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Abstract

The ubiquitously expressed 14-3-3 family of proteins is evolutionarily conserved from yeast

to mammals. Their involvement in humoral and cellular immune responses is emerging

through studies in drosophila and humans. In humans, a select group of 14-3-3 isoforms are

antigenic; however the determinants of their antigenicity are not known. Here, we show that

although mammalian 14-3-3 proteins are mostly conserved, subtle differences between

their isoforms may give rise to their antigenicity. We observed syntenic relations among all

the isoforms of 14-3-3 for mammals, but not with that of birds or amphibians. However, the

parasitic 14-3-3 isoforms, which have known antigenic properties, show unique sequence,

structure and evolution compared to the human 14-3-3. Moreover we report, for the first

time the existence of a bacterial 14-3-3 protein. Contrary to the parasitic isoforms, both bac-

terial and yeast 14-3-3 exhibited significant homology with mammalian 14-3-3 in protein

sequence as well as structure. Furthermore, a human 14-3-3 inhibitor caused significant kill-

ing of Candida albicans, which could be due to the inhibition of the structurally similar yeast

homologue of 14-3-3, BMH, which is essential for its life cycle. Overall, our bioinformatic

analysis combined with the demonstration of a novel antifungal role of a peptide inhibitor of

human 14-3-3 indicates that the sequences and structural similarities between the mamma-

lian, bacterial and fungal proteins are likely determinants of the antigenic nature of these

proteins. Further, we propose that molecular mimicry triggered by microbial infections with

either yeast or bacteria may contribute to the antigenic role of human 14-3-3.

Introduction

The 14-3-3 family of proteins is evolutionarily conserved in eukaryotes ranging from yeast to

mammals. They are well-studied for their role as adaptor proteins in a multitude of signaling

pathways leading to cellular proliferation, differentiation and death [1]. Dysregulation of
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function or expression of several isoforms has been reported in multiple human diseases [2–

6]. Among these, increased expression of 14-3-3 has been observed in body fluids of patients

with autoimmune diseases such as rheumatoid arthritis and multiple sclerosis, suggesting an

immunological function for 14-3-3 proteins[7, 8]. This is also evident in other organisms, e.g.

the loss of 14-3-3ε in Drosophila is linked with defects in exocytosis of immune mediators

leading to enhanced susceptibility to bacterial infection [9, 10], 14-3-3z is associated with

phagocytosis and resistance against S. aureus in both drosophila and zebrafish [11], and 14-3-3

proteins in plants regulate the pathogenic interactions [12]. These relatively new data are inter-

esting to further investigate how 14-3-3 functions contribute to immune responses. In this

regard, it is interesting to note that antigenic properties of 14-3-3 have recently been identified.

Antibodies against 14-3-3 are reported in autoimmune, cancer and infectious disease [13–18];

14-3-3η is antigenic in rheumatoid arthritis [15] and 14-3-3z is antigenic in cancer [14, 18].

We and others have reported the increased antigenicity of 14-3-3z and 14-3-3ε in aneurysmal

inflamed thoracic aorta [13, 19]. In contrast to these observations, in aneurysmal aortitis, 3 iso-

forms (beta, tau and gamma) of 14-3-3 family that are found to be upregulated, are not anti-

genic, suggesting that antigenicity could be an independent function in some diseases or

individual isoforms may have different roles in different diseases [13]. Therefore, more infor-

mation is needed to better understand the factors dictating the antigenic properties of 14-3-3.

This in turn may guide the development of specific diagnostic assays for 14-3-3 and its iso-

forms as clinical markers of autoimmune diseases. We approached this issue with a bioinfor-

matic perspective to compare and contrast the evolutionary structure-function relationships of

14-3-3. There have been several reports of comparative analyses of 14-3-3 family proteins

across the species [20–24], but our efforts are directed to specifically understand its new anti-

genic function.

Our results revealed high degree of structural and phylogenetic similarities between the

human, yeast and bacterial 14-3-3 but not with other organisms such as protozoans. Some iso-

forms of 14-3-3 (including z and ε) are better known for their antigenic function [13–15, 18,

19]; therefore, we performed comparative analyses on these isoforms, primarily z. Thus,

molecular mimicry triggered by microbial infections may contribute to the antigenic role of

human 14-3-3. Furthermore, by assessing the functional similarity in humans and yeast, our

study reports a novel antifungal role of a peptide inhibitor of human 14-3-3.

Results

Variability in highly conserved mammalian 14-3-3 proteins

The seven human isoforms of 14-3-3 (accession number in S1 Table) were aligned to identify

regions of conservation and variation. Overall, there was up to 80% homology between the iso-

forms (S1 Fig). Logo analysis, which shows the highly conserved residues with a greater height

[25], also revealed significant conservation among family; however, there were six distinct

regions of variation (V1-V6, underlined in Fig 1A). The notable variability defined by�50%

similarity of residues between proteins was confirmed by the Logo analysis and sequence

alignment (S1 Fig). Structurally these variable regions corresponded to the unstructured

regions at the ends of helices of the protein structure of 14-3-3 (Fig 1B).

In comparison, each human isoform showed more conservation (>99%) when compared

to its mammalian orthologs (Fig 2A). Single amino acid substitution was observed in some iso-

forms such as 14-3-3z of rat and mouse in comparison to human; however, this did not impact

the structure of protein (Fig 2B). Similarly, a different single amino acid substitution was

observed when human 14-3-3z compared with 14-3-3 of hamster.
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To understand the basis of antigenicity in case of highly conserved protein sequences, we

investigated the local synteny which serves as a tool to survey the extent of conservation of

genetic loci during evolution[26]. All seven isoforms of 14-3-3 in human, and so in rat and

mouse, albeit, segregating on different chromosomes, show significant conserved synteny in

the genomic regions encompassing the gene coding for 14-3-3 across all of their genomes

Fig 1. Bioinformatic analyses identified six variable regions in human 14-3-3 isoforms. Human 14-3-3 isoforms were aligned using

the MUSCLE program and analyzed at WebLogo to identify the conservation of protein sequences. Areas of variability are underlined and

are numbered as V1 to V6. (B) Structure of 14-3-3 with variable regions in solid blue color is shown. Human 14-3-3ζ (PDB ID 5D2D) was

used as a template to overlay the variable domains. N-terminal methionine is indicated in light blue. Variable regions primarily located at the

end of helices and in the unstructured regions.

https://doi.org/10.1371/journal.pone.0189503.g001
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(Table 1, S2 Table). But synteny was not observed when chromosomal regions were compared

with Xenopus or chicken. This suggested that the 14-3-3 locus diverged significantly since the

evolution of mammals from amphibians and birds.

Fig 2. High degree of conservation for mammalian 14-3-3. (A) 14-3-3ζ protein in mammals (human, rat, mouse, bat, hamster,

marmoset, and yak) show 99% conservation of sequence. Only a single amino acid difference (alanine to proline or threonine to

alanine) was observed between human and rodent (mouse/rat or hamster) 14-3-3ζ. Accession numbers used for alignment are as

follows—human: NP_001129171, rat: NP_037143.2, mouse: NP_035870.1, bat: XP_005879335.1, hamster: XP_003504372.1,

marmoset: XP_008981647.1, yak: XP_005887072.1. (B) Structure of rat 14-3-3ζ protein (NP_037143.2) was simulated based on the

human 14-3-3ζ structure (NP_001129171, Protein Data Bank ID-5WXN). QMEAN calculated was 0.93. Human protein (PDB ID

5D2D) is shown in blue, while rat 14-3-3ζ is shown in white. P112 of rat is shown in red color.

https://doi.org/10.1371/journal.pone.0189503.g002

Table 1. Chromosomal localization of 14-3-3ζ across species.

Chromosome Syntenic region

Human 8 100,890–100,990kb

Rat 7 71470–71560 kb

Mouse 11 35905-35990kb

Drosophila� 2R 10; 099 � 10; 109kb

Chicken� 2 129; 241 � 129; 267kb

* highlight shows non-syntenic region containing 14-3-3ζ gene

https://doi.org/10.1371/journal.pone.0189503.t001
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Comparisons of parasitic and human 14-3-3

Because the antigenicity of protozoan 14-3-3 proteins is well studied [19, 27, 28], we compared

protozoan 14-3-3 with its human counterpart. We identified three protein sequences using BLAST

searching of the T. gondii genome (GCA_000006565.2); Tg1, Tg2 and Tg3, (TGME49_263090,

TGME49_227952, TGME49_269960 respectively) that are similar to the 14-3-3 protein family. All

the T. gondii isoforms, Tg1 (323 aa), Tg2 (476 aa) and Tg3 (422 aa) were larger compared to the

human 14-3-3ε (255 aa) and human 14-3-3z (245 aa). All three isoforms in T. gondii, when aligned

with human isoforms (z, ε, γ) showed an extra N-terminus sequence that varied between 62–156

amino acids, however, the C-terminus was relatively conserved (Fig 3A). The tail at the C-terminus

represented an unstructured region that aligned with the variable region 6 (V6) of the 14-3-3

proteins. The extra 62 amino acid sequence on the N-terminus of Tg1 was found to be overall

hydrophilic with notable presence of serine residues (9 out of 62aa). There are four putative

phosphorylation sites (S10, S14, T15, T57) with the motifs KKsT and TmaE for CAMP (cAMP

and cGMP-dependent protein kinase) and CK2 (Casein Kinase II) respectively. Modeling this

sequence in RaptorX with a p-value = 1.62e-07, which is suggestive of highly reliable structure,

showed the presence of three beta sheets (Fig 3B). Further, the homology search using T. gondii
Tg1 protein (XP_002365409.1) in the non-redundant protein database (blastp 2.2.29) showed

several proteins from Neospora caninum, Plasmodium falciparum and Plutella xylostella to be

74–77% homologous. This suggests that the overall 14-3-3 family in the protozoan has been

well conserved and is different from mammalian proteins. Overlaying the structure of Tg1 with

the human 14-3-3ε indicated that the most significant regions of variations between the protein

structures are traceable on both the N and C-termini (Fig 3C).

In contrast to our observations with T. gondii, comparisons of the human 14-3-3 with that

of parasitic worms such as Schistosoma mansoni showed that all six proteins of the 14-3-3 fam-

ily in S.mansoni were significantly similar to human 14-3-3 isoforms. Only three isoforms

(SMP 3, 4 and 6) had extra sequences at N-termini, whereas two isoforms (SMP2 and 5) were

shorter than human isoforms (S2 Fig).

Further, because antibodies against 14-3-3 are observed in Angiostrongylus cantonensis
infection of the human kidney [27], we performed blast search of the A. cantonensis genome

with the nucleotide sequence of human 14-3-3. Interestingly, our analyses revealed a sequence

with 80% identity to human 14-3-3z isoform. Both proteins showed significant homology to

each other with and similarity in structural motifs (S3 Fig). A similar search conducted with

the sequences of E.multilocularis also resulted in a 249 amino acid long sequence of E.multilo-
cularis 14-3-3 (CD170865), which, when aligned with the human 14-3-3, showed maximum

similarity to the epsilon isoform of 14-3-3 (NP_006752.1, data not shown).

Comparisons of eukaryotic (yeast) 14-3-3 with human 14-3-3ε
Much like in higher eukaryotes, isoforms of 14-3-3 in yeast have been shown to perform wide

variety of functions[20–22]. Unlike in human and parasite, the antigenic roles of these iso-

forms have not been yet reported, but they are implicated in several important functions,

including cell survival [29], virulence [30], regulation of gene transcription[31] and sporula-

tion[32]. We compared the two known 14-3-3 isoforms reported in S. cerevisiae (BMH1 and

BMH2), in S. pombe (Rad 24 and Rad25) and one isoform reported in C. albicans (BMH), with

human 14-3-3. All the yeast homologs closely resembled human 14-3-3ε, as also reported pre-

viously [22]. BMH1 of S. cerevisiae exhibited 75% identity and 84% similarity, while BMH2

had 74% identity and 83% similarity with human 14-3-3ε. Similarly, BMH of C. albicans had

75% identity and 83% similarity with human 14-3-3ε (Fig 4A). Further, 3D structural

Antigenic 14-3-3 proteins
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comparison of BMH from C. albicans with human 14-3-3ε revealed an almost completely

matched overlay with high QMEAN scores (QMEAN4 = 0.75 and QMEAN6 = 0.73, Fig 4B).

Fig 3. Significant difference lies between human and T. gondii 14-3-3 proteins. (A) Sequences of human 14-3-3ζ (HsZ, NP_001129171),

14-3-3ε (HsEP, NP_006752.1), and 14-3-3γ (HsG, NP_036611.2) aligned with T. gondii 14-3-3 proteins (Tg1 = XP_002365409.1, Tg2 = XP_01

8636600.1 Tg3 = XP_018636082.1) show areas of conservation and significant variation. An extra 62 amino acid at the N-terminal region in

Tg1, and even longer N-terminal region in the case of other two family members was identified. (B) T. gondii 14-3-3 (Tg1) structure was simul-

ated by Raptor X, using C. parvum 14-3-3 (PDB ID 2NPM) as a template. P-value of the structure is 1.62e-07. The 62aa N-terminal region is

shown in red, and the rest of the protein is shown in grey. (C) Structure alignment of T. gondii 14-3-3 protein (Tg1) and human 14-3-3ε (PDB ID

2BR9). T. gondii protein is shown in white, while human protein is in blue. T. gondii structure uses the same model as in Fig 3B.

https://doi.org/10.1371/journal.pone.0189503.g003
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Presence of 14-3-3 in bacteria

Currently, there is no report of the presence of 14-3-3 in bacteria. However, when the sequences

of human 14-3-3ε and 14-3-3z were blasted against bacterial databases, several hypothetical pro-

teins with up to 50–100% similarities were identified. These proteins were identified in Gamma-
proteobacteria bacterium (2W06, WP_083217732.1), Acinetobacter baumannii (WP_082181

584.1), Streptomyces agglomeratus (WP_069926675.1), and Pseudonocardia sp. (OJY47151.1).

Fig 4. 14-3-3 of Candida albicans and human has similar sequence and structure. Sequence alignment of C. albicans 14-3-3 (BMH)

with human ζ and ε isoforms revealed 83% similarity with human ε and 79% with ζ protein. Candida BMH protein was simulated using L.

thermotolerans 14-3-3 protein (PDB ID 5LX2) as a template. QMEAN was 0.80. Candida protein is shown in white, while human 14-3-3ε
protein is shown in blue.

https://doi.org/10.1371/journal.pone.0189503.g004
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Furthermore, the similarity in sequence as well as structure between these bacterial proteins,

in particular Gammaproteobacteria and human 14-3-3z was striking (Fig 5A and 5B). The

QMEAN scores of simulated structure of bacterial 14-3-3 protein were 0.74 and 0.73 for

QMEAN4 and QMEAN6 respectively. Our analyses clearly indicate the existence of 14-3-3

protein in bacteria.

Fig 5. Sequence and structure of newly identified Gammaproteobacterial 14-3-3 with its human counterpart. (A) Sequence

alignment of a hypothetical protein of Gammaproteobacteria (WP_083217732.1) with the human 14-3-3ζ and 14-3-3ε isoforms shows 90

and 82% similarity respectively. (B) Bacterial protein was simulated based upon the human 14-3-3ζ structure (NP_001129171) (Protein

Data Bank ID 5WXN). QMEAN was 1.04. Structural alignment of a hypothetical Gammaproteobacterial 14-3-3 with the human ζ isoform

(PDB ID 5D2D) shows complete overlap. Bacterial protein is shown in white color and the human protein is shown in blue.

https://doi.org/10.1371/journal.pone.0189503.g005
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Phylogenetic analyses reveal parasitic 14-3-3 proteins as the mostly

distinct

There is a significant degree of sequence conservation in the 14-3-3 family from unicellular to

multicellular organisms including humans, yet only certain proteins are reported as being anti-

genic, is intriguing. To gain further insight into the putative antigenicity, we performed a phy-

logenetic analysis on the 14-3-3 proteins from phylum Chordata including mammals (Homo
sapiens andMus musculus), amphibian (Xenopus tropicalis), fish (Danio rerio), birds (Gallus
gallus), Arthropoda (Drosophila melanogaster) and ascidian (Ciona intestinalis), plant (Oryza
sativa japonica), several parasites from phylum including Apicomplexa (T. gondii), Platyhel-

minthes (S.mansoni) etc., Ascomycota (S. cerevisiae, C. albicans), and bacteria (Gammaproteo-
bacteria). The phylogenetic study using PhyML program with bootstrap analysis with a value

of 100, suggested that most isoforms of 14-3-3 families in mammals had an independent node.

Most isoforms from human, plant, amphibian and bird tended to cluster together, but two of

the plant isoforms (OsG and OsH) had a separate node. However, most parasite (T. gondii, S.
mansoni), fly (D.melanogaster) and yeast (S. cerevisiae) 14-3-3 proteins maintained a separate

node. In accordance to the previous report [20], our results also suggest that the epsilon iso-

form of 14-3-3 proteins probably separated from the rest of the family during the early phases

of evolution, but remained closer to the 14-3-3 of parasites, yeast and ascidians such as C. intes-
tinalis, and, therefore, may be considered as ancestral protein of the family. The most striking

observation of this analysis was that most of the isoforms from parasites (particularly SMP6,

Tg2 and Tg3) had their own independent node. The functional significance of this separation

from 14-3-3 in all other organisms is yet to be investigated.

Human 14-3-3 inhibitor is a novel antifungal agent

All of our above described analyses based on protein sequence, structure and phylogenetic sta-

tus provided clues for putative, yet undiscovered, structure-function relationships of the 14-3-3

proteins. The phylogenetic analyses, wherein the positioning of the Candida BMH very close to

human 14-3-3ε (Fig 6A and 6B), led to our hypothesis that the structural similarity between

Candida BMH and human 14-3-3ε may indicate that a known inhibitor of human 14-3-3

would also inhibit Candida BMH. Because Candida BMH is known to be important for the sur-

vival of C. albicans, we predicted that such an inhibition would arrest the growth of Candida.

Therefore, we tested the effect of R18, a peptide inhibitor of human 14-3-3, on the survival of C.

albicans. Incubation of C. albicans with R18 resulted in a dose-dependent increase in the killing

of C. albicans (Fig 7A, S4 Fig). Notably, the antifungal effect of R18 on C. albicans was as pro-

nounced as a known inhibitor of C. albicans, β-defensin-3 (BD-3) [33, 34]. Similarly, in the

infection assays using oral epithelial cells, we observed effective inhibition of C. albicans survival

when BV02, another 14-3-3 inhibitor [35], was applied (Fig 7B). Furthermore, we tested the 14-

3-3 inhibitor for its effect on the S. cerevisiaewhich also encodes two isoforms of 14-3-3 (BMH1

and BMH2) that are about 75% identical to human 14-3-3ε. These two isoforms are redundant

in their function; however, the loss of BMH1 causes delays in cell cycle [36]. In phylogenetic

analysis, we found all yeast 14-3-3 proteins were clustered close to each other and to human 14-

3-3ε. Inspite of conserved residues that are needed for binding to R18 peptide to 14-3-3, incuba-

tion of S. cerevisiaewith R18 did not result in significant killing (S4 Fig).

Discussion

Global bioinformatic approaches to compare and contrast the similarities and differences

between proteins are widely applied to investigate the antigenic nature of proteins [37]. Like

Antigenic 14-3-3 proteins
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many other autoantigens, the basis for the antigenicity of 14-3-3 is unknown. To explore a

structure-function basis for the antigenic properties of 14-3-3 proteins, we utilized a

Fig 6. Phylogeny tree of 14-3-3 family suggests parasitic 14-3-3 diverged early on. Multiple sequence alignment from MUSCLE was

used to create phylogeny tree using PhyML program with bootstrap analysis (value of 100) at www.phylogeny.fr. (A) A cladogram tree style

with branch support value at each node is shown. Common node for Candida BMH and human epsilon proteins is shown by asterisk. (B)

Circular tree emphasizes the early separation of parasitic proteins (Tg2, Tg3 and SmP6) from the rest of 14-3-3 proteins that are clustered

together.

https://doi.org/10.1371/journal.pone.0189503.g006
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bioinformatics based approach. In the mammalian isoforms, we identified 6 regions of vari-

ability, but these regions were highly conserved among orthologs. Phylogenetic analysis sug-

gested that based on the sequence, the 14-3-3 family may be classified as epsilon-like and non-

epsilon like, isoforms [20]. Earlier report on the 14-3-3 protein from G. duodenalis, a parasite

from phylum Metamonada, also suggested its closeness to human 14-3-3ε [38]. Among the

parasitic proteins, 14-3-3 from T. gondii in particular, showed unique sequences and struc-

tures, which were significantly different from that in humans. In addition to significant varia-

tion within the overlapping regions, Tg1-3 isoforms possess the additional N-terminus

sequences that were strikingly different from that in mammalian 14-3-3. Our report has, for

the first time, uncovered the existence of bacterial 14-3-3 in the Gammaproteobacteria genome,

with close resemblance to human 14-3-3z. Also, 14-3-3 of the yeast origin showed significant

similarity with the human epsilon and zeta isoforms [21, 22]. To evaluate the significance of

our bioinformatic analyses, we hypothesized that structurally similar regions in two different

species could be exploited for their functional interactions with known inhibitors. 14-3-3

inhibitors have been studied for promoting cell death in cancerous cells [35, 39], we noticed

striking similarity between the human and yeast 14-3-3 in the key residues responsible for

binding to R18 peptide, that led us to demonstrate a novel re-purposing of R18 as an antifungal

agent. This was further aided by the specificity in the inhibition of Candida and not S. cerevi-
siae, another closely related family of yeast. Although BMH1 and BMH2 are redundant pro-

teins that together are essential for S. cerevisiae life cycle, knockout of either of them results in

delayed cell cycle [21, 22, 36]. It is unknown whether the peptide inhibitor (R18) differentially

inhibits their activities. Our strategy of short-term (1 hour) inhibition of yeast 14-3-3 may also

have contributed to the observed effect. Future studies will be required to specifically under-

stand these differences.

Fig 7. Human 14-3-3 inhibitor kills C. albicans. (A) Candida in exponential growth phase were subjected to 200nM of

BD3 (β-defensin-3) or different doses of 14-3-3 inhibitor (R18) for 1hour. Inhibitor was then removed and cell survival was

calculated as described in the method section. Significant (* p = 0.0053) cell death was observed in case of R18 treated set.

(B) Incubation of TR146 cells with Candida for 1 hour in the presence of 1μM of BV02, another 14-3-3 inhibitor, resulted in

statistically significant (*p = 0.012) reduction in colony forming units.

https://doi.org/10.1371/journal.pone.0189503.g007
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In the case of autoimmune aortitis, the trigger of disease remains unknown. In-spite of sev-

eral attempts, a microbial involvement in autoimmune aortitis remains a question [40, 41].

The presence of self-antigens that mimic bacterial pathogens has been suggested in several

autoimmune diseases. This includes mycobacterial HSP in Behçet syndrome, HLA-B27 with

several gram-negative bacteria (Klebsiella pneumonia, Shigella etc.) in spondyloarthropathies

etc.[42]. Specific reports suggest correlated presence of autoantibody with T. gondii infection

such as in giant cell arteritis (anti-14-3-3 IgG) or Wegener’s granulomatosis [19, 43]. This

raised the possibility that parasitic 14-3-3 can serve as an antigen in vasculitides through

molecular mimicry. Our bioinformatic studies revealed limited commonalities and significant

variations between the human and T. gondii 14-3-3 proteins in both sequence and structure.

This knowledge can be utilized to distinguish the antibodies against human and T. gondii 14-

3-3 proteins. This leads to our speculation that protozoan (T. gondii) 14-3-3 may not be suffi-

cient to trigger a molecular mimicry-based autoantigenic function in humans. Similarly, we

observed that in-spite of lost synteny between mammals and birds, the isoforms were still clus-

tered together in the phylogenetic analyses, thereby suggesting limited use of synteny in under-

standing antigenic function of 14-3-3. In contrast, the existence of a new bacterial form of 14-

3-3, which is similar to the human 14-3-3, leads us to speculate that the antigenic 14-3-3 in

autoimmune aortitis may be connected with bacterial infections (S5 Fig).

Along these lines, our phylogenetic analysis further showed the relative closeness bet-

ween the human and C. albicans 14-3-3 [21, 22]. Although antigenic 14-3-3 of C. albicans is

unknown, many human diseases with antigenic 14-3-3, such as hepatocellular carcinoma

and giant cell arteritis, are associated with Candida infection [44–46]. This may be associ-

ated with increased susceptibility for fungal infection in the immune-compromised popula-

tion [44] and infection-induced hyper activation of immune responses[46]. Based on the

phylogenetic analyses of human and yeast 14-3-3, and effective inhibition of Candida by

human 14-3-3 inhibitor, we speculate that foreign peptides (Candida)may invoke an auto-

immune response in giant cell arteritis.

The ability of 14-3-3 proteins to homo- or hetero-dimerize regulates their functions [47],

and may provide additional information related to their antigenicity. This in part is supported

by Lalle et al.,[38] wherein they showed that 14-3-3 proteins from D.melanogaster and G. duo-
denalis are able to heterodimerize, suggesting that low level chronic infection may expose a

non-self functional molecule capable of immune activation.

Beyond determining the antigenic properties of 14-3-3, the identification of specific peptide

sequence similarities between the human and yeast forms of 14-3-3, presented us with a

unique opportunity to contemplate the repurposing of the 14-3-3 inhibitor such as, R18, as a

putative antifungal agent for Candida. The finding that R18 indeed can elicit a dose-dependent

antifungal activity against Candida is not only a novel discovery by itself, but points further to

evolutionarily conserved shared properties of 14-3-3 functions that may contribute to molecu-

lar mimicry type of responses in eukaryotes, resulting in autoimmunity. Thus, by the bioinfor-

matic assessment of 14-3-3 sequences across species, our study serves as a fundamental basis

towards the next steps required for identifying and understanding the new antigenic function

of 14-3-3, which in turn aids to differentiate between infectious and autoimmune diseases.

Methods

Bioinformatic analyses

Accession numbers of genes were obtained (S1 Table) and BLAST searches were performed by

the protein or nucleotide based search criteria using the basic local alignment search tool

(Blast) service provided by the NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Alignment was
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then entered into WebLogo to create the sequence logo to study conservation of sequence [25].

The Ensembl release 89 (https://www.ensembl.org/index.html) was used for mining genomic

datasets. The following assemblies were used: Human (GRCh38.p10), Rat (Rnor_6.0), Mouse

(GRCm38.p4), Toxoplasma (GCA_000006565.2), Candida (ASM18296v3), Saccharomyces

(R64), Xenopus (GL172639.1), Drosophila (GCF_000001215.4) and Gammaproteobacteria

(NCBI assembly- ASM171528v1, GenBank accession number-GCA_001715285.1). The website,

www.Phylogeny.fr, was used to build phylogenetic tree of 14-3-3 family of proteins [48]. MUS-

CLE and Clustal W were used for multiple sequence alignments. SWISS-MODEL was used to

simulate rat 14-3-3z and Gammaproteobacteria hypothetical protein structure, with PDB ID

5WXN serving as a template for both, while the crystal structure of human 14-3-3z was down-

loaded from Protein Data Bank (PDB ID 5D2D) [49]. Visualization and structure alignment

was done using VMD [50]. Raptor X was used to model toxoplasma 14-3-3, with PDB ID 3M50

serving as a template [51].

C. albicans and S. cerevisiae killing assays

Yeast cells were grown in YPD broth overnight at 30˚C then subcultured to the log phase of

growth [52]. The cells were washed in 10mM sodium phosphate buffer and then 10,000 cells

were co-incubated with buffer, 500nM of R18 (Enzo Life Sciences, Inc.) or 200nM of BD3

(BioBasics, Inc.) as a positive control. Cells were incubated at 37˚C (C. albicans CAF2-1) or

30˚C (S. cerevisiae AH106) for one hour in 10mM sodium phosphate buffer, serially diluted

and plated on YPD agar plates. Plates were incubated at 30˚C until yeast colonies were visible

for counting. Percent killing was calculated compared to a negative control containing buffer

only and yeast cells.

Candida killing assay with human oral epithelial cells

TR146 cells (Sigma) were grown to confluence in six well dishes using DMEM+F12 supplemented

with 10% FBS and 1% pen/strep. Once confluence was reached, cells were deprived for 24 hours

with DMEM supplemented with 1% BSA. After 24h, media was conditioned with 500nM of

BV02. A control of unconditioned deprivation media was included as a control. After 24 hours

approximately 10,000 C. albicans (CAF2-1) yeast cells that had been cultured to the log-phase of

growth were added to each of the wells and incubated at 37˚C for one hour. After incubation,

TR146 cells and C. albicans were removed from the plate and resuspended in 10mM sodium

phosphate buffer, serially diluted and plated on YPD agar plates supplemented with gentamicin

and ampicillin. Plates were incubated overnight at 30˚C. Plates were then counted for number of

Candida colonies and percent killing was calculated compared to a negative control.

Statistical analysis

For simulated structures, we used the QMEAN score (SWISS-MODEL) or probability (Raptor

X), as provided by the platform utilized for determination. As suggested by Raptor X, p values

less than 10−3 and 10−4 was considered significant for alpha helix and beta sheet dominant

structures, respectively. For QMEAN, scores range from 0–1, with 1 being good [53]. For the

survival experiments, we used two tailed unpaired t test with at least 95% confidence to deter-

mine the significance of difference.

Supporting information

S1 Fig. Sequence alignment of human isoforms. All human 14-3-3 isoforms were aligned

using MUSCLE program. Fully conserved residues are marked with an asterisk (�), mostly
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conserved with a colon (:), weakly conserved with a period (.) and non-conserved are unla-

beled. Area of variability are underlined and are numbered as v1 to v6. Labels are hsEP = ε,

hsS = σ, hsG = γ, hsET = η, hsT = τ, hsZ = z, hsA = α.

(PDF)

S2 Fig. Sequence alignment of S. mansoni vs human isoforms. Alignment of S.mansoni 14-

3-3 isoforms (assembly ASM23792v2) with human 14-3-3 isoforms is shown.

(PDF)

S3 Fig. Sequence alignment of Angiostrongylus vs human isoforms. Alignment of A. canto-
nensis 14-3-3 with human zeta isoform showed significant homology between the two pro-

teins.

(PDF)

S4 Fig. Effect of 14-3-3 inhibitor on the yeast growth. (A) Inhibition of 14-3-3 in S. cerevisiae
does not decrease cell survivality. Unlike C. albicans, Inhibition of 14-3-3 by peptide inhibitor

R18 (500nM) did not result in statistically significant change in the yeast survival in compari-

son to b-defensin 3 (BD3, 200nM). (B) Representative Images from the Candida survival

experiment (Fig 7A) are shown. Number of counted colonies on each plate are listed below.

(PDF)

S5 Fig. Alignment of all 14-3-3 genes investigated in the current study. A table showing

abbreviations that are used in alignment file, followed by alignment file.

(PDF)

S1 Table. List of 14-3-3 proteins studied. Accession Numbers of All 14-3-3 Proteins. obtained

from NCBI, are listed.

(PDF)

S2 Table. Chromosomal location of 14-3-3. Position of 14-3-3 isoforms In different species is

listed.

(PDF)
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