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The walleye (Sander vitreus) is a golden yellow fish that inhabits the

Northern American lakes. The recent sightings of the blue walleye

and the correlation of its sighting to possible increased UV radiation

have been proposed earlier. The underlying molecular basis of its

adaptation to increased UV radiation is the presence of a protein

(Sandercyanin)–ligand complex in themucus of walleyes. Degradation

of heme by UV radiation results in the formation of Biliverdin IXα

(BLA), the chromophore bound to Sandercyanin. We show that Sand-

ercyanin is a monomeric protein that forms stable homotetramers on

addition of BLA to the protein. A structure of the Sandercyanin–BLA

complex, purified from the fish mucus, reveals a glycosylated protein

with a lipocalin fold. This protein–ligand complex absorbs light in the

UV region (λmax of 375 nm) and upon excitation at this wavelength

emits in the red region (λmax of 675 nm). Unlike all other known

biliverdin-bound fluorescent proteins, the chromophore is nonco-

valently bound to the protein. We provide here a molecular ratio-

nale for the observed spectral properties of Sandercyanin.

Sandercyanin | walleye | blue protein | red fluorescent protein | UV

radiation

Sandercyanin bound to biliverdin IXα is a blue colored protein–
ligand complex isolated from the skin mucus of walleye (Sander

vitreus), a commercial and sport fish common in North America
(1, 2). Walleye are known to be sensitive to light and prefer being
in the shade. Sandercyanin is produced seasonally, on the dorsal
side of the fish, peaking in late summer and is found only in walleye
that inhabit the northern latitudes (3). It is well established that the
presence of an ozone hole over the North Pole results in increased
UV radiation in these latitudes. Schaefer et al. (3) have hypothe-
sized a link between the production of Sandercyanin in walleyes in
these lakes and increased UV radiation. UV radiation is known to
cause breakdown of heme in blood to biliverdin IXα (BLA) that
may be excreted through urine and also secreted through the skin
(4, 5). In the skin mucus, BLA combines with Sandercyanin—
possibly produced in sacciform cells in the epidermis of the fish (3).
BLA binding results in the formation of the blue-colored tetra-
meric Sandercyanin. We propose that this protein complex protects
the walleye from UV radiation by acting as a natural sunscreen.
Serendipitously, Sandercyanin also shows interesting fluores-

cence properties. Fluorescent proteins (FPs) have many applica-
tions in cell biology (6–8). Genetically expressed FPs are used as
biosensors in vivo to monitor a wide range of intracellular phe-
nomena. GFPs from Aequoria victoria (9) as well as other spectral
homologs have presented a number of advantages in understanding
cellular processes (10–12). Of these, far-red-emitting FP variants
are of particular interest due to low scattering and high signal-to-
noise ratio (13, 14). In the past decade, near infrared (NIR) fluo-
rescent protein tags developed from bacterial phytochromes have
been successfully used in deep tissue imaging in animals (15, 16).
Kumagai et al. (17) recently reported UnaG, a green fluorescent
protein from the Japanese eel with bilirubin-inducible fluorescence.
Furthermore, there are newly engineered red fluorescent proteins,
archearhodopsin (Arch) (18) and CRABPII (19), which bind to
retinoic acid or its analog as their chromophore. Here we report

Sandercyanin—the first red fluorescent protein described from
a vertebrate—a fluorescent protein with endogenous noncovalent
ligand-inducible far-red fluorescence that could be engineered for
use in biological applications including deep-tissue imaging.
In this paper, we describe the spectral properties and molecular

structures of Sandercyanin. Sandercyanin shows strong far-red
fluorescence in the mucosal cells of walleye, when excited by UV
radiation (λmax = 375 nm). Monomeric Sandercyanin is an 18.6-kDa
protein and is the smallest far-red fluorescent protein discovered to
date. Sandercyanin has interesting spectral properties of having a
large spectral shift, which makes it distinct from other known
fluorescent proteins. Sandercyanin may be engineered as a chro-
mophore-inducible far-red fluorescent protein of small size and
large spectral shift with potential use as a fluorescent pro-
tein marker.

Results

Structure and Properties of the Native Protein Purified from Walleye.

Sandercyanin was first observed in blue vesicles in the mucosa of
the North American walleye (1, 3). Yu et al. (1) have previously
reported the purification of the native blue protein from walleye
mucus and the partial protein sequence of Sandercyanin, which
suggested that it belongs to the lipocalin family of proteins
(20, 21). They also showed that BLA is noncovalently bound to
the protein.

Significance

Recently it has been observed that the North American walleye is

turning blue. The increased blue color is an adaptation to in-

creased exposure to UV radiation. We identified that the blue

pigment (Sandercyanin) is a complex of a protein and biliverdin—a

breakdown product of heme. We report here that the blue pig-

ment shows bright red fluorescence when excited with UV light.

Elucidation of crystal structures and spectral properties of Sand-

ercyanin lead us to hypothesize that the protection to damaging

UV radiation happens by absorption of the UV light and its

emission in the lower energy red wavelength. Interestingly, one

can think of a number of applications where ligand-induced red

fluorescent proteins can be useful.
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It was initially thought that the walleye’s blue color arose either
from a copper-containing compound or a commensal cyanobac-
terium in the scales of walleye. Several attempts to isolate possible
color-producing bacteria failed. We surmised that the protein is
coded by the fish genome. We prepared DNA and carried out
whole-genome sequencing experiments of the walleye. We deter-
mined the full-length gene sequence of the blue protein by partial
assembly of the whole genome based on mapping of known internal
peptides (1). The resulting gene sequence encoded for a secretion
signal peptide of 19 amino acids in the N terminus of the protein.
Alignment of protein sequence with other proteins in the database
shows that Sandercyanin has homology to the lipocalins, apolipo-
protein D from Larimichthys crocea (accession no. KKF23255.1) and
an unannotated peptide from Tetraodon nigroviridis (accession no.
CAF98955.1). We discovered that the isolated blue vesicles show
bright red fluorescence (Fig. 1A) when excited with UV light. To
understand the molecular basis of binding of BLA and the observed
large spectral shift in fluorescence (Fig. 1B), we solved the crystal
structure of native Sandercyanin (Fig. 1C) and extended our studies
to include recombinant proteins.

Recombinant Sandercyanin and Its Properties. The gene obtained
from the whole-genome sequencing was synthesized without the
signal peptide and cloned for bacterial expression. Preliminary
expression of Sandercyanin in Escherichia coli resulted in low yield
of soluble, functional protein in the cytosol (SI Appendix, Fig. S1A).
However, a significant quantity of Sandercyanin was expressed as
inclusion bodies. Inclusion bodies, when solubilized using chemical
denaturants and refolded, resulted in pure, monodisperse, and
functional protein. This method of protein preparation was hence
used for the studies reported here. We observed that Sandercyanin
not bound to BLA (hereafter called apo-Sandercyanin) predomi-
nantly exists as a small nonfluorescent colorless monomer in nature
but oligomerizes to a blue-colored homotetramer of 75 kDa on
binding to BLA (BLA is green in color; Fig. 2A and SI Appendix,
Fig. S1 B and C). On titration of apo-Sandercyanin with increasing
concentrations of BLA, the fraction of tetramer increases. How-
ever, there is no observed dimer fraction in any intermediate
concentration, suggesting that Sandercyanin dimer is a transient
species and that equilibrium exists between monomer and tetramer
forms. Circular dichroism studies show that Sandercyanin is made
of β-sheets. Binding of BLA to Sandercyanin induces chirality in
the BLA as seen from appearance of significant absorbance bands
at 375 and 630 nm (Fig. 2B) (22).

Spectral Properties of Sandercyanin. Spectroscopic properties of
native and recombinant purified BLA-bound Sandercyanin shows
absorbance maxima at 280, 375, and 630 nm at physiological pH
(pH 7.4; Fig. 2C) and a strong far-red fluorescence maxima at
675 nm when excited at 375 or 630 nm (Fig. 1B). BLA, by itself,
has a large emission peak of ∼450 nm when excited at 375 nm and
negligible fluorescence in the far-red region. Binding of BLA to
apo-Sandercyanin results in significantly enhanced redshift in the
fluorescence of BLA in its changed environment to far-red region
(SI Appendix, Fig. S2A). Molar extinction coefficient of Sander-
cyanin–BLA complex (holo-Sandercyanin) at 375 and 630 nm
are 21,000 M−1

·cm−1 and 13,500 M−1
·cm−1, respectively, and

the quantum yield is determined to be 0.016. It has been reported
that the quantum yield of biliverdin dimethyl ester measured at
710 nm in ethanol is 10−4 (23). Further, the fluorescence spectrum
is broad in the far-red region with minimal overlap with the ex-
citation spectra in the blue region (Fig. 2D). Our data also show
that recombinantly expressed holo-Sandercyanin has similar
spectral properties (SI Appendix, Fig. S2B) to the native protein
purified from the walleye mucus.
The Kd of binding of apo-Sandercyanin to BLA measured using

fluorescence spectroscopy is 6.4 μM (SI Appendix, Fig. S2C). The
binding curve shows positive cooperativity with a Hill constant of

2.1. Sandercyanin does not bind to other BLA-like compounds,
including hemin, bilirubin, or esterified BLA derivatives (SI Ap-
pendix, Fig. S2D).
To understand the fluorescence properties of BLA in different

environments, we performed experiments with free BLA in a
number of solvents and pH conditions. Free BLA shows increased

Fig. 1. Structure and properties of the native Sandercyanin purified from

walleye. (A) Mucus from North American walleye (Sander vitreus) appear

blue under bright field and shows intense red fluorescence on excitation at

375 nm. (B) Fluorescence spectra of BLA and native BLA–Sandercyanin

complex on excitation at 375 or 630 nm. Unbound BLA (blue peak at 450 nm)

appears as a small hump in the BLA-bound complex. (C) Cartoon represen-

tation of tetrameric structure of BLA-bound Sandercyanin. Each subunit of

the tetramer binds to one BLA molecule (represented in ball-and-stick form).
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far-red fluorescence on changing its environment from aqueous
to hydrophobic medium (SI Appendix, Fig. S3A). A similar trend
was observed on increasing the viscosity of the medium with
polyethylene glycol (SI Appendix, Fig. S3B) and in the pH range of
8.8–9.5 (SI Appendix, Fig. S3C).

Crystal Structures of Apo- and Holo-Sandercyanin Reveal Molecular

Basis of Ligand Binding. To correlate the biochemical and photo-
physical properties of Sandercyanin with the atomic structure, we
crystallized and determined structures of native and recombinant
proteins by X-ray crystallography (Figs. 1C and 3 A and D). The
different forms of the protein crystallized in different conditions of
buffer, salt, and precipitant concentrations (SI Appendix, Fig. S4A).
Initially, we determined a structure of native holo-Sandercyanin at
2.2 Å resolution using a multiple-wavelength anomalous dispersion
(24, 25) method because there was no homologous model available.
Native protein crystals were soaked in AuCl3, and data were col-
lected at the Au–LIII edge. Further, structures of recombinant holo
and apo forms of Sandercyanin were determined at 1.8 and 2.6 Å
resolution, respectively, by the molecular replacement method us-
ing the native holo-Sandercyanin structure as a template. All crystal
structures show that Sandercyanin is a tightly packed tetramer
(Fig. 1C). In the native and the recombinant BLA complexes, each
monomer binds noncovalently to one BLA molecule. Similar to
known structures of lipocalins, Sandercyanin structure is an eight-
stranded antiparallel β-barrel, capped by a long loop closing the
barrel and an external α-helix (Fig. 3A) (20, 21). The barrel encloses
a hydrophobic environment around the ligand (Fig. 3B). Further,
there are two conserved intramolecular disulphide bonds (Fig. 3A)
at the N and C termini. We also found that native Sandercyanin is
N-glycosylated at position (Asn) 83 (SI Appendix, Fig. S4C). Similar
to many secreted proteins in eukaryotes, glycosylation may be es-
sential for its stability in the external environment (26, 27).
A closer look at the crystal structure shows that BLA is ac-

commodated at the center of the barrel and assumes a ZZZssa

configuration (Fig. 3C) (28, 29). The vinyl groups of rings A and D
are buried deep in the cavity, whereas the propionate side chains of
ring B and C are located near the entrance of the barrel. The li-
gand is mostly planar and is stabilized by steric and stacking
interactions with aromatic amino acids (Fig. 3D). The residues
Phe-55 and His-108 stack with BLA pyrrole rings B and C, re-
spectively. Mutation of Phe-55 to alanine abolished BLA binding,
suggesting that this aromatic stacking interaction plays a crucial
role in binding. D-ring rotation in Sandercyanin, which has been
extensively studied in bacteriophytochromes (29–32), is hindered
by Tyr-116 and Tyr-142. We also observed interaction of propio-
nate groups with Lys-57 and Lys-87, which may play a significant
role in stabilizing the chromophore in the binding pocket. BLA
also forms water-mediated hydrogen bonds (Fig. 3E) with His-108,
Asn-77, and Tyr-65 through well-ordered water molecules. To
understand the role of the water in the observed fluorescence
properties, we carried out experiments to test the change in fluo-
rescence on replacing the proton (H) in the water with Deuterium
(D) (H2O to D2O). An increase in protein fluorescence intensity
(quantum yield) on titration of the protein solution with D2O was
observed (SI Appendix, Fig. S5 A and B).
To further investigate the structural changes at the ligand-

binding pocket, we determined a structure of apo-Sandercyanin.
Although apo-Sandercyanin exists as a monomer in solution, it
crystallizes as a tetramer, likely due to the high concentration of
protein in the crystalline form. The overall structure is highly
similar to BLA-bound protein tetramer, without any significant
changes at the oligomerization interface. However, in the absence
of BLA, the residues of the closing loops Lys-54–Lys-57 are dis-
ordered, which supports the observation that BLA–Phe-55 stacking
interaction is essential to keep this loop ordered. Further, we ob-
served conformational changes in the residues in the ligand-binding
pocket (SI Appendix, Fig. S5C) near the D-ring and B-ring pro-
pionate of BLA; however, their interaction with their neighboring
residues in the protein stabilizes them in the absence of the ligand.

Fig. 2. Recombinant Sandercyanin and its properties. (A) Size-exclusion chromatography traces showing BLA-induced tetramerization in recombinant

Sandercyanin. The concentration of BLA is color-coded in accordance with the chromatogram. (B) Circular dichroism spectra of apo-Sandercyanin showing

presence of beta-strand secondary structure and BLA-induced chirality in the holo-Sandercyanin. (C) Absorption spectra of BLA and purified apo- and BLA-bound

Sandercyanin. The spectra of apo-Sandercyanin and BLA–Sandercyanin complex are normalized to 280 nm. The BLA spectra are normalized to BLA–Sandercyanin

complex at 380 nm. (D) Data of overlap between excitation and emission spectra of holo-Sandercyanin, showing minimal overlap.
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On comparing the crystal structures of native Sandercyanin
purified from walleye mucus to recombinantly expressed holo-
protein, we observed conformational changes in the first two
residues at the N-terminal Met-20 and Phe-21 (SI Appendix,
Fig. S4B). In native Sandercyanin, Ser-20 is positioned toward
the D-ring, whereas Met-20 in recombinant protein is directed
outward, flipping the aromatic ring of Phe-21 toward the li-
gand. However, conformation of BLA remains the same. There
are no significant changes in the overall secondary structure
and position of the residues involved in glycosylation (SI Ap-
pendix, Fig. S4C). These results suggest that binding of BLA
and fluorescent properties of Sandercyanin are minimally
perturbed by changes in the N terminus and/or presence of
glycosylation.
There are a number of interactions mediated by BLA that

seems to stabilize one of the dimeric interfaces (SI Appendix, Fig.
S4D). The Ser-138 and Leu-135 backbone forms water-mediated
H-bonds with C-ring carboxylate and D-ring carbonyl groups, re-
spectively. Moreover, the vinyl group of D-ring coordinates with
the hydrophobic residues of the neighboring subunit. These in-
teractions could possibly favor BLA-induced oligomerization in
Sandercyanin. The tetramer is formed as a dimer of dimers. The
dimer–dimer interface is made up of only protein–protein in-
teraction; this is also stabilized by H-bonding via solvent molecules
and hydrophobic interaction between amino acids. Overall, both
interfaces present a two-fold symmetrical arrangement of residues
(Fig. 1C). It is not very obvious from the structures why one would
not observe a stable dimer form in solution.

Discussion

Sandercyanin, present in the North American walleye, binds BLA
(a breakdown product of heme by UV radiation), which results in
the mucus on the dorsal side acquiring a blue color; it exists as
homotetramer, with each subunit having a size of 18.6 kDa and
binds BLA in a noncovalent fashion. Our solution-state experiments
reveal that oligomerization of Sandercyanin from monomeric apo-
protein is promoted by addition of BLA. The observed Hill constant
of 2.1 also suggests that BLA binding and oligomerization are in-
terrelated cooperative processes. This protein shows interesting
fluorescence properties, and is, by far, the smallest (in sequence),
ligand-inducible far-red fluorescent protein reported from a verte-
brate. Sandercyanin has one of the largest spectral shifts observed to
date among fluorescent proteins characterized, with excitation at
375 nm and emission maximum at 675 nm. The functional and
structural properties of native and recombinant Sandercyanin are
similar, suggesting that glycosylation has minimal effect on the
binding of BLA and spectral properties of Sandercyanin.
Solution studies with free BLA show enhanced red fluorescence

with decreased polarity and increased viscosity of its surrounding
media. We also observed that BLA fluorescence is pH dependent.
Our high-resolution crystal structures of Sandercyanin reveal that
BLA binds in a hydrophobic pocket in the center of the barrel.
There is substantial pi-stacking interaction and water-mediated
H-bonding between the protein and BLA. Our results from the
solution studies of BLA, together with functional and structural
data of Sandercyanin reported here, lead us to propose that hy-
drophobicity, specific stacking interactions, and H-bonding network

Fig. 3. Crystal structures of apo- and holo-Sandercyanin reveal molecular basis of ligand binding. (A) Structures of single subunit of Sandercyanin in two

perpendicular orientations with BLA binding at the center of the lipocalin fold and enclosed by a long loop (shown in dark gray ribbon) on the top. Disulphide

bonds between C27–C132 and C60–C184 are marked as blue sticks. (B) Residues surrounding BLA in the ligand-binding pocket shown in LigPlot represen-

tation. Most residues in the periphery of BLA are hydrophobic in nature. (C) 2Fo–Fc electron density maps contoured at 1 rms around BLA in the refined

structure of holo-Sandercyanin showing the ZZZssa configuration. (D) Interaction of aromatic residues with pyrrole rings of BLA in the binding pocket.

(E) Detailed view of ionic and water-mediated H-bond interactions of BLA with its surrounding residues in the ligand- binding pocket.
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in the ligand-binding pocket enable BLA to dissipate the energy on
excitation and generate far red fluorescence with a large spectral
shift. Also, previous reports on red fluorescent proteins with intrinsic
chromophore suggest that H- bonding and pi–pi stacking interac-
tion play significant role in shifting fluorescence spectra of protein
(12, 14). For instance, mCherry, mKate, and DsRed red fluorescent
proteins are engineered for longer emission wavelength by per-
turbing the interactions between chromophore and the protein (33).
Lipocalins were initially characterized as lipid-binding proteins.

However, a few biliverdin-binding lipocalins have been discussed in
literature (1). These are known to bind biliverdin IX gamma isoform
as the chromophore and impart blue color. It is not known, however,
if these biliverdin-binding proteins have any fluorescent properties.
Sandercyanin is the first lipocalin where biliverdin-inducible fluo-
rescence is demonstrated. A comparison of the structure of Sand-
ercyanin with previously reported Insecticyanin (PDB ID code
1BBP) structure (34) and bilin-binding protein (PDB ID code 1Z24)
from Pieris brassicae (35) shows that the interactions between the
protein and chromophore are conserved. One would predict that
these proteins also show similar changes to biliverdin fluorescence.
Sandercyanin differs from previously reported fluorescent bilin-

binding phytochromes (36, 37) on its chromophore binding modes.
In phytochromes, one of the pyrrole rings of the chromophore
associates covalently with a cysteine of the apoprotein (28, 29).
Sandercyanin structures neither reveal the presence of any cysteine
within close proximity to biliverdin nor show any other covalent
association. Topologically, the closest residue in Sandercyanin to
this cysteine residue in the phytochromes is Asp-47. It is important
to note that these proteins have a completely different fold, and
hence the mode of binding is very different. Bacteriophytochromes
are well-studied photoswitches; their mechanism of photocon-
version and structures of biliverdin in red (Pr) to far-red (Pfr) ab-
sorption (29–31) have been determined by time-resolved (30, 38)
and pump-probe methods (39). Despite the difference in topol-
ogy of the binding site, it would be interesting to study whether
Sandercyanin has photoswitching properties similar to bacter-
iophytochromes. In bacterial phytochromes, it has been proposed
that proton transfer and hydrogen bond interactions play a signif-
icant role in determining their fluorescence quantum yield (28).
Excited-state proton transfer (ESPT) in GFP (40–43) and its vari-
ant proteins has been known for decades, which is critical in the
observed redshift in their fluorescence emission (12, 14, 44).
Deuterium concentration-dependent quantum yield of the holo-

Sandercyanin suggests that a solvent-mediated proton-relay tauto-
merization (a variety of ESPT) mechanism may be one of the ex-
cited nonradiative processes operative in the fluorescence properties
(45). Replacement of exchangeable hydrogen by slower deuterium is
expected to reduce the nonradiative ESPT process leading to in-
crease in fluorescence intensity of Sandercyanin. There are several
networks that can be observed from the crystal structure (Fig. 3E);
this can be either water-mediated, given the presence of well-
ordered water molecules in the structure (as seen in bacterial
phytochromes), or direct interactions with the protein. Saha et al.
(46) have proposed the presence of electron transfer pathways as a
possible mechanism in redshifted emission of GFP. Understanding
of the electron transfer pathways in Sandercyanin would be inter-
esting because they play a role in energy loss during fluorescence,
giving rise to large spectral shifts. Future studies will explore proton
transfer pathways in Sandercyanin through systematic mutagenesis.
It has been postulated that the interaction of the dipole of the

chromophore with asymmetric charge distribution can lead to
splitting of energy levels, leading to changes in the fluorescence
properties of the chromophore. This effect is called the Stark
effect (47–50). To elucidate if the Stark effect plays a role in
the cause of redshift in the fluorescence of BLA on binding to
Sandercyanin, we calculated the electrostatic potential of the
Sandercyanin structure using the Adaptive Poisson–Boltzmann
Solver. Our calculations reveal significant charge differences in

the BLA-binding pocket of Sandercyanin (SI Appendix, Fig. S6).
Linke et al. (51) have used quantum mechanical calculations to
describe the direction of the transient dipole of BLA in its dif-
ferent isomerization states. The conformation of the ligand in the
structures determined here corresponds to what is described in the
paper as ν(C1 = O) in the ZZZssa geometry. There is a significant
electrostatic field that is not perpendicular to the dipole of the
BLA. These observations support the idea that the internal Stark
effect in Sandercyanin, similar to what has been described for
tryptophan in proteins (47), may contribute to the redshift in the
fluorescence of BLA on binding to the protein.
In the future, we aim to engineer stable monomers of Sander-

cyanin with increased brightness for use as fluorescent protein fu-
sion tags (6–8, 13, 52). Low quantum yield and tetramerization of
Sandercyanin are undesirable characteristics for in vivo imaging
experiments. Further, folding of Sandercyanin in the cytosol may be
challenging due to the secretory nature of protein and the presence
of multiple disulphide bonds. We are currently attempting to ex-
press Sandercyanin in eukaryotic cellular systems. Knowledge of
the structure and the residues involved in the interactions with the
chromophore will allow us to design mutations that show increased
quantum yield. Knowledge of the residues involved in the stabili-
zation of the protein–protein interfaces will allow us to rationally
engineer monomeric proteins. This approach is not unique, be-
cause the most used fluorescent proteins also started as oligomers
and with much lower brightness and were engineered for applica-
tions with the knowledge of the structure.
In the context of its natural occurrence in the North American

walleye, Sandercyanin present in the mucus absorbs damage-
causing UV radiation; it then dissipates this energy by emitting it
in lower-energy red wavelength. This phenomenon may be a
protective mechanism for walleyes in northern latitudes against
increased levels of UV radiation due to recent arctic ozone de-
pletion (3). An alternate explanation for the advantage provided
by the blue color is the possible role of Sandercyanin in camou-
flaging and countershading in walleyes to avoid predation by
northern pike (Esox lucius) (3). Our preliminary studies indicate
that Sandercyanin shows antioxidant properties and may help
walleyes to protect themselves from free radicals in the mucus
produced on exposure to UV radiation (SI Appendix, Fig. S7).
Though the exact mechanism is not known, previous reports re-
veal that biliverdin is a potential antioxidant in the biliverdin/
bilirubin cycle in the presence of biliverdin reductase and helps
cytoprotection (53–56). However, Dorazio et al. (57) have recently
shown that biliverdin itself may have antioxidant properties, which
might be an added advantage for walleyes for survival in their
native environment. Schaefer et al. (3) have shown that the number
and level of sandercyanin in the mucus of blue walleye increases
seasonally, in the summer, as solar UV input increases. This is a
remarkable example of nature protecting itself from human pol-
lution by using the very product (biliverdin) formed from that
pollution in self-defense.

Materials and Methods
Native Sandercyanin was extracted and purified from the mucus of blue forms

of walleye from Northwest Ontario by chromatographic techniques as de-

scribed previously (1). A putative amino acid sequence of the protein was

determined from crystal structure of the native protein, confirmed, and cor-

rected after partial genome sequencing of blue walleye. The derived sequence

was synthesized and cloned into bacterial expression systems for further

studies. Published methods were used for cloning, expression, purification,

structure determination, and fluorescence measurements, and are described in

detail in SI Appendix.
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SUPPLEMENTARY MATERIAL 

 

DETAILED MATERIALS AND METHODS: 

Cloning, recombinant expression and purification of Sandercyanin. 

Native Sandercyanin was extracted and purified from the mucus of blue forms of walleye from 

Northwest Ontario by chromatographic techniques as described previously (1). A putative amino 

acid sequence of the protein was determined from crystal structure of the native protein, 

confirmed and corrected after partial genome sequencing of blue walleye. Genome sequence 

revealed the presence of a secretion signal sequence which was not observed in the native crystal 

structure. The gene (without the signal peptide) was synthesized from GeneScript (Invitrogen) 

and cloned into pET21a bacterial expression vector between NdeI and HindIII cloning sites. 

Recombinant Sandercyanin was initially co- expressed with chaperons (cloned into pG-KJE8 

plasmid from Clontech, Takara) in BL21*(DE3) cells. Cells were grown in minimal 1X M9 

media till an OD600 of 0.6-0.7 and induced with 0.2mM isopropyl- thiogalactoside (IPTG) for 

protein expression. We maintained a temperature of 18
o
C throughout the growth process. Since, 

this method gave very low yield of functional protein in the cytosol, we expressed Sandercyanin 

as inclusion bodies (IBs) in LB media and purified by refolding methods. The cell-pellet are re-

suspended in 50mL of IB- wash buffer (20mM Tris.HCl, pH 7.5, 10mM EDTA and 1 % 

TritonX) and sonicated using macro-probe (Fisher Scientific) for 3 cycles of 3 min each with 10s 

on and 30 off pulses at 50% amplitude. The cell-lysate is centrifuged for 30 min at 13,000 r.p.m 

in Avanti J-26 XP centrifuge and JA17 rotor from Beckmann Coulter to obtain pure IBs (white 

residue). This is re-suspended in a solution containing 5M Guanidine.HCl, 50mM CAPS, 0.5mM 

phenylmethylsulfony fluoride (PMSF) and 1mM DTT, pH 7.5 and incubated at room 

temperature to solubilize the IBs.   The denatured protein (20mg) is rapidly diluted in 25mL of 

buffer containing 1.1M Guanidine. HCl,! ! 50mM Tris-HCl, pH 7.5, 50mM NaCl,  0.88mM 

KCl,10% glycerol, redox containing 5mM/1mM of reduced/ oxidized L- cysteine and 1µM 

BLA-hydrochloride (Santa Cruz Biotechnology, USA). This is then dialyzed using 3.5kDa 

MWCO tubing (Fisher Scientific) overnight in 2 L of the same buffer without guanidine.HCl. 

The refolded protein is concentrated using 3kDa Centricon (Millipore) and passed through a 

Superdex 200 analytical size exclusion column (GE Healthcare). Blue-colored protein fractions, 



corresponding to size of 75kDa are collected, concentrated to 8mg/mL and used for 

crystallization. Apo- Sandercyanin is purified using the same method in buffer solutions without 

BLA and collected as monomeric protein by size- exclusion chromatography. The column is 

calibrated with standard proteins (Bio-rad). 

UV-Visible Spectroscopy.  

All experiments were performed with purified Sandercyanin samples (apo and holo forms) at pH 

7.5 and room temperature. UV-Visible absorbance spectra of native and recombinant 

Sandercyanin were recorded from 200 to 800nm with ultraspec 2100 pro spectrophotometer from 

Amersham Biosciences. CD spectra were measured on JASCO J-815 Spectropolarimeter. Steady 

state fluorescence, excitation and binding studies were monitored on Horiba Jobin Yvon 

Fluoromax-4 fluorimeter. Data analysis was done using Origin6 and Origin8 software. For 

calculation of binding affinity, the data points were fitted using Graph Pad prism 6 using the 

equation given below: 

Y= Bmax* [L]
h
/ (Kd

h
 + [L]

h
) 

Bmax is the maximum value of specific binding, Kd is the ligand concentration [L] at half- 

maximum binding at equilibrium and h is the Hill slope. 

Hydrogen was exchanged with Deuterium by increasing concentrations of D2O to a standard 

protein concentration.  This deuteriated protein were prepared in the same buffer, incubated for 

15 minutes and monitored for its spectral properties. 

Antioxidant assay. 

The well established  polyacrylamide gel- based method is used for demonstrating anti-oxidant 

property(2). In short, protein samples are run on 8% Tris- glycine native gel at low voltage (40V) 

to avoid protein denaturation. The gel is then incubated in 1% nitroblue tetrazolium (NBT) 

solution for 15 minutes in the absence of light. This is followed by incubation in riboflavin 

solution. The gel is exposed to blue light for 5 minutes. A change in color to blue (that off 

nitroblue tetrazolium (NBT)) is observed in presence riboflavin. Proteins with radical- 

scavenging property do not show any color change, which remain unstained on the gel. We used 



superoxide dismutase (SOD) and bovine serum albumin (BSA) as positive and negative controls 

respectively, to monitor anti-oxidant activity. 

Crystallization, data collection and structure refinement. 

 

Crystallization of Sandercyanin (native and recombinant) were carried out at 4˚C in hanging 

drops vapor diffusion method using mosquito high- throughput crystallization system from TTP 

life sciences. Protein crystals were obtained in a number of conditions (Fig. S4A) and flash 

cooled after soaking in 10% ethylene glycol as cryo-protectant. MAD datasets for native 

Sandercyanin crystal data were collected from crystals soaked in Au (at ALS beam line 4.2.2). 

The structure was solved using the SOLVE-RESOLVE package (3). Recombinant apo- and 

holo- Sandercyanin datasets were collected at ID-29 and BM14 respectively in European 

Synchrotron Radiation Facility (ESRF, Grenoble, France). All images were indexed, integrated 

and scaled using HKL2000 (4) or d*TREK (5) or MOSFLM (6). Molecular replacement for 

recombinant proteins was performed using native Sandercyanin structure as template model and 

the structures refined with PHENIX. 2Fo-Fc map showed presence of positive density indicating 

presence of ligand in the core of each monomer subunit. Model building was done with Coot (7) 

and all structural illustrations were generated with PyMol (8). All parameters of data collection 

and refinement statistics are summarized in Supplementary - Table1. 

APBS calculations.  Adaptive Poisson-Boltzmann Solver (APBS) (9) calculations were done in 

PyMol using both apo and BLA bound forms of Sandercyanin.  
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Table 1. X- ray data collection and refinement statistics 

Crystal Native Sandercyanin 

with BLA 

(PDB code 5F6Z) 

Recombinant 

Sandercyanin with BLA 

(PDB code 5EZ2) 

Recombinant Apo-

Sandercyanin 

(PDB code 5F1E) 

Data collection R-AXIS IV (University 

of Iowa, Protein 

crystallography Facility) 

BM14, ESRF ID-29, ESRF 

Space group P41212 P6322 P6322 

Unit cell dimensions 93.4, 93.4, 246.4 159.3, 159.3, 84.2 158.8, 158.8, 84.8 

Resolution range (A
0
) 19.8-2.2 (2.3-2.2)* 35.99- 1.85 (1.9- 1.85)* 53.5-2.7 (2.8-2.7)* 

Total reflections 180844 215082 654304 

Unique reflections 52052 (5127)* 53181 (5194)* 17810 (1741)* 

Multiplicity 3.4 4.0 36.7 

Completeness (%) 98.6 (98.7)* 99.5 (97.5)* 99.98 (99.94)* 

Mean I/sigma(I) 5.9 (3.7)* 15.5 (1.9)* 31.5 (7.8)* 

Wilson B-factor 23.7 26.4 44.5 

R-sym 0.155 0.066 0.13 

R-factor 0.24 (0.37)* 0.19 (0.29)* 0.19 (0.23)* 

R-free 0.31 (0.43)* 0.21 (0.30)* 0.24 (0.25)* 

Number of atoms:    

Macromolecules 5079 2594 2556 

Ligands 228 106 0 

Water 324 313 83 

Protein residues 672 338 334 

RMS(bonds) 0.009 0.019 0.010 

RMS(angles) 1.30 1.56 1.19 

Ramachandran favored (%) 

(Outliers in parenthesis) 

97(0) 98(0) 98(0) 

Clashscore 11.23 6.78 7.15 

Average B-factor: 40.1 25.2 25.4 

Macromolecules 40.1 24.1 25.5 

Solvent 38.6 34.5 21.6 

  *Statistics for the highest-resolution shell are shown in parentheses. 
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Fig. S1. Recombinant Sandercyanin and its properties. (A) (i) SDS-PAGE shows cytosolic 

expression (red- circle) of recombinant Sandercyanin in E. coli. Expression of IPTG- induced  

protein (lanes 2 and 4) were checked against un-induced samples (lanes 1 and 3). (ii) Absorbance 

and fluorescence emission spectra (excitation at 375 nm) of soluble fraction of recombinant 

Sandercyanin-BLA complex – same as in lane 4 in (i). (B) Generation of blue color of 

Sandercyanin on adding BLA (green) to apo- protein (colorless). (C) Size- exclusion 

chromatograms of BLA- bound Sandercyanin monitored at different wavelengths. Apo protein does 

not absorb at 375nm or 630nm. The chromatograms are normalized to the tetramer peak. The peak 

around elution volume of 15-16mL corresponds to the tetramer peak.  The peak that elutes at about 

19ml corresponds to the monomer peak. 



 

Fig. S2. Spectral properties of Sandercyanin. (A) Titration of BLA (20uM) with increasing apo- 

Sandercyanin concentration show enhanced red-shifted fluorescence of BLA with maxima at 675 nm on 

excitation at 375 nm. Similar spectra were observed on excitation at 630 nm. (B) Comparison of (i) 

emission and (ii) excitation spectra of native (blue) and recombinant (red) BLA- Sandercyanin complex 

show that they are similar. (C) Titration of apo-Sandercyanin (20µM) with BLA measured at 675nm 

shows Kd of 6.4µM and Hill slope of 2.1. (D) Comparison of emission spectra of Sandercyanin on 

binding with different tetrapyrrols shows specificity towards BLA. All measurements were taken in 

phosphate buffer pH 7.4 at room temperature under similar experimental conditions.  



 

 

 

 

 

 

 

 

  

Fig. S3. Fluorescence properties 

of free BLA in solution. Effect of 

(A) non-polar solvent (B) increased 

viscosity of solvent (PEG 400) and 

(C) pH, on fluorescence spectra of 

free- BLA in solution (10µM) 

monitored at excitation at 375nm. 

Similar spectra were observed on 

excitation at 600nm. BLA shows 

increased far-red fluorescence on 

increased hydrophobicity and 

viscosity. It shows a maximum 

fluorescence around pH 8.8 – pH 

9.5. 



 

  

Fig. S4. Crystal structures of apo and BLA – bound native and recombinant 

Sandercyanin. (A) Crystals and crystallization conditions of apo (colorless) and BLA- 

bound (blue) forms of native and recombinant Sandercyanin. Comparison of structures of 

native (magenta) and recombinant (cyan) Sandercyanin-BLA complex, showing (B) 

rotamer changes of Phe21 at the N-terminus and (C) position of glycosylation in native 

protein bound to BLA. (D) Close up view of  (i) BLA- protein interaction at one dimer 

interface and (ii) protein- protein interactions at the dimer-dimer interface. 



 

 

 

  

Fig. S5. Role of excited state proton transfer (ESPT) in perturbing fluorescence 

properties of Sandercyanin. Absorbance (A) and emission spectra (B) of Sandercyanin 

monitored on excitation at 375nm at different D2O concentration, suggesting influence of 

proton transfer on the fluorescence properties of Sandercyanin (20µM). Similar observation 

was made on excitation at 630nm. (C) Structural insights (i and ii) of apo (yellow) and holo 

(cyan) Sandercyanin showing conformational changes in amino acids around the pyrrole rings 

of BLA. 
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Fig. S6. APBS calculations. Electrostatic potential of Sandercyanin shows asymmetric 

charge distribution in the binding pocket of Sandercyanin. (i) shows the empty pocket and (ii) 

with bound BLA.  

Fig. S7. Anti-oxidant properties of Sandercyanin. Native PAGE showing radical 

scavenging activity of  BLA- bound Sandercyanin (lanes 3, 4 and 5) in presence of riboflavin, 

Tetra methyl ethylenediamine (TEMED)  and nitroblue tetrazolium (NBT). Apo Sandercyanin 

(lanes 1 and 2) do not show radical scavenging activity. The antioxidant activity is compared 

with standard human superoxide dismutase (SOD from sigma, lane 6) and bovine serum 

albumin (lane 7) as positive and negative controls respectively. 


