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Unusual Chromophore and Cross-Links in Ranasmurfin: A Blue
Protein from the Foam Nests of a Tropical Frog**
Muse Oke, Rosalind Tan Yan Ching, Lester G. Carter, Kenneth A. Johnson, Huanting Liu,

Stephen A. McMahon, Malcolm F. White, Carlos Bloch, Jr., Catherine H. Botting,
Martin A. Walsh, Aishah A. Latiff, Malcolm W. Kennedy, Alan Cooper,* and James H. Naismith*

Ranasmurfin is an unusual blue protein isolated from the
nests of a Malaysian tree frog, Polypedates leucomystax,"
showing the rich chemical diversity displayed by biomolecular
foams. Many species of tropical frogs use foams to protect
delicate eggs and developing embryos against environmental
challenges. These nests act as miniature ecosystems contain-
ing a spectrum of novel proteins and other macromolecules
with functions related to foam stabilization and adhesion,
resistance to microbial degradation, predation, or dehydra-
tion, providing a biocompatible environment for embryonic
development. This work forms part of our wider study of the
intriguing physical and chemical properties of biofoams as
unusual examples of biological soft matter.”!
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P. leucomystax is an abundant Rhacophorid frog that is
widespread in Malaysia and surrounding regions of South-
East Asia. During mating, the female produces a protein-rich
fluid that she, together with the attending male, whips up into
a sticky foam nest incorporating the fertilized eggs (see the
Supporting Information Figure S1). The nests are usually
attached to vegetation or other structures overhanging water
into which the tadpoles fall when fully developed (usually
after 3-4 days in the wild)."¥! These nests exhibit a variety of
pigmentation, usually pale creamy white/orange when first
formed, but frequently develop a dark blue/green color with
time (hours to days). Gel electrophoresis of natural foam nest
material shows that this pigmentation co-migrates with an
approximately 26 kDa protein, designated ranasmurfin (PI-
RSF-1), clearly identifiable as a blue/green band in the
electrophoresis gel, even under denaturing conditions and
without staining. UV/Vis spectra of the purified protein show
that the color derives from absorbance in the 500-700 nm
region, peaking around 680-700 nm (Figure 1), together with
typical 280 nm protein absorbance and subsidiary bands
around 360 nm. This blue coloration is remarkably stable
and persists even after protein denaturation (with urea or
sodium dodecylsulfate) or partial proteolysis (trypsin). The
color is unaffected by treatment with NaBH,, cyanoborohy-
dride, hydroxylamine, or ascorbate. The chromophore shows
reversible spectral shifts with pH (Figure 1), which are
consistent with the presence of two ionizable moieties with
pK, values of 6 and 9, and the color fades slowly (overnight)
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Figure 1. UV/Vis absorbance spectrum of ranasmurfin at neutral pH
(solid line) and after treatment with 0.25 mm NBS (dashed line).
Inset: pH dependence of PI-RSF-1 spectrum.
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upon treatment with ethylenediaminetetraacetic acid
(EDTA) and dithiothreitol (DTT; Figure S9 in the Supporting
Information). The chromophore is bleached rapidly (seconds)
by low concentrations (0.25mM) of N-bromosuccinimide
(NBS, Figure 1).

Ranasmurfin, purified from natural material, crystallizes
readily as deep blue crystals that diffract well, allowing
protein structure determination to 1.16 A resolution (Fig-
ures 2 and 3; see the Supporting Information for crystallo-
graphic details). Initial X-ray diffraction experiments indi-
cated the presence of a heavy metal in the protein, which was
subsequently identified as zinc by X-ray fluorescence of the
crystals (Ref. [1] and Supporting Information). Zinc was also

Figure 2. Protein-derived modifications in PI-RSF-1; C yellow, O red, N
blue, S green. a) Stereo view of the electron density map of the Tyr2-
Lys31 LTQ cross-link computed by using coefficients 2 F,—F, (F, and F,
are the observed and calculated structure factors, respectively). Map
contours were drawn at 1.50 of the final model. b) LTQ (monomer)
environment in PI-RSF-1 showing hydrogen bonding to an adjacent Ser
residue and a water molecule (red sphere). c) Stereo view of the
electron density map of bis(LTQ) showing continuous electron density
for covalent link between chains A and B. d) Coordination of Zn**
(gray sphere) at the dimer interface by bis(LTQ) and the His112
residue from each monomer.

Figure 3. Crystal structure of the PI-RSF-1 dimer. Monomers A and B
are colored cyan and salmon, respectively. Covalent cross-links formed
by the four-residue inter-subunit linkage (bis(LTQ)) and intra-subunit
two-residue cross-link (LTQ) are shown in stick representation. C
yellow, O red, N blue, disulfide bonds green. Blue and red spheres
represent the N and C termini, respectively.
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the dominant metal detected by ICP-OES experiments on
purified protein solutions (ca. 1.2 mol Zn/26 kDa). The pres-
ence of a heavy metal facilitated the structure determination.
The phases from the Zn atom extended to 1.6 A and gave a
well-resolved electron-density map in which two molecules
per asymmetric unit could be traced. Phases were extended to
1.16 A by solvent flattening and twofold averaging. This
resolution was sufficient to identify most amino acids in the
polypeptide chain, even in the absence of the complete
protein or encoding cDNA sequence, and minor ambiguities
were resolved by comparison with peptide sequences deter-
mined denovo by mass spectrometry. This procedure
revealed the protein to be a 2x13kDa dimer with an
amino acid sequence (see the Supporting Information)
unlike any in current databases, thus confirming the novelty
of this protein.

Even in the very first map we could see clear density for
several cross-links, some of which were obviously disulfides,
but others appeared to involve aromatic rings. As the
refinement progressed, these features were identified as
bis(LTQ) and LTQ modifications (described below), which
were only included in the last stages of refinement when the
electron density was unambiguous. Experimental structure
and phases have been deposited with PDB code 2VH3.

Ranasmurfin is a covalently linked homodimer with 113
amino acids per monomer that is folded in a novel a-helical
motif and stabilized by a range of cross-links (Figures 2, 3, and
the Supporting Information). Each subunit contains three
internal disulfide bonds (Cys4-Cys62, Cys17-Cys65, Cys37—
Cys101) together with an unusual lysine tyrosyl quinone
(LTQ) linkage between the side chains of Lys31 and Tyr2
(Figure 4). Posttranslational modifications of this kind have

OH 0 OH
OH _N
Lys-31 Lys-30 Lys-30'
Yy ~ N ~ N N -
H H H
Tyr-2 Tyr-108 Tyr-108'
LTQ bis-LTQ

Figure 4. Intra-subunit (LTQ) and inter-subunit (bis(LTQ)) cross-links
found in PI-RSF-1. Note that adjacent residues (Lys30, Lys31) are
involved in these cross-links, adding further to the covalent stabiliza-
tion of the protein structure (see also Figure S4 in the Supporting
Information).

previously been described as cofactors or intermediates in
(copper) lysyl oxidase enzyme mechanisms,*” but the
crystallographic structure reported herein constitutes its first
visualization as a stable entity in a native protein. Unlike the
lysyl oxidase system, the LTQ group in PI-RSF-1 is largely
buried from solvent (Figure S5 in the Supporting Informa-
tion) and has no coordinating metal. Instead, the two quinone
oxygen atoms make a bifurcated hydrogen bond with the side
chain of Ser-5, which is also hydrogen bonded to a water
molecule (Figures 2b and S5 in the Supporting Information).

Even more remarkable is the unprecedented four-residue
(Lys-Tyr-N-Tyr-Lys) bis(LTQ) linkage between the two
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ranasmurfin subunits (Figures 2-4). This unusual structure,
together with two His residues—one from each of the
adjacent monomers—forms the binding site for the single
zinc species (presumably Zn®") that copurifies from nest
material. The zinc is coordinated by two e-nitrogen atoms
(one from His112 in each chain) and by the tyrosyl hydroxy
groups and linking atom of bis(LTQ), giving an approxi-
mately tetrahedral arrangement around the metal center. The
planes of the two Tyr rings are rotated by about 27° relative to
each other. This extended aromatic system, involving the side
chains of Lys30 and Tyr108 of one subunit linked through a
(putative) nitrogen atom to the equivalent side chains in the
adjacent subunit, provides both inter- and intra-subunit
covalent stabilization of the protein structure, and is also
most likely to be the blue chromophore. Analysis with
PISAI" gives a buried surface area of 970 A> and less
complementary packing than might normally be anticipated
for a protein dimer. This result suggests that the dimer
depends upon the covalent linkage for its integrity.

Although the identity of the bridging atom in the bis-
(LTQ) moiety cannot be determined unambiguously from the
electron density alone (C, N, or O are all feasible at this
resolution), nitrogen is the most likely on chemical grounds.
Carbon would be an unlikely ligand for zinc, and an oxygen
linkage would not allow sufficient electron delocalization to
explain the blue pigmentation, and analogous diphenyl ethers
are generally colorless."! Nitrogen, however, would be a good
ligand for the zinc, and comparable N-linked analogues (such
as indophenols and quinones!>™) are commonly highly
colored, presumably because sp? hybridization at the nitrogen
atom allows extended conjugation between the aromatic
rings. Such linkage is common in indophenol dyes,* for
which the addition of electron-donating groups' and an
increase in the dihedral angle between aromatic groups!'>!°l
add further to the red shift in absorbance. Direct support for
the assignment of nitrogen as the linking atom comes from
model compound experiments on indophenol, solubilized in
water as a cyclodextrin complex (see the Supporting Infor-
mation for details). Like ranasmurfin, this simple N-linked
biphenyl chromophore is sensitive to pH (Figure 5). It is
similarly unaffected by treatment with borohydride, hydrox-
ylamine, or ascorbate, but is rapidly bleached by NBS under
the same conditions as for PI-RSF-1 (cf. Figures 1 and 5).

This indophenol-like assignment is reinforced by fluores-
cence studies. Ranasmurfin shows UV fluorescence emission
(Aex=280 nm, A.,=340nm) that, like the absorbance, is
sensitive to NBS (Figure 6). There is no detectable fluores-
cence emission in the visible region above 500 nm. Such
properties are normally considered typical of intrinsic tryp-
tophan/protein fluorescence; NBS oxidation is used as a
quantitative tool for measuring Trp content and reactivity."”]
However, we find no Trp residues either in the de novo
sequence or crystal structure of PI-RSF-1, nor in preliminary
1D NMR spectra of the natural protein. This paradox is
resolved by the observation (Figure 6) of very similar
fluorescence and NBS reactivity for indophenol, suggesting
that the protein (UV) fluorescence arises in this case from the
bis(LTQ) subunit and that any similarities with Trp fluores-
cence are merely coincidental.
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Figure 5. Absorbance spectra of indophenol:f-cyclodextrin complex in
the pH range 4-11 (solid lines) and after treatment with 0.25 mm
NBS, pH 7 (dashed line). Inset: pH dependence of indophenol
absorbance at 295 nm (squares) and 448 nm (circles). The solid lines
correspond to a theoretical titration for two groups with pK, values of
6.4 and 8.9.
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Figure 6. Fluorescence properties of PI-RSF-1 and indophenol.

a) Intrinsic fluorescence emission (4, =295 nm) of PI-RSF-1 (solid
line) and after treatment with NBS (dashed line). b) Intrinsic fluores-
cence emission (A, =270 nm) of indophenol:B-cyclodextrin at pH 7
(solid line) and after treatment with NBS (dashed line). Fluorescence
spectra are uncorrected, and the small emission peaks at around
330 nm (a) or 300 nm (b) correspond to Raman scattering from
solvent water.

We can only speculate at this stage about the biological
function of ranasmurfin and the mechanism of its unusual
posttranslational modifications, but its presence in the foam at
relatively high levels suggests that it is involved, at least in
part, in foam stabilization, adhesion, or other mechanical
properties. Blue proteins are relatively rare in biology, and the
chromophore of PI-RSF-1 has little similarity with the
polyenes, carotenoids, or porphyrins found in more familiar
blue/green proteins. However, LTQ and related compounds
are implicated as cofactors in protein cross-linking for matrix
stabilization (connective tissues™** or dopamine-based pro-
tein adhesives and cements from mussels and other marine
organisms!"*'”') and there are plausible mechanisms extend-
ing such schemes to obtain bis(LTQ) structures (see the
Supporting Information). The blue coloration might thus be
simply an adventitious by-product of such cross-linking
7855
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reactions during foam maturation and stabilization, though it
might also form part of camouflage or sunscreen mechanisms
for photoprotection of the eggs and tadpoles in the highly
oxygenated environment of the nests, which are frequently
exposed to full tropical sunlight.

Biomolecular foams are now becoming more widely
appreciated as an intriguing form of soft matter with a wide
repertoire of biological functions.*?) They are also rich
sources of novel proteins. The work presented herein
indicates that P1-RSF-1 is a new member of the quinoprotein
family,”! and our demonstration of unusual cross-links in a
naturally occurring protein, particularly the unforeseen 4-
residue bis(LTQ) chromophore, adds further to the growing
family of posttranslational modifications that are difficult to
predict from DNA sequence data alone.™

Experimental Section

Full details are given in the Supporting Information. Briefly,
ranasmurfin was purified from natural foam nest material by gel-
filtration and, after screening for optimal conditions, was crystallized
by using a nanodrop crystallization robot. X-ray fluorescence and
diffraction data were collected at the European Synchrotron Radi-
ation Facility (ESRF, BM14) and the structure was solved by using
MAD phasing from Zn. Partial amino acid sequences were deter-
mined by mass spectrometry analysis of peptides after treatment with
proteolytic enzymes. The protein was characterized in solution by
using standard techniques (SDS-PAGE, UV/Vis, fluorescence spec-
troscopy) and tested for reactivity with a battery of standard protein
modification reagents. Similar methods were used to compare the
spectroscopy and reactivity of the model compound, indophenol,
dispersed in the same aqueous buffers using f-cyclodextrin.
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