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ABSTRACT: Recent computer simulations of the cysteine nucleophilic attack on propanal in human
mitochondrial aldehyde dehydrogenase (ALDH2) yielded an unexpected result: the chemically reasonable
formation of a dead-end cysteine-cofactor adduct when NAD+ was in the “hydride transfer” position.
More recently, this adduct found independent crystallographic support in work on formyltetrahydrofolate
dehydrogenase, work which further found evidence of the same adduct on re-examination of deposited
electron densities of ALDH2. Although the experimental data showed that this adduct was reversible,
several mechanistic questions arise from the fact that it forms at all. Here, we present results from further
quantum mechanical/molecular mechanical (QM/MM) simulations toward understanding the mechanistic
implications of adduct formation. These simulations revealed formation of the oxyanion thiohemiacetal
intermediate only when the nicotinamide ring of NAD+ is oriented away from the active site, contrary
to prior arguments. In contrast, and in seeming paradox, when NAD is oriented to receive the hydride,
disassociation of the oxyanion intermediate to form the dead-end adduct is more thermodynamically favored
than maintaining the oxyanion intermediate necessary for catalysis to proceed. However, this disassociation
to the adduct could be avoided through proton transfer from the enzyme to the intermediate. Our results
continue to indicate that the unlikely source of this proton is the Cys302 main chain amide.

The overall mechanism of aldehyde dehydrogenase (EC
1.2.1.3) shown in Figure 1 involves (1) nucleophilic attack
on the aldehyde to form a thiohemiacetal intermediate from
which (2) the hydride is transferred to NAD+,1 to yield
NADH and the thioester which (3) hydrolyzes to yield the
product carboxylic acid followed by (4) release of the
cofactor. Specific atomic level details about each of these
steps have been obtained from X-ray crystallography and
NMR. The side chain of the conserved Asn169 (ALDH2
numbering) and the main chain amide of Cys302 are
positioned to form hydrogen bonds to a negatively charged
thiohemiacetal intermediate structure. This configuration is
often called the “oxyanion hole”.

In the human mitochondrial ALDH2 structure (1), the
Asn169 Nδ-to-crotonaldehyde carbonyl oxygen is 4.1 Å
while the main chain amide nitrogen of Cys302 is 3.8 Å
away. Three sequentially adjacent cysteines are located in
the active site; the central member, Cys302, represents the

reactive nucleophile (2). (The flanking cysteines are not
highly conserved.) Cys302 is positioned to react stereospe-
cifically with the aldehyde to form a pro-R tetrahedral
intermediate. Crystal structures and NMR experiments show
multiple conformations of the NAD nicotinamide and
phosphate groups that link to the adenine (1, 3) shown in
Figure 2. One NAD conformation shows a close approach
of the nicotinamide to Cys302 and would be positioned to
receive a hydride from the thiohemiacetal intermediate.
Hydride transfer is pro-R stereospecific (3, 4). The other
NAD+ conformation shows the nicotinamide more removed
from the active site and is likely the position of the coenzyme
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FIGURE 1: Traditional scheme for the catalytic cycle of ALDH.
E-SH denotes the enzyme with Cys302 as the nucleophile, and the
line to NAD indicates that it is noncovalently bound prior to reacting
the substrate. Reaction I: Nucleophilic activation and attack on
the substrate by Cys302 to give a thiohemiacetal intermediate.
Reaction II: Hydride transfer from the intermediate to NAD to
form NADH and a thioester. Reaction III: Hydrolysis of the
thioester with release of the carboxylic acid. Reaction IV: Release
of NADH.

9495Biochemistry2007,46, 9495-9506

10.1021/bi700555g CCC: $37.00 © 2007 American Chemical Society
Published on Web 07/27/2007



during thioester hydrolysis. In this conformation, Glu268 acts
as a general base to abstract a proton from the water molecule
to form the reactive hydroxide anion that hydrolyzes the
thioester intermediate (5).

Despite this wealth of knowledge, several important
aspects remain undetermined. Most of these center around
the first steps in the catalytic cycle. For example, it is
unknown whether Cys302 is stabilized in ionized (thiolate)
form or whether a general base is needed to activate it
(deprotonate) for reaction with aldehydes. The activation
could either occur prior to substrate binding or be induced
by it. No conclusive evidence has been put forth on this
matter. Furthermore, the coenzyme has been proposed to be
in position to help stabilize the thiolate (6, 7). Without
knowledge of the detailed atomic level structure, such a
proposal appears reasonable given that the nicotinamide
moiety of NAD+ has a formal positive charge. Yet, no
atomic level description has been proposed for this stabiliza-
tion. It has been known since 1963 that thiols can react with
nicotinamides to form C-4 addition compounds (8). On this
basis, stabilization of a free thiolate in direct contact with
the NAD+ cofactor should not be possible. Re-examination
of the crystal structures of two distinct members of the
ALDH superfamily, formyltetrahydrofolate dehydrogenase
and mitochondrial ALDH2 (CR rmsd 1.36 Å), now confirms
that this direct interaction actually leads to a cysteine-
cofactor adduct, one which is further confirmed by a broad
absorption maximum around 319 nm (9). The adduct bond
would have to break before the catalytic cycle could proceed.
Indeed, that study revealed that this bond is reversible by
soaking the crystals in aldehydes. Unfortunately, this result
does not indicate whether nucleophilic attack on aldehydes
by Cys302 is favored over addition to NAD+. There have
been several other reports on the formation of covalent NAD
adducts with substrates (10-13) but none between the
nicotinamide and an active site nucleophile before the report
by Tsybovsky et al. (9).

The protonation state of the thiohemiacetal intermediate
in ALDH has only been discussed in a few instances (14).
The assumption may be that hydride transfer proceeds from

the intermediate in oxyanion form and that no proton transfer
coupling is required. Yet in many cases of hydride transfer
in enzymes, proton transfer is a vital component to describing
the reaction (15, 16). The lack of discussion in this area is
most likely related to the fact that until now (and in the
absence of simulations) the H-bonding potentials of the
Asn169 side chain and the main chain amide of Cys302 have
generally been considered sufficient to account for stabiliza-
tion of the catalytic intermediate leading to catalysis without
full proton transfer. This is a critical distinction that we
investigate in our studies. Asparaginyl side chains and main
chain amides are rarely invoked to act as proton donors due
to their high pKas and because of the mistaken notion that
they would be protonating an intermediate that was more
aldehyde-like versus a fully formed oxyanion intermediate.
It is important to remember that the thiohemiacetals have
been shown to have a pKa in the 12-14 range (17), a range
that could presumably be much higher in the relatively
solvent-shielded active site. Since any proton donation to
the intermediate must be transferred back during the subse-
quent hydride transfer reaction to form the thioester, this may
either not have been seen as a critical step in the catalytic
cycle or to have presented a grave theoretical problem if the
proton donor were to be one of the more conventional sources
with a pKa closer to neutrality. Instead, having an amide as
a potential donor puts donor and acceptor on relatively
equivalent pKa levels, as should be the case if reversibility
is crucial.

Obtaining detailed atomic-level information on intermedi-
ates and transition states in most if not all enzymes is
extremely difficult (18). In principle, the structures presented
by Perez-Miller for the human mitochondrial ALDH2
enzyme can be used to examine certain assumptions about
the ALDH mechanism using hybrid quantum mechanical/
molecular mechanical (QM/MM) potential energy functions
(19-21). Recognition that in the right configuration a
cysteine-cofactor adduct can be formed, as will be shown,
is a critical feature of the mechanism. Our initial results
indicated this adduct as a possibility, and we presented
preliminary aspects of it at the 13th (biannual) International
Workshop on Carbonyl Metabolizing Enzymes in July 2006
(22). Subsequent crystallography (9) verifies that our model-
ing of this aspect was correct and motivated our efforts to
understand the mechanistic implications of this adduct. We
used QM/MM and MM simulations in past studies to
understand the binding of benzaldehyde to ALDH3 (23, 24),
the formation of the thiohemiacetal intermediate, and to
distinguish between different mechanisms for activating the
cysteine nucleophile (24). In addition, in ALDH3 we
determined a novel mechanism for stabilizing the oxyanion
intermediate supported by a “second-sphere” interaction with
a lysine residue that is strictly conserved in sequence only
within class 3 ALDHs and succinic semialdehyde dehydro-
genases (25).

METHODS

Ab Initio and Semiempirical QM Calculations of ActiVe
Site ALDH Models.Gas phase models of possible ALDH
enzymatic reactions were examined for the validation of the
PM3 method (26) used in the QM/MM simulations described
below. Model reactions used in these studies were defined
as (1) between methylthiolate and nicotinamide to produce

FIGURE 2: Structural superposition of NAD in hydride transfer
(HTX) and hydrolysis (HYOH, atoms in blue) positions. The C4 of
the nicotinamide moiety moves 4.6 Å. Asn169 and Cys302 form
the “oxyanion” hole.
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a neutral adduct and (2) between methylthiolate and fluroac-
etaldehyde to produce a thiohemiacetal. The fluorine sub-
stitution was necessary to produce a product with a stationary
point in these model reactions (but not in subsequent QM/
MM simulations). Potential energy scans were performed
for the reaction of methylthiolate with acetaldehyde using
the MP2/6-31+G(d,p) and PM3 methods varying the sulfur-
carbonyl carbon distance; no minima were found in either
case.

The proton affinities of the thiohemiacetal oxyanion
molecule and a negatively charged dimethylamide were also
calculated. In addition, a section of the ALDH active site
was constructed that included the cysteine side chain and

main chain along with acetaldehyde to determine the
enthalpic difference between two proton locations. All of
these product structures are shown in Figure 3. The reactants
and products were first optimized at the MP2/6-31+G(d,p)
level and converted to enthalpies by applying the unscaled
thermal corrections derived at this level. The final values
reported are energy values taken from MP2/6-311++
G(2df,2p) optimizations with the thermal corrections from
the smaller basis set MP2 calculation. Basis set superposition
error (BSSE) was accounted for by employing the counter-
poise method (27). These calculations were performed with
Gaussian03 (28). The PM3 results were taken by optimizing
the same molecules using Dynamo version 2.2 (29, 30).

FIGURE 3: Product structures with bond lengths from MP2/6-311++G(2df,2p) in red and PM3 in black for (A) fluoro-thiohemiacetal, (B)
protonated fluoro-thiohemiacetal, (C) methylthiolate-N-nicotinamide adduct, and (D and E) model ALDH active site structures with differing
proton locations.
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Other semiempirical molecular orbital methods were exam-
ined as part of this study but were not as accurate.

Construction of the ALDH2 Molecular Models.The
starting models for the QM/MM simulations were based on
two crystal structures of human mitochondrial ALDH2 (PDB
codes: 1O01 and 1O04 (1)). One of these (1O01) contains
crotonaldehyde in the active site with the carbonyl oxygen
placed in the oxyanion hole made up of the side chain of
Asn169 and the main chain amide of Cys302. The nicoti-
namide ring of the NAD+ cofactor is in the “hydrolysis”
(HY) position, one of two orientations differing by ca. 4.6
Å (Figure 2). The other structure (1O04) is a Cys302Ser
mutant and has NAD+ in the hydride transfer (HT) position.
Since these structures overlap to a great extent except for
the position of the cofactor and surrounding counterions and
water molecules, ternary complexes can be constructed with
NAD in either the hydrolysis or HT position with only slight
modifications. The position of crotonaldehyde was used to
construct a ternary complex of propanal. In all systems, the
positions of the Mg2+ and Na+ ions identified by Perez-Miller
and Hurley (1) were retained as well as the positions of
oxygen atoms from water molecules surrounding the active
site.

All residues were kept at their canonical protonation state
except for Cys302, which is reasonable to model as a thiolate
anion given that we were modeling its reaction with propanal
and NAD+. The possible general bases (Glu268 and Glu399)
that conceivably could activate a neutral Cys302 are rela-
tively far removed from the chemistry described in this report
and therefore will have little effect. The tautomeric state of
all histidine residues, although similarly far removed, was
visually examined and adjusted accordingly depending on
the location of proton acceptors. Otherwise, hydrogen atoms
were added to the enzyme, cofactor, substrate, and oxygen
atoms from water based on internal coordinates in CHARMM
(31) using the HBUILD algorithm (32). The entire tetrameric
ALDH2 system was then solvated with TIP3P (33) water
molecules. The entire solvated system consisted of ca. 99K
atoms. A 500 step steepest-descent minimization of the
system was then performed with CHARMM to relax the
positions of the hydrogen atoms and to place the propanal
substrate securely in the oxyanion hole defined previously

with Cys302 poised to attack the carbonyl carbon of
propanal. Equilibration of the system for MM simulations
usually involves simulating the system at room temperature
for several picoseconds (ps). This procedure is probably not
ideal for our system since we are examining the relevance
of the reported crystallographic atomic coordinates to the
enzymatic mechanism. Equilibration procedures more ap-
propriate to QM/MM simulations are given below. The QM/
MM simulations were focused on theâ subunit using a
stochastic boundary approach (34). The system used for
running QM/MM simulations included the entire tetrameric
enzyme, all NAD+ molecules and counterions in close
contact, water molecules from the X-ray, and all added water
molecules within a 35 Å sphere centered on the Sγ atom of
Cys302. A representation of the system is shown in Figure
4.

Modeling ALDH Reactions with a QM/MM Hybrid
Potential Energy Function.We have, during the course of
our investigations into the ALDH mechanism, explored a
variety of possible scenarios and simulation parameters. We
will discuss here in-depth only the ones that shed the most
light on the mechanism. The QM region was modeled with
the semiempirical molecular orbital method, PM3, in all
simulations and has been demonstrated to return reasonable
results for the reactions investigated as part of this study.
The MM atoms are modeled with the OPLS force field (35)
for the protein chains and a modification of the CHARMM
force field for NAD+ (36) to work with the OPLS formal-
ism. The QM region for modeling Cys302 nucleophilic attack
on propanal with NAD in the HY position consisted of the
Asn169 side chain, a region spanning the CR of Cys301 to
the CR of Cys303 including the side chains, the nicotinamide
moiety of NAD, the propanal substrate, and two water
molecules in close proximity to the substrate. This required
the addition of three QM hydrogen link atoms to satisfy the
valency of the QM region were bonded to (1) CR of Cys301
along the main chain nitrogen-Cys301 bond axis, (2) CR
of Cys302 along the main chain carbonyl carbon Cys302
bond axis, and (3) N1 of nicotinamide along the carbon-
ribose bond axis. The Dynamo library does this automatically
once the QM atoms have been designated (29). The QM
region spanning Cys301-Cys303 was necessary since

FIGURE 4: Tetrameric human mitochondrial ALDH structure (left) with the chemical groups represented through a quantum mechanical
potential (right). Here, the oxyanion thiohemiacetal intermediate is stabilized by hydrogen bonding from the Asn169 side chain and the
Cys302 main chain amide while the hydride is poised to transfer to the C4 of NAD+. Umbrella sampling along a hydride transfer reaction
coordinate from this structure led to formation of the adduct.
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Cys302 not only provides the nucleophile but also provides
critical hydrogen bonding interactions to the substrate. By
moving the link atom region across one residue on each side
of Cys302, artifacts are less likely. The QM region is
electrically neutral.

The QM region is modeled the same way when NAD is
in the HT position except that the two water molecules in
close proximity to the substrate are now further displaced
and modeled as MM atoms. The QM region for the addition
of Cys302 to NAD+ is also the same except that only one
water molecule is modeled as QM. During minimizations
and MD simulations using the PM3/OPLS potential, residues
with all atoms greater than 20.0 Å from the Sγ of Cys302
were fixed, and all others were free to move according to
the potential energy function. The nonbonded interactions
were calculated with a force-switch with an inner cutoff of
9.5 Å and outer cutoff of 13.5 Å with a nonbonded list cutoff
of 15.5 Å updated heuristically.

The reaction coordinate was defined as the distance
between the Sγ of Cys302 and carbonyl carbon of propanal
for the reaction forming the oxyanion intermediate. Umbrella
sampling molecular dynamics were performed with 64
windows harmonically constrained to reaction coordinate
values from 3.5 Å to 1.61 with spacing of 0.03 Å. A force
constant of 2000 kJ mol-1 Å-2 was used for the umbrella
potentials. Each window was minimized for 2000 steps using
a conjugate gradient. Then 5 ps of equilibration was
performed with the velocity Verlet algorithm at a temperature
of 300.0 K followed by 10 ps of production sampling. A 1
fs time-step is used in all QM/MM-MD simulations.
Simulations were initiated from both the Michaelis complex
and the oxyanion intermediate to determine any sampling
errors. Each free energy profile consisted of 960 ps of
simulation. The sampled values of the reaction coordinate
were used with the weighted histogram analysis method
(WHAM) to derive the potential of mean force (free energies)
along the reaction coordinate (37). The distance between Sγ
of Cys302 and C4 of NAD was used as the reaction
coordinate to describe the formation of the adduct. The
simulation procedure was exactly the same as for formation
of the oxyanion intermediate except that the reaction
coordinate ran from 3.7 Å to 1.8 Å, the production part was
20 ps instead of 10 ps, and the umbrella potential was 4000
kJ mol-1 Å-2, which was required in order to sample the
separated reactants properly. The total simulation time was
1.6 nanoseconds (ns). Due to the increased simulation time
and because there were no entities in the simulation that
underwent any significant relative changes in position,
simulations were not performed from other starting points.

Two-dimensional umbrella sampling was performed for
the protonation of the oxyanion intermediate where one
coordinate was the distance between the Sγ of Cys243 and
the carbonyl carbon of propanal (q2). An appropriate reaction
coordinate for the proton transfer from the main chain amide
to the oxyanion intermediate (atom type of donor and
acceptor are different) is the asymmetric stretch:

whererNH andrOH are the distances of the proton from the
donor nitrogen and the acceptor oxygen respectively with
mN andmO as their masses. The reaction coordinate, q2, went

from 2.0 Å to 1.85 Å in 0.05 Å increments while q1 went
from -0.41 (the proton located on the intermediate) to 0.85
(the proton located on the main chain) in 0.02 Å increments.
Construction of this 2D free energy surface thus required
3.84 ns of simulation. Snapshots were taken from all
trajectories every 100 steps. Visualization of structures and
construction of Figures 3 and 5 were done with VMD (38).
PSI-Plot (39) was used to construct the free energy surface
in Figure 8.

RESULTS

Ab Initio and Semiempirical Quantum Mechanical Cal-
culations on Systems ReleVant to ALDH Mechanism.In order
to calculate such molecular features as geometry, proton
affinity, and heats of formation, the molecule must have a
stationary point on the electronic energy surface. For the
oxyanion thiohemiacetal species that would result from a
methylthiolate attack on acetaldehyde or propanal, there is
no stationary point for the product state in the gas phase.
We were able to create a stationary point for the thiohemi-
acetal molecule by substituting a fluorine for a hydrogen in
acetaldehyde. Bond lengths are given for the oxyanion and
protonated form of the fluorinated thiohemiacetal molecule
for MP2 and for the semiempirical method PM3 in Figure
3. The thiohemiacetal bond lengths are each 2.12 Å while
the carbon-oxygen bond length is 1.28 and 1.27 Å at the

q1 ) [1/(mN + mO)](mNrNH - mOrOH)

FIGURE 5: Free energy profile for the nucleophilic attack of Cys302
on the carbonyl carbon of acetaldehyde with NAD in the HY or
HT position.

FIGURE 6: Representation of the oxyanion thiohemiacetal inter-
mediate showing the three hydrogen bond donors that contribute
to stabilizing this structure.
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MP2 and PM3 level, respectively. The carbon-oxygen bond
is lengthened by 0.07 Å upon addition of methylthiolate in
both geometry optimizations. The Oxygen-carbon-carbon-
fluorine dihedral angle is different in MP2 versus PM3. At
the MP2 level the fluorine is anti (178°) while in PM3 it is
staggered (78°). Upon protonation of the thiohemiacetal
molecule, the thiohemiacetal bond length is reduced by 0.31
Å at MP2 and 0.26 Å at PM3. The carbon-oxygen bond
length is lengthened by 0.13 Å at MP2 and PM3. The
reduction in the sulfur-carbon bond length is indicative of
a much stronger bond. Furthermore, the vibrational frequency
that is most associated with the stretching of this bond has
shifted from 479 cm-1 to 686 cm-1 at the MP2 level. The
enthalpy of reaction and proton affinity are given in Table
1. The enthalpy of reaction is more favorable at the MP2
level than at the PM3 level by 7.3 kcal/mol (this difference
will affect interpretation of QM/MM results as described in
the Discussion). The proton affinity of the thiohemiacetal
molecule is larger at the MP2 level than at the PM3 level
by 5.1 kcal/mol. The geometrical features of the addition of
methylthiolate to a nicotinamide analogue are shown in
Figure 3, and the enthalpy of reaction is shown in Table 1.
The most critical feature, the sulfur-carbon(NAD) bond
length, is essentially the same at both levels of theory while
the enthalpy of reaction is less favorable at MP2 versus PM3
by 12.7 kcal/mol. Again, this difference will affect the
interpretations of the QM/MM results.

Since the proton affinity for the oxyanion thiohemiacetal
is large and comparable to the proton affinity of dimethyl-
amide, we decided to examine the energetic difference
between a proton located on a thiohemiacetal moiety versus
on the main chain moiety in a structure similar to the ALDH
active site. The structures at both levels of theory are very
similar except with respect to the hydrogen bonding dis-
tances. The PM3 distances are longer than the MP2 distances
by 0.2 Å in both structures. The MP2 results favor the
presence of a proton on the main chain amide moiety by
only 1.2 kcal/mol while PM3 favors location of the proton
on the thiohemiacetal oxygen atom by 1.6 kcal/mol. Thus
both methods suggest an isoenergetic proton transfer with
small preferences on opposite sides. The use of the PM3
method in QM/MM simulations of our ALDH enzymatic
reactions is therefore reasonable.

The transfer of a hydride from the fluorinated thiohemi-
acetal (Figure 3A) to the NAD+ moiety to form NADH and
the thioester in these model reactions was highly exothermic
in the gas phase though not as exothermic as formation of
the adduct (see Table 1). The MP2 results favor formation
of the adduct over hydride transfer by 13.1 kcal/mol; the
PM3 results give 8.4 kcal/mol for the same difference.
Because adduct formation is more favorable, calculating a
transition state structure/energy for this reaction is difficult
if not impossible without adding groups to stabilize the
thiohemiacetal.

Cys302 Nucleophilic Attack on Propanal, NAD in HY
Position.Figure 5 shows the free energy profile for formation
of the oxyanion intermediate with NAD+ in the HY position
versus NAD+ in the HT position. Simulations initiated from
the Michaelis complex with NAD+ in the HY position show
a minimum at a Cys302 Sγ-propanal carbonyl carbon
(referred to as the S-C bond throughout the rest of the text)
separation of 3.0 Å that decreases to 2.4 Å at the transition
state and finally to 2.0 Å at the oxyanion intermediate. The
calculated free energy change is 5.5 kcal/mol with a barrier
of 8.6 kcal/mol. Simulations that were initiated from the
oxyanion structure resulted in a transition state with a S-C
bond length of 2.3 Å, a free energy change of 6.9 kcal/mol,
and a barrier of 8.7 kcal/mol. Initiating simulations from the
product structure results in a decrease of 0.1 Å in the
transition state S-C bond length and an increase of 0.1 kcal/
mol in the free energy barrier with 1.4 kcal/mol in free energy
change. Thus, only minor hysteresis is present in these values.
The Michaelis complex structure was analyzed by observing
snapshots from the trajectory in which the reaction coordinate
was restrained to 3.0 Å. The hydrogen bonding donors that
make up the oxyanion hole (one proton from Nδ of Asn169
and one proton from the main chain amide of Cys302)
interact with the carbonyl oxygen of propanal, but only
weakly. In the simulation that was initiated from the
Michaelis complex and from the oxyanion intermediate, the
distance from one Asn169 Nδ proton to the propanal
carbonyl oxygen averages 2.8( 0.3 Å and 2.5( 0.5 Å,
respectively (we analyzed the latter). The distance from the
main chain amide proton of Cys302 to the carbonyl oxygen
of propanal averages 3.4( 0.4 Å and 3.0 ( 0.3 Å,
respectively. The Cys302 thiolate interacts primarily with
the aldehydic proton of propanal in both simulations and lies
roughly in the same plane as the aldehyde group. In the
simulation initiated from the intermediate, a water molecule
that was defined to be part of the QM region also interacts
with the thiolate. This interaction is what most likely creates
the slight differences in the free energy profiles that were
initiated from different starting structures. From both QM/
MM simulation and crystallography, the aldehyde is not
tightly bound in the oxyanion hole region while in the
Michaelis complex.

The oxyanion intermediate structure was characterized by
examining snapshots from the trajectory when the S-C bond
was restrained to 2.0 Å. These snapshots showed three proton
donors surrounding the thiohemiacetal oxygen atom in a ring;
these were the main chain amide of Cys302, one from Nδ
of Asn169 and one from a water molecule. The first two are
what are commonly regarded as making up the oxyanion
hole while the latter has only been seen by simulation. All
proton-to-thiohemiacetal oxygen distances average 1.8 Å

FIGURE 7: Free energy profile for the addition of Cys302 to the
C4 of NAD+ with propanal located in the oxyanion hole and in
holo form. The zero of energy has been set to the reactant minimum.
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with fluctuations of 0.1 Å. The carbon-oxygen bond in the
oxyanion intermediate structure is 1.31 Å, which is 0.1 Å
longer than in the Michaelis complex and 0.1 Å shorter than
a typical C-O single bond. The distance from the transfer-
ring hydride to C4 of NAD+ is 6.9( 0.4 Å and thus has an
insignificant effect on the free energy profile. Figure 6 shows
a representative snapshot from the dynamics for the oxyanion
intermediate. The transition state structures were examined
by analyzing structures from the trajectory where the reaction
coordinate was 2.4 Å. These show essentially the same
features as the intermediate except that the hydrogen bond
distance from the main chain amide nitrogen of Cys302 to
the carbonyl oxygen is longer, averaging 2.9( 0.3 Å.

Cys302 Nucleophilic Attack on Propanal, NAD in HT
Position. In contrast, the free energy profile for formation
of the oxyanion intermediate with NAD in the HT position
is dramatically different. There are no free energy wells for
the Michaelis complex or the oxyanion intermediate. At a
S-C distance of 2.0 Å, the free energy is 34.0 kcal/mol

higher than at a separation of 3.4 Å. The structures along
the reaction coordinate are similar in many respects to those
with NAD+ in the HY position. We expected to obtain a
structure for the thiohemiacetal intermediate similar to the
one depicted in Figure 4. The major differences are that
Cys302 is always bound to NAD+ by a bond formed
between Sγ of Cys302 and C4 of NAD+. Also, the water
molecule is absent that hydrogen bonded first to the thiolate
of Cys302 in the Michaelis complex and was then primarily
hydrogen bonded to the carbonyl oxygen atom as the
oxyanion intermediate is formed. Finally, several snapshots
showed the propanal molecule outside of the oxyanion hole
region.

Cys302 Addition to NAD+. The free energy profile for
the addition of Cys302 to C4 of NAD+ in the presence or
absence of propanal is shown in Figure 7. In the holo form
(without propanal), the free energy well for the reactant state
with a Cys302 Sγ -NAD+ C4 separation of 3.3 Å decreases
to 2.95 Å at the transition state and ends at 1.85 Å at the
Cys302-NAD adduct. There are no critical intermolecular
interactions that stabilize the adduct; the structure of the
adduct is as shown in Figure 3C. The free energy barrier for
this reaction is 5.0 kcal/mol, and the free energy change is
-28.0 kcal/mol. In the presence of propanal, the free energy
barrier is neglible and the free energy change is-31.7 kcal/
mol. Both these reactions are exergonic in contrast to the
nucleophilic attack on propanal, which is endergonic. The
thiolate anion in the reactant state (in holo form) is stabilized
by direct interactions with adjacent main chain amides and
from one water molecule. The adjacent cysteines, poorly
conserved in other ALDHs, might also help stabilize the
thiolate, but they are observed to be hydrogen bonded to
Asp457 in our simulations. These direct interactions and the
polar environment of the active site account for the different
energetics calculated in the gas phase (40). In the presence
of propanal, the direct interactions that help stabilize the

FIGURE 8: The 2-dimensional free energy profile for proton transfer (q1) from the Cys302 main chain amide to the oxyanion intermediate
as a function of the S-C bond distance (q2).

Table 1: Heats of Reaction (in kcal/mol) for Small Model
Reactions Important to ALDH

MP2a PM3

CH3S- addition to
CH2FCHO -16.8 -9.5
nicotinamide -125.7 -138.4

proton affinity
CH2FC-(SCH3)OH 347.8 342.7
dimethylamide (-1) 360.4 353.2

proton transfer
from D to E (Figure 2) 1.2 -1.6

hydride transfer
from A to NAD+ -112.6 -130.0

a MP2/6-311++G(2df,2p) optimized structure and energies with
conversion to enthalpies taken from corrections performed at MP2/6-
31+G(d,p). BSSE at the MP2/6-311++G(2df,2p) level was still
significant at 5.1 kcal/mol for the thiohemiacetal molecule and 7.1 kcal/
mol for the adduct.
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thiolate anion in the holo form have been replaced by
interactions with the substrate which are weaker. These
weaker interactions result in a more favorable reaction with
the cofactor.

Stabilization of Thiohemiacetal Intermediate through
Proton Transfer from Main Chain Amide.In order to avoid
the breakdown of the oxyanion intermediate with formation
of the Cys302-NAD adduct, it appears reasonable to search
for possible proton donors to the oxygen atom of the
oxyanion intermediate. The effect would be to strengthen
the S-C bond. We have already demonstrated through small
molecule ab initio calculations that an anionic amide has a
proton affinity similar to that of the oxyanion intermediate.
Therefore, we performed 2D free energy simulations of
proton transfer from the main chain amide of Cys302 to the
oxyanion intermediate. The free energy landscape is shown
in Figure 8. The simulation results show essentially an
isoenergetic reaction (the proton is favored to be on the
oxygen atom by 0.1 kcal/mol) with a free energy barrier of
14.1 kcal/mol. Separating the anionic oxygen from the
Cys302 amide proton costs about 3.0 kcal/mol. The S-C
bond distance changes from 2.0 Å in the fully ionized
oxyanion form to 1.93 at the transition state and 1.89 at the
protonated,R-hydroxy sulfide form. Moving to larger values
of the S-C bond length (q2 moving from 1.86 Å to 2.0 Å)
when the intermediate is protonated (q1) -0.30) shows an
increase in the free energy. In contrast, moving the same
distance along q2 when the intermediate is in oxyanion form
(q1 ) 0.46) does not result in a free energy change. This
feature of the free energy landscape indicates that the S-C
bond is stronger when the intermediate is protonated. The
carbon-oxygen bond increases from 1.3 Å in the oxyanion
form to 1.4 Å in the protonated form. Two water molecules
are hydrogen bonded to the carbonyl oxygen of Cys301. The
Asn169 Nδ protons are each 3 Å away from the oxygen
atom of the substrate while the water molecule that was
hydrogen bonded to the oxyanion intermediate has been
displaced from this region.

DISCUSSION

Oxyanion Formation. Our results using the PM3/OPLS
hybrid potential (and taking into account the error associated
with the PM3 method) suggest that formation of the oxyanion
intermediatewhen NAD+ is in the HY positionis nearly
isoenergetic with a small barrier. The intermediate is
stabilized through three hydrogen bonds to the anionic
oxygen atom. Two of these hydrogen bond donors are those
seen in crystal structures with inhibitors/substrates located
in ALDH active sites. The third comes from a water molecule
located between the substrate and NAD+. The oxyanion
intermediate exists in a very shallow free energy well (3.1
kcal/mol) made possible by the hydrogen bonding interac-
tions. A shallow free energy well would appear to be
problematic considering that it must exist long enough for
NAD+ to undergo transition from the HY to the HT position.
Furthermore, the S-C bond length of the oxyanion inter-
mediate, 2.0 Å, is much longer than typical carbon-sulfur
single bonds of about 1.85 Å. This bond could be classified
as acoordinate coValent bondin which the sulfur electrons
are not fully shared with the carbon.

In contrast, the oxyanion intermediatewith NAD+ in the
HT positiondoes not exist using the PM3/OPLS potential

since there are no free energy wells along this reaction
coordinate (Figure 4). A straightforward explanation of this
result is found by examining the free energy change from
separated reactants to an S-C bond distance of 2.0 Å. This
is equal to breaking the cysteine-C4(NAD) bond and
forming the S-C bond. One can conclude from these results
that formation of the oxyanion intermediate only occurs with
NAD+ removed from the HT position. This is the first study
to present results indicating the preferred location of NAD+
in ALDH during the cysteine nucleophilic attackand is
contrary to suggestions that NAD+ plays a direct role in
this reaction (6, 7). The binding of the cofactor could still
play an indirect role in catalyzing the nucleophilic attack.
Binding of the cofactor excludes some solvent molecules
from the active site and must surely organize the active site
to make activation of the nucleophilic Cys302 more favorable
by a general base.

Adduct Formation. Using the PM3/OPLS hybrid potential,
formation of the cysteine-cofactor adduct is thermodynami-
cally favorable in the presence of propanal or in holo form,
with NAD in HT position. Given the error associated with
the PM3 method, we predict that the reaction is exergonic
by approximately 15 kcal/mol. Thus, from this particular
arrangement of atoms taken from the crystal structure,
formation of the adduct is much more favorable than
formation of the oxyanion intermediate even given the errors
associated with the PM3 method. Experiments (9) show
degradation of the adduct by soaking crystals in aldehydes
but provide no information as to the thermodynamics of each
individual reaction. Although formation of the adduct must
surely hinder the efficiency of catalysis in ALDH, the
equilibrium between Cys302 with NAD+ in the HY position
(reactants separated) and the adduct is heavily weighted
toward the separated reactants (9).

Roles and Effects of Adduct Existence. Formation of the
adduct may also serve to protect Cys302 from reactions with
oxidizing agents other than aldehydes at times when the
enzyme is not functioning catalytically (41). At least, the
adduct in ALDH2 clearly serves to finally provide a plausible
explanation for the refractiveness of that residue to complete
modification with iodoacetamide (42). Iodoacetamide was
long ago shown to behave as an active-site-directed inhibitor,
selectively modifying Cys302 to the exclusion of the other
eight cysteine residues in the enzyme (43, 44). However,
despite satisfying other criteria for active site-directed
inhibitors, the inescapable facts were that iodoacetamide
could neither achieve more than∼50% inactivation of
ALDH2 catalytic activity nor be incorporated quantitatively,
with typical incorporation of one equivalent per homotet-
ramer (42). This cast a pall over the conclusion that Cys302
was the catalytic cysteine for over a decade, a pall that was
only removed on determination of the first crystal structures
(45, 46).

A further in vitro aspect of ALDH2 known to most who
have worked with it but which received scant attention is
that, in spectrophotometric assays, the enzyme typically
displays a lag phase. This was already noticed in some of
the earliest purifications of the enzyme, and seemed depend-
ent on the order of addition of reagents (47). Both the
nonquantitative incorporation of iodoacetamide and the
kinetic lag phase are readily explained by adduction of some
fraction of the catalytic thiols with NAD.
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Additionally, it may be recalled that ALDH3 constitutes
10-40% of the soluble protein of the corneal epithelia of
most mammals. Should the adduct also exist in ALDH3,
covalent binding of NAD to the enzyme could provide a
basis for enhancing the ability of ALDH3 to provide direct
UV protection to the eye, as has been considered (48, 49),
or to maintain an added defense against products UV-induced
lipid peroxidation (in addition to 4-hydroxynonenal) which
could be directly deleterious to the thiol. At the moment,
this remains conjecture, since no evidence has been found
to suggest adduct formation in ALDH3. In addition, at least
one enzyme that we are aware of employs a unique
mechanism to protect the reactive cysteine from irreversible
oxidation. On reacting with H2O2, protein tyrosine phos-
phatase 1B forms a sulfenic acid that can then undergo a
nucleophilic attack by the adjacent main chain nitrogen to
form a sulfenyl-amide species (50). This interesting regula-
tion mechanism, also involving the main chain, protects the
enzyme from forming an irreversible sulfonic acid.

Adduct PreVention. The most interesting problem that the
adduct presents is how to avoid it during the ALDH catalytic
cycle. As NAD+ moves from the HY position to the HT
position, the S-C bond must move from a shallow energy
well to the slope of a free energy surface as shown in Figure
5. In other words, it is clear that positioning the coenzyme
for hydride transfer destabilizes the oxyanion intermediate.
The most obvious way to stabilize the oxyanion is through
proton transfer. We chose to examine proton transfer from
the main chain for several reasons. First, simulations carried
out with ALDH3 revealed this to be the most thermodynami-
cally favorable donor, more favorable than a water molecule
or from the Asn114 side chain (23). Second, there appears
to be a mechanism for labilizing the main chain proton. In
our past MM-MD simulations of ALDH3A1, we observed
a 5 Å conformational transition of Lys235 (the “proximal
lysine” (23, 51)) from a surface location to one that was
hydrogen bonded to the main chain carbonyl oxygen of
Thr242, adjacent to the catalytic Cys243 (23). This interac-
tion would decrease the pKa of the main chain amide of
Cys243. While this lysine is strictly conserved only in class
3 ALDHs and in succinic semialdehyde dehydrogenases (25),
we note that in the crystal structure of a ternary complex of
non-phosphorylating aldehyde dehydrogenase (GAPN) an-
other lysine residue (Lys288, the “distal lysine”) in a
geometrically analogous position hydrogen bonds instead to
the equivalent main chain amide oxygen (51, 52). The distal
lysine residue is conserved in many classes of ALDH.
Furthermore, certain mutations of residues in the proximity
of these lysines in two different but related ALDHs lead to
two different metabolic diseases, Sjo¨gren-Larsson syndrome
(53) and hyperprolinemia type II (54). These mutations
(Asp245Asn and Ser352Leu, respectively) are removed from
the active site of ALDH and are the focus of some of our
current investigations.

In the simulations reported here, the distal Lys (Lys272)
essentially retained its crystallographic coordinates though
it was not fixed in the simulation. Longer molecular
dynamics simulations using a MM force field will be
performed in the near future to determine if this conforma-
tional transition is reasonable for ALDH2 since the QM/
MM simulations are too short to observe a conformational
fluctuation such as this. Positioning Lys272 closer to the main

chain carbonyl oxygen of Cys301 would likely make the
proton transfer from the main chain to the oxyanion
intermediate more thermodynamically favorable thus altering
the equilibrium between protonated and unprotonated form
in favor of the former. Finally, any donor to the oxyanion
intermediate should be positioned to have its proton donated
back once the hydride transfer reaction is initiated. Binding
of Cys302 to the substrate further restricts the motion of this
residue, which should assist in satisfying this requirement.2

Thermodynamic Summary. Thus, we propose the following
mechanism to account for the experimental and theoretical
results:

With NAD in the HY position, formation of the oxyanion
thiohemiacetal intermediate is predicted to be close to
isoenergetic with a small free energy barrier. Proton transfer
from the main chain amide of Cys302 to the oxyanion
intermediate occurs after nucleophilic attack to form an
R-hydroxy sulfide. The proton transfer reaction is also
predicted to be isoenergetic, which would give a 50:50
mixture of the two forms at equilibrium. The calculated
barrier for this proton transfer of 14.1 kcal/mol would likely
be lower with more accurate methods although this does not
affect our mechanistic interpretations. Furthermore, the short
length of the hydrogen bond for both structures obtained from
high level QM calculations suggests that quantum dynamical
effects (proton tunneling) most likely play a role which would
further reduce the barrier to proton transfer (55). This type
of hydrogen bond is sometimes classified as a low-barrier
hydrogen bond (56). Subsequently, the cofactor undergoes
a conformational transition to be positioned for hydride
transfer. The effect of this conformational transition on the
equilibrium between protonated and unprotonated forms of
the intermediate has not as yet been investigated with
computational techniques since the path from the HY to the
HT position involves changes in several dihedral angles of
NAD. To avoid reverting to the cysteine-NAD adduct from
the protonated form and ensure efficient catalysis, the free
energy barrier for (1) the hydride transfer step from the
R-hydroxy sulfide to form NADH and the thioester (coupled
with proton transfer back to the main chain) must be
sufficiently lower than (2) proton transfer from theR-hydroxy
sulfide back to the main chain amide alone (see Figure 9).
The quantitative simulation of a hydride transfer reaction in
probable concert with a proton transfer is extremely chal-
lenging and will require the development of new methods
similar to those reported by Ferrer et al. (15). The distal lysine
may also have to be placed in a much closer position
analogous to that observed in GAPN (51, 52) to assess its
possible role in facilitating formation of theR-hydroxy
sulfide.

Finally, the calculated energetics of forming the adduct
differed significantly in the gas phase versus in the enzyme
because of favorable interactions that stabilized the thiolate
anion in the enzyme. In contrast, energetics for the hydride
transfer reaction in the enzyme will be similar to the gas
phase (∆H ) -112.6 kcal/mol at MP2/6-311++G(2df,2p))
due to absence of interactions that provide preferential
stabilization of reactant species vs product species. Thus,

2 We considered a mechanism in which the substrate was first
protonated and then attacked by the cysteine, but the calculated
thermodynamics are such that formation of the adduct is unavoidable.
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the hydride transfer reaction is expected to be thermody-
namically favored over adduct formation.

CONCLUSION

We have employed both high level ab initio QM methods
and hybrid QM/MM potentials in order to understand ALDH
mechanisms at an atomic level. Using crystal structures of
ALDH2 as a basis for modeling these reactions, we
determined that formation of a Cys302-NAD adduct was
highly favorable with NAD+ in the HT position and Cys302
in thiolate form. Prior to our presentation on the adduct in
July 2006 (22), this reaction had only been reported by
adding the respective reactants (thiols plus nicotinamides)
together in solution (8). We surmised that another configu-
ration of atoms was probably responsible for describing the
chemistry of ALDH until recent crystallographic data (9)
confirmed that this simulation result was correct in that this
adduct is observed not only in the crystal structure of
formyltetrahydrofolate dehydrogenase but also in the ALDH2
structures from re-examination of the earlier data of Perez-
Miller and Hurley (1). The mechanistic implications of this
adduct are many-fold. According to our calculations, NAD+
must be located in the HY position (or at least not in the
HT position) to form the oxyanion intermediate, since
formation of the adduct is thermodynamically favored over
formation of the oxyanion intermediate with NAD in the HT
position. Our data show that a mechanism for avoiding the
breakdown of the oxyanion intermediate as NAD+ moves
into the HT position is proton donation to the oxyanion to
form an R-hydroxy sulfide. This is indicated, through
observation of shorter bond lengths, to create a stronger S-C
bond and an energy barrier that may withstand the attraction
to form the adduct. We have presented theoretical calcula-
tions that show the main chain amide of Cys302 to be an
attractive candidate to perform this function. This proton
transfer is likely a low-barrier (fast) isoenergetic reaction

that occurs after formation of the oxyanion intermediate. We
argue that this is a necessary chemical reaction in the ALDH
catalytic cycle, important for a more complete understanding
of structure-function relationships in this enzyme family.
Proton transfer back to the original donor would then be
coupled to the hydride transfer reaction in a fashion similar
to other enzymes that catalyze hydride transfer.
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