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Abstract

Amongst the numerous conserved residues in the aldehyde dehydrogenase superfamily, the
precise role of Thr-244 remains enigmatic. Crystal structures show that this residue lies at the
interface between the coenzyme-binding and substrate-binding sites with the side chain methyl
substituent oriented toward the B-face of the nicotinamide ring of the NAD(P)* coenzyme, when
in position for hydride transfer. Site-directed mutagenesis in ALDH1A1 and GAPN has suggested
a role for Thr-244 in stabilizing the nicotinamide ring for efficient hydride transfer. Additionally,
these studies also revealed a negative effect on cofactor binding which is not fully explained by
the interaction with the nicotinamide ring. However, it is suggestive that Thr-244 immediately
precedes helix aG, which forms one-half of the primary binding interface for the coenzyme.
Hence, in order to more fully investigate the role of this highly conserved residue, we generated
valine, alanine, glycine and serine substitutions for Thr-244 in human ALDH2. All four
substituted enzymes exhibited reduced catalytic efficiency toward substrate and coenzyme. We
also determined the crystal structure of the T244A enzyme in the absence and presence of
coenzyme. In the apo-enzyme, the alpha G helix, which is key to NAD binding, exhibits increased
temperature factors accompanied by a small displacement toward the active site cysteine. This
structural perturbation was reversed in the coenzyme-bound complex. Our studies confirm a role
for the Thr-244 beta methyl in the accurate positioning of the nicotinamide ring for efficient
catalysis. We also identify a new role for Thr-244 in the stabilization of the N-terminal end of
helix aG. This suggests that Thr-244, although less critical than Glu-487, is also an important
contributor toward coenzyme binding.
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Introduction

ALDH2 is a member of a broad superfamily of enzymes which are involved in the removal
of exogenous and biogenic toxins, primarily via the oxidation of aldehyde intermediates [1].
ALDH2 has long been known for its role in the oxidation of ethanol-derived acetaldehyde
[2]. This is in no small part due to the prevalence of the inactive variant in East Asian
populations (ALDH2*2) which results in ethanol-induced flushing as well as a higher
incidence of head and neck cancers [3,4]. In the last decade, ALDH2 has also been
recognized for its role in the bio-activation of nitroglycerin used to treat angina pectoris
[5,6]. This catalytic activity is closely related to the esterase activity of ALDH2 [7-9]. Most
recently, it has been shown that ALDH2 plays a central role in ethanol-induced cardio
protection [10], most likely via detoxication of 4-HNE [11,12], making it an interesting
pharmacological target [13-15].

All known ALDH family members share a common tertiary structure and reaction
mechanism. Structurally speaking, ALDHs are homotetrameric or homodimeric with each
monomer consisting of two Rossmann fold domains and an oligomerization tail (Fig. 1A).
The coenzyme NAD(P)* binds to the first Rossmann fold in an unusual manner, where the
adenosine occupies a cleft between the aF and a.G helices, the pyrophosphates are solvent
exposed, and the nicotinamide mononucleotide has been observed to occupy various
positions [16-19] (Fig. 1B). The ALDH tetramer has been conceptualized as a dimer of
dimers [18]. Within a dimer, the a.G helices from adjacent monomers are in close contact
across the dimer interface (Fig. 1A). Previous work from our laboratory has highlighted the
importance of the a G helices: in the Asian Variant ALDH2*2, the substitution of lysine for
glutamate at position 487 disrupts a salt bridge at the C-terminal end of a G, resulting in
disorder at the a G helix [20]. This results in a large energetic barrier to NAD binding that is
reflected in the 200-fold increased Ay(NAP*) for this isozyme [21].

Although amino-acid sequence diversity is high, ALDH family members share a core set of
residues, mainly in the active and cofactor binding sites, many of which have been studied
extensively (Fig. 2). Cys-302 is the active site nucleophile which forms a covalent adduct
with the substrate aldehyde; the resulting thiohemiacetal intermediate is most likely
stabilized by Asn-169 [18,22,23]. The substrate hydride is then transferred to the C4N
carbon of the nicotinamide ring [24]. It is generally accepted that, in order for the general
base Glu-268 to activate a water molecule for attack on the acyl-sulfur bond, the
nicotinamide ring must occupy a position different than that ideal for hydride transfer (Fig.
2) [17,25,26]. Product is then released before NADH [23,25] (Scheme 1). In addition to the
obvious substrate specificities of ALDH isozymes, different family members also exhibit
different rate-limiting steps in this general reaction scheme, in particular, the CoA-
dependent ALDHSs follow a Ping-Pong mechanism [27,28].

Threonine 244 is one highly conserved residue whose function has only recently been
examined in detail [19,29,30]. X-ray crystal structures show that Thr-244 lies between the
coenzyme- and substrate-binding sites with the beta-methyl positioned to interact with the
B-face of the nicotinamide ring, when coenzyme is positioned for hydride transfer (Fig. 1B,
2id2 and 1000, and Fig. 2) [17,18]. Recently, Pailot, ef al. showed that substitution of
Thr-244 in non-phosphorylating glyceraldehyde-3-phosphate dehydrogenase (GAPN)
resulted in decreased catalytic efficiency, increased Ky, for cofactor and a small shift in the
position of the nicotinamide ring (Fig 1B, 2id2) [19]. Similarly, we have shown that the
T244S in human ALDH1A1 resulted in decreased catalytic efficiency and increased Ky, for
NAD* [29]. In both cases, the binding of NADH was only slightly impaired [19,29]. Finally,
we have also reported that substitution of Thr-244 reduces catalytic efficiency in human
ALDH3AZ2 as well [30].
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The suggestion that substitution of Thr-244 may alter the interaction with coenzyme is
interesting because Thr-244 immediately precedes the aG helix which forms one-half of the
primary binding interface for NAD. We have previously shown that disruption of the C-
terminal salt-bridge by the E487K or R475Q substitutions not only results in disorder of
helix a G, but that the disorder is propagated all through the subunit interface and into the
catalytic site, reducing catalytic efficiency and NAD™* binding affinity [20,31]. Furthermore,
similar to what was observed for the Thr-244 substituted enzymes described above, with
both the E487K and E475Q substitutions, the negative impact on binding affinity was larger
for NAD* than it was for NADH [21]. Hence, we set out to examine the structural and
kinetic effects of Thr-244 substitution in ALDH2. Our work, taken together with the
aforementioned studies in GAPN and ALDH1A1, suggests that Thr-244 may have larger
role in catalysis than previously assumed.

2. Materials and Methods

2.1. Chemicals

Tryptone and yeast extract were obtained from Difco Laboratories (Detroit, MI). The PEG
6000 used for crystallization was purchased from Hampton Research (Aliso Viejo, CA).
HPLC purified oligonucleotide primers for site-directed mutagenesis and sequencing were
purchased from IDT (Coralville, IA). The QuickChange Il Mutagenesis kit was supplied by
Stratagene (La Jolla, CA). Reagent kits for plasmid isolation and purification were obtained
from Qiagen (Valencia, CA). All other reagents were purchased from Sigma-Aldrich (St.
Louis, MO). Unless otherwise stated, all chemicals were used without further purification.

2.2. Sequence analysis and structural comparisons

To find sequences similar to human ALDH2, we conducted two BLAST [32] iterations
using the PSI-BLAST algorithm [33] against the database of non-redundant Swissprot
sequences [34]. Mature human ALDH2 was used as the query sequence and default
parameters were used with the exception that the maximum number of target hits was raised
to 5,000. The Constraint-based Multiple Alignment Tool (COBALT) was then used to
obtain the multiple sequence alignment using default parameters [35]. Four redundant
sequences and five short fragments were manually removed from the alignment. The initial
995 non-redundant hits encompassed distantly related proteins, down to 13.5% identity and
an Evalue of 1x1078, This initial set included human ALDH18A1 (P5CS, 16.5% identity to
ALDH2) and over 400 other members of the gamma-glutamyl phosphate reductase (GPR,
EC 1.2.1.41) family. Hence, the alignment was truncated to the 539 sequences which share
more than 20% pairwise sequence identity to human ALDH2. This excluded all of the
phosphorylating ALDHSs, including 450 with Arg-244 and 6 with Thr-244. Aligned
sequences were imported into Excel to obtain residue counts, GeneDoc [36] and JalView
[37] were used to obtain consensus sequences and degap the truncated alignment. For
structural comparison of Lys-178 and Thr-244, 97 ALDH structures representing 35 unique
enzymes were downloaded from the Protein Data Bank on Aug, 16 2010. PyMol was used
to align each structure to the wild-type ALDH2 tetramer and to measure interatomic
distances [38].

2.3. Plasmids, mutagenesis, protein expression

ALDH2 cDNA cloned into the pT7-7 vector [39] was used as template for mutagenesis
using the QuickChange Il Mutagenesis Kit. Thr-244 was replaced through site-directed
mutagenesis with one of four residues; Gly, Ala, Val or Ser. The primer pair 5’-
GACAAAGTGGCATTCNNNGGCTCCACTGAGATTGG-3" and 5'-
CCAATCTCAGTGGAGCCNININIGAATGCCACTTTGTC-3" was used with base
sequences NNN/N1IN1N1 as GGA/TCC for Gly, GCA/TGC for Ala, TCA/TGA for Ser, and

Chem Biol Interact. Author manuscript; available in PMC 2014 February 25.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gonzélez-Segura et al. Page 4

GTA/TAC for Val. Plasmids isolated after transformation into DH5a cells were screened
for the desired substitution by DNA sequencing. Positive clones were transformed into the
Escherichia coli strain BL21(DE3)pLysS for protein expression as described previously
[39].

2.4. Purification of native and Thr-244 substituted enzymes

All enzymes were purified as described previously [40]. Briefly, recombinantly expressed
enzymes were first subjected to protamine sulfate treatment (1.25 mg/ml) followed by
DEAE- cellulose column. Then the ALDH2 native or Thr-244 substituted enzymes were
purified by 5° AMP Sepharose 4B and p-hydroxyacetophenone (HAP) affinity
chromatography, respectively. The homogeneity of individual enzymes was indicated by
SDS-PAGE. All the purified enzymes were found to be homogeneous, yielding a single
band of molecular weight ~55 kD on SDS-PAGE. Fractions of individual purified enzymes
were pooled, concentrated by Centricon centrifugal filters (Amicon) and stored in 50%
glycerol at =20 °C, prior to characterization. The T244G enzyme bound poorly to the 4-
hydroxyacetophenone affinity column which, In this case, the T244G enzyme was further
purified by substituting a second 5”-AMP Sepharose affinity chromatography step. None of
the substitutions altered the oligomeric state of the recombinant protein, as all forms
exhibited elution patterns identical to the wild-type enzyme on a Sephacryl-200 column with
molecular masses approximating 200 kD (data not shown).

2.5. Kinetic assays

Enzyme activities were monitored by following the increase in NADH fluorescence at 450
nm, as previously described [29]. Comparison of activities with propionaldehyde versus
chloroacetaldehyde were measured in 25 mM sodium Hepes buffer (pH 7.4) at fixed single
concentrations of NAD* and substrate, with and without 5 mM magnesium (Table 1).

Co-variation assays were conducted in 50 mM sodium phosphate buffer (pH 7.4) with the
ranges of chloroacetaldehyde and NAD™ adjusted for each enzyme (Table 2). The kinetic
constants, Ky, Viax and Kiz shown in Table 2 were obtained by bisubstrate kinetic
analyses. The velocity data were fit to the following bi-bi ordered sequential equation in the
absence of products: v= Wax [Al[B]/ (KiaKg + Ka[B] + Kg[A] + [A][B]) (Equation 1)
where [A] and [B] correspond to the concentrations of NAD™ and aldehyde, respectively.
The kg4 values were derived from the Vi, values and the catalytic efficiency, Aqq/ K for
substrate was derived from Scheme 1 and is equivalent to the following collection of rate
constants, k3ks / (ks + ks). Competitive inhibition assays were used to measure Kijq and were
conducted in 25 mM sodium Hepes (pH 7.4) using 40-150 .M NADH as a competitive
inhibitor against NAD™, as previously described [21]. Protein concentrations were
determined using the Bio-Rad protein assay kit (Bio-Rad Laboratories, Hercules, CA) with
bovine serum albumin as a standard.

2.6. Crystallization and structure determination

Crystals of T244A ALDH2 were grown under conditions similar to that for the wild-type
enzyme [17]. Briefly, the apo-enzyme form of T244A was concentrated to 7.5 mg/ml in 10
mM ACES, pH 6.6 containing 1 mM DTT and equilibrated against a crystallization
solutions that contained 100 mM ACES, pH 6.4, 100-200 mM guanidine-HCI, 1-10 mM
MgCl, and 16-17% (w/v) PEG 6000. The complexes with NAD* and NADH were prepared
through direct soaking experiments. The complex with NADH was prepared by soaking an
apo-enzyme crystal overnight against 0.5 mM NADH in 100 mM ACES, pH 6.4, 100 mM
guanidine-HCI, 10 mM MgCl, and 18% (w/v) PEG 6000. Due to a propensity for crystal
cracking, the complex with NAD™ required a step-wise introduction of NAD™ into the
crystal using the following protocol, 0.1 mM, 0.2 mM, 0.5 mM, 1 mM, 2 mM and 5 mM
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3. Results

with 15 minutes of soaking at each concentration step in 100 mM sodium ACES, pH 6.4,
150 mM guanidine-HCI, 10 mM MgCl, and 17% (w/v) PEG 6000. All crystals were flash
cooled using a two-step protocol to introduce 18% (v/v) ethylene glycol into the
crystallization/soaking solutions for cryoprotection. Diffraction data for the T244A-NADH
complex were collected in our laboratory X-ray facility (Raxis IV**). Data for the apo-
T244A, T244A-NAD* complex, and apo-ALDH2 structures were collected at beamline 19-
ID operated by the Structural Biology Consortium, located within the Advanced Photon
Source at Argonne National Laboratory. All diffraction data were indexed, integrated and
scaled using the HKL2000/HKL3000 program suite [41]. As all structures are essentially
isomorphous with the wild-type ALDH2 orthorhombic data sets [17], each structure was
solved by direct refinement using the wild-type apo-ALDH2 structure (with solvent
removed) as the starting model. Confirmation of the substitution at position 244, as well as
the binding of coenzyme was evaluated through inspection of the initial ~,-Felectron
density maps. Modeling of solvent molecules and bound ligands was performed
independently for each structure. All structures were refined using Refmac [42] and visually
inspected and adjusted using the visualization program Coot [43].

3.1. Conservation of Thr-244 among aldehyde dehydrogenases

We generated a multiple sequence alignment of proteins which share greater than 20%
sequence identity to human ALDH2. Among the 539 hits from diverse organisms, we find
position 244 is a threonine in 483 sequences, a valine in 50, a cysteine in 4, and an
isoleucine in 2. The four sequences with Cys-244 belong to ALDH family 16 (sequence
identity ~30% to human ALDH2). With the additional substitutions of alanine at position
268 and glycine at 302, the function of the ALDH16 family members is unclear [1]. The two
enzymes with lle-244 are ALDH-like proteins from lower organisms, and are also of
undetermined function. Forty-nine of the Val-244 containing enzymes belong to the CoA-
dependent subfamily of ALDHSs (also known as the MMSDH family [44]. The other
sequence with valine at position 244 is a poorly characterized member of ALDH family 22
from Arabidopsis [45]. Thus, among the non-phosphorylating ALDHs, Thr-244 is conserved
in more than 98% of CoA-independent sequences and Val-244 is conserved in all CoA-
dependent enzymes. An interesting potential hydrogen bond partner for the Thr-244 side
chain is lysine 178 (Fig. 2). This residue is moderately conserved, with a lysine appearing in
50% and a histidine in 22% of the non-phosphorylating ALDHs in our alignment.
Additionally, in 68 of the 70 ALDH crystal structures that have a lysine at this position, the
side chain amino group is within 3.4 A of the side chain hydroxyl of Thr-244.

3.2. Kinetics of enzymes with substitutions ofThr-244

We made four Thr-244 substitutions in the human ALDH2 isozyme. The substitutions of
glycine and alanine were chosen to study the effect of side chain deletion at this position,
serine was selected for comparison with published results for GAPN and ALDH1A1, and
valine is a naturally occurring variation appearing in CoA-dependent ALDHSs and accounts
for approximately 90% of the variance at this position.

We have previously established that the deacylation step is the major contributor to K., for
wild-type ALDH2 [7,46] and that that aldehydes substituted with an electron withdrawing
group are oxidized more rapidly than propionaldehyde [7,22]. Hence we measured reaction
velocities for propionaldehyde and chloroacetaldehyde for each enzyme (Table 1). All
substituted enzymes exhibited lower catalytic rates than wild-type toward both substrates,
with the T244G and T244S substitutions showing much larger decreases than the T244V
and T244A enzymes (Table 1). Additionally, all reactions were 2.5- to 8-fold faster with
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chloroacetaldehyde than propionaldehyde as substrate. Since an electron withdrawing group
adjacent to the aldehydic carbon would be expected to slow hydride transfer, the faster
turnover indicates that hydride transfer does not significantly contribute to their observed
maximal velocities in the Thr-244 substituted enzymes. Instead, the increase in Vax is
consistent with acceleration of either thiohemiacetal formation or acyl-enzyme hydrolysis.
To distinguish between these possibilities, we investigated the effect of adding magnesium
ions to the reaction. We and others have shown that addition of magnesium ions to ALDH2
catalyzed reactions increases the rate of acyl-enzyme hydrolysis without impacting
thiohemiacetal formation or hydride transfer [29,47,48]. At low concentrations, magnesium
ions result in an approximate 2-fold increase in V51 With propionaldehyde as substrate but
have little effect when chloroacetaldehyde is the substrate, presumably because the rate of
chloroacetaldehyde oxidation cannot be further enhanced [29,47,48]. At the maximally
activating concentrations used here, we found a 2-fold increase for propionaldehyde and no
significant enhancement with chloroacetaldehyde for the wild-type enzyme, consistent with
previous data [47], and obtained stronger effects for the Thr-244 substitutions, with a 2.5 to
9.5-fold increase in activity with propionaldehyde and 1.5 to 3.0-fold increase with
chloroacetaldehyde (Table 1). Taken together, these data provide strong support that acyl-
enzyme hydrolysis remains the major contributor to the turnover rate.

Because catalytic activity was higher for chloroacetaldehyde, steady-state co-variation
assays were performed with this substrate and NAD*. The kinetic data obtained for the
native and substituted enzymes were consistent with the sequential kinetic mechanism as
described before for wild-type ALDH2 [22] (Scheme 1, Table 2). Consistent with the data
shown in Table 1, we observe a split between the T244V(or A) and the T244G(or S)
substitutions, where the latter two enzymes show the most drastic decreases in Ag;.
Interestingly, in the T244G and T244S substituted enzymes, Kj,(chloroacetaldehyde) ya|yes are
quite similar to wild-type, instead it is the T244V and T244A substituted enzymes that show
large increases in the Ky, for this substrate (Table 2). In the same way, the T244G and
T244S substituted enzymes also show less drastic changes in Ky(NAP*) than the T244V or
T244A substituted enzymes, with a maximum Ky (NAP*) of 2.1 mM for the T244A
substituted enzyme. However, the variations in Ky and A4t tended to offset one another
such that Aggi/ Ky (Chloroacetaldenyde) yaried 6-fold and g/ Kp VAP varied only 3-fold across
the substituted enzymes. The fit to the complete velocity equation for an ordered bi-bi
reaction also provides an estimate of the dissociation constant for NAD* [Ki, ~ Kp(NAD+)]
and this value increased 3- to 12-fold for the substituted enzymes. In contrast, the estimated
dissociation constant, for NADH [Kiq ~ KpNAPH)] was increased only slightly, from a
nearly wild-type value for the T244S substituted enzyme to a just over 2-fold increase for
the T244V substituted enzyme.

3.3. Structures of T244A ALDH2

The ALDH2 T244A enzyme was selected for structure determination because this
substitution resulted in the largest changes in the overall catalytic efficiency when both
substrates for the reaction were considered (Table 2, Aqqil Kia Kiy (Coroacetaldehyde)) e
solved the T244A substituted enzyme structure in the apo-enzyme form and as complexes
with both oxidized and reduced cofactor to between 1.7 and 2.25 A resolution (Table 3). All
structures are essentially isomorphous with the wild-type and contain two independent
copies of the tetramer in the asymmetric unit of the crystals.

3.3.1 Structural changes in the apo-enzyme due to T244A substitution—
Overall, the structure of the apo-enzyme form of the T244A ALDH?2 is similar to wild-type
ALDH2 of similar resolution (Table 3), with an r.m.s.d. for all Ca atoms in the tetramer of
0.10 A. The most obvious changes in the apo-T244A structure occur in the local
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environment surrounding residue 244. Here, we observe conformational heterogeneity of the
Glu-268 and Lys-178 side chains, as well as a shift in the position of the Glu-476 side chain
(Fig. 3A). In addition, when compared to wild-type, the Ca atoms of residues 245-248,
which form the beginning of the aG helix, systematically shift in the direction of Cys-302
by between 0.3 and 0.7 A (Fig. 3A). We also observe an increase in the thermal parameters
for the whole oG helix (residues 246-260, Fig. 4). Lastly, we also see conformational
heterogeneity of the side chain of Arg-264, at the C-terminal end of helix a G (Fig. 3A).
Many of these structural changes are similar to those observed in the ALDH2 R475Q
substituted enzyme [31].

3.3.2 Restoration of the T244A ALDH2 structure upon NADH binding—The
overall structure of the T244A-NADH complex is similar to both the apo-T244A and the
wild-type NADH binary complex (PDB code 1002) [17] with r.m.s.d.s for all Ca atoms in
the tetramer of 0.22 and 0.13 A, respectively. The coenzyme in the T244A-NADH structure
displays a single well-ordered conformation in the ‘hydrolysis’ position with clear density
for the Mg2* ion bound to the pyrophosphates, both typical for NADH binding to ALDH2
[17]. The majority of the active site residues are also restored to positions observed in the
wild-type NADH-bound structure (PDB code 1002) [17], including residues 245-248 and
the side chains of Arg-264 and Lys-178 (Fig. 3B). Additionally, the thermal parameters for
aG are reduced to baseline values (Fig. 4). Interestingly, although Glu-268 is ordered in this
structure, it is positioned with the carboxyl group close (dave = 3.5 A) to both atoms of the
carboxamide group of NADH (Fig. 3B). In wild-type structures, Glu-268 is found to occupy
one of two preferred conformations; (a) with one side chain carboxyl oxygen at 3.4 A from
Cys-302 and the other at 3.4 A from the amide nitrogen of the carboxamide moiety of
NADH, or (b) with both side chain carboxyl oxygens adjacent to the main-chain atoms of
residues 465 and 476 [17]. The conformation observed for Glu-268 in the T244A-NADH
complex is similar to conformation (a), but the interaction with Cys-302 is lost in favor of
the second interaction with the carboxamide group (Fig. 3B).

3.3.3 Partial restoration of the T244A ALDH2 structure upon NAD* binding—In
contrast to the well-ordered conformation of NADH in the T244A enzyme, the complex
with NAD* lacks a single well-defined position for the nicotinamide mononucleotide
(NMN) portion of the coenzyme (Fig. 3C). Electron density for the adenosine is clear as are
two distinct positions for the pyrophosphates, however the electron density for the NMN is
discontinuous, making an accurate fit difficult. Hence, we chose to model only the ADP
portion of NAD™ for this structure. Nevertheless, NAD* binding does result in partial
restoration of the structural changes observed in the apo-T244A enzyme. Residues 245-248
and residue Lys-178 in the T244A-NAD™ complex structure are restored to positions similar
to those observed in the wild-type apo-enzyme structure as well as the structure of the
C302S substituted enzyme with bound NAD* (PDB code 1004) [17]. As observed in the
NADH complex, the B-factors for aG in the NAD* complex are also reduced to baseline
values (Fig. 4). On the other hand, the side chain of Arg-264 retains the conformational
disorder observed in the apo-form of the T244A substituted enzyme structure, as does the
side chain of Glu-268 (Fig. 3C). The overall structural similarity of the T244A-NAD*
complex to the apo-T244A, NAD-bound wild-type, and NAD-bound C302S ALDH2 is
0.24,0.18, and 0.20 A r.m.s.d. for all Ca atoms in the tetramers, respectively.

4. Discussion

One of the unique aspects of catalysis in ALDH isozymes is the apparent requirement for
coenzyme isomerization within the active site in order to facilitate distinct steps of the
catalytic cycle. Structural studies on multiple ALDH family members have demonstrated the
mobility of the coenzyme, and some isozymes show distinct coenzyme conformation
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preferences (Figs. 1B and 2) [16,49-51]. The most obvious conclusion from these studies is
that while catalysis must proceed through a common subset of these conformations, each
isoenzyme would appear to adopt different stable ground state conformations that are
accessible in crystal structures. For ALDH2, there appear to be two relatively stable
conformations of the coenzyme, the so-called ‘hydride transfer’ and ‘hydrolysis’ positions
both of which are applicable to particular steps in the catalytic cycle; namely, hydride
transfer and acyl-enzyme hydrolysis (Fig. 2) [17]. Given the structural precision necessary
to accommodate at least two catalytically competent coenzyme conformations, it is not
surprising that substitutions within the coenzyme binding cleft affect not only the catalytic
efficiency for coenzyme, but also the catalytic efficiency for substrate aldehydes and the
rate-limiting step. For instance, substitution of either Lys-192 or Glu-399, which interact
with the coenzyme ribose moieties, change the major rate-limiting step in ALDH2 from
acyl-enzyme hydrolysis to hydride transfer [52]. This result is consistent with important
stabilizing interactions between the coenzyme and enzyme that affect the ability to precisely
position the nicotinamide ring for hydride transfer.

In contrast to Lys-192 or Glu-399, the side chain of Thr-244 does not make any direct
hydrogen bonds to the coenzyme [17,29]. Instead, the methyl substituent of Thr-244 is
within van der Waals contact distance of the B-face of the nicotinamide ring when the
coenzyme occupies the ‘hydride transfer’ position (Fig. 2A) [17]. Proper positioning of the
nicotinamide ring is essential for efficient hydride transfer to the C4N carbon and may also
be important in activating the catalytic cysteine in preparation for thiohemiacetal formation
[53]. Furthermore, when the nicotinamide ring is in the contracted conformation ideal for the
deacylation reaction, the hydroxyl group of the Thr-244 side-chain may indirectly stabilize
the deacylating water molecule through an intervening ordered water molecule [17,18].
These observations suggest that Thr-244 may also have a role in facilitating the deacylation
reaction.

Our data for the Thr-244 substitutions in ALDH2 show that the A/ K for
chloroacetaldehyde was reduced by at least a factor of six and that Ac./ K for NAD* was
reduced by a factor of more than 25 (Table 2). We previously found catalytic efficiencies for
substrate and cofactor to be reduced by similar amounts in T244S ALDH1AL, where
additionally, the rate-limiting step was altered from NADH release to deacylation [29]. The
T244S substitution in GAPN also resulted in decreased catalytic efficiency for substrate and
coenzyme of about 700- and 1,100-fold, respectively [19]. A change in the rate-limiting step
was also observed in GAPN, in this case the shift was from deacylation to hydride-transfer
[19]. In contrast, when Thr-244 was substituted in ALDHZ2, deacylation remained the major
rate-limiting step. However, in each of these other two enzymes (ALDH1A1 and GAPN)
substitution at position 244 reduced catalytic efficiency by slowing chemical steps that are
associated with the positioning of the cofactor, either just prior (slower hydride transfer in
GAPN) or just after (slower acyl-enzyme hydrolysis in ALDH1AL) the generally accepted
coenzyme isomerization. Another interesting point of difference between our results and
those obtained for GAPN is in the magnitude of the changes in A, resulting from, in
particular, the T244V substitution. In ALDH2 all Thr-244 substituted enzymes were
catalytically competent (Tables 1, 2). However, the A4 for the T244V substituted GAPN
enzyme was reduced by almost 250,000-fold, resulting in a practically inactive enzyme [19]

These differences are reminiscent of those obtained for substitutions of another highly
conserved active site residue, Glu-268. There have been two roles ascribed to Glu-268:
activation of Cys-302 and activation of the hydrolytic water molecule [25]. However, it is
fair to say that the relative contribution of Glu-268 to either or both of those functions
appears to vary amongst different ALDH isozymes [54-56]. Similarly, the data presented
here support a role for Thr-244 in both thiohemiacetal formation and in acyl-enzyme
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hydrolysis, with different substitutions at 244 impacting each process slightly differently.
The T244S enzyme has the lowest A4, but the highest catalytic efficiency toward
chloroacetaldehyde and the best overall catalytic efficiency (k../KiaKmg, Table 2). For the
T244S substituted enzyme, decreased Ao primarily reflects decreased acyl-enzyme
hydrolysis, implying a slower rate of deacylation for this enzyme. On the other hand, the
enzymes with more hydrophobic residues at position 244, T244A and T244V, showed less
impact on k., but larger decreases in catalytic efficiency toward chloroacetaldehyde (Table
2). Thus, deacylation was least impaired for these substitutions, but thiohemiacetal
formation appeared diminished. The T244G enzyme was intermediate, with effects both on
Kear and Aqqi/ K, but not as severe for either measurement. What these results suggest is that
the more hydrophilic environment promoted by the substitution of Thr-244 to Ser, and less
so Gly, does not dramatically impact thiohemiacetal formation, nor the Ky,(NAP*). Instead,
the smaller size of the Ser and Gly side chains likely increases the number of non-productive
interactions between Glu-268, the nicotinamide ring, and the activated water molecule
thereby negatively impacting acyl-enzyme hydrolysis and, ultimately, k.. On the other
hand, the more hydrophobic substitutions of Ala and Val appear to impact thiohemiacetal
formation, while having a smaller impact on 4., This effect might be ascribed to the
charged nicotinamide ring, which would interact less favorably in the more hydrophobic
environment of the T244A and T244V substituted enzymes. In this context, the Ala and Val
substitutions could simply provide a less stable environment to support the precise
positioning of the positively charged nicotinamide for efficient thiohemiacetal formation, as
was suggested for the GAPDH isozyme [56]. Once the reaction has proceeded through
hydride transfer and coenzyme isomerization, the impact of the hydrophobic substitutions
upon acyl-enzyme hydrolysis in ALDH2 may be reduced by decreasing the number of non-
productive encounters between the activated water and the surrounding active site residues
and minimizing any impact on kg4 Thus, we conclude that our kinetic data for ALDH2 are
in agreement with results obtained for ALDH1A1 [29] and GAPN [19] in supporting a role
for Thr-244 in the stable positioning of the nicotinamide ring, with potential impact on the
catalytic steps between thiohemiacetal formation and acyl-enzyme hydrolysis.

The present study also identifies a new role for Thr-244, specifically in anchoring the N-
terminal end of the key NAD binding helix, aG. Rather than leading to the large-scale
disordering observed when the underlying structural scaffold is disrupted, such as those
observed in the ALDH2*2 enzyme structure [20], these effects are more subtle and are only
visualized by inspection of the local thermal parameters for these regions of protein structure
in our apo-T244A ALDH2 crystal structure (Figs. 3A, 4). However, similar to the changes
in ALDH2*2 and E475Q ALDH2, these perturbations are largely restored with coenzyme
binding, provided sufficient coenzyme is present [31] (Figs. 3B, 3C, 4). This is also
consistent with the 3- to 11-fold increase in Kj, for the T244 substitutions (Table 2) and with
our prior data for the T244S substitution in ALDH1A1 where the estimated Kp for NAD™*
was increased about 9-fold [19]. Presumably the descreased affinity for coenzyme reflects
the extent to which restoration of a stable structural scaffold to support the nicotinamide ring
impacts binding. The smaller changes in the NADH inhibition constants (estimated Kp)
seen in ALDH1A1 [29], GAPN [19], and ALDH2 (1.2- to 2.2-fold, Table 2) probably reflect
the lack of interaction between residue 244 and the reduced nicotinamide ring when the
coenzyme is positioned away from Cys302 in the hydrolysis position. In addition to a role in
positioning the nicotinamide ring, our data suggests that Thr-244 also plays a role in
facilitating coenzyme binding by stabilizing the N-terminus of helix aG. We further propose
that the potential hydrogen bond between the Thr-244 delta hydroxyl and the zeta nitrogen
of Lys-178 could support both functions of Thr-244 by orienting the side chain, as has been
previously shown for GAPN [29]. Indeed, Thr-244 is observed to be within hydrogen
bonding distance to Lys-178 in the majority of the ALDH entries in the PDB and a lysine or
histidine is observed at this position in nearly 75% of CoA-independent ALDHSs. In ALDH2,
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we suggest that the substitution of Thr-244 to Ala breaks the link with Lys-178, releasing a
conformational constraint that limited the mobility of the aG helix. Although this hypothesis
does not fully explain the kinetic data in Table 2, the role of Lys-178 in tethering Thr-244 is
an interesting avenue for further investigation.

In conclusion, the data presented here support the idea that ALDH family members all
utilize similar catalytic strategies. Clearly each enzyme active site presents a unique context
in which the conserved residues serve their respective roles and this will impact the
magnitude of the changes that are observed when substitutions are introduced.
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Fig. 1.

NAD binding in the ALDH superfamily. (A) ALDH2 tetramer with helices aF and aG
shown as ribbons and NAD as vdw spheres (PDB code 1002). (B) Stereo view of the
cofactor conformations observed in the wild-type ALDH2-NAD complex (PDB code 1000),
in the E268A GAPN-NADP complex (PDB code 2esd, ref. 16), and the T244S GAPN-
NADP complex (PDB code 2id2, ref. 19). Legend refers to color of nicotinamide ring,
surface representation shown for 1000 only. All molecular figures were generated using
PyMol [38].
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Fig. 2.

Stereo views of the active site of ALDH2 with butyraldehyde modeled in (A) PDB code
1004 with a transparent vdw surface shown for Thr-244 Cy2. (B) PDB code 1001 (absent
non-covalent crotonaldehyde). Alternate structures with Glu in “down” position: Apo wt
1005 (subunits BCEFH) and SM-NAD wt 1cw3 (subunits ADEH).
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Fig. 3.

Stereo views of the interactions N- and C-terminal to aG. (A) Apo T244A and wild-type
ALDH2 (PDB codes 3n81 and 3n80) (B) NADH complexes of T244A and wild-type (PDB
codes 3n82 and 1002). (C) NAD complexes of T244A and C302S ALDH2 (PDB codes
3n83 and 1004). 2 ~,-F; electron density maps contoured at 1.0 o. Legend refers to color of
the electron density (hash-mark color) and corresponding model (text color).
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Relative variation in average B-factor as a function of residue number. Delta-B values were
calculated as the difference between the refined values in each of the T244A structures and
the refined values in the wild-type apo ALDH2 structure, after baseline correction using the

overall B for each structure.
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Scheme 1.
General mechanism for the dehydrogenase reaction catalyzed by ALDH.
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Effect of Mg2* ions on activity of native and T244-substituted ALDH2 against propionaldehyde and

chloroacetaldehyde.

Table 1

Propionaldehyde? Chloroacetaldehyde
NoMg*®* +5mM Mg*»* NoMg®* +5mM Mg?*

Enzyme  V/(minY) V/(mint) V(min?) V(min™t)
ALDH2 190 +20 470 =38 520 * 65 670 £ 52
T244V 679 170 + 48 160 + 15 250 £+ 63
T244A 35 +2 120+ 14 280 + 47 560 + 127
T244G 61 54+5 405 80+ 12
T244S 71 67+9 32+4 99+ 10

Page 20

aReaction velocities were determined in 50 mM sodium Hepes buffer at pH 7.4 in the absence or presence of Mg2+ with 1.2 mM NAD™ and 50
1M propionaldehyde or 200 uM chloroacetaldehyde (native, T224G, and T244S) or with 4 mM NAD™ and 1.5 mM propionaldehyde or 0.8 mM

chloroacetaldehyde (T244A and T244V).
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