-expression can be used as the host organism and an isolated
plasmid can be retained and stored for long periods and transfected to many different
strains. Alternatively, a plasmid can be recovered from cellular stocks by DNA extraction
(miniprep) and purification (agarose gels which are similar to SDS-PAGE but with a

smaller pore size and no denaturing agent).
2.3.2 Existing Genetic Constructs

Using the steps described, the six Rarnaspumins were isolated, sequenced and cloned into
expression vectors by Dr. R. Fleming who made kind gifts of them for this work. The
RSN-2 gene, like all of the other Ranaspumin gene sequences, had been cloned into an
expression vector (pCR™ T7/NT-TOPO®, Invitrogen) using RSN-2-specific primers and
mRNA from a female P. pustulosus oviduct. In addition to the RSN-2 gene, clongated
primers had been used to add a stop codon to the C-terminus and bases coding for an extra
isoleucine amiino acid adduct on the N-terminus. In addition to the PCR product, this

vector contains a number of other useful features:

¢ An ampicillin resistant genetic sequence coding for the B-lactumase enzyme which
inhibits the antibacterial action of ampicillin, an analogue of penicillin.

e A pUC origin sequence which ensures high copy numbers of the gene of interest
{(provided the correct bacterial strain is chosen).

* A 6xHis scquence which codes for six histidine residues together on the amino
terminus of the expressed protein. The 6xHis (poly-Hisg) residues strongly bind
divalent nickel ions and so behave as a useful tag for protein purification.

s An Xpress™ epitope which is another affinity tag.
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e An enterokinase (Ek) cleavage recognition site for removal of the fusion tag post

purification.

The combination of these genes in a commercial vector is designed for efficient and rapid
over-expression of the target protein fused with an extra polypeptide tail containing
sequences for easy purification and subsequent cleavage to yield the target protein in a
format that is very close to the native structure. The vector map is shown in Figure 2.5 with

the point of insertion of the PCR product clearly identified with thymidine overhangs.
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2870 nucleotides

T7 promoter: bases 20-28
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Ribosome binding site: bases 57-80
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Figure 2.5. The expression vector used to clone the Ranaspumin genes (from
Invitrogen).

2.3.3 Hisg-Ek-RSN-2 Overexpression

RSN-2 was overexpressed as the fusion-tagged form (Hiss-Ek-RSN-2) in this vector and E.
coli as the host cell. The particular strain chosen was BL21(DE3) (Novagen) which was

chosen for high expression levels due to chromosomal expression of the T7 polymerase
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enzyme which is, in tura, under control of the lacUVS promoter. Other bacterial strains
posscss more complicated genetic features for tighter control of expression and inhibition
of the basal expression of toxic or proteolytic products but it was decided to use the
simplest host in the first instance. Because the T7 cxpression is controlled by a lac
promoter, the expression can effectively switched on by addition of the lactose analogue
PTG (Isopropyl B-D-1-thiogalactopyranoside). IPTG imitates lactose for induction but is
not a substrate for B-galactosidase which would normally “swich off” the expression.

Instead of this, expression continues throughout bacterial life,

All materials were sterilised either by autoclaving or 0.22um filtering solutions, and
manual handling was performed in an aseptic manner. Frozen glycerol stock of RSN-2 in
this vector and BL21(DE3) £. coli sirain were sampled and grown overnight in ~20m[ LB
(I.ysogeny Broth) with 100pg/mL ampicillin at 37°C. LB broth was prepared by
dissolution of 10g/L Tryptone (Duchefa), 5g/1. (Difco) and 10g/L sodium chloride (Fisher)
in deionised water and provides the required nuirients for a rich growth mcdium for
bacteria. The following day the cell suspension was evenly distributed amongst two 2 L
conical flasks, each containing 500 mL of LB-amp selective growth medium and the flasks
were shaken at 37°C and open to air (cotton wool plug to prevent contamination) to
promote cell growth. An overnight culture was used as 