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Abstract

Moonlighting proteins serve one or more additional functions in addition to their canonical roles. 

Moonlighting functions arise when an adventitious interaction between a protein and a new 

partner improves fitness of the organism. Selective pressure for improvement in the new function 

can result in two alternative outcomes. The gene encoding the newly bi-functional protein may 

duplicate and diverge so as to encode two proteins, each of which serves only one function. 

Alternatively, genetic changes that minimize adaptive conflict between the two functions and/or 

improve control over the time and place at which each function is served can lead to a 

moonlighting protein. Importantly, genetic changes that enhance a moonlighting function can 

occur in the gene encoding the moonlighting protein itself, in a gene that affects the structure of its 

new partner, or in a gene encoding a transcription factor that controls expression of either partner. 

The evolutionary history of each moonlighting protein is complex, depending upon the stochastic 

occurrence of genetic changes such as gene duplication and point mutations, and the effects of 

those changes on fitness. Population effects, particularly loss of promising individuals due to 

random genetic drift, also play a role in the emergence of a moonlighting protein. The ultimate 

outcome is not necessarily the “optimal” solution to the problem of serving two functions, but may 

be “good enough” that fitness becomes limited by some other function.

In the early days of molecular biology, each gene was expected to encode a single protein 

that serves a single function[1, 2]. This appealingly simple paradigm has been shattered by 

numerous examples to the contrary, including identification of “moonlighting” proteins that 

serve multiple functions, often in different places or at different times. Each case of 

moonlighting begs a number of interesting evolutionary questions. How did the secondary 

function arise? Why are different moonlighting functions seen in orthologous proteins in 

different organisms? And, most interestingly, why has the moonlighting protein not been 

replaced by two proteins, each of which performs a specialized function?

Acquisition of a new function

Moonlighting functions arise as a result of an adventitious interaction with a new partner, 

often another protein, but sometimes DNA or RNA. Possibilities for new interactions are 

rife in the crowded cytoplasm of cells. A simulation of the E. coli cytoplasm that includes 

the 50 most abundant macromolecules suggests that proteins have about 25 neighbors at any 

moment, and encounter over 100 different molecules within 15 µsec [3]. The external milieu 

also offers many opportunities for new interactions that may confer a selective advantage, 

especially for pathogens and multi-cellular organisms.
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New binding interactions can involve any part of a protein’s surface. Much of a protein’s 

surface is not involved in its canonical function and thus free to drift via mutations that do 

not affect the canonical function. If a new interaction is beneficial, natural selection will 

favor persistence of mutations and/or post-translational modifications of either the 

moonlighting protein or its new partner that enhance the affinity or orientation of the 

interaction. Alternatively, new binding interactions can result from mutations that change 

the time of expression or the location of binding partners, thus bringing together two 

proteins that are already capable of interacting but that were never before present in the 

same place at the same time (see Figure 1).

A study of the affinities of variants of the transcriptional regulator MarA for 64 DNA 

binding sites illustrates that new binding partners can be acquired as a result of only one or 

two mutations [4]. In wild-type MarA, Trp42, Gln45 and Arg46 interact with a GCA motif 

in the target promoter. W42R MarA is specific for TCC, whereas W42T Q45R MarA is 

specific for GAC. In contrast, W42S Q45A MarA has low specificity and binds to 42 of the 

64 binding sites.

The probability that a given protein will acquire a moonlighting function depends upon 

many factors. The protein must be present under the conditions in which a new physical 

interaction will improve fitness. Consequently, proteins that are present under nearly all 

growth conditions may be the most likely to acquire a new function. Proteins that are 

abundant are more likely to acquire a new function simply because the frequency of 

encounters between potential interaction partners is proportional to the concentrations of 

both partners. The abundance of moonlighting functions exhibited by glycolytic enzymes 

[5–7] and ribosomal proteins [8] may be due to their nearly ubiquitous presence and 

abundance.

A framework for thinking about the evolutionary fate of a newly bifunctional 

protein

Figure 2 depicts possible evolutionary fates of a protein that has acquired a new 

moonlighting function that does not yet operate optimally. On the left is a trajectory in 

which mutations enhance the moonlighting function without significantly damaging the 

ancestral function. Such mutations might be in the regulatory and/or coding region of the 

gene encoding the moonlighting protein. A moonlighting function might also be enhanced 

by mutations in the regulatory and/or coding region of other genes, including the new 

interaction partner or transcriptional regulators that control expression of either of the new 

binding partners. Thus, improvement in a moonlighting function need not involve any 

changes in the protein itself. As a consequence, the gene encoding a moonlighting protein 

may not carry any traces of the acquisition of a second function. This factor will complicate 

efforts to use sequence analysis to predict moonlighting functions and to identify the surface 

regions involved in a moonlighting interaction.

The right side depicts a trajectory that begins with gene duplication [9, 10]. If fitness is 

enhanced by an increase in gene dosage, further amplifications may occur, up to the point at 

which there is no further benefit to increased copy number. Gene duplication/amplification 
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provides an expanded opportunity to search sequence space because there are multiple 

targets for mutation and because deleterious mutations in an individual allele can be 

buffered by other alleles. Recombination between alleles carrying different mutations can 

allow relatively rapid sampling of the effects of various combinations of mutations. Upon 

emergence of two alleles, each of which encodes a sufficiently effective specialist, 

additional copies that do not contribute to fitness can be lost. Again, it is important to keep 

in mind that mutations that allow divergence of function may occur in the promoter of one 

or both genes and/or a gene encoding a regulatory protein.

The evolutionary trajectories shown in Figure 2 are not uni-directional. Mutations in the 

context of a gene amplification may lead to a protein that can serve both its ancestral and 

moonlighting functions well enough to allow loss of extra gene copies. Thus, a moonlighting 

protein may be the outcome of a process that begins by gene duplication or amplification. 

Alternatively, a gene encoding a moonlighting protein that has accumulated some mutations 

may duplicate and the copies may subsequently diverge to two specialist proteins.

The evolutionary trajectory followed by a bi-functional protein depends on the occurrence of 

stochastic events (gene duplication/amplification and beneficial point mutations and/or 

indels), as well as the fitness effects realized by each process. These processes will be 

discussed in the following sections.

The frequencies and fitness effects of gene duplications

The evolutionary fate of a bifunctional protein is influenced by the frequency and 

mechanism of duplication, as well as the size, copy number and gene content of a 

duplicated/amplified region. All of these parameters vary between organisms and between 

sites in the same genome.

It is important to recognize that duplications usually involve segments larger than a single 

gene. The term “segmental duplication” is a more accurate description in such cases, 

although “gene duplication” is commonly used when the focus is upon a single gene within 

a duplicated region. The fitness effects of a segmental duplication depend upon the effects of 

increasing the dosage of every gene in the duplicated region. Increasing the dosage of some 

proteins may increase fitness, but beyond a certain point the effect on fitness may level off 

or become detrimental. The latter is commonly seen when a precise ratio between a protein 

and other cellular components is critical, or when the protein aggregates at high 

concentrations [11].

Gene duplication occurs at a frequency of 5×10−6 per gene per generation in S. cereviseae 

[12], and about 50-fold lower in C. elegans [13]. However, these are average values; 

duplication frequency vary within genomes. A study of the frequency of gene duplication at 

38 sites in S. enterica revealed a 550-fold difference in duplication frequency, between 

5.8×10−5 to 3.2×10−2 [14]. In the human and mouse genomes, there are more than 25,000 

and 47,000 recombination hot-spots, respectively [15, 16]. In humans, some chromosomes 

are enriched for segmental duplications [17], and regions near the centromeres and 

telomeres are enriched for recent duplications [11].

Copley Page 3

Biochem Soc Trans. Author manuscript; available in PMC 2015 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Duplication that occurs by illegitimate or homologous recombination usually results in 

retention of the regulatory regions upstream of a gene. Although tandem duplications are 

common in bacteria [14, 18–20], duplicated genes or segments sometimes end up on 

different replicons. Recent gene duplicate pairs are sprinkled throughout the 9 replisomes of 

the cyanobacterium Acaryochloris [21], and many duplicate pairs in humans are found on 

different chromosomes or different regions of the same chromosome [17]. Gene duplication 

via retrotransposition, which results in integration of an intron-less copy of a gene that lacks 

its regulatory sequences, often deposits genes in a distant location in the genome. Depending 

upon the sequence upstream of the new copy, the gene may lose the capacity for expression, 

or, more interestingly, may acquire a totally different set of regulatory factors.

Once duplication occurs, the evolutionary fate of a duplicated gene or segment depends 

upon whether an increase in gene dosage increases fitness. If it does, further amplifications 

of genes or segments can occur. If it does not, loss of one copy by homologous 

recombination or deleterious mutations that lead to a pseudogene will likely occur before 

beneficial mutations that increase an inefficient function in one or the other of the copies 

[22].

The frequency and fitness effects of mutations

Mutations will often be required to improve the performance of a newly acquired 

moonlighting function, regardless of whether the gene has been duplicated/amplified. Like 

gene duplication, the frequencies and fitness effects of mutations are highly variable. In the 

following discussion, it will be assumed that point mutations that improve the function of a 

moonlighting protein may occur in the gene encoding either partner. This discussion will 

focus on point mutations, but the principles discussed are applicable to indels, as well.

Point mutations in cellular organisms are rare relative to the frequency of gene duplication. 

The frequency in E. coli is 2.2×10−10 per bp per cell division [23]. Frequencies in eukaryotic 

nuclear DNA range from about 10−10 to 10−9 per bp per cell division. The mutation rate is 

often higher in mitochondrial DNA, reaching 12×10−9 per bp per cell division in S. 

cereviseae mitochondrial DNA [24]. Frequencies in viruses are also variable, ranging from 

2×10−8 per nt per strand-copying in the double-stranded DNA phage T2 to 4.4 × 10−5 per nt 

per strand-copying in the (-)-strand RNA measles virus [25]. However, these average values 

conceal a striking variation in mutation frequencies within the genome. Mutations occur at 

CpG sites 10-fold more often than at other sites [24]. In yeast nuclear DNA, the most 

frequent point mutation (G:C → A:T transition) is 4.5-fold more common than the least 

frequent mutation (A:T → T:A transversion) [12]. In addition, there are mutation “hot spots” 

and “cold spots” in which synonymous mutations occur at widely varying frequencies in 

genomes. In E. coli, these hot and cold spots often span multiple genes (see Figure 3) [26].

The fitness consequences of point mutations are generally either neutral, due to the structure 

of the genetic code, or detrimental because there are many ways to destroy the function of a 

protein, including truncation, destabilization, or loss of critical amino acid residues required 

for binding or catalysis. Only a small fraction of mutations in coding regions is expected to 
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have beneficial effects on one or both of the functions of a moonlighting protein. Thus, 

achieving an improvement of an inefficient function may be a long and difficult process.

One of the primary determinants of the consequence of a mutation is a protein’s stability. 

Since many amino acid changes are destabilizing [27, 28], proteins that are more stable to 

begin with have a greater capacity to accumulate the changes needed to improve an 

inefficient function. Further, even in quite stable proteins, a successful evolutionary 

trajectory may require intermediate stages in which “enabling” mutations restore stability 

but do not contribute to improvement of function, before further beneficial mutations can be 

tolerated.

Structural characteristics affect the consequence of point mutations for other reasons, as 

well. The abundance of proteins that share certain folds suggests that some folds are more 

evolvable than others. The common (αβ) barrel provides sites at the ends of the barrel at 

which variation is easily achieved by changes in the loops connecting the α helices and β 

strands in the context of a stable structure. This versatility can enhance the acquisition and 

refinement of moonlighting functions. The plasminogen binding site in α-enolase from 

Streptococcus pneumoniae is located in one of these loops at the surface of a (αβ) barrel 

[29].

The effect of a point mutation on an inefficient function depends in a surprisingly strong 

way upon sequence, even among orthologous proteins that share a common structure and 

function. Mutations can be beneficial in some sequence contexts, but detrimental in others 

[30–32]. A mutation that changes a Glu near the active site of gamma-glutamyl phosphate 

reductase to Ala increases an inefficient promiscuous activity by 770-fold in the Yersinia 

enterocolytica enzyme, but by only 14-fold in the Lactococcus casei enzyme (Khanal, Yu 

McLoughlin, Kershner and Copley, in press). This strong intra-protein epistasis is perhaps 

the least predictable of the factors that influence the potential for evolutionary innovation in 

different organisms.

Given the difficulty of improving an inefficient function via mutations in the coding region 

of the gene, the most accessible mechanism for improvement in fitness often involves 

regulatory mutations [33]. Such mutations may alter the strength of a promoter, result in 

recruitment of a new transcription factor, or alter RNA-based control mechanisms that 

depend upon a sequence or a secondary structure in the encoded mRNA [34]. Mutations in 

genes encoding transcription factors can also alter the regulation of expression of a 

moonlighting protein. Indeed, both cis and trans effects have been found to contribute to 

regulatory differences between gene duplicates in yeast [35].

Finally, the effects of point mutations depend upon the nature of the moonlighting function. 

Evolution of a novel catalytic function is more demanding than evolution of a novel binding 

site, since catalysis requires precise positioning of multiple catalytic groups in addition to 

residues involved in ligand binding. Thus, moonlighting functions usually involve new 

binding interactions, and it is rare, although not unprecedented [36], for a moonlighting 

function to be catalytic.
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Which trajectory?

Given the relative frequencies of gene duplication and point mutations, the most likely event 

to follow acquisition of a new function is gene duplication. Although duplication and 

divergence is a common outcome, the existence of moonlighting proteins demonstrates that 

this is not the only fate of a bifunctional protein. When beneficial mutations that alter 

regulation are more frequent than beneficial mutations in coding regions of the genes 

involved in the moonlighting function, regulatory mutations may result in loss of some gene 

copies, and consequently a loss in the ability to search sequence space afforded by the 

presence of multiple gene copies. Further, when gene duplication does not increase fitness, 

duplication and divergence is unlikely, and refinement of a new function may have to rely 

upon mutations in the single copy of the gene encoding the moonlighting function or in 

genes encoding its new partner or transcriptional regulators.

There is no guarantee that evolution of a new moonlighting protein will lead inexorably to 

the most “optimal” solution from a design standpoint. Mutations leading to the optimal 

solution may be rare. Multiple mutations may be required to traverse a valley in fitness 

space, requiring a decrease in fitness before better solutions can be accessed. In either case, 

mutants that arise more frequently but cannot access a trajectory toward the optimal solution 

may take over the population. Further, selective pressure ceases when a solution that is 

“good enough” emerges and fitness becomes limited by some other component of the cell or 

organism.

The previous discussion has focused on the stochastic genetic events that lead to either a 

moonlighting protein or two specialized proteins. However, the evolution of a moonlighting 

protein takes place in the context of an entire genome that is subject to genetic changes, and 

within a cell or organism that may be subject to variable selective pressures. The situation is 

further complicated when something else is more important for fitness than the function of a 

moonlighting protein. In such cases, particular alleles that contribute to the moonlighting 

function may persist because they are physically linked with genes that are more critical for 

fitness, and not because they provide the optimal performance of the moonlighting protein.

An additional layer of complexity is introduced by the characteristics of the population and 

the environment in which a bifunctional protein has emerged. Random genetic drift, 

particularly in small populations, and population bottlenecks can result in loss of individuals 

that carry advantageous genetic traits. Thus, the population may lose promising individuals, 

and retain individuals that are constrained to a trajectory leading to a sub-optimal solution to 

the challenge presented by a bifunctional protein. Even in larger populations, a common 

mutation that confers an increase in fitness may sweep through a population and preclude 

evolutionary trajectories that are more difficult to find but that have the potential to lead to 

more optimal solutions.

Why proteins acquire different moonlighting functions in different lineages

One of the intriguing aspects of moonlighting proteins is that a single protein often has 

different moonlighting functions in different lineages. Conversely, a common moonlighting 

function is often served by different proteins in different lineages. An obvious reason is that 
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the repertoire of potential interaction partners varies in different organisms, and even in the 

same organism under different environmental conditions. In multicellular organisms, the 

repertoire of potential interaction partners also varies in different organelles and different 

tissues, and at different times during development. Even within a given species, the protein 

repertoire can differ dramatically. A comparison of 35 serovars of Salmonella enterica 

revealed 2811 proteins common to all strains. However, each serovar contained between 50 

and 504 proteins found in no other serovar [37]. In addition, random drift in surface regions 

of proteins means that novel binding interactions between orthologous components may be 

possible in some organisms but not in others.

The evolution of a moonlighting function takes place in the context of a complex metabolic 

and regulatory network. Consequently, epistatic effects play a strong role in the evolutionary 

fate of a newly bifunctional protein. For example, compromises in a canonical function due 

to improvement of a moonlighting function may be better tolerated in organisms in which 

the canonical function is less critical due to genetic redundancy or a better ability to re-route 

metabolic flux. Alterations in regulation needed to improve the timing or location of 

expression of a moonlighting program may be more accessible in some organisms than in 

others due to a different complement of transcriptional regulators, different “wiring” of the 

regulatory network, and/or differences in promiscuous binding activities of transcriptional 

regulators that can jump-start the emergence of a new regulatory interaction.

Moonlighting is favored when gene duplication is detrimental

Small DNA and RNA viruses use multiple strategies to maintain their streamlined genomes. 

Selection against increases in size is believed to be due to the constraints of the protein 

capsid [38]. Common strategies include the use of overlapping genes [38, 39], alternative 

splicing [40], antisense transcription [41], programmed translational frameshifting [42] and 

moonlighting [43, 44], all of which allow a virus to squeeze greater functionality out of a 

small genome.

Ebola virus protein VP40 is an example of a moonlighting viral protein [43, 44]. The (-)-

strand RNA genome of Ebola virus encodes only 7 proteins. VP40 is the matrix protein that 

connects the nucleocapsid to the viral membrane. It also moonlights as a transcriptional 

regulator earlier in the infectious process. The N-terminal domain of the protein forms an 

octamer that binds RNA and down-regulates transcription of the genome. This dual 

functionality makes sense; high levels of VP40 serve as a signal to stop transcription and 

start packaging progeny viruses.

Moonlighting may be favored when there is no adaptive conflict between 

the functions of a bi-functional protein

Many moonlighting proteins serve different functions in different places. In such cases, a 

single protein may be able to perform more than one function because only one function is 

required in a certain place. For example, the glycolytic enzyme enolase converts 2-

phosphoglycerate to phosphoenolpyruvate in the cytoplasm, and also binds plasminogen on 

the surface of many cells, including bacteria [29, 45, 46], tumor cells [47], leukocytes [48],
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[49], neurons [50], and muscle precursor cells [51]. Cleavage of plasminogen to the 

enzymatically active plasmin form contributes to degradation of proteins in the extracellular 

matrix and allows motile cells to move through tissues. This contributes to the spread of 

pathogens and cancer cells [47]. On a more positive note, the same moonlighting function 

contributes to the migration of peripheral blood monocytes into infected tissue [52] and the 

ability of muscle precursor cells to repair damaged muscle tissue [51].

Moonlighting may be favored when the two functions of a bi-functional 

protein are complementary

When two functions are mutually exclusive, combining them a single protein may benefit 

the organism by allowing efficient switching between functions depending on the 

environmental conditions. An example is aconitase [53], whose canonical function is 

isomerization of citrate and isocitrate in the TCA cycle. The active site of aconitase contains 

an iron-sulfur cluster that is required for catalysis. When iron levels are low, the iron-sulfur 

cluster cannot be assembled, and the protein adopts a conformation that binds stem-loop 

structures known as iron-regulatory elements (IREs) in the 5’ or 3’ UTR of certain mRNAs, 

many of which are involved in iron uptake or storage. Binding to the 5’-UTR decreases 

transcription of genes; binding to the 3’-UTR stabilizes transcripts and increases the levels 

of translation. Since aconitase cannot perform its enzymatic role in the absence of sufficient 

iron, its use as an iron sensor allows a simple direct readout of cytoplasmic iron levels, as 

well as an important function for a protein that would otherwise be useless.

Duplication and divergence is favored when the adaptive conflict between 

two functions cannot be easily solved in the context of a single protein

The existence of large superfamilies of enzymes, transcriptional regulators and ligand 

receptors attests to the increase in fitness permitted by the process of duplication and 

divergence. In these cases, fitness is clearly increased by the emergence of specialist 

proteins with high specificity for their substrates or ligands. In the case of transcriptional 

regulators and receptors, high specificity enables precise responses to environmental clues. 

In the case of enzymes, specialization allows increased catalytic efficiency as well as 

independent control over fluxes in metabolic pathways.

Genes encoding members of the enolase superfamily have duplicated and diverged many 

times, leading to families of enzymes that catalyze more than 20 different reactions [54], 

while retaining the ancestral protein fold as well as the active site architecture that promotes 

abstraction of a hydrogen from a position alpha to a carboxylate. After this initial step, the 

reactions differ depending upon the disposition of catalytic groups in the active site. The 

benefit of duplication and divergence in this superfamily is evident, as specific catalytic 

groups are required in different positions [55].

Genes encoding G-protein coupled receptors have also duplicated and diverged. The human 

genome encodes an astonishing 800 G-protein receptors that are involved in a wide variety 

of signal transduction functions [56]. The ligand binding domains of these receptors have 

diverged to bind a range of small molecules, peptides, and proteins with high specificity. No 
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doubt the ability to sense and respond precisely to extracellular stimuli has provided 

selective pressure to allow the enormous expansion of this protein family.

Moonlighting and duplication and divergence are not necessarily mutually 

exclusive solutions

The stochastic processes that affect the fate of a bifunctional protein may not follow a 

simple evolutionary trajectory toward only one of the two possibilities shown in Figure 2. 

For example, in metazoa, the gene for aconitase has duplicated. One copy encodes a 

moonlighting protein, while the other encodes a protein that is 60% identical but has lost 

enzymatic activity and serves only as an iron-regulatory protein [53, 57].

Conclusion

Studies of the growing number of characterized moonlighting proteins provide a fascinating 

view of the marvelous functional versatility of moonlighting proteins. However, we have 

limited insight into the process by which these intriguing multi-tasking abilities arose in the 

distant past. The evolutionary history of each moonlighting protein is an individual story 

that played out in the context of a set of genetic, environmental and population conditions 

that have been obscured by the ensuing millions of years of evolution. We can, however, 

hope to reveal some of the critical events in the evolution of moonlighting proteins. 

Identifying the binding partners of moonlighting proteins and the regions of each 

macromolecule that are involved in the moonlighting interaction will focus our attention on 

the genetic sequences that have undergone changes. Likewise, identifying the proteins and 

processes that regulate the temporal and spatial control of the individual functions of 

moonlighting proteins will point us toward additional genes in which mutations may have 

contributed to the refinement of a moonlighting function.
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Figure 1. 
New interactions can be enabled by either mutations or new post-translational modifications 

of a future moonlighting protein (blue) and a new partner (red), which may be a protein or 

another macromolecule.
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Figure 2. 
Possible evolutionary fates of a protein that has acquired a second function. Mutations can 

occur in the regulatory and/or coding regions of the gene, and in the case of a moonlighting 

protein, in the regulatory and/or coding regions of other genes.

Copley Page 14

Biochem Soc Trans. Author manuscript; available in PMC 2015 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Mutational cold spots and hot spots in the E. coli genome based upon a comparison of 34 

fully sequenced genomes. a) Synonymous diversity plotted along the E. coli genome; b) a 

representative cold spot that spans 3 kb; c) a representative hot spot that spans 10 kb; d and 

e) multiple sequence alignments used to generate the data. Reprinted by permission from 

Macmillan Publishers Ltd: Nature 485, 95–98, copyright 2012.
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