
Journal of Biomolecular Structure &
Dynamics, ISSN 0739-1102
Volume 19, Issue Number 3, (2001)
©Adenine Press (2001)

Human Aldehyde Dehydrogenase Catalytic Activity
and Structural Interactions with Coenzyme Analogs

www.adeninepress.com

Abstract

Km and Vmax values for 10 coenzyme analogs never previously studied with any aldehyde
dehydrogenase and NADP+ were compared with those for NAD+ for three human aldehyde
dehydrogenases (EC 1.2.1.3); the cytoplasmic E1 (the product of the aldh1gene), the mito-
chondrial E2 (the product of the aldh2 gene) and the cytoplasmic E3 (the product of the
aldh9gene) isozymes.  Structural information on changes in coenzyme-protein interactions
were obtained via molecular dynamics (MD) studies with the E2 isozyme and quantum
mechanical (QM) calculations were used to study changes in charge distribution of the pyri-
dine ring and relative free energies of solvation of the purine ring in the analogs.  E1 showed
the broadest substrate specificity and was the only isozyme subject to substrate inhibition,
both of which are suggested to be due to the two coenzyme conformations observed previ-
ously in the sheep crystal structure.  NADP+ selectivity is indicated to be influenced by
Glu195 in E1 and E2.  Substitutions in the purine ring affected Km but not Vmax, with the
changes in Km being dominated by the hydrophobicity of the purine ring as indicted by the
QM calculations.  Substitutions in the pyridine ring sometimes rendered the coenzymes
inactive, with no consistent pattern observed for the three coenzymes.  Structural analysis of
the coenzyme analog-E2 MD simulations revealed different structural perturbations of the
surrounding active site, though interactions with Asn169 and Glu399 were preserved in all
cases.

Introduction

Aldehyde dehydrogenase (EC 1.2.1.3) catalyzes dehydrogenation of a large variety
of aldehydes in the presence of nicotinamide adenine dinucleotide (NAD+) as the
coenzyme.  Evidence for 12 genes coding for aldehyde dehydrogenase in man has
been reviewed (1).  The genes coding for human aldehyde dehydrogenases of broad
substrate specificity are: aldh1, aldh2, aldh3, aldh9and aldh10.  While products of
the aldh1gene (here called E1), aldh2gene (E2) and aldh9gene (E3) show strong
preference for NAD+ and are tetrameric enzymes, those of the aldh3 and aldh10
genes have dual coenzyme specificity and occur as a dimer and a polymer, respec-
tively.  The product of aldh9 gene has also been described in the literature as
aminobutyraldehyde, betaine aldehyde or trimethylaminobutyraldehyde dehydro-
genase as it was at first believed to be a specific enzyme.  Kinetic mechanisms for
E1 (2) and E2 (3) have been determined.  Both mechanisms are compulsory
ordered with NAD binding before aldehyde.  With E1, the rate limiting step is
NADH dissociation while it is deacylation with E2.  The kinetic mechanism of E3
has yet to be determined.  Three-dimensional (3D) structures from X-ray crystal-
lography for the gene products of aldh1(sheep liver), aldh2(bovine, human liver)
aldh3 (rat liver) and aldh9 (cod liver) have been recently published (4-7). 

Research efforts in recent years have concentrated on aldehyde dehydrogenase
interactions with aldehyde substrates, which form covalent enzyme-acyl interme-
diates, rather than with coenzyme substrates.  X-ray crystallography, however, has
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demonstrated that the coenzyme-binding site of aldehyde dehydrogenases differs
from that of other dehydrogenases and is composed of five β strands connected by
four α-helices(5) instead of six β-strands common to NAD+-dependent dehydro-
genases (8,9).  This difference has been confirmed by X-ray crystallography of the
bovine mitochondrial enzyme, the product of aldh2gene (7), and of the cod liver
cytoplasmic enzyme (4) product of aldh9gene.  Differences in the coenzyme bind-
ing site of the three aldehyde dehydrogenases examined to date are evident by
sequence and 3D structural comparisons but their significance cannot be interpret-
ed without supporting kinetic data.  However, specificity of human aldehyde dehy-
drogenases towards coenzyme analogs has never previously been investigated
except for comparisons of the activity of NAD+ vs. NADP+.  This lack of experi-
mental kinetic data on coenzyme analogs motivated the present study.

It has long been recognized with dehydrogenases, in general, that major modifica-
tions in the purine moiety of the coenzyme are tolerated in retaining coenzyme
functioning (10).  Pyridine-modified analogs, however, are less tolerated and only
a few of them are known to function as coenzymes.  The specific binding of com-
plex molecules such as NAD+ or NADP+ to dehydrogenases is mediated by selec-
tive interactions between different enzyme amino acid residues and different parts
of the dinucleotide molecules.  Both purine and pyridine analogs cannot function if
they are not bound or poorly bound to the coenzyme binding site.  If binding is too
strong dissociation may be difficult and, thereby, coenzyme function could also be
impaired.  In addition, changes in the reduction potential of the nicotinamide moi-
ety due to the chemical modification will impact coenzyme function.  Thus, a com-
bination of enzyme-coenzyme interactions and electronic properties of the nicoti-
namide contribute to the functionality of various coenzyme analogs.  

Theoretical methods offer a powerful tool to investigate biological molecules, often
allowing for an atomic detail interpretation of experimental data (11).  For exam-
ple, theoretical studies based on empirical force fields and molecular dynamics
(MD) simulations allow for a full representation of the protein and the substrate and
have been used to study protein conformation (12) and protein-substrate interac-
tions (13), including the impact of pH on binding (14).  Quantum mechanical (QM)
approaches (15) typically cannot be used to study protein-ligand complexes, how-
ever, they can be used to investigate the electronic properties of individual organic
molecules (16,17).  In combination, application of MD and QM methods to pro-
tein-substrate interactions offers a powerful tool to help elucidate the structural
determinants of experimentally observed kinetic properties.  Indeed, the first com-
putational study of an aldehyde dehydrogenase, the dimeric isozyme from the
aldh3gene from rat, was recently published (18).

In this paper we present kinetic parameters for human liver homotetrameric E1, E2
and E3 isozymes obtained with coenzymes and coenzyme analogs.  In addition,
MD and QM based computational studies were performed on the studied coenzyme
analogs, including interactions with the E2 isozyme.  The kinetic parameters where
then interpreted with respect to enzyme-coenzyme interactions, changes in elec-
tronic structure and changes in free energies of solvation obtained from the com-
putational studies.

Materials and Methods

Experimental
Materials: Adult human autopsy livers were from National Disease Research
Interchange (Philadelphia, PA).  β-nicotinamide adenine dinucleotide (NAD+) was
from Boehringer-Mannheim (Indianapolis, IN).  Propionaldehyde from Aldrich
Chem Co. was redistilled before use.  Betaine aldehyde, 3- acetylpyridine-AD+, 3-
pyridinealdehyde-AD+, nicotinic acid-AD+, thionicotinamide-AD+, N-1,N6-
ethenoadenine-D+, N-hypoxanthine-D+, N-guanine-D+, acetylpyridine hypoxan-
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thine-D+, NADP+, and α-NAD+ were from Sigma-Aldrich (St. Louis, MO). 

Purification of Enzymes: The E1 and E2 isozymes of human liver aldehyde dehy-
drogenase were purified from liver to homogeneity following the procedure of
Hempel et al. (19).  The purity was confirmed by SDS-PAGE electrophoresis and
by isoelectric focusing.  There was no cross contamination of E1 isozyme with the
E2 isozyme and vice versa.  Prior to use, E1 and E2 isozyme preparations were dia-
lyzed vs. 25 mM sodium phosphate buffer, pH 6.0 to remove 2-mercaptoethanol
and NAD+ was used to stabilize the isozymes during storage.  The E3 isozyme was
purified as described by Kurys et al.(20); on SDS-PAGE it migrated as a single 54-
kDa band.  The E3 isozyme was stored at -10˚C in 20% v/v glycerol containing
0.1% v/v 2-mercaptoethanol, under nitrogen.  Prior to use, aliquots of the enzyme
preparation were loaded on a MonoP column from Pharmacia (Piscataway, NJ)
using a Beckman FPLC system and washed with 10 mM sodium phosphate buffer,
pH 6.8, containing 1 mM EDTA to remove glycerol and 2-mercaptoethanol.  The
enzyme was eluted with a gradient of sodium chloride which between 250 and 300
mM separates the E3 isozyme into two components (20).  Only the major compo-
nent of the E3 isozyme was used in these experiments.  

Protein Determination: Protein concentration was determined employing the
microbiuret method (21) using bovine serum albumin as standard.   

Enzyme Activity Assays:  To determine active enzyme concentration the enzyme
activity was determined in 100 mM sodium phosphate buffer, pH 9.0 containing
1mM EDTA, 500 µM NAD+ and 1mM propionaldehyde at 340 nm and 25ºC every
day before start of experiments.  In these conditions 1 mg of enzyme produces 0.6
µmol NADH/min/mg with both E1 and E3 isozymes: the E2 isozyme produces 1.6
mmol/min/mg.  Kinetics with coenzyme analogs was also done at 340 nm, except
for thionicotinamide-AD+ which was monitored at 395 nm.  A Gilford recording
spectrophotometer with a circulating water bath and methacrylate 1 ml disposable
cuvettes were used.  Activities of the E1 and E2 isozymes were determined in 100
µM sodium phosphate buffer, pH 7.4, containing 500 µM propionaldehyde.   With
the E3 isozyme, kinetics were done in 100 mM sodium phosphate buffer, pH 9.0
containing 1 mM betaine aldehyde.  Reactions were started by addition of enzyme.
Duplicate or triplicate rate determinations were done at different concentrations of
coenzyme analogs.  The following extinction coefficients were used: 6.22 mM-1

cm-1 for NADH, NADPH, and for reduced N-1,N6-ethenoadenine-D+, N-hypox-
anthine-D+ and N-guanine-D+ (22-25); 5.1 mM-1 cm-1 for reduced 3- acetylpyri-
dine-AD+ and 3-acetylpyridine hypoxanthine-D+ (25,26); 6.0 mM-1 cm-1 for
reduced 3-pyridinealdehyde-AD+ (27); 4.6 mM-1 cm-1 for reduced nicotinic acid-
AD+ (28) and 5.6 mM-1 cm-1 for αNADH (29).  An extinction coefficient of 11.9
mM-1 cm-1 at 395 nm was used for reduced thionicotinamide-AD+ (30).  

Kinetic constants were calculated by the Lineweaver-Burk (31) procedure employ-
ing the statistical method of Cleland (32).  For ordered Bi-Bi kinetic mechanisms
Km and Vmax for coenzymes (substrate A) represent complex mixtures of rate con-
stants, dominated by terms associated with product formation and product release.
Dividing Vmax by Km results in considerable simplification due to rate constant
cancellation.  The ratio Vmax/Km is equal to k1, the ON-velocity constant for coen-
zyme binding (33). 

Computational

Molecular Modeling and Dynamics Simulations:  All modeling and simulations
were performed using CHARMM(34,35) with the Merck Molecular Force Field
(MMFF)(36).  The crystal structure used for the tetrameric E2 isoenzyme with a
single NAD+ bound to each of the monomers is classified under the PDB code
1CW3(37).  Due to the extensive size of ALDH, all calculations were performed in
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vacuoon a truncated system that contained a single active site and the coenzyme
or a coenzyme analog.  The enzyme was truncated by deleting all residues without
atoms within 18 Å of the NAD+ from the first monomer.  All remaining residues
without atoms within 10 Å of the NAD+ were selected to be a harmonically con-
strained buffer region when energy minimization and MD simulations were per-
formed.  Then the waters, the ions, and NAD+ molecule were deleted, resulting in
the desired truncated isoenzyme to be used with each of the coenzyme analogs.
The terminal residues created by the truncation process were capped with acetyl
groups so that energy calculations could be performed using MMFF.  

The coenzyme analogs were constructed using SYBYL (Tripos Assoc. Inc.).  With
NADP+ both the dianonic and monoanionic states of the phosphate moiety were
studied.  To place the analogs into the active site, all atoms in each of the analogs
common to NAD+ were assigned the NAD+ cartesian coordinates.  Then, the
unique atoms were built based on the internal coordinates.  The complexes were
minimized using the Adopted Basis Newton-Raphson (ABNR) algorithm for 100
steps while harmonically constraining the entire structure with a force constant of
2.0 kcal/mol/Å2.  The structure was then further minimized, with the harmonically
constrained buffer region subjected to a force constant of 2.0 kcal/mol/Å2, for 500
steps of ABNR to allow the coenzyme to relax into the active site.

MD simulations were performed for 100 ps for each of the E2-coenzyme complex-
es using the minimized structures as a starting point.  The simulations used the
Leapfrog algorithm at 300 K with a step size of 0.002 ps.  The SHAKE algorithm
was employed to constrain all bonds involving hydrogen atoms(38).  Nonbonded
interactions were truncated at 12 Å using the force shift and switch methods to
smooth the electrostatic and Lennard-Jones interactions, respectively, with the
Lennard-Jones switching function turned on at 10 Å, the nonbond atom list main-
tained to 14 Å and updated heuristically.  The buffer region residues were harmon-
ically constrained with a force constant of 2.0 kcal/mol/Å2.  Coordinates were saved
every 0.5 ps, of which the final 50 ps of the trajectories were used for analysis.
Distances between the heavy atoms of the pyridine or adenine rings with the heavy
atoms of the isoenzyme were calculated for each of the complexes during the course
of the simulation to determine interactions that may have contributed to the meas-
ured kinetic parameters.  The average distance between all pairs of heteroatoms with
a cutoff distance of 4.0 Å during any point of the trajectory were considered, such
that new interactions introduced during the course of the simulation would be iden-
tified.  Of those identified, only those atom pairs with an average distance of less
than 4.0 Å and involved in favorable hydrogen bond or electrostatic interactions
where included in the final analysis.  The average root mean square (RMS) differ-
ences for each of the coenzyme analogs was calculated by orienting the enzyme with
respect to the constrained backbone region and comparing the positions of the con-
served atoms between the crystal NAD+ and the coenzyme analogs.

Quantum Mechanical Calculations: The Gaussian98 program(39) was used for all
ab intioquantum mechanical calculations.  The starting structures consisted of the
coordinates for the pyridine or purine moiety generated using SYBYL, with the
attached ribose sugar replaced with a methyl group.  The model compounds are
shown in Figure 1.  The structures were optimized at the HF/6-31G* basis set to
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Figure 1: Chemical structures and nomenclature of
pyridine and purine analog analogs used in the quan-
tum mechanical studies.



default tolerances.  The Mulliken and Natural Bond Orbital (NBO) methods (40)
were applied to determine the charge distributions associated with each atom in the
rings.  Free energies of solvation of the purine analogs were obtained using the
IPCM reaction field solvation model (41,42) assuming a dielectric constant of 78.
Free energies were obtained as the difference between the gas phase and aqueous
phase energies using the gas phase optimized structures for both calculations. 

Results

Kinetic Constants for Coenzyme Analogs with the E1 Isozyme:  Km values and
Vmax of the E1 isozyme with the different coenzymes are presented in Table I.

Eight of the analogs were active, while the compounds,αNAD+, 3-nicotinic acid-
AD+ and 3-acetylpyridine-hypoxanthine-D+ were inactive.  For the active analogs
the Vmax values remained constant and appeared to be independent of coenzyme
structure.  The only exception was 3-thionicotinamide-AD+ with the Vmax value
considerably lower than that of other coenzymes.  The Km values, however, were
sensitive to changes in the coenzyme structure, showing more than two orders of
magnitude variability.  These differences in Km are reflected in the Vmax/Km ratios
and in the analog ratios derived from these values.  The coenzyme with the highest
Vmax/Km ratio was NAD+ followed by N-1,N6-ethenoadenine-D+ and 3-
acetylpyridine-AD+, N-hypoxanthine-D+, 3-pyridinealdehyde-AD+ and N-gua-
nine-D+.  βNADP+ at concentrations higher than 10 mM and 3-thionicotinamide-
AD+ exhibited substrate inhibition of the E1 isozyme.  The substrate concentration
curve for 3-thionicotinamide-AD+ is shown in Figure 2.  Pronounced substrate

inhibition occurs at 3-thionicotinamide-AD+ concentrations above ca. 12 mM.  The
three inactive coenzymes, αNAD+, 3-nicotinic acid-AD+ and 3-acetylpyridine-
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Figure 2: Substrate inhibition of human aldehyde
dehydrogenase E1 by thionicotinamide-AD+.
Reaction conditions as described in Materials and
Methods. 



hypoxanthine-D+ were also tested as inhibitors of E1 activity.  However, at the con-
centrations tested (see footnote of Table 1) no inhibition or activation of E1 activ-
ity was detected, indicating that binding to the enzyme did not occur at the tested
concentrations.

Kinetic Constants for Coenzyme Analogs with the E2 Isozyme:  The E2 isozyme
was active with only seven coenzymes.  The Vmax values varied approximately 4
fold, with the highest velocity obtained with N-hypoxanthine-D+, followed by N-
1,N6-ethenoadenine-D+, βNAD+, N-guanine-D+, 3-acetylpyridine-AD+ and 3-
pyridinealdehyde-AD+.  As with the E1 isozyme, the greatest differences were
observed in Km values.  Comparisons of Vmax/Km and analog ratios demonstrated
that βNAD+ and N-1,N6-ethenoadenine-D+ were almost indistinguishable.  3-
Pyridinealdehyde-AD+ had the next highest Vmax/Km ratio, due to its low Km
value, followed by 3-acetylpyridine-AD+, N-hypoxanthine-D+ and N-guanine-D+.
Four of the analogs, αNAD+, 3- thionicotinamide-AD+, 3-nicotinic acid-AD+ and
3-acetylpyridine-hypoxanthine-D+, were inactive at the concentrations tested (see
footnote of Table 2).  With the exception of 3-thionicotinamide-AD+, they appeared

not to bind to the enzyme in that they had no effect on enzyme activity with other
coenzymes.  3-Thionicotinamide-AD+ produced strong inhibition of NAD+ activi-
ty, showing that it was binding to the enzyme (Figure 3).  Only slope effects were

observed (Fig. 3), showing that it was a competitive inhibitor versus varied NAD+.
The Ki value for 3-thionicotinamide-AD+ was obtained from data in Figure 3 and
found to be 3.7 µM, indicating it to bind tightly to the enzyme. 
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Figure 3: Inhibition of human aldehyde dehydroge-
nase E2 by thionicotinamide-AD+.  The reactions
were done at constant (500 mM) propionaldehyde
concentrations, at varied NAD+ and different fixed
thionicotinamide-AD+ concentrations.   V = µmol
NADH formed/min/mg of E2 isozyme; J - J thioni-
cotinamide-AD+ = 0;  C - C thionicotinamide-AD+

= 4 µM; E - E thionicotinamide-AD+ = 10 µM;  + -
+ thionicotinamide-AD+ = 25 µM.  Reaction condi-
tions as described in Materials and Methods.  Inset
shows replot of slopes vs. thionicotinamide-AD+

concentrations.  The calculated dissociation constant
was 3.7 µM.



Kinetic Constants for Coenzyme Analogs with the E3 Isozyme:  Due to the limited
amount of enzyme available, the coenzyme specificity was tested with betaine
aldehyde as the substrate at pH 9.0, where the catalytic activity is higher than at pH
7.4 used for the E1 and E2 isozymes.  Only six of the coenzymes tested were active
with the E3 isozyme (Table 3).  The highest Vmax was observed with N-guanine-

D+ and the lowest with βNAD+, showing a 3 fold difference.  Variability was also
observed in the Km values.  From Vmax/Km and analog ratios it can be seen that 3-
thionicotinamide-AD+ had the highest ratio followed by N-1,N6-ethenoadenine-
D+, NAD+, 3-acetylpyridine-AD+, N-hypoxanthine-D+ and N-guanine-D+.  3-
Pyridinealdehyde-AD+ was inactive but inhibited the enzyme when tested versus
N-hypoxanthine-D+ (Figure 4).  The Ki value for 3-pyridinealdehyde-AD+ calcu-

lated from slope replots in the competitive pattern observed (Figure 4) was found
to be very small, 0.062 µM, indicating strong binding to enzyme.  No activity or
binding of the other four coenzymes listed as inactive in Table 3 was detected at the
concentrations tested. 

Comparison of E1, E2 and E3 Isozyme’s Coenzyme Specificity.The E1 isozyme
exhibited substrate inhibition with coenzymes (Table 1 and Figure 1); no substrate
inhibition with any of the coenzymes tested was observed with E2 and E3 during
this investigation.  The maximal velocity of the E2 and E3 isozymes (Tables 2 and
3) responded to changes in coenzyme structure; Vmax of the E1 isozyme remained
constant with the exception of 3-thionicotinamide-AD+ (Table 1).  In general, coen-
zyme analogs substituted in the adenine ring behaved similarly with all three
isozymes, in that their effectiveness as substrates decreased from 1,N6-etheno-
NAD+ to N-guanine- D+ and was largely the result of increasing Km values, indi-
cating an important role of the purine ring in influencing the Vmax/Km ratio.  There
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Figure 4: Inhibition of human aldehyde dehydroge-
nase E3 by pyridinealdehyde-AD+.  The reactions
were done at constant (1 mM) betaine aldehyde con-
centrations at varied N-hypoxanthine- D+, and dif-
ferent fixed pyridinealdehyde-AD+ concentrations.
V = µmol N-hypoxanthine-DH formed/min/mg of
E3 isozyme; J - J  pyridinealdehyde-AD+ = 0;    C -
C pyridinealdehyde-AD+ = 1 µM; E - E
pyridinealdehyde-AD+ = 5 µM;   + - + pyridinealde-
hyde-AD+ = 10 µM.  Reaction conditions as
described in Materials and Methods.  Inset: replot of
slopes vs. pyridinealdehyde-AD+ concentrations.
The calculated dissociation constant was 0.062 µM.



were differences in the three enzymes with respect to coenzymes substituted in the
pyridine ring.  3-Acetylpyridine-AD+ appeared to be a reasonably good substrate
for the E1 and E3 isozymes, but was somewhat worse for the E2 isozyme.  The E3
isozyme was inactive with 3-pyridinealdehyde-AD+, although that analog was
active, but a poor substrate for E1 and E2.  Notably, binding of pyridinealdehyde-
AD+ to the E3 isozyme could be easily demonstrated (Figure 4), with a KI value of
0.062 µM.  On the other hand, 3-thionicotinamide-AD+ had low activity with the
E1 isozyme (Table 1), was inactive, but readily bound with the E2 isozyme (Figure
3), while with the E3 isozyme it functioned as a good substrate, being a better sub-
strate than NAD+ (Table 3).  The E1 and E2 isozymes were active with NADP+;
with E1 the Km value was less than 10 mM; the Km value for the E2 isozyme was
not determined, but the enzyme was active with NADP+ at a 10 mM concentration.
At 10 mM NADP+ the E3 isozyme was inactive.

MD simulaions of NAD+ and the coenzyme analogs with the E2 isozyme:  To bet-
ter interpret the kinetic data MD simulations of the coenzymes with the E2 isozyme
were undertaken.  E2 was selected as it is the only isozyme of the three studied for
which a structure of the human enzyme is available.  Results from the simulations
were analyzed with respect to overall changes in the position of the coenzyme and
the protein and select moieties as based on RMS differences with respect to the
crystal structures.  RMS differences were also determined for the protein and for
the catalytically essential amino acids, Cys302 (43,44) and Glu268 (45,46).  In
addition, analysis of specific interactions between the nicotinamide ring and the
enzyme was performed.  Concerning the protein, the RMS differences were gener-
ally in the range of 1 to 1.4 Å, indicating that the protein structure was maintained
during the simulations (Table 4).  The only exception was with nicotinic acid-AD+,
where a significantly larger difference of 1.77 Å occurred.  For Cys302 structural
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differences were generally in the range of 1.7 to 2.0 Å, though smaller changes
were observed for 3-pyridinealdehyde-AD+, nicotinic acid-AD+ and 3-acetylpyri-
dine-hypoxanthine-D+.  With Glu268 the structural differences were all in the
vicinity of 1.9 Å.  RMS differences involving the coenzyme are reported in Table
5.  Structural changes of the entire coenzyme were generally in the range of 1.1 to
1.2 Å, with larger changes occurring in monoanionic NADP+, 3-acetylpyridine-
hypoxanthine-D+ and N-hypoxanthine-D+.  With the pyridine ring, the structural
changes were generally below 1 Å, except with N-hypoxanthine-D+, 3-nicotinic
acid-AD+ and 3-acetylpyridine-hypoxanthine-D+.  Differences of approximately 1
Å or less were observed for all the purine rings with the exception of monoanion-
ic NADP+ where a value of 2.8 Å was obtained.  

Specific interactions involving the pyridine moiety of the coenzyme with the
enzyme are presented in Figures 5 through 8.  Figure 5 presents interactions

observed in the experimental crystal structure (37) along with those for the βNAD+

and βNADP+ simulations.  Comparison of Fig. 5a and 5b shows the interactions
observed in the crystal to generally be maintained in the MD simulation.  With both
βNADP+ species (Fig. 5c and 5d) these interactions are also maintained.  For the
analogs involving alterations of the purine ring, the pattern of interactions is well
maintained, except with N-hypoxanthine-D+, where the interactions between
Gly245 or Leu269 and the amide nitrogen are lost and replaced by an interaction
with the peptide carbonyl of the catalytically essential Cys302 (Fig. 6).  More vari-

ation in the interactions with the pyridine moiety occurred when that moiety itself
was modified, as expected (Fig. 7).  Modification of the amide moiety lead to dif-
ferences in the interactions with the enzyme (compare Figs. 5 and 7), while inter-
actions involving Asn169 and Glu399 with the pyridine ring itself were maintained
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Figure 5: Diagram of nicotinamide binding to the E2
active site for the A) E2-NAD+ crystal structure, B)
the E2-NAD+ MD averages C) the E2-
NADP+(monoanionic) MD averages and D) the E2-
NADP+ (dianionic) MD averages. For the MD struc-
tures the average distances and standard deviations
are reported.

Figure 6: Diagram of nicotinamide binding to the E2
active site for the purine modified analogs: A) N-1,
N6-Ethenoadenine-D+, B) N-Hypoxanthine-D+, and
C) N-Guanine-D+.  Average distances and standard
deviations from the MD simulations are reported.



with all 4 analogs.  With the 3-thionicotinamide-AD+ analog a hydrogen bond
between Cys302 and the thioamide occurs.  Modification of both the pyridine and
purine moieties in 3-acetylpyridine-hypoxanthine-D+ (Fig. 8) leads to an interac-
tion pattern almost identical to that of 3-acetylpyridine-D+.

Pyridine Charge Distributions and Purine Solvation Energies via Quantum
Mechanical Calculations:  Alteration of the reduction potential associated with
changes in the chemical composition of the pyridine moiety may also contribute to
changes in chemical reactivity, with effects on Vmax expected to dominate.  In E1
and E2, where NADH dissociation and deacylation are the rate limiting steps,
respectively, changes in the kinetic mechanism associated with the coenzyme
analogs could lead to hydride transfer becoming the rate-determining step.  Such a
switch in the rate-determining step has been observed in E2 mutants (47).
Rigorous calculation of the reduction potential would require explicit treatment of
hydride transfer (48), a procedure that is very computationally intensive.  However,
analysis of differences in charge distribution in the nicotinamide C4 atom, to which
hydride transfer occurs, may be assumed to give a first order approximation of pos-
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Figure 7: Diagram of the pyridine analogs binding to
the E2 active site for the pyridine modified analogs:
A) 3-acetylpyridine-AD+, B) 3-Pyridinealdehyde-
AD+,  C)  3-thionicotinamide-AD+, and D) 3-nico-
tinic acid-AD+. Average distances and standard
deviations from the MD simulations are reported.

Figure 8: Diagram of the pyridine analog binding to
the E2 active site for 3-acetylpyridine-hypoxanthine-
D+.  Average distances and standard deviations from
the MD simulations are reported.



sible changes in reduction potential.  Compounds designed to model the pyridine
chemical modifications (see Fig. 1) were subjected to ab initio energy minimiza-
tion following which the charge distributions were determined based on the
Mulliken and Natural Bond Orbital methods (40).  Presented in Table 6 are the par-
tial atomic charges, with the values for the C4 atom shown in bold.   For nicoti-
namide, 3-acetylpyridine, and 3-pyridinealdehyde the charges at the C4 position
are identical, indicating no major change in the reduction potential.  The C4 charge
decreases from -0.05 in nicotinamide, based on the Mulliken analysis, to -0.06 in
3-thionicotinamide and -0.09 in nicotinic acid, suggesting that the reduction poten-
tial is more unfavorable with respect to hydride transfer.  The trends from the
Mulliken and NBO analysis were similar, indicating that the differences observed
in the calculations are reliable.

The adenine moiety of NAD+ is known to bind to a hydrophobic pocket in dehy-
drogenases.  Accordingly, solvation of the purine ring could significantly impact
binding to that site.  Quantum calculations using a reaction field model (41,42)
were therefore performed to obtain estimates of the free energies of solvation of the

four purine analogs included in the study (see Fig. 1).  Table 7 presents the calcu-
lated absolute free energies of solvation for the four purines.  Of these, the least
favorably solvated is the adenine moiety, followed by ethenoadenine, though the
difference is only 0.4 kcal/mol.  Both hypoxanthine and guanine are significantly
more favorably solvated, with guanine being the most favorably solvated.  While
the present calculations exclude energetic contributions associated with geometry
and vibrational contributions, those terms are expected to be small and similar
based on the cyclic nature of the studied compounds.  In addition, differences in
free energies of solvation are expected to be more reliable than the absolute values
(49).

Discussion

To understand the effect of chemical alteration of the coenzyme structure on the
activity of human aldehyde dehydrogenase a combined experimental and compu-
tational study has been undertaken.  Experiments measured the Km and Vmax val-
ues for the coenzyme analogs studied in the E1, E2 and E3 isozymes.  In cases
where the analog was apparently not a substrate, experiments were performed to
determine if the analogs were inhibitors, including inhibition kinetic analysis for
two analogs (Fig. 3 and 4), with those analogs shown to be competitive with respect
to NAD+ and N-hypoxanthine-D+, respectively.  To facilitate interpretation of the
kinetic data MD simulations were undertaken to determine how the different
analogs interact with the E2 isozyme.  The calculations were designed to investi-
gate structural perturbation in the coenzyme analogs and regions of the protein
adjacent to the analogs, including the catalytic residues Cys302 and Glu268.  Due
to the large number of analogs, the calculations were performed in vacuoon a trun-
cated model of the enzyme that included only one active site and only on the E2-
NAD+(or analog) binary complex.  Accordingly, results from the present MD cal-
culations on the coenzyme analogs may only be interpreted in terms of local struc-
tural perturbations with respect to the control calculations on the enzyme-NAD+

complex.  The reliability and reproducibility of the MD results is verified by the
reproduction of the crystal interaction pattern in both the NAD+ and NADP+ MD
simulations (Fig. 5) as well as by the similarity of the pyridine-enzyme interactions
in the 3-acetylpyridine-AD+ (Fig. 7a) and 3-acetylpyridine-hypoxanthine-D+ (Fig.
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8) MD simulations.  In addition, QM calculations were performed to determine
changes in charge distribution of the pyridine moieties and relative solvation free
energies of the purine moieties studied.  The following discussion combines the
experimental results with those from the computations to present a picture of the
influence of coenzyme structure on catalytic activity.

The results obtained with human aldehyde dehydrogenases and listed in Tables 1,
2 and 3 show that all three enzymes behave in a similar way with the analogs mod-
ified at the purine ring, as shown by comparison of the Vmax/Km and analog ratios.
Following NAD+ N-1,N6-ethenoadenine-D+ is the best substrate while N-guanine-
D+ is the worst.  In E1 and E2 (Tables 1 and 2) the Km for N-1,N6- ethenoadenine-
D+ increased relative to the Km of NAD+ and Vmax was unaffected while in E3
(Table 3) only a slight increase in Km occurred and Vmax increased by more than
2-fold, making this compound a better substrate then NAD+.  This increase in Vmax
also occurred in the other two purine analogs with E3 while the Km values
increased significantly over NAD+.  MD simulations of the purine modified
analogs show the overall structural changes to be small (Table 5) including in the
vicinity of the nicotinamide moiety (Fig. 6).  The largest changes occur in the N-
hypoxanthine-D+ analog, which includes the loss of hydrogen bonds between the
nicotinamide ring and Leu269 and Gly245 and formation of a new hydrogen bond
with Cys302 (Fig 6B).   However, since the experimental Vmax values for the N-
hypoxanthine-D+ analog were similar to or elevated over that of NAD+ it may be
assumed that the structural changes do not significantly effect the catalytic activi-
ty, though they may impact binding.

Changes in Km for the three purine analogs may be related to changes in solvation
of the purine moiety.  This is consistent with the hydrophobic nature of the binding
pocket and lack of hydrogen bonding between adenine and the enzyme (37).  Since
binding is an equilibrium between the unbound coenzyme in solution and bound to
the enzyme, the more favorably solvated an analog is, the more it favors the equi-
librium in solution (50) and presumably leads to a decrease in the On-velocity con-
stant for coenzyme binding with the enzyme (see Vmax/Km ratios in Table 1, 2 and
3).  Results presented in Table 7 show guanine to be the most favorably solvated
purine followed by hypoxanthine with adenine and N-1,N6-ethenoadenine being
the least favorably solvated.  Note that the 0.4 kcal/mol difference in solvation of
adenine and N-1,N6-ethenoadenine is probably not significant based on limitations
in the applied reaction field model (49).  The ordering of the free energies of sol-
vation in Table 7 corresponds well with the Km values for all three isozymes.  This
result, combined with the minimal structural changes observed in the MD simula-
tions, indicates that solvation effects significantly influence the Vmax/Km ratio of
the coenzyme.  Furthermore, it is interesting that the increased size of the N-1,N6-
ethenoadenine analog does not adversely impact binding.  Analysis of the E2-
NAD+ crystal structure shows the N6 amino group of adenine, which corresponds
to the region of the purine ring modified in N-1,N6-ethenoadenine (Fig. 1), to pro-
trude out towards solvent.  Analysis of the final structure from the MD simulation
showed this portion of the N-1,N6-ethenoadenine moiety to, indeed, protrude from
the enzyme, thereby avoiding steric overlap that could hinder binding.

In the present study major differences were observed between the three enzymes as
a result of substitutions at position 3 of the nicotinamide (Tables 1, 2 and 3).  The
greatest differences were seen with 3-thionicotinamide-AD+: it was inactive with
the E2 isozyme, was a poor substrate for the E1 isozyme but was an excellent sub-
strate for the E3 isozyme.  With the E1 isozyme, where thionicotinamide-AD+

acted as a substrate, no major change in Km value as compared to the Km for NAD+

was observed; the only difference was the decrease in Vmax (only approximately
4% of the velocity with NAD+).  With the E3 isozyme both Km and Vmax values
were similar to that with NAD+ (Table 3).  Analysis of the MD simulation results
shows the change of the nicotinamide amide oxygen to a sulfur to be well tolerat-
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ed by the enzyme, as evidenced by RMS differences similar to those for NAD+

(Tables 4 and 5).  This is consistent with this analog being a competitive inhibitor
of E2 activity vs. varied NAD+.  Furthermore, the calculated dissociation constant
(3.7 µM; see legend to Figure 3), indicates that thionicotinamide-AD+ binds well
to the E2 isozyme.  However, in E2 changes in hydrogen bonding occur (Fig. 7c),
with the backbone carbonyl of Cys302 now hydrogen bonding to the thioamide.
This change of Cys302 may lead to this analog being inactive with E2; the main-
tenance of activity in E1 and E3 suggest that the disruption of the active site seen
in E2 is not occurring.  With respect to the reduction potential, a small decrease in
the C4 charge occurs in 3-thionicotinamide-AD+, which may lower Vmax.  This is
consistent with the kinetic data for E1; however in E3, the Vmax is comparable to
that of NAD+.  Interestingly, in E3, NAD+ has the lowest Vmax of the active coen-
zymes indicating that the mentioned change in the reduction potential of 3-thioni-
cotinamide-AD+ may be influencing Vmax.  Clearly, in E3 the enzyme is impacting
the reduction potential of the nicotinamide in a manner that differs from E1 and E2.
This, as of yet not understood contribution, could lead to the higher Vmax for 3-
thionicotinamide-AD+ with E3.

Differences in coenzyme function were also seen with 3-pyridinealdehyde-AD+,
which functioned as a substrate with the E1 and E2 isozymes but was inactive with
the E3 isozyme.  In the case of the E1 isozyme the Km value was increased approx-
imately 100 fold relative to that of NAD+ with Vmax remaining unchanged (Table
1).  With the E2 isozyme both the Km and Vmax values were lower than those of
NAD+ (Table 2).  RMS differences from the MD simulations on the E2 isozyme
showed structural changes in 3-pyridinealdehyde-AD+ to be similar to those in
NAD+, with the only difference being a smaller structural change in Cys302 (Table
4) and a larger structural change for the coenzyme pyridine moiety (Table 5).
Analysis of the interactions involving the pyridine moiety show the loss of hydro-
gen bonds with protein residues that interact with the amide moiety of NAD+ (com-
pare Fig. 5b and Fig. 7b).  This loss of interactions, while the C4 charges are iden-
tical to those of NAD+ (Table 6), is suggested to lead to the decreased Vmax with
the E2 isozyme, possibly due to poor positioning of the nicotinamide during catal-
ysis.  The inactivity of this analog with E3 will require additional computational
studies, though the mechanism causing E3 to have larger Vmax values with all the
analogs as compared to NAD+ (Table 3) may be responsible.  Such altered interac-
tions involving the nicotinamide may also be responsible for this compound being
a potent inhibitor of E3 with a Ki of 0.062 µM (see legend of Fig. 4).

Unlike the above mentioned pyridine analogs, 3-acetylpyridine-AD+ was a reason-
able substrate for the E1 and E3 isozymes (Table 1 and 3); however, it was ten fold
less effective than NAD+ for E2 as seen by comparison of the Vmax/Km values and
analog ratios.  Structural information from the MD simulations show 3-acetylpyri-
dine to be well behaved with respect to RMS differences (Tables 4 and 5), though
substitution of the methyl group for the amino group on the nicotinamide moiety
of NAD+ led to a loss of some interactions that occur in NAD+ (compare Fig. 5b
and Fig. 7c).  This loss of interactions is suggested to contribute to the increased
Km and decreased Vmax values with the E2 isozyme as compared to NAD+.

NADP+, tested at a 10 mM concentration, was inactive with the E3 isozyme, was
active with the E2 isozyme, but its Km value was not determined and was active
with E1, having a Km of 7.7 mM.  The Km value for NADP+ for the E2 isozyme
equivalent from rat liver mitochondria has been determined to be 67.2 mM (51);
the Km for the human E2 isozyme is probably similar.  The fact that no activity was
observed with the E3 isozyme at 10 mM NADP+ suggests that its Km for NADP+

is even larger than that of the E2 isozyme.  Based on the MD simulations, NADP+

interacts with E2 in a manner identical to NAD+ for the nicotinamide (see Tables 4
and 5, Fig. 5), though significant differences occur in the adenine with the monoan-
ionic species of NADP+. These results are consistent with NADP+ also being a sub-
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strate, with the large RMS difference with the monoanionic species possibly con-
tributing to the increased Km.  To understand in detail the possible impact of the
additional phosphate in NADP+ on interactions with the enzyme, nonbond interac-
tions between the AO2’ atom of NAD+ or the AO2’ phosphate oxygens of NADP+

with protein nitrogen or oxygen atoms where investigated, with the results shown
in Table 8.  In both the NAD+ crystal and MD simulation structures there is a direct

interaction of the AO2’ atom with Glu195.  This residue is conserved in E1 and E2
and was suggested to stabilize coenzyme binding in class 3 aldehyde dehydroge-
nase (aldh3 gene product) based on the crystal structure (52).  More recently this
suggestion was verified based on mutational analysis, though the results suggested
that alternate residues may also contribute to coenzyme specificity (53).  In the two
E2-NADP+ complexes there are a significant number of interactions between the
phosphate and the protein, including the positively charged sidechain of Lys192.
Interactions of Glu195 and AO2’ are still present with dianionic NADP+ but the
distance has increased from 2.9 Å in the NAD+ MD structure to 4.1 Å and a O73
to Glu195 OE2 interaction of 4.0 Å is present.  With monoanionic NADP+ several
interactions occur between the phosphate oxygens and Glu195.  These results sug-
gest that the coenzyme binding site, in which the AO2’ atom is sequestered from
the surface in E2, can accommodate the phosphate in NADP+, allowing it to be a
substrate for E1 and E2.  However, the presence of Glu195 may be considered to
have unfavorable interactions with the NADP+ AO2’ phosphate and, therefore, is
predicted to contribute to the coenzyme specificity for NAD+.  This is also consis-
tent with studies on Vibrio harveyialdehyde dehydrogenase, where mutation of a
threonine to a glutamate at the position corresponding to Glu195 led to a change in
coenzyme specificity from NADP+ to NAD+ (54).  Accordingly, mutation of
Glu195 in E2 is predicted to perturb the coenzyme specificity in favor of NADP+.
It should be noted that this residue is not conserved in E3, where it is replaced by
a proline (55).  This change and the lack of activity of E3 with NADP+ at the test-
ed concentrations indicate that the mechanism of coenzyme selectivity of that
isozyme may differ from E1 and E2.

Several coenzyme analogs tested during this investigation were found to be inac-

442
Izaguirre et al.



tive with all three isozymes.  These included αNAD+, 3-nicotinic acid-AD+ and the
dual substituted 3-acetylpyridine-hypoxanthine-D+ analogs (Tables 1, 2 and 3).  All
three analogs were shown not to act as inhibitors with all three isozymes and, there-
fore, may be assumed to not bind or bind poorly to the enzyme.  In αNAD+ the dif-
ferent chirality about the C1’ atom of the sugar bound to the nicotinamide will dis-
allow the nicotinamide to access its binding pocket when the remainder of the
coenzyme is bound to the enzyme (or vice versa), thereby disallowing binding.
With 3-nicotinic acid-AD+ the negative charge leads to significant structural dis-
tortion of the enzyme (Table 4) and of the pyridine moiety of the coenzyme (Table
5) as well as significantly different interactions with the acid group versus the nor-
mal amide (Fig. 7d).  The need for these structural changes to occur is suggested to
be responsible for that analog not binding to the enzyme.  Moreover, based on the
changes in the C4 atom charge (Table 6), if this analog did bind it is doubtful that
it would undergo hydride transfer.  The dual modifications in the 3-acetylpyridine-
hypoxanthine-D+ analog each individually lead to increases in Km for all three
isozymes (Tables 1, 2 and 3).  The combination of these increases is suggested to
lead to its inability to bind. 

Only the E1 isozyme exhibited substrate inhibition with coenzymes.  This substrate
inhibition was observable with 3-thionicotinamide-AD+ (Fig. 2) but was also
noticeable with NADP+.  Inhibition with NAD+ was never observed; other coen-
zyme analogs were not investigated sufficiently with the E1 isozyme to see if at
some high concentrations they may inhibit.  Substrate inhibition with coenzymes is
rare in dehydrogenases, although an incidence of this has been reported (56).
Recently, the structure of the sheep aldh1 gene product has been obtained via X-
ray crystallography (6).  In those studies the NAD+ was observed to bind in two
conformers.  Only one major coenzyme binding conformation has been observed
in the E2 crystal structure (37), in the gene product of bovine aldh2 (7), which
bears strong structural resemblance to E2, and in the gene product of cod liver
aldh9 (4), which resembles the human E3 isozyme.  No substrate inhibition with
any coenzymes or analogs was observed with the E2 or E3 isozymes during this
investigation.  These results suggest that the coenzyme conformers in E1 observed
via crystallography may be responsible for the observed substrate inhibition.
Interestingly, the major conformer was previously assigned to be “catalytically
nonproductive” while the minor conformer was indicated to be similar to the con-
formation seen in E2 (6).  Thus, the presence of two coenzyme conformers in the
crystal structure of E1 appears to be related to the presence of substrate inhibition
in that system.  The presence of two coenzyme conformations also indicates the E1
binding site to be more promiscuous than in E2 or E3.  This may be responsible for
the E1 substrate specificity being the broadest of the three isozymes studied, and
may contribute to the disparity between the activities of thionicotinamide-AD+ and
pyridinealdehyde-AD+ analog discussed in the preceding paragraph. 

It is possible that thionicotinamide-AD+ and pyridinealdehyde-AD+ (Figs. 3 and 4)
are in fact substrates with extremely low velocities, which are not easily detectable
in spectrophotometric measurements, such that the inhibition constants determined
during this investigation are actually Km values.  The possibility that these analogs
can act as substrates is supported by the QM calculations showing the C4 charges
to be similar to those of nicotinamide (Table 6).  In recent work we demonstrated
that some aldehyde inhibitors of aldehyde dehydrogenase were substrates with low
velocities (57,58) suggesting that similar mechanism could also operate with coen-
zyme analogs.  It is clear, however, from our experiments that thionicotinamide and
pyridinealdehyde coenzyme analogs distinguish the coenzyme binding sites of E1,
E2 and E3 aldehyde dehydrogenases.  Differences in E1 may be related to two
NAD+ conformers observed in the crystal structure, however, the available X-ray
structures of the E2 and analogous E3 isozyme do not allow for the different kinet-
ic properties to be understood. 
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In the kinetic mechanism of the E1 isozyme, coenzyme dissociation is the rate lim-
iting step (2) versus deacylation for the E2 isozyme (3); the rate-limiting step for
the E3 is unknown though Vmax differs widely with aldehyde substrates of differ-
ent structure.  However, analysis of the Vmax values for the different coenzyme
analogs with E1 show them all to be nearly identical, with the exception of 3-thion-
icotinamide-AD+, where a significant decrease occurs. Though speculative, this
similarity suggests that in E1 a conformational change in the enzyme following dis-
sociation of the acid product may be responsible for the coenzyme dissociation
rate, such that changes in coenzyme structure have little impact on Vmax.  With 3-
thionicotinamide-AD+ and E1 the significant decrease in Vmax suggests that the
rate-limiting step in the kinetic mechanism has changed.  The variation in Vmax in
E2 is also small, consistent with coenzyme dissociation occurring prior to the rate-
limiting deacylation step.  The largest exception occurs with 3-pyridinealdehyde-
AD+, where the approximately 4-fold decrease suggests a change in the rate-limit-
ing step. Detailed kinetic studies on the rate-limiting steps are required to clarify
these points.

Details of the catalytic mechanism of aldehyde dehydrogenase are still under inves-
tigation.  Mechanisms have been proposed for E2 (7) and for the aldh3gene prod-
uct (59).  In the former mechanism Cys302 and Glu268 are indicated to be catalyt-
ic residues, while in the latter it is suggested that Cys302 (Cys243 in aldh3),
Asn169 (Asn114 in aldh3) and Glu399 (Glu333 in aldh3) are catalytic residues.  In
both models Cys302 is proposed to be the enzyme nucleophile involved in the
covalent intermediate.  Asn169 is conserved in all ALDH’s (60).  In E2 this residue
is suggested to stabilize the oxyanion during formation of the covalent intermedi-
ate, while in the aldh3mechanism it is proposed to act as a general acid, donating
a proton to the substrate carbonyl oxygen upon formation of the covalent interme-
diate and during the deacylation step.  To support this latter proposition the authors
discuss a 3D structure that includes benzaldehyde modeled into the active site (52)
and data that mutation of Asn169 to Asp in aldh3decreases activity to 0.6 % that
of native enzyme (59).  The general base in the E2 mechanism it suggested to be
Glu268, consistent with chemical modification(45,46) and mutagenesis data (61).
In the aldh3proposed model Glu399 (Glu333 in aldh3) is suggested to act as a gen-
eral base to extract a proton from an active site water allowing the water to accept
the proton from Cys302 (Cys243 in aldh3) during formation of the covalent inter-
mediate and facilitating the nucleophilicity of the water during deacylation.
Indeed, via mutagensis it has been shown that changing Glu399 leads to a change
in the rate limiting step (47,62), and this residue has been proposed to position the
nicotinamide of NAD+ in E2 (7).  In all the coenzyme analogs subject to MD sim-
ulations in the present study, as well as in the crystallographic structure of E2,
Asn169 and Glu399 interact with the nicotinamide or related moiety.  While the
presented calculations were not designed to study the role of individual residues in
catalysis, they do support important roles for Asn169 and Glu399 in stabilizing the
location of the nicotinamide moiety of NAD+; however, they do not exclude the
roles suggested for aldh3.  Moreover, differences in the kinetic data on the coen-
zyme analogs for the highly homologous E1, E2 and E3 isozymes are consistent
with different catalytic mechanisms.  It is to be expected that even larger differ-
ences may exist between E2 and the aldh3gene product. 

Conclusion

Presented is a combined experimental and theoretical structure-function study on
the relationship of coenzyme structure to kinetic properties in three aldehyde dehy-
drogenases.  While the computational studies were only on a single active site, ver-
sus the full E2 tetramer, and in vacuothey do facilitate interpretation of the pres-
ent as well as previously published experimental data.  Results presented are con-
sistent with those obtained with other dehydrogenases in that substitutions in the
adenine ring generally do not interfere with coenzyme function in that only Km val-
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ues but not maximal velocities are effected.  The significant contribution of
hydrophobicity in the adenine binding pocket is emphasized by the correlation
between Km and computed free energies of solvation.  Based on the MD simula-
tion the adenine binding pocket is able to accommodate the sterically large N-1,N6-
ethenoadenine purine analog without perturbing interactions between the coen-
zyme and the protein.  The aldehyde dehydrogenase isozymes studied in the pres-
ent work are known to be specific for NAD+ over NADP+.  This was confirmed in
the present study and, based on the known X-ray structures and the present calcu-
lations, Glu195 is indicated to contribute to coenzyme specificity in E1 and E2.
However, Glu195 is replaced by Pro in the E3 isozyme, which did not have activ-
ity with NADP+, suggesting that the mechanism of coenzyme specificity may dif-
fer in this isozyme, consistent with the present kinetic data.

Like other dehydrogenases, aldehyde dehydrogenase is more sensitive to substitu-
tions in the pyridine ring which in some cases (thionicotinamide-AD+,
pyridinealdehyde-AD+ and nicotinic acid-AD+) interfere with coenzyme function.
The broader substrate specificity of E1 and the presence of substrate inhibition in
that isozyme only is suggested to be due to additional promiscuity of its coenzyme
binding site as compared to E2 and E3.  This is suggested to be associated with the
two coenzyme-binding modes observed in the sheep liver aldh1 structure (6).  In
E2, analysis of MD simulations indicate that different structural modifications of
the nicotinamide moiety will impact enzyme-coenzyme interactions in different
ways depending on the type of modification.  Also, QM calculations indicate that
changes in the charge distribution, that could impact the reduction potential, must
be consider during a structure-function analysis.  Based on the MD simulations
Asn169 and Glu399 are observed to interact with the pyridine moiety in all the
analogs.  This supports important roles for these residues in catalysis, though the
exact nature of those roles was not addressed in this work.

The present kinetic data may also be exploited in the design of assays to identify
specific aldhehyde dehydrogenases in biological fluids.  Thionicotinamide-AD+,
which is inactive with the E2 isozyme could be useful for assay of the E1 and E3
isozymes present in a mixture.  Alternatively, pyridinealdehyde-AD+ could serve
for the assay of the E1 and E2 isozymes, excluding E3.  Such approaches could also
exploit differences in aldehyde specifities although differences in maximal veloci-
ties would have to be taken into account.  

Abbreviations - Nicotinamide adenine dinucleotide, NAD+; nicotinamide adenine
dinucleotide phosphate, NADP+; nicotinamide 1,N6-ethenoadenine dinucleotide,
N-1,N6-ethenoadenine-D+; nicotinamide hypoxanthine dinucleotide, N-hypoxan-
thine-D+; nicotinamide guanine dinucleotide, N-guanine-D+; 3-acetylpyridine ade-
nine dinucleotide, 3-acetylpyridine-AD+; 3-pyridinealdehyde adenine dinu-
cleotide, 3-pyridinealdehyde-AD+; 3-thionicotinamide adenine dinucleotide, 3-
thionicotinamide-AD+; 3-nicotinic acid adenine dinucleotide, 3-nicotinic acid-
AD+; 3-acetylpyridine hypoxanthine dinucleotide, 3-acetylpyridine-hypoxanthine-
D+.       
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