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An essential requirement for the evolution of early eukaryotic life was the development of effective
means to protect against metabolic oxidative stress and exposure to environmental toxicants. In present-
day mammals, the master transcription factor Nrf2 regulates basal level homeostasis and inducible ex-
pression of numerous detoxifying and antioxidant genes. To examine early evolution of the Keap1-Nrf2
pathway, we present bioinformatics analyses of distant homology of mammalian Keap1 and Nrf2 pro-
teins across the Kingdoms of Life. Software written for this analysis is made freely available on-line.
Furthermore, utilizing protein modeling and virtual screening methods, we demonstrate potential for
Nrf2 activation by competitive inhibition of its binding to Keap1, specifically by UV-protective fungal
mycosporines and marine mycosporine-like amino acids (MAAs). We contend that coevolution of Nrf2-
activating secondary metabolites by fungi and other extant microbiota may provide prospective com-
pound leads for the design of new therapeutics to target activation of the human Keap1-Nrf2 pathway

Sordariomycetes
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for treating degenerative diseases of ageing.

© 2015 Published by Elsevier Inc.

1. Introduction

The emergence of oxygenic photosynthesis, evolved first by
proto-cyanobacteria approximately 3.4 billion years ago, gave rise
to the Earth’s oxygen atmosphere, rendering subsequent pro-
gression to eukaryotic and metazoan life possible [1]. Such an
oxidative environment, however, posed a significant challenge to
early life forms, requiring effective means of oxidative cytopro-
tection. In mammals, the Kelch-like ECH-associated protein 1
(Keap1) forms a complex with the nuclear factor erythroid 2-re-
lated factor 2 (Nrf2). The Keap1-Nrf2 complex dissociates in re-
sponse to reactive oxygen species (ROS), releasing Nrf2 that binds
to the nuclear antioxidant response element (ARE) to coordinate
transcription of multiple antioxidant, detoxifying, and cell survival
genes [2,3]. Belonging to the ‘cap-n-collar’ family of transcription
factors that have a distinct basic leucine-zipper motif [4], the

domain elements of Nrf2 are highly conserved across many di-
verse species, with orthologs having been detected in Cae-
norhabditis elegans (SKN-1) [5], Drosophila melanogaster (Nrf2-like)
[6], and yeast (YAP-1) [7]. A prokaryotic homolog of Nrf2 (possibly
OxyR or SoxR) [8,9] has also been suggested to protect UV-tolerant
bacteria by augmenting coenzyme Q reduction via activation of
cellular NAD(P)H: quinone oxidoreductase (NQOR) [10,11]. We
contend that early adaptive features of the Keap1-Nrf2 pathway
conserved in extant microbiota may serve as a novel pharmaco-
mimetic model for the discovery of new therapeutic activators of
the human oxidative stress response that may retard the pro-
gression of age-related degenerative disease, stimulate the innate
immune response, and suppress carcinogenesis [12-15]. Accord-
ingly, a new bioinformatics conduit to search and map distant
homology has been developed and, in addition, Bayesian inference
methods have been used to construct phylogenetic trees of Keap1-
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Nrf2 evolution across major eukaryotic taxa. A protein model and
virtual screen were also established to predict likely activation of
the Keap1-Nrf2 pathway utilizing a library of structurally diverse
natural products [16,17].

2. Materials and methods
2.1. Data retrieval

Custom databases of archaeal, bacterial, and fungal proteins
were constructed from the National Center for Biology Information
(NCBI) nonredundant (NR) database [18] and the NCBI Taxonomy
database [19]. Sequences of human Keap1 and Nrf2 proteins, to-
gether with known homologs and predicted orthologs, were ac-
quired from the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database [20] and are displayed in Supplementary Data
File 1. A novel distant homology search pipeline (called DHSP) was
developed to increase the sensitivity and precision of distant
homology searches by utilizing multiple Hidden Markov models
(HMMSs). The pipeline, described in Supplementary Data File 2 and
freely available at https://github.com/rgacesa/DHSP, performs a
psi-BLAST [21] sequence alignment search against the NR database
to detect close homology to generate HMM models. DHSP uses
HMMER3, a HMM-based sequence alignment tool [22], for high
sensitivity distant homology detection. To minimize false positive
hits, DHSP performs searches using multiple HMM models em-
ploying the Smith-Waterman algorithm [23] to align potential
distant homologs against known sequences, thereby filtering out
those sequences that fail to align. A tool for mapping distant
homologs against the NCBI taxonomic database was additionally
developed. This tool, called Taxonomy Landscape Mapper (TLM),
displays results in a user friendly visual format as described in
Supplementary Data File 3. TLM is made freely available for use at
https://github.com/rgacesa/TLM.

2.2. Phylogenetic reconstruction of Keap1 and Nrf2 homology

Multiple alignments of Keap1 and Nrf2 homologs detected by
DHSP and TLM were constructed utilizing ClustalWw2 [24]. Phylo-
genetic reconstruction of Keap1 and Nrf2 proteins were assembled
using the MrBayes 3.2 Bayesian inference analysis tool [16] with a
mixed model (aamodelpr=mixed) for automatic estimation of the
amino acid matrix during a Metropolis-Hastings Markov Chain
Monte Carlo (MCMC) simulation, which was run for 2,000,000
generations using 25 chains. Post-run examination of parameters
indicated convergence to the JTT amino acid substitution model
(with posterior probability of 100%). Among-site rate variation was
set to the gamma model with 4 categories. Other parameters of
MrBayes run were left at default values. Probability and tree
summaries were inspected manually to confirm simulation con-
vergence, and all simulations resulting in “good convergence”
were accepted if the average standard deviation of split fre-
quencies was < 0.01 with a convergence value (Potential Scale
Reduction Factor) approaching 1.0 [25]. Phylogenetic trees were
inspected and edited using Archaeopteryx [26] and MEGA 6.1 [27]
software tools.

2.3. Virtual screen for competitive inhibitors of Keap1-Nrf2 binding

Published data [28] extracted from the Protein Data Bank (PDB)
[29] entitled “Crystal Structure of the Kelch—-Neh2 Complex” (PDB-
2FLU, http://www.rcsb.org/pdb/explore.do?structureld =2flu) was
used to construct a virtual compound screening model to predict
the release of Nrf2 by competitive inhibition of Keap1-Nrf2
binding. A model of the human Keap1-Nrf2 interaction was

prepared for UCSF DOCK 6.0 [30] and AutoDock Vina [31] virtual
screening algorithms employing standard protocols described in
Supplementary Data File 4. For ligand assessments, including
mycosporine-like amino acid (MAA) predictions, the Avogadro
chemical utility platform [32] was used to create and optimize
compound binding models by molecular dynamics simulation
using universal force field (UFF) parameters [33] and the steepest
descent algorithm [34]. To assess MAA-Keap1 docking results, a
comparison set of approximately 1100 Brazilian natural products
was assembled from two ZINC catalogs [35-37] for predictive
contrast. All ligands were prepared for docking using the AutoDock
Tools (ADT) script “prepare_ligand4.py” (for AutoDock Vina) and
the UCSF Chimera visualization toolkit [38] (for DOCK6). Both
Autodock Vina and DOCK6 were configured for high docking
precision with DOCK®6 selected for a flexible docking protocol with
2000 orientations per ligand and 400 iterations for energy mini-
mization, and the AutoDock Vina space search exhaustiveness was
set to 20. The UCSF Chimera ViewDock utility was used to
manually examine the docking results. Ligands were assessed first
by the number of potential hydrogen bonds available for binding
within the protein binding pocket, and all ligands forming less
than 3 hydrogen bonds were rejected. Those selected were eval-
uated manually, and all ligands without potential binding to cri-
tical positions of the Keap1-Nrf2 docking pocket were discarded.
Final evaluation of “viable” docking ligands was performed by
assessing the combined docking scores calculated as 2 x Vina
docking energy + DOCK®6 binding energy + DOCK6 docking score.
Each variable in the equation was scaled by subtracting the mean
value and dividing by the standard deviation.

3. Results
3.1. Data mining of microbial protein databases

Databases of archaea, bacteria, fungi, and plant proteins were
analyzed for distant homology to human Keap1 and Nrf2 proteins
using the newly developed software tools we named the Distant
Homology Search Pipeline (DHSP) and the Taxonomy Landscape
Mapper (TLM). All databases except for archaea were found to
contain high numbers of Keapl homologs (Supplementary Data
File 5). In contrast, close homologs to human Nrf2 domain Neh1-
Neh6 sequences were detected only in the database of fungal
proteins (Supplementary Data Files 6 and 7), primarily in Asco-
mycetes belonging to the Class Sordariomycetes, many of which are
insect and plant pathogens (Table 1).

Table 1 shows species selected based on the prediction score of
detected homologs to Keapl and Nrf2 proteins, all having the
presence of genes for mycosporine-like amino acid (MAA) bio-
synthesis (Supplementary Data File 8). Nrf2 prediction scores are

Table 1
Keap1 and Nrf2 protein scoring of sequence homology in fungal genomes

Species (common name) Prediction score

Nrf2 Keap1
Cordyceps militaris (Scarlet caterpillar club fungus) 8 46
Beauveria bassiana (White muscardine fungus) 7 43
Fusarium graminearum (Wheat head blight fungus) 10 66
Colletotrichum gloeosporioides (Postharvest fruit rot fungus) 8 79
Magnaporthe oryzae (Rice blast fungus) 15 79
Fusarium pseudograminearum (Wheat crown rot fungus) 10 60
Verticillium dahlia (Verticillium wilt fungus) 10 40
Colletotrichum higginsianum (Crucifer anthracnose fungus) 14 54
Metarhizium acridum (Green muscardine fungus) 13 38
Colletotrichum graminicola (Maze anthracnose fungus) 15 73
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Fig. 1. Bayesian phylogenetic reconstruction of Keap1 evolution. The phylogenetic tree was constructed from 16 vertebrate Nrf2 homologs, 7 invertebrate homologs, and 42
fungal homologs. Those experimentally confirmed are marked as “detected” homologs and sequences predicted as homologous in prior accounts are marked as “presumed”
homologs. Posterior probabilities (in percent) are displayed and splits below 50% are collapsed.

the sum of numbers of detected homologs for Nrf2 domain Neh1-
Neh6 conserved sequences. The Keapl prediction scores are the
sum of Keapl conserved kelchl-kelch6 and BTB domain
sequences.

3.2. Phylogenetic reconstruction of Keap1-Nrf2 homologies

In order to examine evolution of the Keap1-Nrf2 pathway, we
performed phylogenetic reconstruction using predicted Keap1 and
Nrf2 fungal homologs, as well as a selection of known homologs
from key animal species. These animals comprise invertebrate and

vertebrate species commonly used as model organisms in biology
that include three species from the genus Caenorhabditis and the
fruit fly Drosophila melanogaster[5,6]. The sponge Amphimedon
queenslandica and coral Acropora digitifera were chosen as ex-
amples of early metazoan taxa (phyla Porifera and Cnidaria).
Vertebrate sequences were chosen from common model organ-
isms (Rat, Mouse, Zebrafish, and frog Xenopus laevis) and their
close relatives. Platypus was chosen as an example of early mam-
mals and the lancet Branchiostoma floridae was selected to re-
present an ancient vertebrate animal. All amino acid sequences are
listed in Supplementary Data File 9. Bayesian reconstructions of
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Fig. 2. Bayesian phylogenetic reconstruction of Nrf2 evolution. The phylogenetic tree was constructed from 16 vertebrate Nrf2 homologs, 7 invertebrate homologs, and 42
fungal homologs. Those experimentally confirmed are marked as “detected” homologs and those predicted from the literature are marked as “presumed” homologs.

Posterior probabilities (in percent) are displayed and splits below 50% are collapsed.

both Keap1 phylogeny (Fig. 1) and Nrf2 phylogeny (Fig. 2) were
consistent with conventional species evolution, with the expected
grouping of major vertebrate taxa and showing a clear split be-
tween the vertebrates and the invertebrates. Fungal Keap1 and

Nrf2 sequences, however, were both highly divergent and could be
grouped into three clades. Surprisingly, phylogenetic reconstruc-
tion of Nrf2 homologs placed all three Caenorhabditis proteins
within the fungal groupings (Fig. 2), instead of residing with other
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Compound Score Structure assignment Biological function
ZINC49048037 0.75 AGN-PC-07CJ71 Acetylcholinesterase in-
hibitor [41]
ZINC15120547 -2.66 Crassinervic acid Antifungal [42]
ZINC00622123 0.77  Griseofulvin Antifungal [43]
ZINC13411177 0.02 Similar to Strictifolione Antifungal [44]
ZINC14447808 176  AGN-PC-077JEH Antifungal [45]
ZINC40973915 -9.01 Similar to Ixoside Antioxidant [46]
ZINC31157290 -2.60 Secoxyloganin Antioxidant [47]
ZINC05998957 -2.17 Lirioresinol A Antioxidant [48]
ZINC15119278 -1.04 Similar to Yatein Antioxidant [49]
ZINC00898006 -0.15 Rubrofusarin Antioxidant [50]
ZINC02563652 -0.04 Alloisoimperatorin Antioxidant [51]
ZINC01580260 0.23  Cleomiscosin A Antioxidant [52]
ZINC69482380 1.63  Similar to Maclurin Antioxidant [53]
ZINC06037073 -0.97 Similar to Emodin Cytotoxic, anticancer [54]
ZINC84154280 -2.54 Geranyloxy-p-benzoic  Farnesoid X receptor
acid agonist [55]
ZINC26490614 -2.69 Procyanidin B2 Nrf2 activator [56]
ZINC30726399 -9.93 Betanidin Nrf2 activator [57]
ZINC69482045 -6.62 Similar to Ursoloic acid Nrf2 activator [58]
ZINC69481913 -6.40 Similar to Ursoloic acid Nrf2 activator [58]
ZINC17263588 -6.17 Chlorogenic acid Nrf2 activator [59]
ZINC84154032 -5.75 Similar to Morroniside Nrf2 activator [60]
ZINC84153764 -4.32 Similar to Morroniside Nrf2 activator [60]
ZINC04102166 -4.28 Geniposidic acid Nrf2 activator [61]
ZINC01714287 -3.40 Piperine Nrf2 activator [62]
ZINC03870412 -3.06 Epigallocatechin gallate Nrf2 activator [63]
(EGCG)
ZINC00073693 -2.12  Pinocembrin Nrf2 activator [64]
ZINC12428433 -1.84 Butein Nrf2 activator [65]
ZINC71316232 -1.69 Similar to Chlorogenic  Nrf2 activator [59]
acid
ZINC01531693 -1.57 Similar to Piperine Nrf2 activator [62]
ZINC03872070 -1.52 Chrysine Nrf2 activator [66]
ZINC00897734 -1.50 Similar to Quercetin Nrf2 activator [67]
ZINC00156701 -141 Naringenin Nrf2 activator [68]
ZINC00113309 1.69  Fraxetin Nrf2 activator [69]
ZINC01561070 -0.11 Similar to Quercetin Nrf2 activator [67]
ZINC14728348 0.14  Similar to Quercetin Nrf2 activator [67]
ZINC05733652 -1.36 Diosmetin Potential Nrf2 activator,
antioxidant [70]
ZINC33832113 -1.73  Similar to Phlorizin Potential Nrf2 activator
[71]
ZINC69482290 -3.37 Similar to Glucoerucin  Potential Nrf2 activator
[72]
ZINC05733537 -0.86 Ermanin, similar to Potential Nrf2 activator
Quercetin (Nrf2 [67]
activator)
ZINC84153966 -3.86 Similar to Acetoside Potential Nrf2 activator
[73]
ZINC13108875 -2.42 Similar to Burchellin Potential pesticide [74]
mycosporine gly- 0.24 Mycosporine-like ami- UV-protectant, anti-
cine-valine no acid oxidant [75]
mycosporine 421 Mycosporine-like ami- UV-protectant, anti-
glycine no acid oxidant [75]
MAA, Porphyra 0.58 Mycosporine-like ami- UV-protectant, anti-
334 no acid oxidant [75]
ZINC15252691 -5.23 Gaudichaudianic acid  Trypancide [76]

invertebrates as would be expected.

3.3. Protein modeling and virtual screening of Nrf2 activation

Fungal genomes typically encode enzymes that express the
biosynthesis of mycosporines and the related mycosporine-like
amino acid (MAA) family of UV-protective and antioxidant meta-
bolites [39,40]. In order to assess whether MAAs have potential to
initiate a protective response through the Keap1-Nrf2 pathway,
we performed a virtual screen of approximately 1100 diverse
natural products including 20 MAAs. Of the ligands tested, 75 met
the criteria for potential inhibitors of the Keap1-Nrf2 interaction.

Fig. 3. Betanidin (A) and porphyra-334 (B) substrate docking models. The protein
binding models depict the cross section of only the molecular surface of the human
Keap1 kelch-like repeats p-propeller docking pocket. Predicted hydrogen bonds
between ligand and Keap1 are depicted in yellow and amino acid residues involved
in the formation of bonds are labeled.

These criteria were determined by the docking position of the li-
gand within the Keap1-Nrf2 interaction pocket, the potential to
form hydrogen bonds with Keap1, and importantly the docking
score. Out of the 75 compounds (Table 2), 25 are known to be Nrf2
activators, while another 11 compounds are known antioxidants
but not reported previously to activate Nrf2. These 11 compounds
included 3 MAAs (mycosporine-glycine-valine, mycosporine-
glycine and porphyra-334). Examples for the binding of betanidin
and porphyra-334 within the docking region of Keap1 are shown
in Fig. 3.

Listed compounds in Table 2 are deemed “viable” according to
their docking score, number of potential hydrogen bonds within
the Keap1-Nrf2 binding pocket, and by manual inspection of the
docking profile. The table is sorted according to the biological
function of docked ligands. Entries are given only for compounds
with assigned structures; a complete list with unknown structure
assignments is given in Supplementary Data File 10

4. Discussion

The Keap1-Nrf2 pathway is a major regulator of antioxidant
protection in mammalian cells, and is responsible for the tran-
scription of over 200 cytoprotective genes encoded by the nuclear
antioxidant response element (ARE). Given that the Keap1-Nrf2
pathway is so important for cytoprotection in mammals, it might
be expected that homology is evolutionary preserved from simple
progenitors. Such is consistent with a homologous Keap1-Nrf2
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pathway confirmed in Drosophila melanogaster[6] and that iden-
tified in Caenorhabditis elegans[5]. Our distant homology search
has revealed, for the first time, that Keap1 and Nrf2 homologs are
present in fungal taxa (Table 1) and absent in bacteria, archaea,
and plants (Supplementary Date File 4). The presence of both
Keap1 and Nrf2 homologs in fungi, and that fungi are evolutionary
closer to animals [77] than all other taxa examined, encouraged
further investigation. Phylogenetic reconstruction of Keapl
homology in key species from vertebrate, invertebrate, and fungal
taxa (Fig. 1) demonstrated that Keap1 evolution fits as expected
within the “Tree of Life” [78]. However, phylogenetic reconstruc-
tion of Nrf2 (Fig. 2) showed an unusual discrepancy in the place-
ment of the genus Caenorhabditis. Genomic data mining affirms
that C. elegans does encode proteins highly similar to Keapl
(Supplementary Data File 11), consistent with its assigned position
in the Keap1 phylogenetic tree (Fig. 1). These Keap1-like proteins
have not been implicated in inhibition the Nrf2 homolog of C.
elegans, specifically the protein designated SKN-1 [5,79], and clo-
ser phylogenetic examination of this functional placement is thus
warranted. Instead, SKN-1 activity is regulated by interaction with
protein WDR-23 in a manner strikingly similar to Nrf2-Keap1-
Cul3 ubiquitination and degradation [80]. Interestingly, while
WDR-23 has no significant sequence similarity to Keapl (see
Supplementary Date File 11), the 3-D structure is remarkably si-
milar to that of Keap1, with both proteins containing a beta-pro-
peller superstructure. Unlike Keap1, however, the WDR-23 beta-
propeller is formed from WD-40 protein motif repeats (see http://
www.rcsb.org/pdb/explore/explore.do?structureld=4LG9) rather
than kelch-like repeats (see http://www.rcsb.org/pdb/explore.do?
structureld=2flu). Importantly, contemporary research has es-
tablished that Nrf2 activity in C. elegans is controlled additionally
by the human beta-transducin repeat-containing protein ([3-TrCP)
[81,82], which contains WD-40 protein motifs arranged into a
beta-propeller superstructure [83]. Comparison between C. elegans
WDR-23 and the human B-TrCP protein (Supplementary Data File
11) reveals significant similarity between these two WD-40 beta
propeller proteins, indicating remarkably strong evolutionary
continuity of function for Nrf2 control shared between worms and
higher animals.

According to our predictions of Nrf2 homologs in various fungi
(Fig. 1 and Table 1) and previous findings of the Nrf2 homolog
YAP-1 in yeast [7], the Keap1-Nrf2 pathway has most certainly
evolved after the eukarya separated from the prokarya, but prior
to the fungal-metazoan split. Therefore, beta-propeller inhibitor
proteins of Nrf2 may have evolved in early animals more than once
by convergent evolution, which might explain the observed dif-
ferences of Nrf2 activation in C. elegans and that of higher animals.
Prior bioinformatics analysis of the sea anemone Nematostella
vectensis has also detected homologs of Nrf2, Keap1 and two small
binding Maf proteins required for Nrf2-ARE gene promotion [60].
Our analyses of coral (Acropora digitifera) and sponge (Amphime-
don queenslandica) genomes also revealed more than one small
Maf homolog [data not shown], in addition to encoding both
Keapl and Nrf2 homologs. These results indicate that species
within the genus Caenorhabditis may have lost SKN-1 regulation
by a Keap1-like protein (possibly R12E2.1), but have retained the
[B-TrCP-like inhibitor WDR-23. This loss may be due to a lack of
evolutionary pressure associated with the soil-dwelling, often
hypoxic, lifestyle of these animals [84]. Further investigation by
inclusion of additional deep-branching taxa is required; never-
theless, our phylogenetic analyses show clearly that the Keap1-
Nrf2 pathway predates the fungal-metazoan divergence. Devel-
oping an evolutionary clock to determine if there is a correlation
between the evolutionary origins of Nrf2 and the emergence of
atmospheric oxygen on Earth is an avenue worthy of further
consideration.

A virtual screening assay was performed to assess the potential
for fungal metabolites to function as competitive inhibitors of
Keap1-Nrf2 binding. Although there is no published data for the
disruption of Keap1-Nrf2 binding by ixoside metabolites, our
predictions (Table 2) match the high scoring antioxidants betani-
din, chlorogenic acid, and compounds similar to ursolic acid,
which are known activators of Nrf2 [58,85,86]. We found also that
the MAAs, mycosporine-glycine, mycosporine-glycine-valine, and
porphyra-334, may serve as viable docking ligands based on their
docking score, docking profile, and potential to form critical hy-
drogen bonds within the Keap1-Nrf2 docking pocket. All three
MAAs, often expressed in high cellular concentrations, are widely
accepted to be UV-inducible sunscreen protectants [39] and my-
cosporine-glycine and porphyra-334 are reported also to have
antioxidant properties [87,88]. While docking scores of MAAs are
typically higher than many of the other viable ligands, implying
potentially lower binding affinity, these compounds are predicted
to form several critical hydrogen bonds with Keap1 binding pocket
and have passed manual inspection of binding poses. Additional
research will determine if these compounds may cause disruption
of Keap1-Nrf2 binding to activate the transcription of nuclear ARE
cytoprotective genes. Finding microorganisms with Keap1-Nrf2
homology offer an early evolutionary model for the adaptive sig-
naling of the Keap1-Nrf2 pathway, as well as providing an en-
dogenous source of stress-inducible metabolites having potential
to activate the nuclear ARE for therapeutic consideration.

5. Conclusions

Data mining of microbial protein databases has revealed distant
homology to Keap1 and Nrf2 proteins in fungi, especially amongst
taxa of Phylum: Ascomycota | Class: Sordariomycetes. Phyloge-
netic reconstruction of Keap1-Nrf2 shows that the pathway
evolved prior to the fungal-metazoan divergence. Unexpectedly,
the Nrf2 evolutionary tree shows mismatch for genus Cae-
norhabditis within the expected taxonomic model, potentially
from sequence degeneration of Nrf2 or lack of evolutionary pres-
sure possibly due to the soil-dwelling lifestyle of these worms.
Lastly, virtual screening for competitive inhibition of Keap1-Nrf2
binding predicts the potential for Nrf2 activation by UV-protective
mycosporine-like amino acids.
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