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Biological  foams  contain  a cocktail  of
unusual  proteins  with  diverse  prop-
erties.
Natural  foam  proteins  have  surfac-
tant properties  equal  to or  better  than
conventional  detergents.
They  reveal  new  physical  principles
based on conformational  change  at
interfaces.
They  illustrate  alternative  surfactant
mechanisms  not  available  to conven-
tional detergents.
Can  act  synergistically  to  form  and
stabilize bio-compatible,  hydrated
foam structures.
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a  b  s  t  r  a  c  t

Foams  and  surfactants  are  relatively  rare  in  biology  because  of  their  potential  to harm  cell membranes  and
other delicate  tissues.  However,  in recent  work  we  have  identified  and  characterized  a  number  of  natural
surfactant  proteins  found  in the  foam  nests  of tropical  frogs  and  other  unusual  sources.  These  proteins,  and
their associated  foams,  are  relatively  stable  and  bio-compatible,  but with  intriguing  molecular  structures
eywords:
urface tension
anaspumin
anasmurfin
atherin

that reveal  a new  class  of  surfactant  activity.  Here  we  review  the  structures  and functional  mechanisms
of  some  of these  proteins  as  revealed  by experiments  involving  a  range  of  biophysical  and  biochemical
techniques,  with  additional  mechanistic  support  coming  from  more  recent  site-directed  mutagenesis
studies.

© 2017  The  Author(s).  Published  by Elsevier  B.V.  This  is an  open  access  article under  the  CC  BY license
rotein structure

. Introduction
The mechanical agitation and surfactant activities normally
equired to create aqueous foams and emulsions are generally
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damaging to biological systems. Strong shearing forces and inter-
actions at surfaces and other interfaces can disrupt delicate cells
and tissues, and can also denature proteins and other biologi-
cal macromolecules. Conventional ionic/non-ionic detergents and

surfactants will disrupt the phospholipid bilayers of cell mem-
branes and can denature proteins. Indeed, various combinations
of mechanical disruption and detergent extraction have long been
used in laboratory procedures for the homogenization of biological
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issues and the extraction and analysis of their various components
or biochemical research and other purposes. Consequently, it is
erhaps not surprising that natural foams and surfactants are rel-
tively rare in biology. However, there are a few instances where
atural biological foams and surfactants have evolved for appar-
ntly quite specific purposes, presenting us with an opportunity to
xplore potentially interesting new physics and physical chemistry
f foams in an unusual context. Here we review some of our recent
ork in Glasgow, focussing mainly on the structure and function

f some of the proteins that we have identified and characterized
s a result of fieldwork and collaborations with colleagues world-
ide [1–7]. Work on other surfactant proteins has been reviewed

lsewhere [1,8].

It is a pleasing historical coincidence that some of the early work

n foam physics was initiated in Glasgow by William Thomson
Lord Kelvin). It was here that he devised the classic polyhedral

ig. 1. Frog foam nests from different continents. (A) Trinidad: Engystomops pustulosus (“tú
rog).  (C) Trinidad: Leptodactylus fuscus (whistling frog). (D) South Africa: Chiromantis xer
ochem. Eng. Aspects 534 (2017) 120–129 121

structural model for foams as efficient space-filling entities [9] that
has only more recently been superseded by the work of the Dublin
group in the form of the Weaire-Phelan model [10,11]. Our own
interest in biological foams arises out of a natural curiosity for some
of the natural foams, in particular frog foam nests, which had not
been previously investigated.

Foam nesting is one of the strategies that have evolved to allow
some species of frogs to provide an appropriate environment for
their eggs and embryos in regions of the world where standing
water is otherwise rare or transient (Fig. 1). These nests are typi-
cally found in temporary pools or puddles (Fig. 1A), on tree branches
or other structures overhanging water (Fig. 1B and D), or buried
underground (Fig. 1C). As we  have shown in earlier work [1–4],

these water-based foams are made from dilute solutions of proteins
and carbohydrates that are very stable under tropical conditions.
They resist dehydration, predation, and microbial degradation, and

ngara” or “mud puddle frog”). (B) Malaysia: Polypedates leucomystax (Java whipping
ampelina (grey foam-nest tree frog).
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ig. 2. Foam nests of the túngara frog (E. pustulosus). (A) Nesting pair in amplex
0  cm diameter, sliced through (D) showing the distribution of eggs (ca. 400) withi
omponents (ranaspumins), standard molecular weight (kDa) markers to the left. (

rovide a biocompatible environment for the frog eggs, sperm and
eveloping embryos. As an interesting form of soft matter they
erit curiosity-driven investigation in their own right, but they

lso suggest numerous opportunities for potential practical appli-
ation. For example, their biocompatibility and moisture retention,
oupled with possible antimicrobial resistance suggests possible
iomedical applications including use as temporary wound or burn
ressings, surgical cavity filling or matrix for tissue regeneration,
r slow-release drug delivery systems. In biotechnology, the sur-
actant proteins in these foams might be utilized for interfacing to
anoparticle/nanotube/graphene-based components and devices.
n a larger scale, as biodegradable aqueous foams they might find
pplication in the treatment of oil spillages, the bioremediation
f contaminated areas, or other environmental issues. Plus, as we
ill indicate later, the surfactant activities of these foam compo-
ents can help disperse carbon-based nanoparticles, with potential
oxicology implications [12].

But, of course, in order to implement such potential applications
t is necessary to explore more fully the chemical composition and

olecular structures of the foam materials. Here we  shall present
ome specific examples, describing how details about molecular
tructures and composition are leading to new insights into bio-
ogical foam.

. Ranaspumins

The túngara or mud-puddle frog (Engystomops pustulosus,

reviously known as Physalaemus pustulosus)  is a common ground-
welling foam-nesting species of Trinidad and surrounding areas
f the Caribbean and Central America. Nests are formed during
ainy seasons at the edges of temporary puddles or other stand-
) Colony nests in a temporary pool (Lopinot valley, Trinidad). (C) Single nest, ca.
foam. (E) SDS gel electrophoresis analysis of foam fluid showing six major protein
e credits: Alan Cooper, Rachel Fleming).

ing water to provide a stable environment for the developing eggs
and embryos (Figs. 1 and 2).

During amplexus, the female repeatedly produces a small
batches of eggs along with fluid that the male gathers up, fertilises
and, with an egg-beater like motion of the hind legs, whips up to
create the foam nest (see [13] supplementary data for videos of this
process). Nest building occurs in discrete phases, the first of which
is to produce a bubble raft, followed by the construction of a hemi-
spherical foam mass into the centre of which the fertilised eggs are
deposited [13]. Depending on conditions, tadpoles develop in the
nest over the next few days before escaping into surrounding water,
if available. The foam becomes dispersed when the tadpoles hatch,
but if the eggs are removed at an early stage then the foam mass
remains stable for many days under natural tropical conditions.
The nests have typical wet-foam bubble morphologies, compris-
ing 90% air, with the aqueous phase made up of a dilute solution
of proteins (1–2 mg  ml−1) together with a similar concentration of
complex, long-chain carbohydrate molecules [2,3].

Despite the fact that we  have found no evidence for fats, lipids,
or small detergent-like components in this foam fluid, the natu-
ral material has significant aqueous surfactant properties. Natural
foam fluid can wet hydrophobic surfaces and reduces surface ten-
sion at (total) protein concentrations as low as 10–100 �g ml−1

(Fig. 3), much more effectively than proteins such as lysozyme
or bovine serum albumin (BSA) that are not normally surfactant
in their native states. Biochemical analysis shows that the fluid
is made up of a cocktail of proteins, of which six predominate
(the “ranaspumins”, Rsn-1 to Rsn-6) in the 11–25 kDa size range
with intriguing properties. Some, at least, of these proteins can

bind hydrophobic fluorescent molecules, and this can be used in
2-photon microscopy techniques to image bubbles in the foam [2]
(Fig. 3). Amino acid and DNA sequence analysis showed little or no
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Fig. 3. Surfactant properties of E. pustulosus foam. (A) Aqueous surface tension
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ersus concentration of natural foam fluid compared to pure Rsn-2 and control pro-
eins (BSA, lysozyme). (B) 2-photon fluorescence microscopy imaging of bubbles in

rog nest foam.

mmediate similarity to previously known proteins, but with some
otential clues as to their possible function.

ig. 4. Solution structure of recombinant ranaspumin-2 as determined by NMR. (A) Ribb
uggesting (C) a clam-shell opening mechanism. (D–G) Hydrophobic surface maps of the
elical segment (E) and the inner face of the sheet segment (F). Color codes: white, hydr

nterpretation of the references to colour in this figure legend, the reader is referred to th
ochem. Eng. Aspects 534 (2017) 120–129 123

2.1. Ranaspumin-2

One protein in particular, ranaspumin-2 (Rsn-2), has a partic-
ularly unusual and (so far) unique amino acid sequence, with a
highly-charged hydrophilic C-terminus coupled with a significantly
non-polar N-terminal sequence that is immediately suggestive of
the amphiphilic characteristics of common detergents, but on a
much larger molecular scale. Surfactant measurements using pure
recombinant Rsn-2 show that this protein is indeed very effective
at reducing the surface tension of water at very low concentrations
(1–10 �g ml−1), an order-of-magnitude lower than the natural pro-
tein mixture (Fig. 3). And dilute solutions of Rsn-2 can be whipped
up to produce foams that appear superficially similar to those seen
in natural foam nests, albeit that they tend to collapse more rapidly
(in a few hours) than the natural foams (days/weeks).

What is the three-dimensional structure of Rsn-2 that might
explain these properties? Using high-resolution nuclear mag-
netic resonance (NMR) techniques on isotope-enriched samples
of recombinant Rsn-2 [4], we  have shown that its structure in
water is monomeric and typical of a compact, well-folded and
highly soluble globular protein (Fig. 4). Surprisingly, despite the
amphiphilic nature of the extended polypeptide chain, the NMR
structure of the Rsn-2 molecule in bulk aqueous solution shows
no obvious hydrophobic patches or other structural features that
might be anticipated for a macromolecular surfactant. (In this
respect it differs significantly from other surfactant proteins such
as hydrophobins [14] that tend to aggregate in solution.) This leads
to the suggestion that Rsn-2 might undergo significant conforma-

tional change at the air-water or other non-polar interface. Closer
inspection of the Rsn-2 structure shows that it is made up of two
compact domains, linked by a potential hinge that might allow for

on diagram illustrating the Rsn-2 fold and (B) rotated 90◦ about the vertical axis,
 entire Rsn-2 molecule, front face (D) and back face (G), with the inner face of the
ophobic; red, negative; blue, positive; and yellow, sulphur. Adapted from [4]. (For
e web version of this article.)
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ig. 5. (A) Small angle neutron reflection profiles of the natural túngara frog foam
nformation, suggests (C) a stable surface structure incorporating surfactant protein

 clam-shell-like opening of the structure to present hydropho-
ic faces of each domain to the interface, whilst maintaining much
ore polar regions in contact with the aqueous phase. This novel

urfactant mechanism neatly solves the conundrum of how to
chieve surfactant properties in a macromolecule whilst retain-
ng a compact structure and high solubility in bulk water. It also
ddresses the issue of biocompatibility, since such large soluble
rotein molecules are less likely to penetrate and disrupt lipid
ilayer membranes in the way that small molecule detergents do.

Although it is not (yet) possible to determine detailed molecular
tructures of proteins at interfaces, there are several lines of experi-
ental evidence that lend support to the hinge-bending clam-shell
odel for Rsn-2 surfactant activity. Small-angle neutron reflection

SANR) experiments on the natural foam fluid [2] show a complex
ir-water interface layer, about 7.5 nm (75 Å) thick, probably made
p of several regions of different protein/carbohydrate composition
Fig. 5). Similar experiments with pure Rsn-2 reveal a much sim-
ler 1 nm (10 Å) monolayer (Fig. 6) [4]. This is narrower than would
e expected for Rsn-2 in its compact, folded form (diameter ca.
.5 nm), but is compatible with the proposed open clam shell struc-
ure at the interface. Infra-red reflection absorption spectroscopy
IRRAS) of characteristic protein amide-I and amide-II bands shows
hat Rsn-2 retains the anticipated �-helix and �-sheet secondary

tructure at the air-water interface, with an angular dependence
onsistent with a planar orientation in the interfacial layer [4].
ture. (B) These are consistent with a 3-layer model that, together with additional
ins and polysaccharides.

In more recent work we  have used site-directed mutagenesis
to introduce chemical modifications into the Rsn-2 structure in
order to investigate the surfactant mechanism [15]. Chemical cross-
links can be inserted into the structure by pair-wise conversion of
selected amino acids to cysteine residues, thereby forming disul-
phide bonds that might block, or at least partially compromise the
hinge opening mechanism. Results from a series of Rsn-2 disul-
phide mutants are illustrated in Fig. 7, showing that in all cases
the onset of surfactant activity, as measured by surface tension, is
eliminated or significantly reduced in ways that are consistent with
inhibition of hinge opening. In other experiments [16], modifica-
tion or removal of portions of the hydrophobic N-terminal sequence
resulted in diminution or loss of surfactant activity, suggesting that
insertion of this end of the polypeptide chain into the non-polar
interface provides some of the driving force for the conformational
change mechanism. C-terminal modifications show lesser effects,
though reductions in the rates of onset of surfactant activity were
observed [15,16].

Indirect evidence for the hinge-bending mechanism comes from
molecular dynamics simulations of what might happen as an Rsn-2
molecule in water approaches a non-polar interface [16,17]. Consis-
tent with experimental observations, these simulations show that
Rsn-2 may  adsorb at an air-water interface, with the majority of

the non-polar N-terminal residues exposed to the air. The protein
secondary structure (�-helix, �-sheet) remains mostly unchanged
in these simulations.
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ig. 6. (Left) Neutron reflectivity data for Rsn-2 at the air-water interface in D2O (�

.05,  and (c) 0.007 mg  ml−1 respectively. These data are consistent with a narrow in

.2. Other ranaspumins

Much less is known in detail about the other major proteins in

he túngara frog foam nest. Comparison of amino acid sequences
uggests that Rsn-1 (like Rsn-2) might be related to cystatins [15],

 class of protease inhibitors that can block the breakdown of pro-
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ig. 7. Development of surface tension over time for the Rsn-2 disulphide mutants
t  two different concentrations: 0.005 mg  ml−1 (solid lines) and 0.1 mg  ml−1 (dashed
ines), compared to the wild type (wt) protein at the same concentrations. Note that
urfactant activity is almost totally suppressed in the double-disulphide mutant
N19C-D32C-I46C-M81C), and is reduced in the case of the other mutants D32C-

81C (a), N19C-I46C (b), and C68T-C86A (c). See [15] for details.
 null reflecting water (NRW) (�) at pH 7 and protein concentrations of (a) 0.25, (b)
e layer, compatible with the hinge bending model (right).

tein polypeptides by enzymic degradation. Indeed, in preliminary
experiments we  have demonstrated potent protease inhibition
activity in natural foam material, though this has not yet been
pinned down to any specific component in the foam. Recombinant
Rsn-1 also reduces aqueous surface tension, though not quite as
effectively as Rsn-2 [15]. Other ranaspumins in the mix (Rsn-3 to
Rsn-6) can be identified as carbohydrate binding proteins (lectins)
[3], and this may  be related to the possible role of the complex,
long-chain carbohydrates in the foam cocktail. Lectin activity and
carbohydrate binding has been confirmed in one case (Rsn-4) by
demonstration of red blood cell agglutination that is inhibited by
lactose and galactose [3].

From work done so far it would appear that foam nest proteins
from other frog species have little in common. Preliminary analysis
of proteins from the foam nests of other species, including Lepto-
dactylus fuscus (Central and South America), Limnodynastes peronii
(Australasia) and the Asiatic tree-nesting species Polypedates leu-
comystax and Rhacophorus arboreus, shows no resemblance to the
túngara ranaspumins [3]. Likewise, recent structural studies by oth-
ers [18] of a putative surfactant protein (Lv-RSN-1) from another
South American species, Leptodactylus vastus,  again shows no sim-
ilarity to the túngara proteins at either the amino acid sequence or
protein conformational level, although it does share some sequence
similarity with a nest protein from L. fuscus [3,18] and also appears
to have a very hydrophobic, unstructured N-terminus that might be
related to surfactant function. This general diversity in surfactant

protein structure and function has also been noted elsewhere [8],
suggesting that these proteins do not necessarily share a common
evolutionary heritage.
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ig. 8. Ranasmurfin: protein extracted from pigmented foam nest (A) forms intense b
s  a dimer (C) stabilized by numerous post-translational cross-link modifications, 

inkage between the two Rsf subunits (D) that is also responsible for the blue colou

.3. Foam nest stability

As mentioned above, dilute solutions of pure recombinant Rsn-
 can be whipped up to create foam superficially identical to that
een in natural foam nests. However, these foams in the lab have
elatively short term stability, usually collapsing within an hour
r so. This is in marked contrast to what we observe in the wild,
here natural frog foam nests survive for many days, and where

ubsequent collapse or degradation is normally due to mechanical
isruption or enzymatic degradation by the tadpoles themselves
ather than underlying physics. This suggests that there must be
dditional factors present in the natural nests that contribute to
onger term stability.

These ranaspumin-based aqueous foam liquids are very dilute
nd low viscosity, so stability is unlikely to arise from viscous
ubble-entrapment/kinetic effects, at least not in this particular
pecies. The stabilization of foams and emulsions by incorporation
f small particles has been described in numerous other (mostly
on-biological) systems [19,20], but again this is unlikely to be

 major factor here. Inevitably, given the nature of the biological
nvironment, natural foam nests often contain particulate debris
icked up from the surroundings. But this is quite adventitious and
aries from site-to-site. Microscopic examination of foam fluid does
eveal the presence of small particles (and micro-organisms), but
ot at a level likely to be relevant to foam stabilization. Moreover,
ur laboratory-based experiments with captive frogs in pure, de-
onized water show that equally stable foam nests can be produced
n the absence of extrinsic factors.

The answer to the stability puzzle must lie in the intrinsic
omposition of the foam nest cocktail of proteins and carbohy-
rates. Our current working hypothesis, illustrated in Fig. 4, is
hat the interfacial layer in the natural foams incorporates other
roteins and carbohydrates to form a more stable system. Initial
ubble formation is facilitated by the surfactant activity of Rsn-

, but subsequent addition of lectins (Rsn-3/4/5/6?) builds up a
ore complex layer that may  then also be reinforced by binding to

ong-chain branched polysaccharide molecules. At least two of the
anaspumin lectins (Rsn-3 and Rsn-5) have amino acid sequences
ystals (B) suitable for X-ray crystallographic structure determination [6]. The protein
ing an unusual and unprecedented Zn-chelating four-residue (Lys-Tyr-N-Tyr-Lys)

possessing moderately hydrophobic [3] N-terminal tails that might
serve to anchor and orient these molecules in the interface. Fur-
ther binding to an underlying carbohydrate layer would create a
mechanically stable, water-retaining foam matrix with a thickness
compatible with the SANR data.

It should be borne in mind that foam nest stability in the wild
will depend on factors other than plain physics − in particular,
resistance to predation and microbial degradation is important in
the biological context. Lectins similar to Rsn-3/4/5/6 can inhibit
microbial growth by agglutination of cells and can also act as anti-
feedants in higher organisms [3]. Lectins and protease inhibitors
in plants [21] and detergent secretions [22] can act as defences
against insect attack. It seems likely, therefore, that a combination
of these properties found in the nest proteins are sufficient, acting
synergistically, to stabilise the nest against environmental and bio-
logical challenges for just long enough for the purpose of tadpole
development without replenishment.

3. Ranasmurfin

Many tree frogs also build foam nests, usually overhanging
water on branches or other adjacent structures. One example of this
is P. leucomystax, a common tree frog from Malaysia and surround-
ing regions, whose nests have the intriguing property of developing
a blue/green pigmentation over time (Figs. 1 and 8) [6]. This col-
oration is due to an unusual zinc-containing protein, designated
ranasmurfin (Rsf), which crystallises readily after purification from
natural nest material. X-ray diffraction from these intense blue
crystals was  used to determine the protein structure to high reso-
lution, revealing a 26 kDa dimeric structure incorporating various
unusual chemical modifications (Fig. 8) [6].

The function of this protein is not yet known, but it is present
in the foam at relatively high levels suggesting that it may  be
involved, at least in part, in foam stabilization, adhesion, or other

mechanical properties, possibly utilising its chemical cross-linking
properties. Other possibilities include camouflage and/or UV pro-
tection. The total protein concentration in P. leucomystax foam fluid
is 2–4 mg ml−1, depending on sample, with about 1–1.5 mg  ml−1



A. Cooper et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 534 (2017) 120–129 127

Fig. 9. Latherin wetting and adsorption to hydrophobic surface, in comparison with water and protein (lysozyme) controls: (A) 10, 20 and 50 �l drops, 1 mg/ml, on Nescofilm
s he sol
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heet, followed by rinsing (B), drying and (C) staining for adsorbed protein [5]. (D) T
est  fit the experimental NMR  data, shown in peptide backbone representation; (b
E)  Unfolding model for surface activity. Adapted from [7].

arbohydrate (Rosalind Tan, Malcolm Kennedy & Alan Cooper,
npublished). The foam itself is rather sticky and viscous in this
pecies, and is probably kinetically stabilised by viscous incorpora-
ion of bubbles rather than by specific surfactants.

. Latherin

Latherin is a protein found in the sweat of horses and is one of the
rst proteins shown to have strong surfactant activity in its native
tate [23] and adsorbs well to waxy surfaces (Fig. 9). Its function is
hought to be to act as a wetting agent to facilitate evaporative cool-
ng from the oily surface of the pelt [5,23] where it is probably the
ontributing factor to the foaming/frothing of horse sweat during
igorous exercise. It is also found in horse saliva and is a member
f the palate, lung, nasal epithelium clone (PLUNC) family of innate
mmunity proteins that are abundant in the oral cavity and saliva
f mammals [5,7] and which have surfactant, bacteriostatic and
ntibiofilm properties [24]. Latherin is characterized by an unusu-
lly high content of non-polar amino acids, especially leucine which
akes up about 24% of the latherin total, compared to an average

f around 10% for most other proteins.
Although such abundance of non-polar amino acids might be

hought to be the source of latherin surfactant activity, this is not
mmediately apparent in its three-dimensional structure in solu-
ion (Fig. 9). The protein is a monomer in solution, with a structure,
s determined by NMR  [7], comprising a slightly curved cylindrical
tructure in a ‘super-roll’ motif made up of a four-stranded anti-
arallel �-sheet and two opposing �-helices which twist along the

ong axis of the cylinder. Although there is no obvious hydropho-
ic patch on the protein surface, one end of the molecule does have

rominent, flexible polypeptide loops that contain a number of apo-

ar amino acid side chains. This suggests a plausible mechanism for
urfactant activity in which the molecule is first localized to the
on-polar interface via these loops, and then unfolds and flattens
ution structure of latherin: (a) ensemble of 20 latherin models (superimposed) that
n model of the representative structure illustrating secondary structure elements.

to expose its hydrophobic interior to the air or non-polar surface
(Fig. 9). As was also the case with Rsn-2, this is supported by SANR
experiments that indicate that latherin forms a thin, ca. 1 nm (10 Å)
air-water interface layer consistent with unwrapping or unfolding
of the protein [5,7].

5. Applications and implications

Despite the promising range of potential applications men-
tioned in the Introduction, it is still early days, and relatively few
examples exploiting natural protein surfactants have been reported
so far. Applications in commercial biomedical, food technology
and related areas may  be hindered by a reluctance to embark
on the necessary investigation of potential toxicology and aller-
genicity implications for these biomaterials from unusual sources.
Nonetheless, other potential applications are making progress.
Recombinant Rsn-2 has been used by others to form a stable foam
matrix incorporating components for a cell-free artificial photo-
synthesis system [25]. In unrelated work, we have taken advantage
of recombinant protein technology to construct a fluorescent Rsn-
2/iLov protein conjugate (Fig. 10) [15], demonstrating how the
surfactant properties can be attached to other functional proteins.

This ability to engineer recombinant proteins is particularly
relevant for possible applications in nanotechnology involving
interface of biological macromolecules to other components. For
example, as we have recently shown [12], both latherin and Rsn-2
can be used to solubilize or disperse C60-fullerene and bind to car-
bon nanotubes in water (Fig. 11). The next step (work in progress)
is to utilize this binding to attach other functional proteins to the
carbon (nanotube, graphene) surface.
The aqueous dispersion/solubilization of hydrophobic particles
by natural surfactant proteins demonstrated here has potential
toxicology implications, indicating a possible route for biological
uptake of carbon nanotubes and other nanoparticles [12]. This
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Fig. 10. Fluorescence under UV illumination of the Rsn-2/iLov construct. (A) Foam was generated in a 50 ml  glass measuring cylinder by bubbling air through a solution of
Rsn-2/iLov at a concentration of 1 mg  ml−1 in aqueous phosphate buffer, pH 7.5. (B) Close-up of the individual bubbles [15].

Fig. 11. Left: cartoons illustrating the size of fullerene C60 and carbon nanotube in comparison to the surfactant proteins Rsn-2 (A) and latherin (B), approximately to scale.
The  structures for Rsn-2 (pdb: 2WGO) and latherin (pdb: 3ZPM) are taken from [4] and [7], respectively. Right: (C) UV–vis spectra of C60 dispersed in aqueous solutions of
Rsn-2  (upper panel) or latherin (lower panel). The inserts show superimposed spectra of samples after storage at 4 ◦C for approximately 1, 2 and 6 months [12].
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ight, for instance, be of potential concern for nanoparticle uptake
y proteins related to latherin (PLUNCs) that are present in the
uman respiratory tract and elsewhere.

. Experimental

Methods for the preparation and characterization of natural sur-
actant proteins have been described in detail in previous reports
2–7,15], so will be briefly summarized here. Ranaspumins were
nitially identified by gel electrophoresis of foam nest material of
he túngara frog (E. pustulosus) collected in Trinidad. Partial amino
cid sequencing of these proteins facilitated isolation of mRNA
rom frog oviduct tissue and subsequent complementary DNA
equencing. Recombinant DNA methods were then used to con-
truct a bacterial (E. coli) clone producing Rsn-2. Isotope-labelled
amples for NMR  structure analysis were prepared by growing
hese bacteria in 13C/15N-enriched media. Site-directed mutage-
esis techniques were used to prepare sequence-modified and
runcated proteins [15,16]. More specifically, for the Rsn-2 disul-
de cross-linked mutants newly described here, appropriate pairs
f adjacent amino acid residues were identified from the protein
tructure and converted into cysteine residues using standard site-
irected mutagenesis [15]. Two single disulphide (N19C-I46C and
32C-M81C) and one double-disulphide (N19C-D32C-I46C-M81C)
sn-2 mutants were produced in this way for comparison with
he wild-type (wt) protein. One further mutant (C68T-C86A) was
onstructed in order to remove the existing native disulphide for
omparison. Circular dichroism spectroscopy (CD) was used to
how that the secondary structure composition had not been sig-
ificantly affected by the introduced mutations [15]. Latherin was
roduced by similar recombinant protein expression and purifica-
ion [7,15].

Ranasmurfin was isolated by chromatography from foam nest
aterial of the common Asian tree frog (P. leucomystax) collected

n Malaysia, and its amino acid sequence was determined by a
ombination of high-resolution X-ray crystallography and de novo
equencing using mass spectrometry [6].

Protein structures were determined by solution NMR  (Rsn-
, latherin) or X-ray crystallography (ranaspumin). Air-water

nterface properties were measured using small-angle neutron
eflection (SANR) [2,4,5] and infra red reflection absorption spec-
roscopy (IRRAS) [4] methods, together with standard Langmuir
rough and surface tensiometer techniques.

. Summary

The components of frog foam and horse sweat have natural sur-
factant properties equal to or better than conventional detergents
and other surfactant proteins on a molar basis.
These materials display a wealth of new proteins with additional
properties such as protease inhibition and carbohydrate binding.
They illustrate alternative surfactant mechanisms not available
to conventional detergents, involving conformational change at
interfaces.
Fascinating physics, the understanding of which must go hand in
hand with the biology.

These new proteins – together or separately – contribute to the
formation and stabilization of bio-compatible, hydrated foam
structures.
Multiple potential applications, yet to be exploited.

[

[
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