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ABSTRACT: Crystallographic analysis revealed that the nicotinamide ring of NAD can bind with
multiconformations to aldehyde dehydrogenase (ALDH) (Ni, L., Zhou, J., Hurley, T. D., and Weiner, H.
(1999) Protein Sci. 8 2784-2790). Electron densities can be defined for two conformations, neither of
which appears to be compatible with the catalytic reaction. In one conformation, it would prevent glutamate
268 from functioning as a general base needed to activate the catalytic nucleophile, cysteine 302. In the
other confromation, the nicotinamide is too far from the enzyswbstrate adduct for efficient hydride
transfer. In this study, NMR and fluorescence spectroscopies were used to demonstrate that NAD and
NADH bind to human liver cytosol and mitochondrial ALDH such that the nicotinamide samples a
population of conformations while the adenosine region remains relatively immobile. Although the
nicotinamide possesses extensive conformational heterogeneity, the catalyzed reaction leads to the
stereospecific transfer of hydride to the coenzyme. Mobility allows the nicotinamide to move into position
to be reduced by the enzymsubstrate adduct. Although the reduced nicotinamide ring retains mobility
after NADH formation, the extent of the motion is less than that of NAD. It appears that after reduction
the population of favored nicotinamide conformations shifts toward those that do not interfere with the
ability of the enzyme to release the reaction product. In the case of the mitochondrial, but not the cytosolic,
enzyme this change in conformational preference is promoted by the presencé'obkky Coenzyme
conformational mobility appears to be beneficial to catalysis by ALDH throughout the catalytic cycle.

Structures of three different mammalian liver aldehyde fold is typically oriented toward the phosphates of NAD. In
dehydrogenase (ALDH)sozymes have been reported in the each of the mammalian structures, ALDH lacks a residue
literature (—3). One of the features of these structures that that could bind the negatively charged phosphodiester group
distinguish them from other dehydrogenases is in the binding through an ionic interaction. The phosphodiester group is
region of the coenzyme. Like other NAD binding proteins, more distant from helix A than it is in other dehydrogenases
ALDH utilizes a Rossmann fold for its interaction with the  (1).
coenzyme. However, the Rossmann fold in ALDH is a  Electron density corresponding to the nicotinamide portion
variant of the typical structure with unique features that have of the coenzyme was not found in the bovine ALDH2 crystal
been described in detaill One consequence of the containing 0.2 mM MgGl(2). Substitution of 2 mM SmGl
difference in structure is that the enzyme makes fewer for MgCl, gave data in which all of the coenzyme was
contacts with the coenzyme upon binding. Other dehydro- observed. However, when the entire NAD molecule was
genases typically have a residue with a positively charged observed in ALDH1 and ALDH?2, it appeared to have more
side chain near the phosphodiester region of the coenzymenhan one favored conformatio®,(3). The principal differ-

(2). In addition, the dipole ofx-helix A of the Rossmann  ences were seen in the phosphodiester linking the nucleotides,
leading to two different sets of coordinates for the nicotin-

T This work was supported by a grant from the National Institutes amide end of the coenzyme molecule. The NAD structures
of Health, AA05812, to H.W., and AA11982, to T.D.H. This is paper agre shown in Figure 1 with the adenine rings oriented

number 16784 from the Purdue Agriculture Experiment Station. ; ; S - :
* Corresponding author. Phone:  (765) 494-7672. Fax: (765) 494- identically. In sheep ALDH1, the nicotinamide ring adopted

7897. E-mail: hammen@purdue.edu. a contracted positi_on with a distance of 112 A f_rom _the
i Department of Biochemistry, Purdue University. center of the adenine ring to that of the nicotinamide ring.
¢ Department of Chemistry, Purdue University. In this structure, the nicotinamide is more thé A from

U Indiana University School of Medicine. - .
I Submitting author: Dr. Henry Weiner. Phone: (765) 494-1650. C302, the residue that covalently binds the aldehyde substrate

Fax: (765) 494-7897. E-mail: hweiner@purdue.edu. (4), and appears to be too far away for efficient hydride
! Abbreviations: ALDH1, human liver cytosol aldehyde dehydro- transfer 8). In the ALDH2 structure, the nicotinamide is

genase; ALDH2, human liver mitochondrial aldehyde dehydrogenase; ; ;
STD, saturation transfer difference NMR; FRET, fluorescence resonancemore extended with a distance of 13.3 A from the center of

energy transfer; TINOESY, two-dimensional transferred nuclear Over- the adenine ring to that of the nicotinamide ring. In this case,
hauser enhancement spectroscopy. the position of the coenzyme is sufficiently close to allow

10.1021/bi012197t CCC: $22.00 © 2002 American Chemical Society
Published on Web 05/10/2002



Multiple Coenzyme Conformations When Bound to ALDH Biochemistry, Vol. 41, No. 22, 2007157

, 101, Inc.; f5S]dATP was purchased from Amersham Corp.;
ALDH 1 HN4 and the restriction enzymes used were purchased from either
New England Biolabs or Promega Corp. Acetaldehggle-
was purchased from Aldrich. Deuterium oxide was purchased
from Cambridge Isotope Labs.

Cells and Plasmids\ative or mutant ALDH1 and ALDH2
cDNAs were cloned into the pF77 expression vector, and
expressed in thEscherichia colistrain BL21 (DE3) pLysS
(8) as reported previoush(9). To construct human ALDH
mutants, the oligonucleotide primers containing the mutation
were used for site-directed mutagenesis with the Mutagene
Kit (Bio-Rad), following the manufacturer’s instructions. The
mutant colonies were selected by a sequencing method that
employed dideoxynucleotide chain-terminatidi@)( After
mutant colonies were identified, the cDNA fragment contain-
ing the mutant was exchanged with the corresponding
fragment of the native ALDH cDNA from the pF77
plasmid. They were transformed in BL21 (DE3) pLysS cells
possessing the chloramphenicol resistance pLysS plasmid.
The mutation was again confirmed by double-stranded DNA
sequencing of the pF77 plasmid.

Expression of ALDH1 and ALDHZIhe enzymes were
expressed and purified as described previoudy 6).
Important details of the procedure are that recombinantly
expressed enzymes were treated with protamine sulfate (1.25
mg/mL) followed by anion exchange (DEAEeellulose) and
ALD H2 4-hydroxyacetophenone-based affinity chromatogragty (

Ficure 1: Comparison of NAD structures while bound to ALDH1 The purity of the enzymes was determined to5% by

(top) and ALDH2. Adenine rings of the two structures were aligned SDS-PAGE using the Coomassie Blue staining procedure.
for purposes of comparison. Fractions containing only ALDH activity were pooled and

) o ) ) concentrated using a Centricon centrifugal protein concentra-
hydride transfer, but the nicotinamide ring obstructs the tjon gevice (Amicon). While not in use, purified enzyme was
abstraction of a proton from C302 by the general base, E268giored at—20 °C in a 50% glycerol solution.

(5). The structures show two different coenzyme conforma-  NMR SpectroscopyPurified protein was dialyzed into
tions, both of which appear to leave the nicotinamide ring phosphate-buffered,0 (50 mM sodium phosphate, pH
out of position to participate efficiently in catalysis. 7.4). The final protein concentration was ca. @8l. To

The available structural data are not helpful in answering getermine the appropriate concentrations of coenzyme for
questions ab_out how the coenzyme participates in catalysisihe TYNOESY experiments1p), aliquots of NAD were
by ALDH. It is not known whether NAD can move freely  aqded to a solution of 36M ALDH so the concentration
when bound to ALDH or the enzyme binds NAD in two jycreased in 1 mM increments. A final concentration 643
different conformations that cannot interconvert without mn was determined to be optimal. Subsequently, the
dissociating. Similarly, it is not known whether the confor- dialyzed protein solution was used to dissolve 1.2 mg of
mational heterogeneity of the coenzyme ob;erved in the lyophilized coenzyme. Because ALDH1 and ALDH2 are
crystal structure can afford ALDH an enzymatic advantage. tetrameric enzymes, the nominal ratio of ligand to active sites
From a thermodynamic perspective, coenzyme binding yas 25:1. A series of TINOESY spectra were obtained with
should be entropically favorable when a portion of the bound mixing times of 20, 60, 100, 150, 200, and, in some cases,
molecule can move freely. Previous studies with ALDH point 250 ms at 20°C. A Varian UNITYplus 600 MHz NMR
mutants have shown that most mutation effects are ongpectrometer was used. Two-dimensional (2D) transforma-
coenzyme bindingf). As yet, there are no structural data tjon included the subtraction of low-frequency signal as-
pertaining to the reduced coenzyme when bound to ALDH. gocjated with residual solvent. All chemical shifts were
In addition, Mg" ions have been shown to stimulate the referred to a residualH,O signal at 4.8 ppm. After
activity of ALDH2 but impair the activity of ALDH1 7). transformation, cross peak volumes were measured by either
In this study, we employ solution spectroscopic methods 10 yolyme integration or from the number of contours. Frac-
develop a better understanding of how coenzyme binding is tiona| cross peak volumes were calculated by dividing the
involved in the catalysis of ALDH1 and ALDH2. cross peak volume by the auto-peak volume obtained from
EXPERIMENTAL PROCEDURES the 20 ms data_. Processi_ng software was NT-NMRPigg (
or VNMR (Varian Associates, Inc.).

Materials.NAD and NADH were purchased from Sigma; To determine the stereospecificity of hydride transfer, a
Sequenase version 2.0 kit was obtained from United States0.1 mL portion of a NMR sample previously described was
Biochemical Corp.; Minipreps DNA purification kit was diluted to 0.5 mL with phosphate-bufferédl,O (pH 7.4)
purchased from Biolabs and T4 DNA ligase was purchased containing 1.2 mg of NAD and 1aL of acetaldehydel,.
from Promega Corp.; GeneClean kit was purchased from Bio After 30 min and 2 h, NMR spectra were obtained to observe
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the pattern of deuterium labeling in the NADH that had been a state of saturation to the bound ligarib,(17). In this
formed in situ. method, radio frequency irradiation is applied to the broad
The samples used for TINOESY experiments were also protein resonances located at the edge of the spectrum (e.qg.,
used for STD experiments. For the STD experiments, —2 ppm), far from the ligand resonances. For a large protein
selective saturation pulses were not required. The techniquesuch as ALDH, efficient spin diffusion rapidly produces a
relied upon frequency and power switching of the radio state of saturation throughout the protein without affecting
frequency transmitter. The transmitter was moved to the edgefree ligand molecules. Bound ligand protons that are spatially
of the spectrum and used at low power to achieve saturationnear to saturated protein protons will also become saturated
with times of 0.2, 0.3, 0.4, 0.6, 0.8, and 1.0 s. The via intermolecular cross relaxation. The extent of saturation
on-resonance frequency was positioned 4000 Hz to the high-that is transferred to specific protons of the ligand depends
field side of the water resonance (i.e-2 ppm). The off- on several factors. The phenomenon depends on the presence
resonance frequency was placed 50 000 Hz to the low-field of nearby transfer partners in the protein. Rates of spin
side of the water resonance. After saturation, the transmitterdiffusion within the protein and from the protein to the ligand
was placed at the water frequency and a hardflse was will increase with the rotational correlation time of the
used, followed by a spinecho pulse train that refocused protons. Other factors that may affect saturation transfer are
magnetization prior to spectral acquisition. T, relaxation and the kinetics of the proteiligand inter-
Fluorescence Spectroscoplfluorescence spectra were action.
acquired using a J.Y. Horiba Fluorolog-3 spectrofluorometer  STD experiments were performed on mixtures of NAD
at 20 °C. Protein concentrations were limited touM to with ALDH1 or ALDH2. A clear difference was observed
keep absorption at 278 nm below 0.05, thereby avoiding in the amount of saturation transferred to protons of the
inner-filter effects in the emission. For FRET spectra, adenine ring when compared to protons of the nicotinamide
excitation was set to 290 nm and emission was scanned fromring (Figure 2A). Of the protons resolved in the spectrum,
310 to 500 nm. Energy-transfer efficiencieg) (were the greatest amount of saturation was obtained Rg,H

estimated with the use of the equation followed by Hy1' and H\8. Protons associated with the
nicotinamide, K2, Hy4, H\5, Hy6, and H1', all showed a
E=(Fp — Fpa)/Fp similar extent of saturation transfer which was 2 times

less than that observed withaBl or Hy1' (Figure 2B). One

in which Fp and Fpa are the tryptophan fluorescence interpretation of these data is that NAD adopts a single
intensities in the absence and presence of the NADH conformation when it binds and that the adenosine portion
acceptor, respectivelyl§, 15). Structural dataZq, 3) show is more intimately associated with the enzyme than the
that each isozyme possesses two tryptophan side chainsicotinamide portion. An alternative explanation of the
located within 10 A of the center of the nicotinamide ring. disparity between adenine and nicotinamide rings is that the
Therefore, it was not possible to know reliably which of the adenine is bound in a relatively fixed position while the
possible donors had the greatest influence on the spectrumnicotinamide can move more freely.
Fluorescence anisotropy of NADH was measured with The varying intensities of saturation transfer among
excitation wavelength of 350 nm and an emission wavelength protons of the adenine reflect their distances from non-
of 450 nm. These wavelengths displayed the maximum exchangeable protons of the protein. The uniformity of
response when excitation and emission spectra were obtainedhtensities observed for the nicotinamide protons is consistent
with polarization. A total of 10 measurements were obtained with an averaging phenomenon in the extent of saturation
for each sample. transfer. To assess the relative differences of saturation

Structure AnalysesCoenzyme structures were obtained transfer in the adenine and nicotinamide segments, ratios of
from the sheep ALDH1 (1bxs) and human ALDH2 (1cw3) saturation transfer intensities were computed for various pairs
structures that have been deposited in the Brookhaven Proteirof protons. When computed, the ratios were independent of
Structure Data Bank. The structures were loaded into the saturation times that were employed, so the values
QUANTAOS, version 98.1111 (Molecular Simulations, Inc.). obtained for a series could be averaged (Figure 3). The ratios
The “A” subunit was used for all structure modeling work. provide a means of monitoring the variation of response from
Hydrogen atoms were added to the coenzyme molecule usingprotons of the nicotinamide relative to those of the adenine
standard routines of the software package. ring. It can be seen from the figure that the adenine protons
are saturated to a greater extent than those of the nicotinamide
and that, for each enzyme, the nicotinamide protons are
saturated uniformly.

The ALDH crystallographic data show that the Glu399
side chain appears to be involved in hydrogen bonds with
The initial question regarding coenzyme conformation had the C2 and C3 hydroxyl groups of the nicotinamide ribose

to do with the nature of the multiple NAD conformations in NAD (2). For both ALDH1 (Hassani and Weiner,
observed in the crystal structure. Both NMR and fluorescence unpublished observations) and ALDHA8j, an E399Q
techniques were used to assess coenzyme conformationamutation resulted in the change of rate-determining step to
mobility and contact with the enzyme. hydride transfer, the step in which NADH is formed. This
Saturation TransfetOne method of using NMR to observe change in kinetics suggests that, in the mutant, the nicotin-
structural characteristics of the coenzyme while bound to amide ring is not as available to accept the hydride as it is
ALDH1 and ALDH2 was with STD experiments. This in the native protein. When the saturation transfer experiment
technique utilizes the spin diffusion of the protein to transfer was performed on a mixture of E399Q and NAD, the

RESULTS

Conformational Heterogeneity of NAD and NADH When
Bound to ALDH
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Ficure 2: (A) NMR spectra from the STD experiment involving ALDH2 and NAD. Saturation time was 1.0 s. Chemical shift assignments
are Hy2 (9.36), H6 (9.13), H4 (8.82), Hh8 (8.42), H,5 (8.20), H\2 (8.18), H\1' (6.12), and H1' (6.03). The bottom spectrum is the
control, with saturation off-resonance. The middle spectrum is the experiment, with saturation-atpgam. The difference is shown at

the top. (B) Increase of saturation transfer for various NAD protons as a function of saturation time. Protons plotted are as Bllows: (
Hn2, (@) Hy4, (W) Ha8, (©) Ha2, (2) HnD', and (+) Hal'. Values on the axis are integrated peak areas obtained from difference spectra.

disparity of saturation transfer increased between adenine(Figure 4A). In this case, the saturation attained by nicotin-
and nicotinamide protons (Figure 3A). The extent of increase amide protons and A8 were nearly equivalent (i.e., with
ranged from ca. 10% in the A8/Hy2 comparison to nearly  ratios approaching one).
100% in the comparison of A' and H1'. The E399Q The addition of magnesium ions to the samples containing
mutation eliminated an important charggipole interaction NAD produced similar responses in ALDH1 and ALDH2.
between ALDH and NAD. There are two possible explana- Saturation transfer actually decreased in magnitude as
tions for the STD observations. One is an increase in magnesium concentration increased. However, the adenine/
conformational mobility of the nicotinamide and the second nicotinamide ratios remained virtually constant at 0, 2, and
is that NAD bound to the mutant in a single, static 10 mM Mg ions (Figure 3A-C). When Md" ions were
conformation in which the nicotinamide protons were more added to the E399Q/NAD mixture, the adenine/nicotinamide
distant from any protons of the protein. ratios, and thus conformational mobility, became similar to
The STD experiments were performed with the two ALDH that of the native enzymes (Figure 3&). When the ligand
isozymes and NADH. When NADH was the ligand, the was NADH, the change in adenine/nicotinamide ratios for
disparity in saturation transfer between the adenine and ALDH1 and ALDH2 differed (Figure 4A-C). With ALDH1,
nicotinamide ends of the molecule was reduced by ca. 50%the ratios H8/Hn2, Ha8/Hn2', Hal'/Hn2, and H1'/HN2' all
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Ficure 3: Saturation transfer ratios of adenosine protons to

nicotinamide protons of NAD when bound to ALDH1 (left), Proton Pair

ALDH2 (middle), and the ALDH1 E399Q mutant (right) with . . .

ion conc(er:trati())ns of (A) 0 mM, (B) z?nMuand(((I?) 1)0Wr|nMp.mgn- FicurRe 4: Saturation transfer ratios of adenosine protons to

resonance spectra were subtracted from off-resonance for experi-Nicotinamide protons of NADH when bound to ALDHL (left) and
b e " P ALDH2 (right) with Mg?* ion concentrations of (A) 0 mM, (B) 2

ments with saturation times of 0.2, 0.3, 0.4, 0.6, 0.8, 1.0, and 1.2
s. Peaks in the difference spectra were integrated to obtain areasmﬁM' and (C) 1f0 mM. Qn-resonqnhce speclra were sufbtracted from
Ratios were calculated for each saturation time, and all the ratios ©ff-résonance for experiments with saturation times of 0.2, 0.3, 0.4,

were averaged to obtain the values that were plotted. 0.6, 0.8, 1.0, and 1.2 s. Peaks in the difference spectra were
integrated to obtain areas. Ratios were calculated for each saturation
time, and all the ratios were averaged to obtain the values that were

plotted.

NZ'

H,8/H

decreased in magnitude as [Ry increased. The data
showed that the nicotinamide proton interactions with
ALDH1 were increasing relative to adenine with increasing
Mg?* ion concentration. For NADH bound to ALDH2, these
ratios were independent of Mgion concentration. o X .

A clear difference between ALDH1 and ALDH2 could obtain information about NADH motion when bound to
be seen in the relative amount of saturation accumulated byALDH, fluorescence anisotropy studies were undertaken.

Data were obtained for an ALDHNADH complex alone

Hn2' in the presence of Mg ions. Without M@ ions, when b ) .
and after the addition of Mg ions. The anisotropy of NADH

NADH was bound to either ALDH1 or ALDH2, kP :

difference between the isozymes became apparent with thecombined with ALDH1 and 0.10 with ALDH2. In the case
addition of M@ ions, as H2 became more saturated than Of both isozymes, the anisotropy increased ag'Ntns were
the adenine protons upon interaction with ALDH1. With added, reaching a value of ca. 0.25 in the presence of 10
ALDH2, Hy2' saturation was essentially independent of MM Mg?" ions (Figure 5). These data can be interpreted to
cation concentration. The data indicate a variation in the indicate that, although bound to the enzyme, NADH main-
exposure of {2’ to the coenzyme binding region of the two  tained significant mobility, which was more restricted in the
enzymes. presence of MY ions. Subsequent addition of the substrate,
Fluorescence AnisotropyA ligand that retains mobility propanal, produced no further change in anisotropy (Figure
while bound to an enzyme should display anisotropic motion 5). These data provide an indication that the substrate does

relative to the enzyme. Because of its fluorescence properties,
NADH can be observed while interacting with ALDH. To
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Ficure 5: Affect of Mg?" ions and the substrate propanal (S) on
fluorescence anisotropy of NADH at 2C while bound to ALDH1
(black) and ALDH2 (white). The concentration of protein in the
samples was kM and the NADH concentration was AM. A
total of 10 measurements were made for each condition with Wavelength (nm)
excitation at 350 nm and emission at 450 nm. Error bars represent
the standard error of the 10 measurements.
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not play the role of restricting the coenzyme to a single,
productive conformation.

Fluorescence Resonance Energy Transfduorescence
data was obtained to observe changes in the environment of
the NADH nicotinamide ring while bound to ALDH.
Excitation of the seven tryptophan residues in ALDH at 290
nm resulted in a fluorescence envelope with a maximum at
ca. 350 nm. When NADH was added, tryptophan fluores-
cence decreased by-%%, suggesting a potential energy-
transfer mechanism for the quenching of fluorescence. The
addition of Mg" ions resulted in further quenching of ———— e
tryptophan fluorescence and a visible increase in emission 300 350 400 450 500 850
with a maximum at 435 nm representing NADH fluorescence Wavelength (nm)

(Figure 6). Each enzyme displayed similar FRET behavior Figure 6: Fluorescence resonance energy-transfer phenomena
upon the addition of increasing amounts of Mgpn (Table observed for the binding of NADH (&M) to 1 uM ALDH1 (A)
1). After the addition of 10 mM Mg ions, total energy- ~ and ALDH2 (B) at 20°C. Excitation was set to 290 nm and
transfer efficiency was 0.38 for ALDH1 and 0.34 for emission was scanned from 310 to 500 nm. Aliquots of MgCl

. : were added so the affect of Migions on the spectra could be
ALDH2. These data suggest the interpretation that the ghserved. The spectra in the figure (from top to bottom at 350 nm)
addition of Mg* ions results in a change in the orientation have Mg+ ion concentrations of 0, M, 10 «M, 1004M, 1 mM,
of the nicotinamide ring relative to tryptophan side chains and 10 mM.
of the proteins.
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Fluorescence Intensity (arbitrary units)

Table 1: Quenching of ALDH Fluorescence by Energy Transfer to

Stereospecificity of Hydride Transfer NADH
Because NAD appears to bind to ALDH with a high _ /_*LDHl '_5399@ /_\LDHZ
degree of conformational heterogeneity, it is possible that solution Flinb  E°  Flint E Flint E
the nicotinamide could rotate freely about the glycosidic enzymeonlykp) 4.8 0 53 0 58 0
bond. Complete rotation would produce interconversion +14M NADH 45 006 53 0 55 0.05
between the syn and anti conformers. In this case, hydride +10uM Mg ot 43 010 51 004 54 007
o ; +100:M Mg 40 017 48 009 51 012
transfer \{vould not bg stereospemf_p. I't was prew_ously shown 41 mm mgz+ 36 025 43 019 47 019
that hydride transfer is stereospecific in the reaction catalyzed +10 mmMm Mg+ 30 038 40 025 38 034
by the dimeric isozyme, ALDH31(). aMutant of ALDH1.? Fluorescence intensityx(1075) after blank

Experiments were carried out with ALDH1 and ALDH2  correction.c Energy-transfer efficiencie€, calculated using the equa-
to determine if the reaction was stereospecific with these tion, E = (Fo — Fpa/Fp). Fluorescence values aFg for donor and
enzymes. Acetaldehydé was added to a NMR sample Foa for donor in the presence of the acceptor, NADH.
containing an ALDH isozyme and NAD to observe the o S ) N
presence or absence of signals in the NADH that was _the nicotinamide is mo_blle, the mobility doe_s_not appear to
produced. The NADH spectrum normally contains reso- include complete rotation about the glycosidic bond.
nances for the k¥ protons at 2.85 and 2.72 ppm. NMR
spectra were acquired 0.5&2 h after the samples were
mixed. In the experiments with both ALDH1 and ALDH2,
only the resonance at 2.72 ppm appeared. The deuterium Distances between hydrogen atoms in the two NAD
had been incorporated stereospecifically in place of the structures were determined from the structural models. The
proton at 2.85 ppm. Therefore, both ALDH1 and ALDH2 values for critical hydrogen pairs are displayed in Table 2.
possess A-side (pro-R) specificity, as did ALDH3. Although Distances in the adenosine portion are very similar for

TrNOESY Studies of Coenzyme Conformational
Preference
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Table 2: Selected Interproton Distances (A) in 10]
Hydrogen-Containing NAD Models Generated from the Structures n;‘ 94 A
of ALDH1 and ALDH2 in Complex with NAD - 8]
= i
proton pair ALDH1 ALDH2 o 7]
HN2—HNZ1' 2.32 2.22 ':E, 6]
HN6—HN1' 3.76 3.66 3 5 /-
HN2—HN2' 3.39 4.32 > ] —
HN2—HN3 5.06 5.70 < 4] — -
HN6—HN2' 3.81 212 o 5]
HN6—HN3' 2.92 4.30 a 1 .
HA8—HA1' 3.80 3.87 o 2
HA8—HA2' 2.18 1.99 o 1] e
HA1' —HA2' 3.00 3.07 g S T
HA2—HAL 4.84 4.70 (L 0 " s w0 10 200

Mixing Time (ms)
ALDH1 and ALDHZ2. Distances relating the protons of the
nicotinamide ring and ribose protong® and H3' display 104
dramatic differences. These distances reveal that the con-<= 9 B
formations differ not only in the phosphodiester linkage but < 8]
also in the local conformation of the nicotinamide. If bound
NAD is in a state of high conformational mobility, the
sources of that motion could arise from both the phosphodi-
ester portion of the molecule and from rotation of the
nicotinamide ring.

Theoretical NOESY spectra for the NAD conformation
found in both ALDH1 and ALDH2 structures would be
expected to have a largey\B—Hn1' cross peak and a much
smaller H,6—H\1' cross peak. The principle difference
would be that the NAD conformation of the ALDH1
structure would generate a larger interaction fg6HHN3'
than for H6—Hn2'. In stark contrast, the NAD conformation . 7 TINOESY build . ected ad _

IGURE [ r ulld-up curves f1or seilectea aaenosine
af t6h_eHAIé'Dirérz’tézg;u:n(\;vt\)/mﬂ;ﬁatur?h_an ?xtrew]ely Itar?e protons of 3 mM NAD bound to ca. 33V ALDH1 and ALDH2

N* N | y nothing from the inter- - 4 5g-c, Integrated peak volumes, as a fraction of the auto-peak
action of H6 with Hy3'. In the absence of NAD conforma-  volume atr, = 20 ms, are plotted versus mixing time for (A)
tion averaging, the two conformations could be readily ALDH1 + NAD and (B) ALDH2 -+ NAD. The cross peaks plotted
distinguished with NMR spectra. are @) Ha8—Hal', (@) Ha2—HaL'

Conformational Preferences of NAD When Bound to ) . )

ALDH. To investigate the conformational preferences of €nzymes. Among other interactions, the most intense between
NAD when bound to each isozyme, a series of transferred- Nicotinamide and ribose rings were connecting2Hvith
NOESY spectra were obtained using both ALDH1 and Hn3'. This interaction was completely unexpected based on
ALDH2 with NAD at 20 °C. At the adenosine end of NAD, the crystal structure. The NMR data suggested several
the Hy8—Ha1' interaction appeared throughout the data set POSsible explanations. The ribose ring may have adopted a
while the Ha2—Ha1' interaction was observed only &t > different conformation in solution than in the crystal,
100 ms (Figure 7). This relationship is consistent with the secondary NOE effects may have been occurring, or there
anti conformation, which is common for NAD molecules Was significant conformational mobility in the nicotinamide
bound to dehydrogenase20(-22) and is consistent with the ~ SO that the_ similar cross peak intensities were the result of
crystallographic data (Table 2). However, the crystal struc- conformational averaging.

tures predict an even larger interaction between th8-H The state of NAD while bound to the E399Q mutant was
Ha2' pair. Data corresponding to 42 were attenuated examined using the transferred NOESY experiment. In this
because the chemical shift of this proton was coincident with case, the W2—Hal' interaction was more prominent than
that of the solvent. Data collection or data processing in experiments involving ALDH1, suggesting less specific
techniques designed to remove the solvent signal also resultedbinding of the adenine. The data revealed that the nicotin-
in the attenuation of data for A2'. Therefore, it was not  amide ring did not adopt a single, favored orientation relative
possible to assess the relative magnitude of th8-HHA2' to the ribose ring (Figure 9). The relationship betwegi2 H
cross peak. and H6 with the ribose protons was nearly equivalent. The

Cross peaks involving nicotinamide protons differed from Hy2—Hp3' was no longer the largest but was similar in
predictions of the crystal structure. The fractional cross peak magnitude to the other interactions observed. The uniformity
volume increase with mixing time was plotted for critical of cross peak magnitude is consistent with conformational
proton pairs and is shown in Figure 8A,B for ALDH1 and averaging and together with the results of the saturation
ALDH2, respectively. The intensities of cross peaks con- transfer experiments gives the image of increased confor-
necting H,2 and H,6 with the anomeric proton, ¥1', of mational mobility of NAD when bound to the mutant. Data
the nicotinamide ribose ring were similar. This relationship of this type are not appropriate for either distance or structure
was observed for both the mitochondrial and the cytosolic calculations because they would produce results correspond-
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Ficure 8: TrNOESY build-up curves for selected nicotinamide protons of 3 mM NAD bound to caM3BLDH1 and ALDH2 in the
absence and presence of Mdons at 20°C. Integrated peak volumes, as a fraction of the auto-peak volumg=at20 ms, are plotted
versus mixing time for (A) ALDH1+ NAD, (B) ALDH2 + NAD, (C) ALDH1 + NAD + 10 mM Mg?*, and (D) ALDH2+ NAD + 10

mM Mg?2*. The cross peaks plotted am)(Hn2—Hn1', (@) Hy6—HNT', (A) Hv2—Hn2', (¥) Hy6—HN2', (&) Hn2—H\3', and ) Hn6—
Hn3'

| in NADH conformation, it could help to explain why the
”0 rate-determining step of catalysis differs for the two isozymes.
] When bound to either ALDH1 or ALDH2, the adenine of
NADH contained characteristics that were qualitatively
similar to the adenine of NAD in the published structure
(3). The H\8—HA2' interaction was the most prominent from

Fractional Peak Volume (x10%)

10 this portion of the molecule (Figure 10). An interaction
. . between H2 and H1' was observed only at long mixing
/o—o times and the WB—HA1' interaction did not appear at the
5 /L//;ﬁl shortest mixing times. The A8—Hal' interaction ought to
/l/. ¢/$E$ contain a significant contribution from a secondary NOE via
0 ;‘%‘g—?—’—f — the path H8—Ha2 —Ha1' (Table 2). Predictions based on
0 50 100 150 200 250

the distances obtained form the crystal structure would be

expected to show a much greater difference betwegH

FiIGURE 9: TrNOESY build-up curves for selected nicotinamide Ha2' and H\8—Ha1' than what was observed.
protons of 3 mM NAD bound to the E399Q mutant (ca,.38) at ; ; . . i
20 °C. Integrated peak volumes, as a fraction of the auto-peak Relative cross peak intensities pertalnlng to the nicotin

volume atr, = 20 ms, are plotted versus mixing time for E399Q amide end of NADH were in stark contrast to those of NAD.

+ NAD. The cross peaks plotted arll)(Hn2—Hn1', (@) Hn6— The 2D spectra contain an obvious cross peak connecting

Hnl', (A) Hy2—Hn2, (v) Hy6—HN2, (©) Hy2—Hn3', and &) Hn2 to Hyl' when NADH is bound to ALDH1. There was

HN6—Hn3'. no similar cross peak connectingy&lwith Hy1'. Only the

nearby anti-phase cross peak arising from dheoupling

ing to an average conformation and not one that is relevant(zero-quantum coherence) betweegtnd H5 (0 = 4.76

to catalysis. ppm) was observed. This cross peak may have obscured the
Conformational Preferences of NADH When Bound to Hy6—Hn1' (0 = 4.73 ppm) interaction which was nonethe-

ALDH. The conformation of NADH when bound to ALDH  less much smaller in magnitude than2HHn1' (Figure 11).

may be more useful than that of NAD for answering In addition, the interaction of kb with Hy2' was the most

guestions about catalysis. Although the rate-determining stepsntense interaction observed. When NADH was bound to

for catalysis by ALDH1 and ALDH2 differ, they both occur ALDH2, the Hy2—Hy1' and H6—HN2' interactions were

after NADH is formed 23—25). If differences were found  the most intense, with f2—Hy1' clearly the largest. Again,

Mixing Time (ms)
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Ficure 10: TrNOESY build-up curves for selected adenosine protons of 3 mM NADH bound to ¢gaM39.DH1 and ALDH?2 in the
absence and presence of Mdons at 20°C. Integrated peak volumes, as a fraction of the auto-peak volumg=at20 ms, are plotted
versus mixing time for (A) ALDH1+ NADH, (B) ALDH2 + NADH, (C) ALDH1 + NADH + 10 mM Mg¢?**, and (D) ALDH2+ NADH
+ 10 mM Mg?". The cross peaks plotted all)(Ha8—Hal', (@) Ha2—Hal', () HA8—HAZ2'.

the H6—Hn1' interaction was much smaller than the2+ smaller in magnitude. Thed2—Hy1' and Hi6—Hy1' proton
Hn1' interaction. While interactons between the aromatic interactions were no longer the most intense. TR6-+HH\1'
protons and K3 were seen clearly in the ALDHNAD interaction was not visible in the 20 or 60 ms mixing time

spectra, they were not readily observed in spectra involving data, and when it was observed at longer mixing times it
NADH (6 = 4.26 ppm). Interaction betweenyB, Hy6 and may have likely contained contributions from secondary
H\5',HNS'" were observed in some of the ALBHNADH Overhauser interactions. The change in relative magnitude
spectra. These data are consistent with a population of NADH of the Hy2—Hy1' and H6—Hy\1' interactions suggests a
nicotinamide-ribose conformers dominated by the confor- Mg?™-induced change in the conformational preferences of
mation of NAD as observed in the ALDH2 crystal structure. NAD. In contrast, the data from ALDH2 appeared very
The interproton distances in the structure would suggest asimilar in the presence and absence of’Mipns (Figure
far greater difference betweeny2+-Hy1' and H6—Hy2' 8D).
and the other interactions when compared to what was In the data obtained for the complexes of NADH with
actually observed. Although the effects of conformational ALDH1 and ALDH2 and 10 mM Mg" ions, the adenosine
averaging appear to be reduced with NADH, the phenom- region approached the pattern predicted from the crystal
enon must still have occurred. In addition, secondary NOESs structures. The kB—Ha2' interaction was, by far, the most
may have also contributed to minimizing the difference intense (Figure 10C,D). The A8—Hal' interaction was
between the interactions. Despite the leveling influence of observed only at the longest mixing times used, apéd-H
conformational averaging and secondary NOEs, the dataHal was not observed at all. The intensity disparity was
show in increase in the population of conformations in which most apparent with ALDH2. These results indicate that the
the Hy2—Hn1' and H6—HN2' interactions are large. adenosine portion of the molecule contained some confor-
Affect of Magnesium lons on Coenzyme Conformafion.  mational variability that was diminished when Rtgions
assess the affect of Mg ions on local nicotinamide  were present.
conformation, transferred NOESYs were obtained in the For the NADH-ALDH1 complex, the most intense
presence of 10 mM Mg ion. These data were compared to interaction observed in the nicotinamide region was between
the data obtained without Mgions. A change in the relative  Hy6 and H2'. In the presence of 10 mM Mg ions, the
intensities of interproton relationships was observed with Hy2—Hy1' and Hi6—Hn2' were of similar magnitude while
NAD bound to ALDHL1. Instead of a fairly broad range of Hx6—Hy1' was not observed. However, the differences were
values among the interactions that were monitored (Figurerelatively small, suggesting that NADH was bound to
8C), the peak volumes had greater similarity and were ALDH1 with a preferred conformation and that the confor-
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Ficure 11: TrNOESY build-up curves for selected nicotinamide protons of 3 mM NADH bound to gavi3&LDH1 and ALDH2 at 20
°C. Integrated peak volumes, as a fraction of the auto-peak volumg &t 20 ms, are plotted versus mixing time for (A) ALDH#t
NADH, (B) ALDH2 + NADH, (C) ALDH1 + NADH + 10 mM M¢?", and (D) ALDH2 + NADH + 10 mM Mg*. The cross peaks
plotted are M) Hy2—Hn1', (@) Hy2—Hn2', (&) Hy2—HNS', (W) Hy6—Hn2', () HN6—HNS'.

mational preferences of NADH were not altered significantly either ALDH1 or ALDHZ2. It is likely that conformational

by the presence of the cation (Figure 11C). For NABDH changes occur via mobility of both the phosphodiester region
ALDH2, the pattern of cross peak intensities was similar to and the nicotinamide.

that of ALDH1, including Hi2—Hy1' > Hy6—Hy1' and ALDH has the apparent ability to bind NAD in what could
Hn2—Hn2' < Hn6—Hn2' (Figure 11D). When the metal  pe described as a population of conformations. STD experi-
cation was added, the pattern of intensities changed. Thements were employed to provide details of the interaction
Hn6—H\2' interaction was one of the most prominent in the petween ALDH and NAD. The STD experiment was initially
absence of My ions and virtually disappeared in the ysed as a means of identifying the most promising ligands
presence of the cation. The cross peak intensity patternfrom a mixture (6, 17). Subsequently, it has been utilized
appeared to tend toward that which would be expected fromto identify the binding epitope of oligosaccharides to
the structure of NAD in complex with ALDH13). These  antibodies 26). With a similar purpose, we have analyzed
data reveal a cation-induced conformational change of the binding characteristics of specific ligands, NAD and
NADH that could help to explain the activation of ALDH2  NADH, and have observed differences in binding within the
by magnesium. ligand. We have attempted to interpret the differences with
DISCUSSION respect to the published crystallographic data.

From the published structural data, distances between
STD ExperimentsWe wanted to learn if the solution hydrogen-bearing atoms of NAD and the enzymes were
methods could elucidate the conformational characteristicsdetermined. These distances are relevant to the STD expetri-
of the coenzyme, in both oxidized and reduced forms, and ment. The adenosine makes contact with essentially the same

provide insight into how coenzyme conformation is involved residues in ALDH1 and ALDH2. The atoms.Z, Ca8, and
in catalysis by ALDH. The crystallographic data show two Cal' average nearly six contacts of lessrha A with
NAD conformations that differ in the phosphodiester region hydrogen-bearing carbon atoms of the proteins. A greater
and the orientation of the nicotinamide ring relative to its amount of variation can be seen in the nicotinamide region.
ribose @, 3). NMR data reveal that NAD maintains In the ALDH1 structure, the atomsy\@, G4, Gi6, Gy,
significant conformational heterogeneity while bound to and G2' average nearly eight contacts less than 5 A, while



7166 Biochemistry, Vol. 41, No. 22, 2002 Hammen et al.

in the ALDHZ2 structure the average number of contacts is a change in the environment of the nicotinamide ring. The
fewer than six. The most notable difference between the two most likely interpretation of these data is that the FRET
enzymes is that the nicotinamide in the ALDHL1 structure observations were mainly due to movement of the phos-
contains no atoms less & A from atoms of C302, while  phodiester.
in the ALDH2 structure several nicotinamide atoms are  The presence of magnesium ions had a mixed effect on
within 5 A of C302 atoms. NMR data involving NAD as well. The STD experiments
On the basis of the preceding analysis, the nicotinamide detect the interaction of ligand protons with those of the
would be expected to exhibit evidence of greater interaction protein. No significant changes were observed as thé"Mg
than the adenine with ALDH1. In contrast, the nicotinamide ion concentration increased to 10 mM. The TrNOESY data
and adenine regions would be expected to interact to a similardetect the local conformational preferences of the ligand. The
extent with ALDH2. The observed STD data are, in general, presence of Mg ions appeared to have some effect on the
contrary to these predictions. The adenine protons wereorientation of the nicotinamide relative to the ribose when
saturated to a greater extent than those of the nicotinamidebound to ALDH1. The transferred NOEs indicated a shift
and the protons of the nicotinamide were saturated uniformly. in population toward the major conformation observed in
One explanation for the discrepancy is that the nicotinamide the crystal structure of ALDH1. Conversely, in the presence
ring was highly mobile when bound. It has been demon- of Mg?" ions, only small changes were observed in the
strated that motion with a relatively short rotational correla- TrNOESY data of NAD when bound to ALDH2. From these
tion time reduces the magnitude of NOR3,(28). Saturation data, we can formulate a model of NAD such that it is bound
transfer operates under the same kinetic conditions as theby the adenine but highly mobile in the nicotinamide region.
NOE, so motion with a short rotational correlation time  The most significant effects were observed in the confor-
would be expected to reduce the extent of this phenomenonmational preferences of NADH. Both STD and TrNOESY
as well. If the nicotinamide protons sampled multiple data revealed that the reduced coenzyme had less mobility
environments during the time the molecule was bound, it than NAD when bound to either enzyme. Both fluorescence
would lead to the types of saturation transfer values that wereand TrNOESY data indicated that the nicotinamide ring
observed. became reoriented when Ffgions were added. The pattern
Correspondence to X-ray Structural Dafahe presence  of cross peak intensities in the TINOESY data derived from
of metal cations in the crystallization solvent produced mixed NADH in complex with either enzyme would be expected
effects on the ability to define electron density for the if the population of the conformation of NAD in the ALDH2
nicotinamide ring. In the presence of 0.2 mM MgChe structure had increased. With ALDH1, the STD experiments
nicotinamide was not observed with bovine ALDH2 but was showed some differences in interaction with the enzyme, but
observed in the heavy atom derivative containing 2 mM the TrNOESY revealed no major changes in nicotinamide
SmCE (2). In each case, the cation was located near one of conformational preferences. With ALDH2 in the presence
the adenine phosphate oxygens and appeared to stabilizef Mg?" ions, STD experiments detected no significant
particular phosphodiester rotamers via additional interactionschanges in interaction of NADH with the enzyme, but the
with the nicotinamide phosphate oxygens. Sheep ALDH1 cross peak intensity patterns shifted in the TrNOESY data.
was crystallized in the presence of a relatively high concen- The NADH nicotinamide displayed a shift in conformational
tration of MgCh (170 mM). The Mg" ions were found near  preference toward that observed in the structure of ALDH1.
the phosphate oxygens (Moore, S., private communication). Interpretation with Respect to Catalysis.the time since
The structure contained a defined nicotinamide conformation the structures of ALDH1 and ALDH2 in complex with NAD
(3), yet evidence appeared for multiple conformations of the were solved, it has been difficult to rationalize the position
NAD molecule. When human ALDH2 was crystallized in of the nicotinamide ring with respect to catalysis. The
the presence of 8 mM M ions and NAD, two tetramers  improper positioning of the nicotinamide ring for either
were found together. Three subunits contained NAD in the hydride transfer or general base function, as shown by X-ray
conformation found in the ALDH2 structure with Shions data, could be resolved if NAD was viewed as being highly
and five contained NAD in a conformation similar to thatin mobile when bound to ALDH. The coenzyme binding site
ALDH1 (29). Apparently, a conformational mixture is of ALDH is formed in a unique way by residues that do not
possible within a single tetrameric enzyme assembly. The anchor the nicotinamide. The NMR data reveal that the
B-factors related to the coenzyme are high and variable, bound NAD molecule moves with relative freedom. While
which certainly indicates atomic motion. Whether this reflects the nicotinamide is in a contracted position, like that seen
multiple discrete conformations or large atomic displace- in the ALDH1 structure, E268 should be able to abstract
ments due to vibrational events cannot be distinguished inthe proton from C302, thus activating the cysteine as a
the available data. Although no electron density was observednucleophile. After nucleophilic attack on the substrate, NAD
for alternative conformations within a single coenzyme mobility should allow it to adopt a conformation capable of
binding site, it is not possible to rule out the occurrence of receiving the hydride from the ALDHsubstrate adduct. If
low populations of other conformations. the NAD was too mobile or could not adopt the necessary
It can be seen from the comparison of ALDH1 and conformation to receive a hydride ion, hydride transfer could
ALDH2 crystallographic data that conformational differences become rate-limiting. It appears that the NAD was too mobile
exist in the phosphodiester of NAD and the orientation of with the E399Q mutant, so the rate-limiting step changed to
the nicotinamide ring to its ribose. The TrNOESY data of hydride transfer18). The fluorescence anisotropy data we
ALDH1 with NADH did not show evidence of a Mg ion- have presented indicate that Mgons have a much greater
dependent change in nicotinamide/ribose orientation. How- effect than substrate propanal on nicotinamide motion.
ever, the FRET data revealed that Wgons brought about  Therefore, it does not appear that the conformational mobility
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of the coenzyme attains greater restriction when this substratehe catalytic function of the enzym832). The data we have

is bound. presented show that NAD binds to the enzyme such that the
One aim of this study was to try to understand the effects nicotinamide portion of the molecule samples a population

of magnesium on the catalytic rates. Magnesium ions have of conformers. The binding of the coenzyme in this way may

an inhibitory effect on ALDH1 7). The NMR data showed be the manner used by ALDH to solve the problem of how

that Mg?" ions further reduced the mobility of the nicotin-  to bring the necessary catalytic functional groups together

amide but did not alter the local conformation. The FRET throughout the reaction cycle.

data indicate an environmental change in the presence of

Mgt ions. From a thermodynamic perspective, catalytic rates ACKNOWLEDGMENT
depend on the free energy of both the ground and transition  The authors thank Susan Carlson of Thomas Hurley’s

states. The loss in nicotinamide mobility with Kigions
should reduce the entropy of the ALDHNADH complex,
thereby raising its free energy. We do not know the effect

laboratory for her assistance with the large-scale preparations
of ALDH1 and ALDH2.
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