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Abstract

Introduction—Dead enzymes are gene products (proteins) that lack key residues required for
catalytic activity. In the pre-genome era, dead enzymes were thought to occur only rarely.
However, they now have been shown to represent upwards of 10% of the total enzyme population
in many families. The aldehyde dehydrogenase (ALDH) gene family encodes proteins that,
depending on the isozyme, may be either catalytically-active or -inactive. Importantly, several
ALDHs exhibit biological activities independent of their catalytic activity. For many of these, the
physiological and pathophysiological functions remain to be established.

Areas covered—This article reviews the non-enzymatic functions of the ALDH superfamily.
In addition, a search for additional non-catalytic ALDH records is undertaken. Our computational
analyses reveal that there are currently 182 protein records (divided into 19 groups) that meet the
criteria for dead enzymes.

Expert Opinion—Dead enzymes have the potential to exert biological actions through
protein-protein interaction and allosteric modulation of the activity of an active enzyme. In
addition, a dead enzyme may also influence availability of substrate for other active enzymes by
sequestering substrate, and/or anchoring the substrate to a particular subcellular space. A large
number of putatively non-catalytic ALDH proteins exist that warrant further study.
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1. Introduction

The existence of catalytically-inactive homologues of enzymes has been known for more
than half a century [1], and have been called inactive enzyme-homologues, nonenzymes,
pseudoenzymes or dead enzymes [2, 3]. These can be defined as homologues of enzymes
which are predicted to retain protein expression, subcellular localization and typical protein
folding, but which have lost key residues required for catalytic activity. In addition, the dead
enzymes of individual superfamilies sometimes receive their own monikers. For example,
the dead enzymes of the kinase and phosphatase families may be referred to as
pseudokinases or pseudophosphatases, and the dead enzymes of the rhomboid protease
family have been dubbed the iRhoms, for inactive rhomboid proteases. Dead enzymes,
originally thought to be evolutionary relics, have now been shown to exert regulatory
functions [2] and there is a lot of interest in the “forgotten genes” that code for them.

Since the original identification of dead enzymes, examples of enzymes losing catalytic
activity and yet exerting biological functions have been documented. However, this has been
assumed to be a relatively rare occurrence. Whole genome sequencing has altered this
contention dramatically. When the entire human genome was combed for protein kinases in
2002, nearly 10% (50 of 518) of all human kinases were found to lack at least one of the
three conserved catalytic residues required for activity [4]. Rather than being unique defects,
twenty-eight of these inactive kinases possessed inactivations that were conserved in human,
fly, worm and yeast [4]. These enzymes were shown to have taken on new, evolutionarily-
conserved, non-catalytic roles. It is now understood that such dead enzymes are present in a
wide variety of enzyme families and play diverse roles in physiology and pathophysiology.

Dead enzymes have now been identified in most enzyme families and a number of
commonalities have been found. Many of them are conserved across taxonomic groups (e.g.,
among vertebrates or insect species), consistent with functional significance and
conservative selective pressure — otherwise, many of these proteins would have been lost
over evolutionary time [5]. Dead enzymes disproportionately have regulatory functions [5],
and, frequently, the processes modulated are those in which their active counterparts
participate [6]. The mechanism by which such modulation occurs typically involves protein-
protein interaction. The dead enzyme may affect the activity of an active homologous
enzyme, or interact with a separate protein substrate by acting as an allosteric modulator. In
some cases, dead enzymes interact with their natural substrates directly, sequestering them
and preventing their processing by other enzymes, or anchoring them in a particular
subcellular space [7]. Examples of some of these mechanisms are provided below.

The best studied dead enzymes belong to the kinase and phosphatase families (sometimes
referred to as pseudokinases and pseudophosphatases). The Trib family of pseudokinases
has three members, all of which have been implicated as modulators of tumorigenesis.
TRIB1 allosterically interacts with MEKZ1, leading to greater ERK phosphorylation. This has
been found to be a key factor in myeloid leukemias [8]. TRIB2, a downstream target of Wnt
in liver cancer, stabilizes YAP by interacting with two E3 ligases. Binding of TRIB2 to
BTrCP blocks its targeting of YAP for proteasomal degradation, and TRIB2 promotes
degradation of C/EBPa, an inhibitor of YAP/TEAD transcriptional activation, likely by
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interaction with the E3 ligases COP1 or TRIM21 [9]. TRIB3 (also called TRB3) is the best
studied member of this family. It has been found to interact with a range of partners from
transcription factors, ubiquitin ligase, BMP type Il receptor, and members of the MAPK and
PI13K signaling pathways. In so doing, TRIB3 affects a wide range of physiological
processes including energy homeostasis, apoptosis, differentiation, and stress response [10].
Knockdown of TRIB3 inhibited migration and invasion of tumor cells, as well as modulating
proteins regulating epithelial-to-mesenchymal transition (EMT) [10]. ErbB3 is a
pseudokinase that interacts as part of a heterodimer with its active enzyme counterpart to
modulate its activity. ErbB receptors typically hetero- or homodimerize and undergo trans-
phosphorylation [7]. However, despite ErbB3’s inability to bind ATP and lack of tyrosine
kinase activity, ErbB2-ErbB3 dimers are considered the most potent pairing of ErbB dimers
with regards to mitogenic effects. Expression of one or both of these partners has been seen
in a number of cancers [11]. It is also important to note that mutations in key catalytic
residues may, in fact, be atypical mechanisms of action rather than inactivating mutations.
Both WNK1 and CASK are kinases that were originally thought to be inactive due to
missing key residues or motifs, but have since been shown to be catalytically-active using
non-canonical modes of action [12]. A list of known pseudokinases and phosphatases and
the effects of knockdown / knockout in mice are presented by Reiterer et al. [7].

Another well-studied group of dead enzymes is the pseudoenzyme rhomboid proteases,
dubbed the iRhoms. Active rhomboid proteases are transmembrane proteins whose active
site lies within the transmembrane domain. They bind and cut Type | transmembrane
proteins and release them into the luminal or extracellular space. This action is especially
critical in extracellular signaling. iRhoms are catalytically-inactive, but retain the
transmembrane localization and binding to transmembrane proteins [12]. iRhom2 is located
in the endoplasmic reticulum (ER) and interacts with TACE (TNFa-converting enzyme),
allowing its exit from the ER to cleave and release tumor necrosis factor (TNF) from the cell
surface. Together, these represent some of the well-known modes of action of dead enzymes.

The aldehyde dehydrogenase (ALDH) superfamily represents a group of enzymes that
catalyze the NAD(P)*-dependent oxidation of a wide variety of aldehydes to their
corresponding carboxylic acids [13]. This group is widely distributed and found in all
kingdoms from archaea to mammals, including humans. Their known substrates include
aldehydes involved in growth and development, differentiation, oxidative stress,
osmoregulation, neurotransmission, and detoxification of dietary and environmental
aldehydes [13, 14]. ALDH proteins usually comprise &~ 500 amino acids, although some
multifunctional or multi-domain members may be larger [15]. They are typically dimers or
tetramers and consist of three domains: a substrate-binding (catalytic) domain, a cofactor
(NAD(P)*) binding domain, and a dimerization/tetramerization domain [16].

Several amino acid residues are highly conserved and required for activity. These include
CYS302, ASN169, and GLU285 in the catalytic domain, GLY 262 and GLY267 in the
Rossmann fold, and LY S209, GLU416, PHE418 in the cofactor binding domain [16]. In
addition to their catalytic roles, ALDHs have been shown to possess non-catalytic roles
(Table 1). Only two ALDH dead enzyme groups have been studied in any great detail. In the
course of the present study, several more were identified. Here, we focus on the non-
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enzymatic roles of ALDH proteins, in both catalytically-active and -inactive proteins. This
provides a starting point for understanding the possible roles of novel catalytically-inactive
ALDH proteins.

molecule binding and adduction by catalytically-active ALDHs

ALDH3AL protects cellular proteins by the enzymatic detoxification of lipid peroxidation-
derived aldehydes [17], and also by directly scavenging hydroxyl radicals viaCYS
sulfhydryl groups in a manner reminiscent of GSH-mediated quenching [18]. Thus,
overexpression of these proteins can be protective regardless of catalytic function. Other
ALDHs, such as ALDH1A1 and ALDHZ2, are targets of adduction by acetaminophen, often
with partial enzyme inactivation being a result [19, 20]. In non-small lung cell carcinoma
cell lines, the synthetic flavone flavopiridol, a cytotoxic drug, binds tightly to ALDH1A1
without inhibiting its ALDH catalytic activity or undergoing metabolism [21]. Xenopus
ALDH1AL, first described as Cytosolic Thyroid Hormone-binding Protein (xCTBP), shows
a high affinity for binding triiodothyronine (T3), which is disrupted by NAD(H)* but not
NADP(H)* [22, 23]. This is consistent with reports that the T3 binding site is estimated to be
in residues 93-114, i.e., in the cofactor-binding domain, as ALDH1AL1 requires NAD* (and
cannot use NADP+) as a cofactor for catalytic oxidation of aldehydes [23]. Similarly,
ALDH1A1 has been shown to bind daunorubicin, a chemotherapeutic agent, in a manner
that is competitive with NAD™ binding [24]. In genital skin fibroblasts, ALDH1A1 has also
been shown to bind androgen, specifically dihydrotestosterone bromoacetate [25].

3. Ocular ALDHs

The cornea and lens of the eye have the unique physiological requirements of maintaining
high clarity (low light diffraction) while being resistant to incident UV radiation (UVR). The
presence of specialized proteins, crystallins, helps these tissues accomplish these important
tasks. Corneal and lens crystallins may be a single protein or set of proteins that compose up
to 90% of the total water-soluble proteins within these tissues [26, 27]. Examples of
crystallins include ALDH1AL, a-enolase, glutathione-S-transferase, lactic dehydrogenase,
glyceraldehyde-3-phosphate dehydrogenase (G3PDH), and arginino-succinate lyase [28].
They typically share several properties including i) being recruited from diverse, pre-existing
cytoplasmic stress-response enzymes, ii) having a highly taxon-specific nature (different
genes may serve the same function in different groups), and iii) accumulating to high levels
in transparent tissues [26].

Members of the ALDH1, ALDH2, and ALDH3 families serve as lens and corneal crystallins
[26]. ALDH3AL is the predominant corneal crystallin in most mammals [29]; ALDH1A1
serves this purpose in human, rabbit, pig, chicken, and fish [30]. ALDHZ2 is also expressed in
the cornea of rabbit and fish [31]. In the lens, ALDH21 family members serve as crystallins
as follows: ALDH1A1 in most mammals, ALDH1A8 (n-crystallin) in the elephant shrew,
ALDH1A?9 (Q-crystallin) in scallops and ALDH1C1/2 (Q2-crystallins) in cephalopods [32].
The catalytic activity of the ALDHSs allows for the enzymatic detoxification of UVR-
induced, ROS-mediated lipid peroxidation products. However, some important functions of
the crystallins manifest independently of their catalytic properties. For example, high
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concentrations of these proteins provide short-range order within the cytoplasm of the lens
fibers to reduce light scattering [28]. Another structural role involves direct absorption of
UVB irradiation. The effectiveness of this process is illustrated in the bovine cornea in
which ALDH3A1 accounts for 17% of the total cellular protein, but accounts for ~50% of
the total UVB absorptive capacity of the cornea [33].

The Q-crystallins (ALDH1A9 and ALDH1C1/2) are the only dead enzyme ALDH
crystallins known to date (i.e., that do not have catalytic activity) [34], and arise from a
single gene homologue. Q-crystallin represents 14% of the total soluble lens protein in
octopus eye, but is present in minor, non-crystallin amounts in squid eye lens [35]. However,
this protein represents ~ 70% of the total soluble protein of the photophore (light organ)
lens in the squid [35].

4. ALDH16A1

ALDH16A1 is structurally unusual in that it contains two ALDH family domains (Pfam:
aldedh) [36], as opposed to the single domain typical of other ALDH family members. One
of these domains is full length and the other is truncated, i.e., missing most of the catalytic
domain [3]. This protein has widely distributed homologues in bacteria, protists, fish,
amphibians and mammals, but not in archaea, fungi, and plants [3]. However, in all
vertebrates (with the unusual exception of the frog), ALDH16A1 is predicted to be a dead
enzyme as it is missing a number of key catalytic and cofactor binding residues [3]. This
makes ALDH16A1 a unique case among known ALDH family members in that it has a form
that is predicted to be catalytically-inactive and yet conserved among a large phylogenetic
group. Of interest, ALDH16A1 protein expression has been detected in human immortalized
cell lines, demonstrating that a protein product of this gene is indeed produced [3].

ALDH16A1 interacts with a number of proteins, and it is likely that its physiological role
lies in these interactions [3]. A nucleotide insertion resulting in the premature truncation of
the protein maspardin underlies mast syndrome, a form of spastic paraplegia [37]. This
protein has been shown to colocalize and interact with ALDH16A1 in neuronal cells,
although it is not yet known what function this interaction plays [38]. Other proteins that
have been found to interact with ALDH16A1 include S-phase kinase-associated protein 1
(SKIP-1) [39], proteasomal ATPase-associated factor 1 (PAAF1) [40], ubiquitin specific
peptidase 1 (USP1) [41], and protein kinase, AMP-activated, gamma 2 non-catalytic subunit
(PRKAG2) [42]. In addition, databases of interaction data either curated or automatically
extracted from Pubmed predict that ALDH16A1 interacts with aloumin (ALB), solute
carrier family 2-facilitated glucose transporter (SLC2A4), heat shock protein 90 kDa alpha
class B member 1 (cytosolic; HSP90ABL), hypoxanthine phosphoribosyltransferase 1
(HPRTZY), betaine—-homocysteine S-methyltransferase (BHMT), and glioblastoma amplified
sequence (GBAS) [43, 44].

An epidemiological study in an Icelandic population identified a single nucleotide
polymorphism (SNP) of ALDH16A1 (ALDH16A1*2) as a risk factor for hyperuricemia and
gout [45]. Computational analyses suggest that this is likely due to altered interactions with
hypoxanthine phosphoribosyltransferase 1 (HPRT1) [3]. Homology modeling and docking
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experiments with frog ALDH16A1 (resembling the ALDH16AL1 of lower animals) predict
the frog enzyme to be catalytically-active and bind aldehyde substrates normally, although
substrate specificity has not been extensively investigated. This suggests that at some point,
ALDH16A1 was recruited from an catalytically-active role in lower animals to a non-
catalytic role which has been preserved in vertebrates.

5. Negative regulation of ALDH catalytic activity by ALDH mutants

The E487K mutant of ALDH2 (ALDH2*2) is inactive, showing a 150-fold increase in the
Km for cofactor (NAD*) and a 2-10-fold increase in Vmax [46]. Structural studies have
shown that this mutation, located in the oligomerization domain, results in a large disordered
region at the dimer interface, which includes much of the coenzyme-binding cleft, as well as
part of the catalytic cleft [47]. This shift leads to poor NAD binding and poor catalytic
activity. Further, it has been demonstrated that ALDH2*2 can negatively regulate ALDH2*1
via dominant negative hetero-tetramerization [46]. Estimates of the reduction in activity in
heterozygotes are ~85% [48, 49]. Although it has not been shown /7 vitro,
heterodimerization between closely-related ALDH proteins has been predicted as well,
based on colocalization and conserved interactions in dimer and tetramer interfaces [50]. It
stands to reason that conservation of dimerization and tetramerization domains may allow
crosstalk between active enzymes and closely-related dead enzymes.

6. Discovering new ALDH dead enzymes

There are a number of residues in both the catalytic and cofactor binding sites that are
absolutely required for ALDH activity. One of these residues is the primary catalytic
cysteine (CYS319 in ALDH2). Other residues that are either invariant or highly conserved
include GLU285, ASN186 (for catalytic activity), GLY262 and GLY267 (in the Rossmann
fold), LYS209, GLU416, PHE418 (for cofactor binding). Although there are countless ways
in which an ALDH enzyme might become catalytically-inactive, for screening purposes, we
have defined catalytically-inactive in this review as lacking a homologous catalytic cysteine
in an alignment with a model ALDH, specifically human ALDH2. To find records with an
ALDH domain, every record in the UniProt database [51] was scanned against an ALDH
profile (Pfam: aldedh) from the Pfam 27.0 build [36] using the profile hidden Markov model
tool HMMER [52]. Positive ALDH sequences were aligned individually using T-COFFEE
[53] against a model ALDH (human ALDH2, UniProt ID: P05091) and classified as
catalytically-active or -inactive at that site. Multiple records of the same gene and multiple
isoforms were combined.

To combine records into groups of homologous genes, this final list of non-catalytic ALDH
records was aligned using T-COFFEE, and then neighbor-joining phylogenetic analysis with
8000 bootstrap replicates by PHYLIP [54]. Gene identification was approximated by
comparing the record against the full UniProt database using HMMER and retrieving the
closest named ALDH relative. In addition, to assist with classification and identification of
genes, members of known ALDH families were included in the analysis as positive controls.
Phylogenetic classification for each record was obtained through UniProt. Groups were
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combined by several factors including 1) consensus-tree bootstrap values, 2) contiguously or
similarly named groups, and 3) phylogenetically contiguous groups.]

A summary of ALDH dead enzyme groups can be found in Table 2, and a full list of
identified records is presented as Supplemental Table 1. One hundred and eighty-two unique
records were found which met the conditions specified above. These were divided into 19
groups. Both known families of ALDH dead enzymes are represented, i.e., ALDH16A1
(group 1) and Q-crystallins (group 19). ALDH dead enzyme records were found in Archaea,
Bacteria, and Eukaryota (Table 3). Newly-discovered groups were especially prevalent in
bacteria and fungi, and many of these records represent groups whose function is unstudied
or poorly understood. Records were also discovered in vertebrates, but a majority of these
are ALDH16A1 (group 1), which has been described previously. Several dead enzyme
records were found from other groups including archaea (5), alveolata (2), oomycetes (2),
and viridiplantae (7).

Figure 1 presents a representative amino acid alignment (group 19) and shows the location
of key residues required for ALDH catalytic activity. The distribution of the most common
inactivating mutations in these residues for each group is given in Table 4. In six of the
groups, CYS319 was primarily deleted, and in another eight of the groups, various mutations
were found. In only five of the groups was a single amino acid replacement of CYS319
dominant. Deletions were far less common in the rest of the residues surveyed. The residues
of the Rossmann fold were highly conserved with 19/19 groups retaining GLY262 and 14/19
groups retaining GLY267. The residues of the NAD-binding pocket were moderately
conserved with 15/19 groups retaining LY S209, 13/19 groups retaining GLU416 and 11/19
groups retaining PHE418. The remaining catalytic residues were the least well conserved
with 9/19 groups retaining ASN186 and 10/19 groups retaining GLU285.

7. Conclusions

Nineteen groups containing one hundred and eighty-two unique records were found that are
predicted to be expressed as proteins but be catalytically-inactive and thus meet the criteria
for dead enzymes. Review of the locations of potentially inactivating mutations (Table 4)
suggests that in general, substrate-binding residues in the catalytic domain may be missing
or degraded, but the structural elements of the Rossmann Fold are preserved strongly and the
binding residues required for NAD(P)* binding are moderately conserved. This suggests that
the remaining function of these dead enzymes may be either structural (e.g. protein-protein
binding) or in substrate (i.e. NAD(P)*) binding. Further analysis is suggested, especially in
regard to the overall structure of the proteins v/a computational structural modeling or
protein expression.

8. Expert opinion

Three examples of the non-catalytic roles have been shown to exist in the ALDH

superfamily: 1) small-molecule binding, 2) structural, optical, and oxidative stress sinks, and
3) protein-protein interactions. Each one of these may play a role in the biological actions of
dead enzymes. Dead enzymes often retain their cellular localization and substrate / cofactor
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binding potential, even if they lose catalytic ability. As such, they are well positioned for
regulatory roles [2]. For example, they could be membrane proteins that bind to
transmembrane proteins and thereby regulate their subsequent trafficking in a manner
similar to iRhoms [12]. Even lacking catalytic activity, many enzymes may retain their
substrate / cofactor binding regions. This may allow them to sequester substrates or bind
alternate molecules, as in the case of Xenogpus ALDH1A1 binding T3. Dual functional
properties of ALDH1 have also been reported for other species, such as for elephant shrew n
[32] and giant octopus crystallins as major component of lens proteins and human 56-kDa
androgen-binding protein in genital skin fibroblast [25]. Further, they may act as structural
or optical elements as has been shown for ALDH crystallins. They may also simply act as
sinks for oxidative stress (also seen in ALDH crystallins). Finally, they make take on
completely new roles in protein-protein binding. ALDH16A1’s conserved, yet catalytically-
inactive structure is likely to act v7a interactions with other proteins. In addition, it is likely
that a catalytically-active ALDH subunit may be repressed by the formation of dimers or
tetramers with ALDH dead enzyme subunits. This work represents the novel discovery of
groups of genes that were previously unknown to contain non-catalytic members; the
functions of these members have not been investigated. The presence of multiple, closely-
related records and contiguous phylogenetic groups is highly suggestive of conservative
pressure to keep these dead enzymes and, thus, suggestive of a physiological role for these
proteins. Given the increased information and interest in the role of dead enzymes, there is
no doubt that their role in this enzyme superfamily will grow as well.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Article Highlights

. Dead enzymes are homologues of enzymes, which retain protein expression
but not catalytic activity.

. Dead enzymes have been found in many enzyme families including kinases,
phosphatases, and rhomboid proteases.

. The ALDH superfamily has members with non-enzymatic functions
including radical scavenging, small molecule binding, crystallin activity,
and protein-protein interactions.

. In certain lineages. ALDH1A1 and ALDH16AL1 lack catalytic functions.

. Computational analysis suggests that many additional ALDH dead enzymes

exist, especially in bacteria and fungi.
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Figure 1.

Representative amino acid alignment showing the key residues required for enzymatic

Page 13

activity. The alignment compares closely-related human (hs) catalytically-active ALDHs
(i.e., hsALDH1A1, hsALDH1A2, hsALDH1A3, and hsALDH2) with two ALDH dead

enzymes (i.e., group 19 Q-crystallins, ALDH1C1 from Enteroctopus dofleini (ed) and

ALDH1C2 from Nototodarus sloanii (ns), UniProt IDs: P30841 and P30842, respectively).
Amino acids are colored by residue and highlighted if 50% or more of the sequences are
either identical or highly similar at that location. Proteins sequences for this alignment were

downloaded from UniProt.
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Table 1

Non-enzymatic functions of ALDHs

ALDH isozyme

Function

ALDH3A1

Scavenging of hydroxy radicals by CYS sulfhydryl groups

ALDH1Al

Small molecule binding (e.g. T3, daunorubicin, androgen)

ALDHL1, 2, 3 families

Lens and corneal crystallins

ALDH16A1

Protein-protein interaction

ALDH2

Regulation of active ALDH subunit by inactive subunit
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Table 2

Page 15

Summary of groups of ALDH dead enzyme records. Group number (group), ALDH family identification
(identification), number of records (records), median protein length (in number of amino acids), and
phylogenetic lineage are presented. The number of records in each lineage is presented in parentheses.

Group

Identification

Records

Median Protein Length

Lineage

1

ALDH16A1

38

802

Eukaryota - Metazoa - Vertebrata (38)

2

Unknown Function

23

305

Bacteria - Actinobacter -
Actinomycetales (23)

ALDH4

16

556

Bacteria - Bacteroidetes -
Flavobacteriale (3)

Bacteria - Actinobacteria -
Streptomycetae (1)
Eukaryota - Metazoa - Arthropoda (9)
Eukaryota - Fungi - Ascomycota (3)

ALDH3

13

492

Bacteria - Tenericutes -
Mycoplasmatacea (2)
Bacteria - Proteobacteria -
Desulfovibriona (3)
Eukaryota - Viridiplantae -
Tracheophyta (1)
Eukaryota - Oomycetes (2)
Eukaryota - Metazoa - Vertebrata (5)

ALDH6

463

Eukaryota - Viridiplantae (4)
Eukaryota - Fungi - Ascomycota (1)
Eukaryota - Metazoa - Arthropoda (2)

ALDH22

535

Bacteria - Actinobacteria -
Actinomycetales (7)
Eukarya - Fungi (2)

ALDH24

467

Archaea (2)
Bacteria (3)
Eukaryota - Alveolata (2)
Eukaryota - Viridiplantae (1)
Eukaryota - Fungi (1)

ALDH5

441

Bacteria (2)
Eukaryota - Fungi - Ascomycota (3)
Eukaryota - Viridaplantae (1)
Eukaryota - Metazoa - Chordata (2)

Unknown function

381

Bacteria - Actinobacteria -
Actinomycetales (5)
Bacteria - Proteobacteria (3)

10

Phenylacetaldehyde dehydrogenase

436

Bacteria - Actinobacteria -
Actinomycetales (4)
Bacteria - Proteobacteria -
Rhodobacterales (1)
Eukaryota - Fungi (4)

11

2-hydroxymuconic semialdehyde dehydrogenase

485

Bacteria - Actinobacteria -
Actinomycetales (7)

12

PutA

1068

Bacteria - Proteobacteria (6)

13

Unknown Function

453

Bacteria - Proteobacteria (1)
Eukarya - Fungi - Ascomycota (5)

14

Urate Oxidase (bacterial)

473

Bacteria - Cyanobacteria - Nostocales
©)

15

2-ketoglutaric semialdehyde dehydrogenase

482

Bacteria - Protobacteria (5)

16

Delta-1-pyrroline-5-carboxylate dehydrogenase 2

458

Archaea (3)

17

Unknown Function

350

Eukarya - Fungi - Ascomycota (4)
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Group Identification Records  Median Protein Length Lineage
18 Unknown Function 6 381 Eukarya - Fungi - Ascomycota (4)
Eukarya - Fungi - Basidiomycota (2)
19 Q-crystallin 2 496 Eukarya - Metazoa - Cephalopoda (2)
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Table 3

The phylogenetic distribution of ALDH dead enzyme records found showing the name of major groups and
the number of records (shown in parentheses) in each group.

Kingdom (#) Species (#) Phylum (#)
Archaea (5)
Acidobacteria (1)
Actinobacteria (47)
Bacteroidetes (3)
Bacteria (79)
Cyanobacteria (3)
Proteobacteria (23)
Tenericutes (2)
Alveolata (2)
Ascomycota (23)
Fungi (29)
Basidiomycota (6)
Chordata (45)
Eukaryota (98) | Metazoa (58) Arthropoda (11)
Mollusca (2)
Oomycetes (2)
Chlorophyta (3)
Viridiplantae (7)
Streptophyta (4)
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