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Certain mutations in the ALDH7A1 gene cause pyridoxine-dependent epilepsy (PDE), an autosomal
recessive metabolic disease characterized by seizures, and in some cases, intellectual disability. The
mutational spectrum of PDE is vast and includes over 70 missense mutations. This review summarizes
the current state of biochemical and biophysical research on the impact of PDE missense mutations on
the structure and catalytic activity of ALDH7A1. Paradoxically, some mutations that target active site
residues have a relatively modest impact on structure and function, while those remote from the active
site can have profound effects. For example, missense mutations targeting remote residues in oligomer
interfaces tend to strongly impact catalytic function by inhibiting formation of the active tetramer. These
results shows that it remains very difficult to predict the impact of missense mutations, even when the
structure of the wild-type enzyme is known. Additional biophysical analyses of many more disease-
causing mutations are needed to develop the rules for predicting the impact of genetic mutations on
enzyme structure and catalytic function.

© 2020 Elsevier B.V. and Société Française de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.
1. Introduction Certain mutations in the ALDH7A1 gene cause PDE, an auto-
The enzyme aldehyde dehydrogenase 7A1 (ALDH7A1)1 catalyzes
the last step of lysine catabolisme the NADþ-dependent oxidation of
a-aminoadipate semialdehyde (AASAL) to a-aminoadipate (AA)
(Fig. 1A). Also known as AASAL dehydrogenase and antiquitin,
ALDH7A1 belongs to the ALDH superfamily, a large group of en-
zymes that catalyze the NAD(P)þ-dependent oxidation of aldehydes
to carboxylic acids [1e3]. The human ALDH superfamily consists of
19 enzymes, which oxidize numerous substrates, including small
aldehydes such as acetaldehyde, amino acid derivatives, and lipids.
ALDHs play important roles in the detoxification of reactive alde-
hydes, amino acid metabolism, embryogenesis and development,
neurotransmission, oxidative stress, and cancer [3]. Some ALDHs are
biomarkers of cancer stem cells and can mediate resistance to
chemotherapeutic agents [4e7], which has motivated efforts to
develop inhibitors for cancer therapy [8]. Mutations in ALDH genes
are associated with inherited metabolic diseases [3], including the
subject of this review, pyridoxine-dependent epilepsy (PDE).
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somal recessive metabolic disease characterized by seizures, and in
some cases, intellectual disability [9,10]. The mutational spectrum
of PDE spans over 100 different mutations, including over 70
missense mutations [9,11e13] (Fig. 1B). Missense mutations have
been identified in all 18 exons of the ALDH71A gene, except exons 3,
8, and 11 [12]. Exons 5, 6, 10, and 15 harbor over 60% of the known
pathogenic missense mutations. The estimated carrier frequency of
ALDH7A1 mutations is 1:127, while the incidence of ALDH7A1
deficiency is estimated to be 1:64,352 births [12].

The biochemical basis of PDE is a decrease of the ubiquitous
enzyme cofactor pyridoxal 50-phosphate (PLP). PDE-causing mu-
tations that cause a loss of function of ALDH7A1 lead to a buildup of
the substrate AASAL. The susceptibility of aldehydes, such as
AASAL, to nucleophilic attack makes them highly reactive in the
context of cells. One fate of AASAL is the intramolecular nucleo-
philic attack by the amino group, resulting in cyclization to D1-
piperideine-6-carboxylic acid (P6C) with loss of water (Fig. 1A). The
1 Abbreviations: AA, a-aminoadipate; AASAL, a-aminoadipate semialdehyde;
ALDH, aldehyde dehydrogenase; ALDH7A1, aldehyde dehydrogenase 7A1; HGVS,
Human Genome Variation Society; P6C, D1-piperideine-6-carboxylic acid; PDE,
pyridoxine-dependent epilepsy; PLP, pyridoxal 50-phosphate.
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Fig. 1. Reactions and protein fold of ALDH7A1. (A) The reaction catalyzed by ALDH7A1
(top) and the reaction of P6C with PLP (bottom). (B) The fold of ALDH7A1, with the
domains colored red (NADþ-binding), blue (catalytic), and green (oligomerization).
NADþ and AA are shown in magenta and cyan sticks, respectively. The gray spheres
mark the residues affected by pathogenic missense mutations (Table 1). (C) Missense
mutations affecting active site residues mapped onto the protein structure (gold
spheres).
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cellular pool of PLP is depleted via the irreversible reaction of P6C
with PLP [14] (Fig. 1A). Treatment with pyridoxine (vitamin B6)
addresses the PLP deficiency and typically provides adequate
seizure control, yet 75% of individuals with PDE have intellectual
disability and developmental delay [9,11].
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The effects of mutations on the structure and catalytic activity of
ALDH7A1 is an important aspect of the molecular basis of PDE. This
biochemical/biophysical information allows for the prediction of
symptom-severity and aids the development of patient-specific
medical treatments. Herein, we summarize the current state of
biochemical and biophysical research on the impact of PDE
missense mutations on the structure and catalytic activity
ALDH7A1.

2. A note about residue numbering

Two conventions for numbering the amino acid residues of
ALDH7A1 are found in the literature. One refers to isoform 1
(UniProt P49419-1), which includes a mitochondrial transit peptide
and contains 539 amino acid residues. This convention is recom-
mended by the Human Genome Variation Society [15] and typically
is used in articles on the genetics of PDE and patient case studies.
The other convention refers to the isoform 2 (UniProt P49419-2),
which is generated by alternative splicing and lacks residues
1e28 of isoform 1. This convention is used in some structural
studies, and the crystal structures of ALDH7A1 downloaded from
the Protein Data Bank [16] will typically have this numbering
scheme. The essential point to remember is to add 28 to the crystal
structure residue numbers to obtain the HGVS convention. We use
the HGVS numbering here.

3. Catalytic mechanism of ALDH7A1

ALDH7A1 follows a covalent catalytic mechanism, which is
conserved by ALDH superfamily enzymes [17,18]. The mechanism
begins with the binding of the aldehyde substrate to the enzyme-
NADþ complex. Nucleophilic attack by the catalytic cysteine
(Cys330 in ALDH7A1) on the aldehyde produces a hemithioacetal
intermediate. The negatively-charged O atom of the intermediate is
stabilized by hydrogen bonds with a conserved asparagine residue
(Asn195 In ALDH7A1) and the backbone NeH group of the catalytic
cysteine (“oxyanion hole”). Hydride transfer from the hemi-
thioacetal intermediate to NADþ generates NADH and the acyl-
enzyme intermediate. Next, hydrolysis of the acyl-enzyme inter-
mediate yields the carboxylic acid product. The hydrolysis step
involves a conserved glutamate residue (Glu 296 in ALDH7A1),
which helps activate the hydrolytic water molecule. Several PDE
missense mutations target residues in the binding sites for AASAL
and NADþ (Fig. 1C).

4. 3D structure of ALDH7A1

ALDH7A1 exhibits the fold and oligomeric structure character-
istic of the ALDH superfamily [19]. The fold consists of three do-
mains: NADþ-binding, catalytic, and oligomerization (Fig. 1B). The
NADþ-binding domain adopts the Rossmann fold. The catalytic
domain has an a/b structure and contains the catalytic Cys330
residue. The oligomerization domain is a b-substructure that pro-
trudes from the NADþ-binding domain. The active site is located in
the crevice between the NADþ-binding and catalytic domains.

ALDH7A1 has a notably flexible C-terminus, which is part of the
oligomerization domain. The C-terminus exhibits open and closed
conformations [19]. The closed conformation is associated with the
binding of the aldehyde substrate AASAL. Upon substrate binding,
the C-terminus moves into the active site to complete the AASAL
site, creating a protected environment for catalysis to occur. The C-
terminus then opens to allow release of the product AA. The
involvement of the C-terminus in catalysis is notable because the
genetic deletion c.1512delG found in some PDE patients affects the
C-terminus. This deletion likely abolishes catalytic activity, based
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on the observation that ALDH7A1 variants with mutations in the C-
terminus exhibit profound kinetic defects and are deficient in for-
mation of the active tetrameric form of the enzyme [20].

ALDH7A1 exists in solution as an equilibrium between dimeric
and tetrameric forms [21]. The dimer is an interlinked assembly in
which the oligomerization domain of one protomer packs inti-
mately against the catalytic domain of the other protomer, forming
an inter-molecular b-sheet (Fig. 2B). Two of these dimers assemble
into the tetramer such that their oligomerization domains come
into contact (Fig. 2D).

The position of the dimer-tetramer equilibrium is sensitive to
both enzyme concentration [21] and the presence of NADþ [22].
Increasing either the concentration of total enzyme or that of NADþ

favors the tetramer. This is significant, because the tetramer is the
active form of ALDH7A1 [22]. Thus, mutations that affect NADþ

binding are expected to be especially deleterious for function
because they not only reduce affinity for the cofactor, but also
disfavor formation of the active oligomer.

5. Impact of missense mutations in the ALDH7A1 gene on
enzyme structure and catalytic function

Over 70 missense mutations have been identified as being
related to PDE [12] (Table 1). Mapping the mutations onto the 3D
structure of the enzyme can provide insight into the possible
impact of the mutations on enzyme structure and function. The
affected residues are found in all three structural domains of
ALDH7A1 (Fig. 1B).

Only a small subset of the known missense mutations affect
residues that contact either the aldehyde substrate or NADþ

cofactor (Fig. 1C). These mutations might be expected to have a
large impact on function; however, detailed structural and
biochemical studies of the purified enzyme variants shows this is
not necessarily true. For example, two mutations that affect
Fig. 2. Pathogenic missense mutations affecting residues in the oligomeric interfaces of AL
(catalytic), and green (oligomerization). NADþ and AA are shown in magenta and cyan stic
pathogenic missense mutations. (B) Two views of the ALDH7A1 dimer. The red spheres ind
The purple spheres indicate residues in the tetramer interface that are targeted by pathoge
interface residues that are targeted by pathogenic missense mutations.
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residues of the AASAL binding site were found to have mild
(p.W203G) or moderate (p.N195S) effects on catalytic activity, and
neither mutation significantly disrupted the enzyme structure [23].
The moderate biochemical phenotype of N195S is especially
interesting, considering that Asn195 is conserved in the ALDH su-
perfamily and plays a role in catalysis by stabilizing the negative
charge of the hemithioacetal intermediate. A priori, one might have
predicted that this mutation would have a devastating effect on
activity. The moderate biochemical phenotype of N195S un-
derscores the necessity of performing biochemical and structural
analysis of disease variants.

Some mutations to active site residues profoundly affect cata-
lytic function. For example, mutation of Glu427 abolishes catalytic
activity and severely disrupts the structure of the NADþ binding site
[24]. This is significant, because missense mutations of Glu427,
especially p.Glu427Gln, account for ~30% of the mutated alleles in
PDE patients [12]. The severe biochemical phenotype reflects the
crucial role Glu427 plays in positioning the NADþ nicotinamide for
hydride transfer and the fact that this residue is invariant in the
ALDH superfamily. This phenotype also reflects the shift in the self-
association equilibrium away from formation of the active tetramer.

Many of the pathogenic missense mutations target residues in
the oligomer interfaces of ALDH7A1. These residues can be classi-
fied as either in the dimer interface (Fig. 2A and B) or in the
tetramer interface (Fig. 2C and D). These residues are outside of the
active site (Fig. 2A and C), so their impact cannot be appreciated
unless they are viewed within the context of the active tetramer.
Specialized biophysical techniques are required to determine the
oligomeric state of an enzyme in solution, such as small-angle X-ray
scattering [25] and analytical ultracentrifugation [26]. In addition,
we have found that negative stain electron microscopy is ideally
suited for identifying the oligomeric structure of the active enzyme,
because it can be performed at the low enzyme concentrations
typically used in activity assays, whereas other biophysical
DH7A1. (A) The fold of ALDH7A1, with the domains colored red (NADþ-binding), blue
ks, respectively. The pink spheres indicate residues in the dimer interface targeted by
icate dimer interface residues that are targeted by pathogenic missense mutations. (C)
nic missense mutations. (D) Tetramer of ALDH7A1. The red spheres indicate tetramer



Table 1
Structural context and biochemical phenotypes of pathogenic missense variants of ALDH7A1a.

Variant Domainb AASAL sitec NADþ sitec Dimer interfacec Tetramer interfacec Internald Biochemical phenotype

p.A40G N
p.V80G N X
p.P106L N X Insoluble [21]
p.G111E N X Insoluble [21]
p.R122W N X Mild [12]
p.G143R N X
p.E149K/D N X X
p.C154R N X
p.Y156C N X
p.A157P N X Severe [21]
p.S161P N X
p.G165V O X Severe [21]
p.G165E O X
p.G166V O X Severe [21]
p.A177E O X Severe [21]
p.A177P O X
p.G189E N X
p.T192 M N X
p.N195S N X X Moderate [23]
p.F196I N X X
p.P197S N X Moderate [23]
p.A199V N X Severe [23,29]
p.G202V N X Insoluble [23]
p.G202D N X
p.W203G N X X Mild [23]
p.T222A N
p.G274E N X
p.T276P N X
p.G283D N X Severe [21]
p.F290S N X
p.G291E N Severe [21]
p.G299R C X X
p.N301I C X Severe [29]
p.D308G C
p.S317L C X Severe [12]
p.A318P C
p.A322V C
p.T325K/R C Severe [29]
p.Q328R C X
p.R335Q C X Severe [29]
p.Y354C C X
p.P371L C X
p.V395G C Moderate [30]
p.V395 M C
p.G398R C
p.G406R C
p.P411L C
p.A421V C
p.T426P C
p.E427Q/G/De C X Severe [24]
p.P431L C
p.F438L C X Moderate [30]
p.N448K C X
p.N449K C
p.Q453R C Severe [30]
p.L455P C X X
p.S457I C X
p.S458 N C X Severe [29]
p.I459F C X Severe [29]
p.R469H C
p.S476L C X
p.D477 N C X
p.C478S C X Moderate [30]
p.G489E C X X
p.G494R N X
p.A495T N X
p.G505R N Severe [29]
p.D511 N N X
p.Y516C N X Moderate [12]
p.R518G O X
p.R519K O X
p.S520P O X
p.D529 N O X

aList of pathogenic variants was obtained from Coughlin et al. [12].
b Domain of ALDH7A1: C, catalytic; N, NADþ-binding, O, oligomerization.
c Structural context based on 4.5 Å distance cutoff.
d Defined as residues that are >97% buried in the context of a monomer.
e Missense mutations of Glu427 account for ~30% of the mutated alleles in PDE patients [12].
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techniques tend to require higher enzyme concentrations
[22,27,28].

Most oligomer interface missense variants studied to date
exhibit severe biochemical phenotypes [21]. In most cases, the
mutated enzymes are defective in tetramer formation and exhibit
no detectable catalytic activity. In one case, p.P106L, the enzyme
expressed in Escherichia coli was insoluble and could not be
analyzed.

Some of the residues affected by missense mutations are not
easily classified as being in the active site or oligomer interfaces. To
some extent, this reflects the fact that these “geographical” defi-
nitions are based on distance cutoffs, and a residue can fall just
outside of the cutoff. A few examples include Gly111 and Ala157,
which are close to the tetramer interface, and Pro197, Ala199, and
Gly202, which are near the AASAL binding site. Interestingly, these
five residues are examples of “internal” residues, defined as those
buried in the context of the monomer. This makes sense, because
residues that are clearly in the substrate binding sites or oligomer
interfaces are by definition solvent exposed when viewed in the
context of the monomer.

Missense mutations targeting buried residues can be highly
deleterious. For example, G111E and G202V are insoluble when
expressed in E. coli, suggesting a folding defect. Others such as
A157P and A199V display no catalytic activity. The catalytic defect
of A157P results from an inability to form the active tetramer, while
that of A199V is due to the bulky valine side chain preventing
closure of the active site. Interestingly, in the four cases studied
where the mutation of an internal residue impaired either folding
or catalytic activity, the mutation increased the size of the side
chain (G111E, G202V, A157P, A199V). That such mutations are
disruptive reflects the fact that the interior of proteins is very
tightly packed.
6. Conclusions

The promise of personalized medicine is to tailor medical
treatment based on the specific characteristics of the individual.
This is especially suited to the treatment of inherited metabolic
diseases, where the development of genotype-phenotype re-
lationships may be tractable, as opposed to polygenetic diseases
where this may be more difficult. Structural biology and biophysics
can play an important role in this effort by determining the impact
of genetic variations on the molecular properties of the protein,
such as catalytic function and 3D structure. Biochemical experi-
ments on purified enzyme variants provides quantitative infor-
mation on catalytic activity, which may allow for prediction of
disease severity. This may be especially useful for understanding
the effects of novel (private) missense mutations in both symp-
tomatic and asymptomatic patients.

Biophysical studies of PDE variants reinforce the idea that it is
very difficult to predict the impact of a missense mutation, even
when the structure of the wild-type enzyme is known. Some mu-
tations that target active site residues can have a relatively mild
impact on structure and function, while those remote from the
active site can have profound effects. Additional biophysical ana-
lyses of many more disease-causing mutations are needed to
develop computational methods for predicting the impact of ge-
netic mutations on enzyme structure and catalytic function.
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