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Figure 1. Bioinformatic analysis of sugar phosphate cyclases in prokaryotes and eukaryotes and biochemical characterization of gadusol biosynthetic

enzymes. (A) Bayesian phylogenetic tree of SPCs. Numbers represent posterior probability. The stramenopile Aureococcus anophagefferens, denoted by

the blue star, has EEVS and MT-Ox proteins strikingly similar (over 50% identical) to those in vertebrates. The micro algae Coccomyxa subellipsoidea,

denoted by the red star, also has EEVS and MT-Ox. (B) Genetic organizations of EEVS and MT-Ox genes in fish, amphibians, birds, and reptiles. Humans

and other mammals lack these genes (indicated in dashed red box). For a complete list of vertebrates whose genomes are known to contain EEVS and

MT-Ox genes, see Table 1. FRMD4B, FERM domain-containing protein 4B; MitF, microphtalmia-associated transcription factor; MDFIC, MyoD-family

inhibitor domain-containing protein-like; and FoxP1, Forkhead-related transcription factor 1. (C) Biochemical characterization of recombinant

LOC100003999 and zgc:113054 proteins. (D) WebLogo (Crooks et al., 2004) images of residue conservation patterns at the three metal ligand positions

and two active site fingerprint sites known (Kean et al., 2014) to distinguish bacterial EEVSs from DDGSs. The residue numbers given correspond to the

reference proteins D. rerio EEVS, ValA, and A. variabilis DDGS, respectively. WebLogos were based on 126 vertebrate, 63 bacterial EEVS, and 160

bacterial DDGS sequences, respectively, that had BLASTP E-values <10−120 in searches using the reference proteins noted above as queries. Each group

was aligned using ProMals (Pei and Grishin, 2007).
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Figure 1—figure supplement 1. Biosynthetic pathway to shinorine in Anabaena variabilis (Balskus and Walsh,

2010).

DOI: 10.7554/eLife.05919.005

Figure 1—figure supplement 2. Maximum likelihood phylogenetic tree of sugar phosphate cyclases. Numbers

represent bootstrap confidence values. Blue star denotes the stramenopile A. anophagefferens, and red star

denotes the micro algae C. subellipsoidea.
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Figure 1—figure supplement 3. SDS PAGE of EEVS and MT-Ox proteins and thin-layer chromatography (TLC) analysis of their products. (A) SDS PAGE of

purified recombinant ValA, LOC100003999, and zgc:113054, and E. coli cell free extracts containing the enzymes. (B) TLC analysis of enzymatic products of

purified ValA and purified LOC100003999. (C) TLC analysis of EEV and the zgc:113054 product (gadusol) using FeCl3 solution as a spraying agent. Only

gadusol, but not EEV, can be detected as a maroon spot.
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Figure 1—figure supplement 4. GC-MS analysis of LOC100003999 and ValA reaction products. (A) SH7P with E. coli cell free extracts containing

LOC100003999. (B) SH7P with purified ValA. (C) Authentic EEV. Samples were converted to their trimethylsilyl derivatives using Tri-Sil HTP (Thermo

Scientific).
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Figure 1—figure supplement 5. Sequences of the vertebrate clade of EEVS-related proteins have characteristic features of an EEVS. Alignment of the

sequence of the only structurally known EEVS–ValA from Streptomyces hygroscopicus (ShEEVS; PDB entry 4P53) with representative related enzymes. The

family consensus secondary structure elements shown schematically shown above the sequences and within each sequence the residues involved in

secondary structures are color coded: β-strands (yellow), α-helices (teal), 310 helices (blue), and π helices (orange). ValA is shown first, and other sequences

in order are DrEEVS (Danio rerio EEVS), CsEEVS (C. subellipsoidea EEVS), AaEEVS (A. anophagefferens EEVS), AvDDGS (A. variabilis DDGS; Ava_3858),

AmEVS (Actinosynnema mirum EVS; Amir_2000), PDB entry 1DQS (Aspergillus nidulans DHQS), and PDB entry 2D2X (Bacillus circulans DOIS). The 14

‘fingerprint’ active site positions identified by Kean et al. (Kean et al., 2014) are indicated by an asterisk (*) below the sequences. Above the sequences

are indicated a subset of those residues that ligate the catalytic metal (m) and another subset with notable variation between the family members that

have different types of activity (↓). The DrEEVS sequence and those of all known vertebrate homologs (not shown) match ShEEVS at all fourteen active site

positions. The putative algal EEVS enzymes, AaEEVS and CsEEVS, sequences match the EEVS residues at the positions thought to be important for

distinguishing the EEVS activity, but respectively differ at one and two positions; these positions are the ones that are of unknown importance for EEVS

activity.

DOI: 10.7554/eLife.05919.009
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Figure 1—figure supplement 6. Stereoview for the modeled active site geometry of LOC100003999. Shown are the

13 active-site residues conserved in all EEVS enzymes (pale purple carbons), the NAD+ (gray carbons), and the Zn2+

atom (silver sphere with black coordination bonds), along with a mesh that delineates the pocket suitable for

binding an SH7P substrate. Residue numbers in LOC100003999 identifying twelve of the active site residues are

shown; the third metal ligand, H366, is behind the zinc and is not labeled. For the two positions that differ between

EEVS and DDGS, the residue type present in DDGS is shown in green in parentheses. Figure made with Pymol

(Schrödinger L. The PyMOL Molecular Graphics System, Version 1.3.) using the coordinates of ValA, an EEVS from S.

hygroscopicus subsp. jinggangensis 5008 (Kean et al., 2014).

DOI: 10.7554/eLife.05919.010
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Figure 2. Production of gadusol in zebrafish and yeast and its sunscreen activity. (A–B) HPLC traces and UV absorptions of gadusol produced from

Escherichia coli cell-free extract containing EEVS and purified MT-Ox protein at pH 7.0 and 2.5. (C–D) Transcription patterns of EEVS and MT-Ox genes

during zebrafish embryonic development. qRT-PCR analysis of mRNA isolated from zebrafish embryos (n = 3) at 12, 24, 48, 72, 96, and 120 hpf. (E) Time

course of gadusol production in yeast harboring the zebrafish genes. The yeast was cultured in YNB + 2% glucose supplemented with leucine and lysine at

30˚C for 2 days, and growth was monitored as A600 values (control, dotted blue line; gadusol producer, solid red line). Gadusol concentration in the

supernatant of 20 ml cultures (n = 3) was monitored as A296 values in 50 mM phosphate buffer, pH 7.0 (dashed green line) corrected for non-gadusol

background absorbance in the control supernatant, normalized to A600 value. Gadusol was quantified based on an extinction coefficient of 21,800 M−1 cm
−1 in 50 mM phosphate buffer, pH 7. (F–H) Comparative HPLC analysis of gadusol from recombinant enzymatic reaction, zebrafish extract, and yeast

extract. (I) Gadusol suppresses the UVB sensitivity of a rad1Δ yeast mutant; and (J) Gadusol increases the UVB tolerance of a wild-type (RAD1) strain. Cells

suspended in control supernatant (CS) or gadusol+ supernatant (G+S) were irradiated with UVB and subsequently spotted in 3 μl aliquots (n = 4) onto YEPD

plates, which were incubated at 30˚C for 24 hr.

DOI: 10.7554/eLife.05919.012
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Figure 2—figure supplement 1. (−)-ESI-MS analysis of LOC100003999 and zgc:113054 reaction products. (A) SH7P incubated with E. coli cell free extracts

containing LOC100003999 (zebrafish EEVS) and boiled zgc:113054 (MT-Ox). (B) SH7P incubated with E. coli cell free extracts containing EEVS and purified

MT-Ox. (C) SH7P incubated with purified ValA (a bacterial EEVS) and boiled MT-Ox. (D) Synthetic EEV incubated with purified MT-Ox. (E) Deuterated EEV

incubated with purified MT-Ox. (F) MS/MS spectrum of gadusol obtained from the EEVS and MT-Ox reaction. (G) Proposed ion species of gadusol

observed in F.

DOI: 10.7554/eLife.05919.013
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Figure 2—figure supplement 2. 1H NMR spectrum of gadusol obtained from E. coli cell free extracts containing

LOC100003999 and zgc:113054 reactions.

DOI: 10.7554/eLife.05919.014
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Figure 2—figure supplement 3. Proposed mode of formation of gadusol in vertebrates. The dotted arrows show

the three steps thought to be a part of the MT-Ox catalyzed reaction.

DOI: 10.7554/eLife.05919.015
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Figure 2—figure supplement 4. The Pentose Phosphate Pathway (Asamizu et al., 2012) and the shunt pathway to gadusol.

DOI: 10.7554/eLife.05919.016
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Figure 3. Model timeline for the evolution of the EEVS and MT-Ox genes in vertebrates. The genes entered an early

vertebrate genome as a linked pair (vertical blue arrow) and were retained in the modern ray-finned fish, amphibians,

reptiles, and birds as indicated by thick dark cyan arrows. Coelacanths and mammals lost the genes (thick red

arrows). No full genome sequence is available for assessing the presence of EEVS and MT-Ox in lungfish. The

phylogenetic trees of the EEVS and MT-Ox proteins or mRNA from a selected set of vertebrates can be found in

Figure 3—figure supplements 1–3 and Supplementary files 1, 2.
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Figure 3—figure supplement 1. Phylogenetic tree of the EEVS proteins from a selected set of vertebrates. The

distantly related E. coli protein CglD was used as an out-group. Numbers represent bootstrap confidence values.

DOI: 10.7554/eLife.05919.018
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Figure 3—figure supplement 2. Phylogenetic tree of the MT-Ox proteins from a selected set of vertebrates. E. coli

K12 dam was used as an out-group. Numbers represent bootstrap confidence values.

DOI: 10.7554/eLife.05919.019
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Figure 3—figure supplement 3. Maximum likelihood tree of vertebrate EEVS mRNA sequences. E. coli cglD was

used as an out-group. Numbers represent bootstrap confidence values.

DOI: 10.7554/eLife.05919.020
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