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Unique Crystal Structure of a Novel Surfactant Protein
from the Foam Nest of the Frog Leptodactylus vastus

Denise Cavalcante Hissa,” Gustavo Arruda Bezerra,™ Ruth Birner-Gruenberger,”
Luciano Paulino Silva,' Isabel Usén,”® Karl Gruber,*®" and Vania Maria Maciel Melo*®

Breeding by releasing eggs into stable biofoams (“foam nests”)
is a peculiar reproduction mode within anurans, fish, and tuni-
cates; not much is known regarding the biochemistry or mo-
lecular mechanisms involved. Lv-ranaspumin (Lv-RSN-1) is the
predominant protein from the foam nest of the frog Leptodac-
tylus vastus. This protein shows natural surfactant activity,
which is assumed to be crucial for stabilizing foam nests. We
elucidated the amino acid sequence of Lv-RSN-1 by de novo
sequencing with mass-spectrometry and determined the high-

Introduction

Some amphibian species have developed a breeding strategy
in which they deposit their eggs in environmentally stable
foams in order to protect the eggs and developing larvae." In-
terestingly, frog foam nests remain stable for long periods (in
some cases more than one month) and are composed of a rich
diversity of proteins termed ranaspumins (proteins from frog
foam nests).™

From a biophysical point of view, the first step in the forma-
tion of a foam is to overcome the surface tension of the aque-
ous solution; thus foam nest production is only possible be-
cause of the presence of surfactant proteins.>™ Surfactants are
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resolution X-ray structure of the protein. It has a unique fold
mainly composed of a bundle of 11 a-helices and two small
antiparallel 3-strands. Lv-RSN-1 has a surface rich in hydrophilic
residues and a lipophilic cavity in the region of the antiparallel
B-sheet. It possesses intrinsic surface-active properties, reduc-
ing the surface tension of water from 73 to 61 mNm™'
(15 pgmL™"). Lv-RSN-1 belongs to a new class of surfactants
proteins for which little has been reported regarding structure
or function.

amphipathic compounds that act by decreasing surface and/or
interfacial tension. Most known surfactants have lipid as the
hydrophobic portion (nonpolar chain) and a hydrophilic por-
tion (polar head). However, for surfactant proteins the bounda-
ries of these two domains are not so obvious, and currently it
is not well known how the structure of these surfactants be-
haves in interfacial or superficial surfaces.

Of the naturally occurring surfactant proteins,®” ranaspu-
mins constitute a particular case: they have the peculiar bio-
logical role of producing biofoams; they are not harmful to the
eggs or sperm; and, their activity arises from their tertiary con-
formation and is independent of the presence of lipids.”” As ra-
naspumins are intriguing proteins, not only for their exclusive
and notable surfactant properties but also for their ecological
roles in foam nests, we describe the amino acid sequence,
crystal structure, and function of Lv-ranaspumin (Lv-RSN-1), a
surfactant protein isolated from the foam nest of Leptodactylus
vastus.

1

Results and Discussion
De novo sequencing

Lv-RSN-1 is a 23.5 kDa protein whose N-terminal amino-acid
sequence was shown to be distinct from any previously report-
ed protein sequence.” In this work, de novo sequencing of Lv-
RSN-1 by MALDI-TOF/TOF achieved 97 % coverage of the resi-
dues; the six C-terminal residues were deduced solely from the
crystallographic electron density map. We used multiple enzy-
matic digests followed by nano-HPLC-MALDI tandem mass
spectrometry to manually sequence 36 peptides de novo
(Table S1 in the Supporting Information). Some of these frag-
ments overlapped, thereby resulting in six larger peptides (17
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to 57 amino acid residues; Figure S1). The exact order of the
peptides in the final sequence was only achievable by using
the high resolution electron density map obtained by X-ray
crystallography (see below).

The obtained sequence of Lv-RSN-1 showed 40% identity to
ranaspumin-1 (Lf-RSN-1; GenBank: AAT66300)," a protein from
the foam nest of Leptodactylus fuscus; its biological role has
not been described. The second hit in the BLAST search was
a protein of unknown function from Bufo gargarizans, an Asiat-
ic toad (34% identity, 53 % similarity). Other hits had higher E
values (>1x107* and lower scores and query coverage.

Structure of Lv-RSN-1

We crystallized Lv-RSN-1 under various conditions and ob-
tained two crystal forms. The monoclinic crystal (space group
P2,) diffracted to 1.6 A and has one molecule in the asymmet-
ric unit (37 % solvent content according to the Matthews coef-
ficient).®® The orthorhombic crystal (space group P2,2,2,) also
had one molecule in the asymmetric unit and diffracted to
1.75 A (46 % solvent content).

The lack of a complete amino acid sequence hampered the
search for a reliable molecular-replacement model, and obtain-
ing phases was problematic initially."” We solved the mono-
clinic structure by using ab initio phasing with the program
ARCIMBOLDO,™ which was facilitated by the predicted (and
later confirmed) high a-helical content. The resolution of the
electron density was sufficient to identify most amino acids in
the polypeptide chain; this helped in assembling the complete
sequence, by grouping the peptides obtained by manual de
novo sequencing. The orthorhombic structure was then solved
by molecular replacement. Detailed statistics regarding data
collection and structure refinement are shown in Table S2. Co-
ordinates and structure factors have been deposited in the
PDB under IDs 4K82 (monoclinic structure) and 4K83 (ortho-
rhombic structure).

Despite the different packing, the overall structures of Lv-
RSN-1 in the two crystals are very similar (RMSD 1.23 A for 199
(out of 203) superimposed Ca-atoms).

According to PISA analysis"? Lv-RSN-1 is a monomer in the
two crystal structures. It has a unique predominantly a-helical
structure: 11 helices and two small antiparallel (3-strands. The
structure can be described as being composed of two do-
mains. The N-terminal half (up to approximately residue
Leu121) forms a bundle of six antiparallel a-helices, with the
two shortest helices tilted with respect to the other four. The
core of the C-terminal half (Asp122 onwards) is a sheet of
three antiparallel helices with a fourth helix lying almost per-
pendicular to this group. The fold is stabilized by four disulfide
bonds (Cys18-Cys67, Cys38-Cys114, Cys125-Cys168, Cys146-
Cys207; Figure 1). There is no disulfide bond between the two
protein halves.

Lv-RSN-1 was submitted to the CATHEDRAL server (http://
v3-4.cathdb.info/cgi-bin/CathedralServer.pl), which uses struc-
tural comparison algorithms to identify domains already anno-
tated in the CATH database. No statistically significant matches
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Figure 1. Overall structure of Lv-RSN-1 (PDB IDs: 4K82 and 4K83). A) Cartoon
representation; cyan and pink differentiate the two halves of the protein; di-
sulfides bridges are shown in yellow sticks; the letters N and C represent the
respective termini of the protein. B) Orientation of the protein after rotation
of 65° along the x-axis. The figure was generated by PyMol (DeLano Scientif-
ic, http://www.pymol.org/).

were found, thus indicating that Lv-RSN-1 represents a new
fold.

Only two other protein structures from amphibian foam
nests have been determined: Ep-RSN-2 (PDB ID: 2WGO) from
Engystomops pustulosus and ranasmurfin (PDB ID: 2VH3) from
Polypedates leucomystax, both very different in sequence and
structure. Ep-RSN-2, the structure of which was determined by
NMR, is an 11 kDa surfactant protein composed of four antipar-
allel B-strands with an o-helix perpendicularly packed against
the B-sheet." The structure of ranasmurfin is mostly a-helical
and consists of a dimer (2x13 kDa), covalently linked by an
uncommon lysine tyrosyl quinone (LTQ) linkage with a blue-
colored Zn chromophore.™ The exact biological function of
ranasmurfin, however, is still unknown.

Surfactant activity

We measured the surfactant activity of purified Lv-RSN-1 by
using the pendant drop shape approach and the Young-Lap-
lace method in the SCA20 (DataPhysics) analysis software for
analyzing the data. The protein effected a remarkable reduc-
tion in the surface tension of water. At 1.5 mgmL™", the pro-
tein reduced the surface tension from (73.4+0.4) to (48.7+
0.2) MNm™" (Figure 2). The minimum concentration at which
Lv-RSN-1 effected a reduction was 15 pgmL™" (from (73.4£0.4)
to (61.7£22) mNm™). Lysozyme (negative control) showed
no effect on surface tension. In contrast, 1.5 mgmL™" BSA (a
mild surfactant protein) reduced the surface tension of water
to approximately 59 mNm™' (Figure 2). The crude foam fluid
from which the protein Lv-RSN-1 was purified, also exhibited
surfactant activity: surface tension reduced to approximately
54mNm™" at a total protein concentration of 1 mgmL™". In
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Figure 2. A) Surface tension versus concentration of Lv-RSN-1 from L. vastus

(@), the lysozyme (negative control, ©) and BSA (moderate surfactant control
protein, x). B) Foam nest from the frog L. vastus. C) Emulsification activity of
Lv-RSN-1 (0.1 mgmL™"; 1) and water (negative control, 2).

contrast, size-exclusion chromatography fractions of this foam
fluid corresponding to higher or lower molecular weight pro-
teins did not show any significant reduction in surface tension.
This suggests that Lv-RSN-1 is indeed the main surfactant pro-
tein in the foam nest.

Subsequently, the emulsification activity of the purified pro-
tein was tested: 0.1 mgmL~" was sufficient to exhibit an emul-
sification index of 35% against kerosene (Figure 2). Interesting-
ly, the emulsion of the native protein was very stable for more
than one month. CD spectroscopy analysis confirmed the sta-
bility of the protein: its fold was stable up to 95°C, with only
a small decrease in signal (208 nm) with increasing tempera-
ture. This property might be important, not only for the bio-
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logical role of the protein, which needs to withstand environ-
mental exposure, but also for potential industrial uses.

Interestingly size-exclusion chromatography and dynamic
light scattering (DLS) demonstrated that the protein does not
show any tendency to the formation of aggregates or oligo-
mers in aqueous solution, and did not induce any micelle for-
mation at either high or low concentrations. Self-assembly into
micelles is a very common property of amphipathic molecules
(hydrophobic portions form an inner core and hydrophilic por-
tions in contact with the aqueous environment).™™

The high solubility of Lv-RSN-1 in water is consistent with
the large number of polar residues on the surface, showing
a hydrophilic character. In addition it possesses remarkable sur-
factant activity: emulsifying a mixture of water in kerosene
after agitation for two minutes. Also, when subjected to a RP-
HPLC the protein strongly adsorbed at the stationary phase of
a polystyrene-divinyl-benzene matrix; it eluted in 78% acetoni-
trile, thus showing also a hydrophobic character. For a molecule
to act as an emulsifier it should be able to bring the polar
phase into the nonpolar phase (or vice versa), so the molecule
needs to be amphipathic."®

The structure of Lv-RSN-1 does not fully explain this peculiar
activity or its duality. Hydrophobins from filamentous fungi are
examples of surfactant proteins known to self-assemble; they
form a hydrophobic patch covering ~20% of the surface
area."” We did not observe a similar hydrophobic patch on Lv-
RSN-1 when calculating the lipophilic potential at the surface
of the Lv-RSN-1 with the program VASCO.""® This analysis only
revealed the presence of a lipophilic cavity, which might in
part explain its surface-active properties (Figure 3).

Another speculation is that a conformational change in the
protein is necessary to expose parts of the hydrophobic core
to bind nonpolar molecules. Conformational changes have al-
ready been implicated in the surface-activity properties of lath-
erin from horse sweat and saliva™® as well as of Ep-RSN-2.1"
The structures of latherin and Ep-RNS-2 were reported to have
uniformly polar surfaces, with no indication of any hydropho-
bic patch. Similarly to Lv-RSN-1, Ep-RSN-2 and latherin are well
soluble and show no aggregation or micelle formation in solu-
tion."®™ The structure of Lv-RSN-1 allows at least two postu-
lated conformational changes: movement between the two
halves to expose the hydrophobic core of the protein; and,
movement in the f-strands, thus increasing the lipophilic
cavity (analysis with the programs SPIDER®” and cons-PPI?"
predicted the -strands as a possible region for protein interac-
tion).

Even though micelle formation is not mandatory for a surfac-
tant, it is surprising that ranaspumins act at the surface and
form biobubbles but do not self-assemble in aqueous solution.
We can only speculate that they might need contact with the
nonpolar phase (e.g., air or a nonpolar solvent) together with
some agitation for micelle formation; otherwise micelles would
form inside the biological tissue where the protein is synthe-
sized. Lv-RSN-1 is only beneficial to the frog when it forms
a foam nest after it is secreted into the environment; it is
known that male frogs use rapid motion of their legs as the
agitation factor for beating the proteinaceous fluid released by
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Lipophilic cavity

Figure 3. A) Surface representation of Lv-RSN-1 showing proposed hydro-
phobic cavity and lipophilic potential: hydrophobic (red), hydrophilic (blue).
Calculations were done with the program VASCO. B) Cartoon representation
of Lv-RSN-1 for better visualization of the proposed lipophilic cavity; N and
C identify the respective termini of the protein. The figure was generated by
PyMol (DeLano Scientific, http://www.pymol.org/).

the female, thus allowing the surfactant proteins to be in con-
tact with the air (nonpolar phase) and forming the foam.

Conclusions

The behavior of natural surfactant proteins is still not com-
pletely understood, but elucidation of the sequence and struc-
ture of Lv-RSN-1 allows new insights into the relationship be-
tween its structure and function. The sequence of the protein
also enables future studies into the heterologous expression of
the protein, the generation of variants, and functional classifi-
cation. From a biotechnological perspective, Lv-RSN-1 has
many potential applications thus presenting advantages over
synthetic surfactants, such as superior biodegradability, lower
toxicity, and better biocompatibility.

Experimental Section

Protein purification: Foam nests of L. vastus were collected, and
foam fluid was obtained according to a previously published pro-
cedure.”! Foam nests were collected in Campus do Pici, Universi-
dade Federal do Ceard, Brazil during the rainy season (March and
April) of 2011 with proper regard to Brazilian legislation and eco-
logical concerns (Permit of Instituto Brasileiro do Meio Ambiente
e dos Recursos Naturais Renovéaveis—IBAMA 13587-1). Lv-RSN-1,
the main protein in the nest, was purified according to Hissa et
al.'% After ion exchange (MonoQ 4.5/100, GE Healthcare; elution
with a gradient of Tris:HCI (20 mm), NaCl (1 m)) and size-exclusion
chromatography (HiLoad 26/60 Superdex 200, GE Healthcare; equi-
librated with Tris-HCl (50 mm, pH 8.0), NaCl (100 mm)), the homo-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

geneous protein (as assessed by SDS-PAGE) was concentrated
(14.8 mgmL™", based on colorimetric Bradford quantification) for
crystallization trials. Other proteins in the foam nest (higher and
lower molecular-weight fractions from size-exclusion chromatogra-
phy) were stored for use as negative controls in surface tension
assays.

Interfacial tension measurements: A range of concentrations of
Lv-RSN-1 (15 ngmL™" to 1.5 mgmL™"), bovine serum albumin (BSA;
0.01 ugmL™" to 3.3 mgmL™"; Sigma-Aldrich), Lysozyme (10 ngmL™
to 2mgmL~"; Fluka) and the foam nest fluid (10 ngmL™" to
1.5 mgmL™") diluted in ultrapure water were tested. The interfacial
tension measurements were carried out by the pendant drop
shape method: a drop is formed and illuminated by uniform light
with a Contact Angle System OCA20 (DataPhysics OCA, Filderstadt,
Germany) and its profile was imaged by a CCD camera. The shape
and size of the drop formed at the tip of a needle fixed on a sy-
ringe were analyzed by the drop analysis software SCA20 (Data-
Physics) with the Young-Laplace method. The inner diameter of
the needle was 1.36 mm, and the volume of the droplet was
~20 uL, depending on the experimental conditions. The tempera-
ture was (20 £ 1) °C. Experimental error was estimated by the stan-
dard deviation from the mean of the triplicate measurements.

Emulsification activity assay: Emulsification activity of the protein
was evaluated according to Igbal et al.”® with modifications. Brief-
ly, purified protein (0.9 mL, 0.1 mgmL™") was combined with the
same volume of kerosene in a 10 mL tube, and mixed by using
a vortex for 2 min, and left to stand for 24 h. Emulsification index
(El, %) was calculated from the equation El=(height of emulsion
layer/height of oil plus emulsion layer)x 100.

Circular dichroism spectroscopy (CD) analysis: Circular dichroism
(CD) spectra were collected on a J-715 CD spectropolarimeter
(JASCO, Tokyo, Japan; 208 nm). Thermostability of the secondary
structure of purified Lv-RSN-1 (0.2 mgmL~") was analyzed from 20
to 95°C (0.2°C increments).

Crystallization: First, crystals of Lv-RSN-1 had previously been ob-
tained™ at 293 K by sitting-drop vapor diffusion with an OryxNano
crystallization robot (Douglas Instruments, Hungerford, UK). These
crystals had grown under various conditions from the PEG/lon-
Screen (Hampton Research , Aliso Viejo, CA), and the first diffrac-
tion dataset was collected to a maximum resolution of 3.5 A. At
that time, a structure solution was not possible because of lack of
the protein sequence and the low resolution of the dataset.

In the present study we re-examined initial crystals obtained under
different conditions."” Sitting drop crystallization screens consisted
of drops of protein solution (0.7 uL, 148 mgmL™") in Tris-HCI
(50 mMm, pH8.0) and NaCl (100 mm) mixed with the precipitant
solution (0.7 uL) and equilibrated against the reservoir solution
(70 pb). In this study two crystal forms were analyzed. Monoclinic
crystals (small plate-like) grew within nine months under condition
#22 (potassium formate (0.2wm), PEG 3350 (20%), pH 7.3). Ortho-
rhombic crystals grew within two weeks under optimized condi-
tions (sodium acetate (0.25m) and PEG 3350 (28 %)) by using hang-
ing-drop vapor diffusion (equilibration in Linbro Plates of the pro-
tein solution (1puL, 18.5mgmL™") and the precipitant solution
(1 ub) against the reservoir solution (250 pL)), thereby vyielding
large and thick needles.

Mass spectrometry/de novo sequencing: Spots corresponding to
Lv-RSN-1 were excised from SDS-PAGE gels,”” destained, reduced
with dithiothreitol (DTT), alkylated with iodoacetamide and dried
for further enzymatic in-gel digestion. Digestions with trypsin
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(Promega), Asp-N (Roche), chymotrypsin (Roche), Glu-C (New Eng-
land BiolLabs), and Lys-C (Promega) were performed following
manufacturers’ protocols. Digests proceeded overnight for com-
plete hydrolysis or for 40 min for partial hydrolysis. Hydrolyzed
peptides were extracted following published procedures® and
subjected to reversed-phase nano liquid chromatography (LC) with
a Zorbax 300SB-C,; column (3.5 um, 150 mm x 75 pm; Agilent) after
online concentration and desalting on a Zorbax 300SB-C, enrich-
ment column (5 um, 5%x0.3 mm; Agilent). Separation (flow rate
300 nL/min) was carried out with solvent A (TFA (0.1%, v/v)) and B
(acetonitrile (80%) and TFA (0.1%, v/v)) with gradient: 0-29 min
13-28% B, 29-41 min 28-50% B, 41-42 min 50-100% B, 42-
52 min 100% B, 52-53 min 100-13% B, 53-63 min 13% B. The
nano LC was attached to a MALDI spotter (SunChrom, Friedrichs-
dorf, Germany); the mobile phase was sheathed with a matrix solu-
tion (800 uL prepared from 748 uL 95% acetonitrile, 0.1% TFA,
36 uL saturated a-cyano-4-hydroxycinnamic acid in 95% aceto-
nitrile, 0.1% TFA, 8L 10% TFA, 8puL 100 mm NH,H,PO,) at
100 uLh™'. 15s fractions corresponding to 75nL analyte and
420 nL matrix were spotted onto a AnchorChip target plate
(Bruker). Monoisotopic masses of molecular components were ob-
tained in positive reflectron mode on MALDI TOF/TOF mass spec-
trometers UltraFlex Il or Extreme (Bruker Daltonics) with external
calibration by a suitable peptide calibration standard mixture
(Bruker Daltonics). MS/MS spectra were obtained by LIFT/CID frag-
mentation and annotated manually by using FlexAnalysis 3.3 soft-
ware (Bruker Daltonics).?® The obtained amino acid sequences
were subjected to automatic alignment (BLAST),?” and to Biotools
3.2 software (Bruker Daltonics) for validation. The isobaric amino
acids isoleucine and leucine could not be differentiated. Lysine and
glutamine were also treated as isobaric amino acid residues; how-
ever, these were clearly differentiated in the structure determina-
tion step.

Structure determination: A first diffraction dataset from the mon-
oclinic crystal was collected at beamline PXI of the Swiss Light
Source (SLS) at the Paul Scherrer Institut (PSlin; Villingen, Switzer-
land). This beamline was equipped with a CCD detector CHESS
(Cornell University, High Energy Synchrotron Source), and we col-
lected 270 images with a 1° oscillation and a crystal-to-detector
distance of 150 mm. Data were processed in space group P2, to
1.6 A resolution by using the programs XDS®® and SCALA.?® The
program POINTLESS was used to confirm the space group assign-
ment.” Because CD data indicated that the protein was predomi-
nantly o-helical (data not shown) and the crystal diffracted to
a good resolution, we decided to test ab initio phasing; the phases
were solved by using the program ARCIMBOLDO." Portions of the
electron density were interpreted from fragments of the de novo
sequence of the protein, and residues missing from this sequence
were deduced from the electron density where possible. The start-
ing model was completed and refined by using the programs
REFMAC, PHENIX, and COOT. %32 R, .. values were computed for
5% randomly chosen reflections not used for the refinement.

The second dataset, corresponding to the orthorhombic crystal
form, was collected at the SLS-beamline PXIIl equipped with a Pila-
tus 2M detector (Dectris, Baden, Swizerland). A total of 2880
images were collected with 0.25° oscillation and a crystal to detec-
tor distance of 220 mm. Data were processed in space group
P2,2,2, to 1.75 A resolution. The structure was solved by molecular
replacement with the program Phaser,®® with the partially refined
model obtained from the first dataset as template.

In both structures, only weak electron density was observed for
a loop region around residue 80. Therefore, residues 79-82 are

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

missing in the monoclinic structure, and residues 79-81 are miss-
ing in the orthorhombic structure. The amino acid sequence of the
six C-terminal residues was not elucidated by de novo sequencing,
but was deduced from the electron density map. The final struc-
tures thus contain amino acids 13-217 (the first 12 residues in the
N-terminal were apparently cleaved off either during the crystalli-
zation process)."”

The stereochemistry of the structures was checked by using MOL-
PROBITY,*¥ which showed only one Ramachandran outlier in each
structure (Glu80 in the monoclinic and Leu78 in the orthorhombic
structure). Both residues are located in the loop, for which only
weak electron density was observed (see above). Details of the
data collection, processing, and refinement are summarized in
Table S2.
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