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Abstract

Cytosolic and mitochondrial 10-formyltetrahydrofolate dehydrogenases are products of separate 

genes in vertebrates but only one such gene is present in invertebrates. There is a significant 

degree of sequence similarity between the two enzymes due to an apparent origin of the gene for 

the mitochondrial enzyme (ALDH1L2) from the duplication of the gene for the cytosolic enzyme 

(ALDH1L1). The primordial ALDH1L gene originated from a natural fusion of three unrelated 

genes, one of which was an aldehyde dehydrogenase. Such structural organization defined the 

catalytic mechanism of these enzymes, which is similar to that of aldehyde dehydrogenases. Here 

we report the analysis of ALDH1L1 and ALDH1L2 genes from different species and their 

phylogeny and evolution. We also performed sequence and structure comparison of ALDH1L 

enzymes possessing aldehyde dehydrogenase catalysis to those lacking this feature in an attempt 

to explain mechanistic differences between cytoplasmic ALDH1L1 and mitochondrial ALDH1L2 

enzymes and to better understand their functional roles.
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1. Introduction

Folate metabolism is crucial for several biosynthetic processes including de novo purine and 

thymidylate generation, synthesis of methionine from homocysteine and biosynthesis of 

glycine from serine (1,2). It is also involved in the degradation of histidine and glycine and 

metabolism of betaine and dimethylglycine, which donate carbon groups into folate pool 

(1,2). Enzymes involved in folate pathways are compartmentalized in the cell between 

cytoplasm and mitochondria (2). Of note, several folate-dependent reactions take place in 

both compartments and are catalyzed by cytoplasmic and mitochondrial isozymes. 

Corresponding cytosolic and mitochondrial forms of folate enzymes are products of separate 

genes, which have likely arisen from gene duplication (3). In recent years, presence of 

several folate enzymes in the nucleus has also been established (4,5). This phenomenon, 

however, is the result of translocation of cytosolic enzymes under certain conditions to allow 

thymidylate generation directly at DNA replication sites (6,7). Overall, folate-dependent 

nucleotide and methionine biosynthesis takes place outside of mitochondria and it has been 

proposed that the mitochondrial folate metabolism plays a supportive role providing 

cytoplasmic folate metabolism with additional one-carbon groups derived from glycine 

degradation and betaine/dimethylglycine conversion (8,9).

One of the folate reactions duplicated between cytosol and mitochondria is the conversion of 

10-formyltetrahydrofolate to tetrahydrofolate (THF) and CO2 (10). This reaction is 

catalyzed by two similar enzymes, cytosolic and mitochondrial 10-formyl-THF 

dehydrogenases, which are products of separate genes (11). While the precise roles of these 

enzymes are not clear at present, the cytosolic isoform is likely to serve as a regulator of the 

overall folate metabolism since it irreversibly removes one-carbon groups from folate pool 

thus restricting the capacity of folate-dependent biosynthetic reactions (12,13). In agreement 

with this regulatory function, ALDH1L1 is ubiquitously silenced in human cancers 

apparently as a mechanism favoring limitless proliferation (14–16). The function of 

ALDH1L2 enzyme is even less clear, but it could be involved in the production of formate 

instead of CO2 (17).

The cloning of ALDH1L1 gene in 1991 immediately revealed the fact that it is the product of 

natural fusion of three unrelated genes (18). One of these genes was an aldehyde 

dehydrogenase (ALDH) and another was similar to two 10-formyl-THF utilizing enzymes, 

GARFT and FMT (19). Such gene organization results in the enzyme with two distinct 

catalytic domains, the amino-terminal folate-binding domain and carboxyl-terminal ALDH 

domain (20,21). These domains are connected by a short (about a 100 amino acid residues) 

linker, which is not a part of either domain. We later demonstrated that the linker domain is 

a structural and functional homolog of acyl carrier proteins (22). The characteristic feature 

of these proteins, the 4′-phosphopantetheinyl prosthetic group, allows the transfer of the 

intermediate of the ALDH1L1 catalytic reaction from folate binding site to the ALDH 

catalytic center (19,23).

Compared to canonical ALDHs, which are ancient genes and present in all kingdoms of life, 

the ALDH1L1 gene appeared later in evolution: it is not found in plant, bacteria or yeast (3). 

Our previous phylogenetic analysis pointed to the conclusion that mitochondrial ALDH1L2 
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has emerged after cytosolic ALDH1L1 and the appearance of the former was traced to bony 

fish (3). The annotation of additional genomes in recent years indicated the necessity to re-

evaluate the evolutionary relationship between ALDH1L1 and ALDH1L2. Here we 

performed the extended phylogenetic analysis of ALDH1L1 and ALDH1L2 enzymes and 

compared structures of the enzymes to understand differences in their catalytic abilities.

2. Materials and methods

2.1. ALDH1L1 and ALDH1L2 gene and protein identification

ALDH1L1 and ALDH1L2 sequences for representative vertebrate and invertebrate species 

were retrieved from ExPASy (http://www.expasy.org) (24) and NCBI (http://

blast.ncbi.nlm.nih.gov/Blast.cgi) databases using human (Homo sapiens) (11) and zebrafish 

(Danio rerio) (3) ALDH1L1 and ALDH1L2 sequences to seed searches. Identification of 

these genes was based on high predictive scores (>850) and sequence coverage (>98%) for 

ALDH1L-like protein sequences listed by NCBI, in each case (Table 1). BLAT searches 

were performed using relevant ALDH1L1 and ALDH1L2 protein sequences to confirm the 

presence or absence of these genes among the species examined using the UCSC Genome 

Browser (25). Predicted gene structures, gene locations and ALDH1L1 and ALDH1L2 

amino acid sequences were obtained for each protein identified (Table 1). Prediction of the 

ALDH1L-like protein N-terminal sequence that may serve as a mitochondrial targeting 

peptide, and the cleavage site for this peptide, was undertaken using MITOPROT (26).

2.2. Amino acid sequence alignments and phylogenetic analyses

Vertebrate and invertebrate ALDH1L-like sequences were subjected to phylogenetic 

analysis using the http://www.phylogeny.fr/ portal to enable alignment (MUSCLE), curation 

(Gblocks), phylogeny (PhyML) and tree rendering (TreeDyn) to reconstruct phylogenetic 

relationships (27). Vertebrate sequences were identified as members of the ALDH1L1 

(cytosolic) or ALDH1L2 (mitochondrial) groups, whereas invertebrate sequences were 

identified as a members of a single group, designated as ALDH1L1.

2.3. Homology modeling

Homology models of the C-terminal domains of human mtFDH and zebrafish cytosolic 

FDH (zFDH) were generated using the SWISS-MODEL server as described earlier (17).

3. Results and Discussion

3.1. Predicted gene locations, exonic structures and amino acid sequences for ALDH1L1 
and ALDH1L2 genes and proteins

Table 1 summarizes the predicted localization, sizes and numbers of exons for vertebrate 

ALDH1L1 and ALDH1L2 genes and invertebrate ALDH1L1 genes examined, and for 

encoded ALDH1L1 and ALDH1L2 subunit amino acid sequences. These predictions were 

based on BLAST interrogations of ALDH1L1 and ALDH1L2 sequences (http://

blast.ncbi.nlm.nih.gov/protein) using human ALDH1L1 and ALDH1L2 (11), and zebra fish 

ALDH1L1 and ALDH1L2 (3) sequences and from BLAT analyses of vertebrate and 

invertebrate genomes using the UC Santa Cruz Genome Browser (http://genome.ucsc.edu/
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cgi-bin/hgBlat) (25). For every vertebrate genome examined, there were 23 exons observed 

for ALDH1L1 and ALDH1L2 genes, which encode the cytosolic and mitochondrial enzymes, 

respectively (Table 1). However, in ALDH1L1 genes the first exon is non-translatable. 

Alignments of N-terminal amino acid sequences for several vertebrate ALDH1L1 and 

ALDH1L2 enzymes demonstrated that the additional translatable ALDH1L2 exon encodes 

for the N-terminus containing mitochondrial leader sequence, which is responsible for the 

mitochondrial localization of the enzyme (11) (Fig. 1). Moreover, alignments of invertebrate 

ALDH1L1 N-terminal sequences demonstrated that these were predominantly consistent 

with the exonic structure for the vertebrate ALDH1L1 genes, although with a reduced 

number of exons overall. The fruit fly (Drosophila melanogaster) ALDH1L1 gene, for 

example, contained only 2 coding exons, whereas the sea hare ALDH1L1 gene contained 23 

coding exons (Table 1). It is of considerable interest that two isoform sequences were 

observed for sea squirt (Ciona intestinalis) ALDH1L1 (designated as ALDH1L1a and 

ALDH1L1b), which are products of the same gene, but with an additional exon encoding a 

predicted mitochondrial leader sequence for the ALDH1L1b enzyme (Table 1 and Fig. 1). In 

addition, sea urchin (Strongylocentrotus purpuratus), trichoplax (Trichoplax adhaerens) and 

termite (Zootermopsis nevadensis) ALDH1L1 N-terminal sequences exhibited 

mitochondrial leader sequence characteristics. It is not known at present, however, whether 

these proteins are actually localized in the cytoplasm or mitochondria.

3.2. Phylogeny and evolution of ALDH1L1 and ALDH1L2 sequences

A phylogram (Fig. 2) was calculated by the progressive alignment of 14 vertebrate 

ALDH1L1 and ALDH1L2 and 17 invertebrate ALDH1L1 amino acid sequences. ALDH1L2 

sequences were identified for all vertebrate genomes examined, whereas ALDH1L1 

sequences were notably absent from the chicken (Gallus gallus) and lizard (Anolis 

carolensis) genomes, which suggested that an ALDH1L1 gene loss event may have taken 

place during avian and reptilian evolution. Bioinformatic analyses of other bird (zebra finch 

and turkey) genomes confirmed the apparent absence of the ALDH1L1 gene from these 

species (results not shown). These results are consistent with a previous report on vertebrate 

ALDH1L1 and ALDH1L2 gene evolution (3). The phylogram also demonstrated separation 

of these sequences into two distinct groups during vertebrate evolution (ALDH1L1 and 

ALDH1L2 sequences) and suggested that these genes were derived from an ancestral 

invertebrate ALDH1L1 gene, given the consistent presence of this gene among all 

invertebrate genomes examined.

Our analysis indicates that a single primordial ALDH1L1 gene encodes for the protein, 

which can localize either in cytosol or mitochondria of invertebrates depending on species. 

Because the likely predecessor of the N-terminal domain of ALDH1L1 protein was an FMT-

related protein, the mitochondrial localization should not be surprising. Indeed, FMT is a 

mitochondrial protein, encoded by nuclear DNA, and it has a typical mitochondrial leader 

sequence (28). Therefore, the fusion protein with the FMT-derived domain at the N-

terminus would be expected to have a mitochondrial leader sequence as well, encoded by the 

FMT-related part of the gene. The alternative splicing ALDH1L1 mRNA, which would 

exclude the first exon encoding for the leader sequence, enables the gene to produce enzyme 

localized to cytosol. Of note, such mechanism is known for another folate enzyme, 
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mitochondrial serine hydroxymethyltransferase (29). It is likely that this mechanism can be 

responsible for producing either the cytosolic or mitochondrial enzyme in invertebrate 

genomes.

While the precise evolutionary path for the ALDH1L gene is not clear at present, we 

hypothesize that the primordial gene encoded the cytoplasmic enzyme, which is the feature 

of the gene and enzyme observed for the fruit fly (Table 1). Subsequently, the addition of an 

exon encoding the mitochondrial leader sequence may have provided the option for a 

mitochondrial form of this enzyme within other invertebrate genomes. The later event, the 

gene duplication in vertebrates, enabled both cytoplasmic and mitochondrial forms to be 

encoded by separate genes, rather than arise from distinct isoforms of a single ALDH1L1 

gene, as reported here for the sea squirt genome (Table 1). The loss of translation of the first 

exon during evolution may have changed the subcellular localization of the enzyme to 

cytoplasm. The later event, gene duplication in vertebrates, was apparently accompanied by 

re-activation of translation of the first exon coding the mitochondrial leader sequence thus 

allowing the mitochondrial localization of the protein. As noted above, our analyses 

indicated the loss of the ALDH1L1 gene encoding the cytoplasmic enzyme, in birds and 

reptiles. This, however, does not necessarily indicate the lack of the enzyme from cytoplasm 

if alternative splicing takes place in these species. If the cytosolic enzyme indeed is not 

present in birds and reptiles, this raises the question of functional significance of such 

evolutionary event. Potential implications of the presence of only mitochondrial enzyme are 

discussed below.

3.3. Catalytic and structural differences of human ALDH1L1 and ALDH1L2 enzymes

We have previously reported that human mitochondrial ALDH1L2 enzyme lacks ALDH 

activity while still possesses 10-formyl-THF dehydrogenase activity (17). Interestingly, it 

has been reported that the cytosolic enzyme from zebrafish, similar to human ALDH1L2, 

does not catalyze the ALDH reaction (30). Here we have analyzed sequence alignment 

between ALDH domains (Ct-FDH) of four ALDH1L enzymes, human, rat and zebrafish 

ALDH1L1 and human ALDH1L2. Residues identical in zebrafish ALDH1L1 and human 

ALDH1L2 but different from those in human/rat ALDH1L1 were cross-referenced with 

human ALDH1 and ALDH2. If identified residues were identical between human/rat 

ALDH1L1 and ALDH1/2, their potential role in catalysis was further analyzed by 

comparison of structure of rat and zebrafish cytosolic ALDH1L1.

Homology models of the ALDH domains of cytosolic zebrafish and mitochondrial human 

enzymes are very similar to the structure of rat Ct-FDH. In particular, the residues forming 

the catalytic center are identical in all three proteins (17,31). The majority of the residues 

that are different between the two enzymes with no ALDH activity and rat Ct-FDH are 

located on the surface of the molecule far from catalytic and nucleotide-binding regions. 

Generally, such residues are unlikely to affect the enzymatic properties. However, we have 

shown previously that long-range communications are involved in regulating coenzyme 

binding in the case of Ct-FDH (32,33). Thus, the influence of distant solvent-exposed 

residues that leads to the absence of ALDH activity in cytosolic zebrafish and mitochondrial 

human enzymes cannot be completely excluded. A more plausible hypothesis, however, is 
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that a glutamate residue at position 889 (the number corresponds to zebrafish enzyme) may 

interfere with shuttling of the proton abstracted by the catalytic glutamate from the catalytic 

cysteine to the bulk solvent (Fig. 3). According to our previous studies, a network of water 

molecules and main chain carbonyl groups leading from Glu673 of Ct-FDH (the carboxyl 

terminal domain of rat ALDH1L1) to the milieu serves to release this proton, which is 

required for the subsequent hydrolysis of the thiohemiacetal intermediate (31). Ala887 of Ct-

FDH is located in the immediate vicinity to this network. The large side chain of Glu889 in 

cytosolic zebrafish and mitochondrial human enzymes clashes with several water molecules 

forming the shuttling chain, and this counterproductive interaction may disturb 

deprotonation of the catalytic glutamate, thereby interfering with the ALDH catalysis.

It is not clear at present whether the difference in the ability to catalyze ALDH reaction is an 

isolated phenomenon or whether all mitochondrial enzymes and perhaps cytosolic enzymes 

from lower species lack this feature. Of note, the sequence alignment of ALDH1L1 and 

ALDH1L2 proteins from different species indicated that the alanine residue proposed to 

enable the catalysis is found only in mammalian cytosolic enzymes (Fig. 3B). Also, the 

question of whether ALDH1L1 ALDH activity has an independent functional significance, 

or whether the enzyme in vivo utilizes naturally occurring aldehydes as substrates, has never 

been addressed. It is an open question what the selective advantage would be for the human 

mitochondrial enzyme to lack the ALDH activity? Of note, this enzyme has higher 10-

formyl-THF hydrolase activity and lower 10-formyl-THF dehydrogenase activity compared 

to the cytosolic enzyme (17). Therefore, it is possible that the main function of 

mitochondrial ALDH1L2 is to produce formate rather than CO2 from folate-bound one-

carbon groups. This would be consistent with the hypothesis that mitochondrial one-carbon 

metabolism serves the function of supplying one-carbon groups, in the form of formate, for 

the cytosolic one-carbon metabolism (9). Thus, the two ALDH1L enzymes, cytosolic and 

mitochondrial, are likely to serve different functions in the cell, one is regulatory 

(ALDH1L1) while the other is biosynthesis supporting (ALDH1L2) (schematically shown 

in Fig. 4). In agreement with such rather opposite functions, ALDH1L1 is ubiquitously 

silenced in cancer cell lines while ALDH1L2 is easily detectable there (11,14). The related 

question is why reptiles and birds lack the gene for cytosolic enzyme? One possible 

explanation is that the loss of cytosolic ALDH1L1 would be beneficial if these species 

require a higher rate of purine biosynthesis. Of note, in contrast to other animals, both 

classes excrete nitrogen as uric acid, which is the product of purine degradation (34,35). 

Such pathway would require constant biosynthesis of purines as the mechanism of clearance 

of nitrogen produced by amino acid metabolism. In this case, the lack of Aldh1l1 would 

allow the utilization of 10-formyl-THF strictly for the de novo purine pathway.

4. Conclusion

Our analysis indicated that invertebrate genomes contain a single ALDH1L-like gene. Such a 

gene, however, may result in either cytoplasm or mitochondria-localized protein. Indeed, the 

primordial ALDH1L originated as the fusion with an FMT gene, the fact indicating a 

potential presence of the mitochondrial leader sequence. Of note, a single ALDH1L gene 

may produce both proteins simultaneously as exemplified by the presence of two isoforms in 

sea squirt. These isoforms are identical except for an additional N-terminal sequence, which 
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appears to define the mitochondrial localization. We hypothesized that most likely the 

primordial ALDH1L gene originally encoded for a cytoplasmic ALDH1L enzyme while its 

alternative splicing resulted in the mitochondrial localization of the enzyme in particular 

species. Later on, the duplication of ALDH1L gene resulted in the separation of ALDH1L 

into ALDH1L1 and ALDH1L2 forms among vertebrate genomes. Thus, it is possible that this 

invertebrate ALDH1L gene is able to form potential cytosolic and mitochondrial isoforms 

whereas for vertebrates, separate genes (ALDH1L1 and ALDH1L2) are present. Of note, an 

additional twist in ALDH1L evolution took place when the gene for cytosolic enzyme was 

apparently lost in reptiles and birds. It is also probable that during evolution the cytosolic 

ALDH1L1 enzyme acquired the ability to catalyze ALDH reactions, though more data on 

the activity of ALDH1L enzymes from different species are required to support this 

hypothesis.
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Highlights

We have performed a phylogenetic analysis of ALDH1L1 and ALDH1L2 enzymes

Single invertebrate ALDH1L gene can produce cytosolic and mitochondrial enzymes

ALDH1L2 gene is a likely result of the duplication of ALDH1L1 gene

During evolution cytosolic ALDH1L1 enzyme acquired ALDH catalysis
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Fig. 1. 
Alignment of N-terminal amino acid sequences for vertebrate and invertebrate Aldh1l 

proteins (“*” indicates identical residues; “:” similar alternate residues; “.” less similar 

alternate residues; known or predicted exon junctions are shown in boldface; predicted 

mitochondrial leader sequences are shaded; two isoforms for sea squirt ALDH1L1, 1L1a 

and 1L1b, were examined).
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Fig. 2. 
Phylogenetic tree for invertebrate ALDH1L1 and vertebrate ALDH1L1 and ALDH1L2 

sequences. The tree is labeled with the gene name and the name of the species. Note the 

major clusters for the invertebrate ALDH1L1 and for vertebrate ALDH1L1 and ALDH1L2 

sequences. Note the absence of ALDH1L2 for invertebrate species and ALDH1L1 for chick 

and lizard genomes. A genetic distance scale is shown. The number of times a clade 

(sequences common to a node or branch) occurred in the bootstrap replicates is represented 

as a fraction out of 100. Only replicate values of 0.9 or more are highly significant, with 100 

bootstrap replicates performed in each case.
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Fig. 3. 
(A) Superposition of the model of the ALDH domain of zebrafish ALDH1L1 and the 

structure of rat Ct-FDH (PDB 202Q, shown in gray). The amino acid numbering is 

according to zebrafish ALDH1L1 (corresponding numbers for rat ALDH1L1 are shown in 

parentheses). The proton shuttling chain (31) consists of water molecules (red spheres) and 

Glu893(891). The side chain of Glu889 of zebrafish ALDH1L1 clashes with water 

molecules forming the chain (arrow). (B) Sequence alignment of the carboxyl terminus of 

ALDH1L enzymes (“*” indicates identical residues; “:” similar alternate residues; “.” less 

similar alternate residues; the residue suggested as the discriminator for the aldehyde 

dehydrogenase activity is in boldface).
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Fig. 4. 
Schematic depicting proposed function for cytosolic and mitochondrial ALDH1L enzymes. 

Cytosolic ALDH1L1 converts 10-formyl-THF (CHO-THF) to THF and CO2, thus serving a 

catabolic function of removing one-carbon groups from folate pool. Mitochondrial 

ALDH1L2 generates formate, which is transported to cytoplasm and upon incorporation into 

the cytoplasmic folate pool can be used for biosynthetic reactions.
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Fig. 5. 
Proposed origin and evolution of the ALDH1L gene.
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