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ABSTRACT. Random mutagenesis followed by a filter-based screening assay has been used to identify a
mutant of human class 1 aldehyde dehydrogenase (ALDH1) that was no longer inhibitec?byohig

but was activated in their presence. Several mutants possessed double, triple, and quadruple amino acid
substitutions with a total of seven different residues being altered, but each had a common T244S change.
This point mutation proved to be responsible for the’Mipn activation. An ALDH1 T244S mutant was
recombinantly expressed and was used for mechanistic studiés.ibig have been shown to increase

the rate of deacylation. Consistent with the rate-limiting step for ALDH1 being changed from coenzyme
dissociation to deacylation was finding that chloroacetaldehyde was oxidized more rapidly than
acetaldehyde. Furthermore, Kigions only in the presence of NAD(H) increased the rate of hydrolysis

of p-nitrophenyl acetate showing that the metal only affects the binary complex. Though the rate-limiting
step for the T244S mutant was different from that of the native enzyme, the catalytic efficiency of the
mutant was just 20% that of the native enzyme. The basis for the change in the rate-limiting step appears
to be related to NAD binding. Using the structure of a sheep class 1 ALDH, it was possible to deduce
that the interaction between the side chain of T244 and its neighboring residues with the nicotinamide
ring of NAD' were an essential determinant in the catalytic action of ALDHL1.

Human cytosolic, class 1 and mitochondrial, class 2 ALDH1 and activate ALDH2, as would be predicted for
aldehyde dehydrogenases (ALDHind ALDH2) are mem-  isozymes with their respective rate-limiting step$. (

bers of a superfamily of enzymes that catalyze the irreversible During the catalytic cycle, the nicotinamide ring of NAD
oxidation of a variety of aldehydes to their corresponding moves between two discrete locatioBs 4). X-ray crystal-
carboxylic acids in an NAD(P)dependent reactiorl). The lographic studies of ALDH 1 and ALDH2 have identified
level of overall amino acid identity between the two isozymes g conformations: one with an extended nicotinamide ring
is high (~70%) @). A comparison of the available crystal hat fayors hydride transfer and the other with a contracted
structures suggests that both isozymes are very similar inying that favors the action of the general base for deacylation
overall tertiary structure, coenzyme binding, ar_ld active sites (3 '9—11). The occurrence of different conformations at the
(3, 4). Both isozymes share the same catalytic mechanism nicotinamide ring has also been found in NMR and fluo-

for aldehyde oxidation (Figure 1). Despite the overall regcence studies of ALDH1 and ALDH23). It is necessary
similarities in their reactions, ALDH1 and ALDH2 differ in for the nicotinamide ring to change conformations during

the step that is rate limiting and can be differentiated by the e catalytic cycle in order to allow the appropriate active
way In which their maximal catalytic rates are affected by gjte components to participate in distinct chemical processes
Mg*" ions. The rate-limiting step is coenzyme dissociation ring the catalytic cycle. If this movement did not occur,
for ALDH1 (6) and deacylation for ALDH2Y, 8). For both than one or more of the reactions would not be able to
isozymes, Mg" ions appear to enhance the rate of deacyl- , 5ceed. The flexible interactions that occur between the
ation, inhibit the rate of coenzyme dissociation, and have coenzyme and complementary groups on the enzyme appear

no effect on thg formation of a covalent adduct with the to facilitate these changes in coenzyme conformatiys)(
enzyme or hydride transfeb). Thus, when assayed under |, he case of ALDH2 but not ALDH1, M ions appear

Vimax conditions, Mg@" ions appear to inhibit the activity of 1, inqyce a bias toward a particular conformation of the
nicotinamide ring, which might indicate subtle differences
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Ficure 1: Reaction scheme for the dehydrogenase activity catalyzed by ALDH.

onstrated the crucial role of a few in catalysik3{15). and second reactions were pooled and ligated ®amH
Similarly, the structure of sheep liver class 1 ALDH confirms andNdd digested pT7-7. BL21(DE3)pLysS competent cells
the presence of similarly interacting residuds @Although were transformed with the ligated DNA and plated onto
a crystal structure for the human ALDHL1 is not available, Luria—Bertani (LB)/ampicillin (75ug/mL) agar plates. The
the enzymes share 92% sequence identity and would not baransformants were inoculated into 1.5 mL of Eppendorf
predicted to vary considerably in structure. Consequently, microcentrifuge tubes containing 0.5 mL of LB/ampicillin.
an investigation of the effect of altering amino acid residues The cells were grown for about 60 min at 32Z with shaking
related to enzyme chemistry in the human enzyme shouldat 250 rpm and kept as stocks. The cells from individual
afford data to elucidate their role in catalysis relative to that stocks (luL each) were spotted onto supported nitrocellulose
in the structural model derived from sheep ALDH1 structure. filters (Schleicher & Schuell, Keene, NH) that laid onto LB/
Furthermore, such data can be used to validate a homologyampicillin agar plates supplemented with 10/mL of
model of human ALDH1. Here, we have developed a method ITPG. A grid was marked off on the bottom of the plates to
based on random mutagenesis and filter-based screening tguide the spotting of cells at the appropriate positions. The
identify mutations that reverse the inhibitory response of sample filters were prepared in duplicate and kept for about
ALDH1 to Mg?* ions. We rationalized that such mutations 2 h at 37°C. After anothe 2 h at 4°C, the filters were laid
are likely to affect the enzymatic steps of deacylation and colony side up on a series of filter papers that had been
NADH dissociation. Random mutagenesis was employed soaked with the following solutions: (i) 25 mM sodium
here because Mg ions have so far only been identified to  phosphate buffer (pH 8.0) containing 1 mg/mL of lysozyme
interact directly with the coenzyme. Data obtained from and 1 mM EDTA for 30 min; (ii) 10 mM sodium phosphate
screening and other studies, including site-directed mutagen-uffer (pH 8.0) containing 0.1% B-PER reagent and 1 mM
esis, steady-state kinetics, and computer modeling, show thaEDTA for 30 min; and (jii) 10 mM sodium phosphate buffer
T244 is an essential determinant in the enzymatic mechanism(pH 8.0) containing 1mM EDTA for 30 min. Then the filters
of ALDH1 and may directly impact the rate of deacylation. were placed in Petri dishes containing 10 mM sodium
phosphate buffer (pH 7.5) and washed for 15 min on a rocker
EXPERIMENTAL PROCEDURES platform that sent small waves of the phosphate buffer over
Chemicals All chemicals used for enzyme assays and their surfaces. The washed filters were air-dried and placed
purifications were purchased from Sigma (St. Louis, MO) in a reaction buffer containing 25 mM sodium phosphate
or Aldrich (Milwaukee, WI). B-PER reagent was purchased (pH 7.5), 1.5 mM NAD', 3.5 mM pyrazole, 6 mM sodium
from Pierce (Rockford, IL). HPLC purified oligonucleotide  pyruvate, 1 mM nitroblue tetrazolium, and 481 phenazine
primers were synthesized by IDT (Coralville, IA); DNA methosulfate for the staining of ALDH1 activity. The reaction
ligase, the restriction enzym&mH and Ndd and ITPG ~~ was started by adding 100M propionaldehyde. In the
were obtained from New England Biolabs (Beverly, MA). presence of phenazine methosulfate, NADH reduced ni-
DNA purification kits were purchased from Qiagen (Valen- troblue tetrazolium to an insoluble blue-purple complex.
ica, CA). Random and site-directed mutagenesis kits were After 15 to 30 min, the wet filters were laid on dry filter
obtained from Stratagene (La Jolla, CA). Unless otherwise papers, allowing the color to develop. For comparative
stated, all chemicals were used without further purification. purpose, one set of the duplicate filters was stained in the
Bacterial Strains and PlasmidsAll random and site-  presence of 30uM MgCl.. Clones showing increased
directed PCR mutagenesis experiments were performed oractivity in the presence of Mg ions were screened again
a full-length ALDH1 cDNA cloned in a pT7-7 plasmid §). as before by using cells from the original stocks and a
Escherichia coliBL21(DE3)pLysS and DH& cell strains substrate concentration diluted 2-fold. Crude cell extracts
were obtained from Stratagene and Gibco BRL (Life from the resulting positives were further analyzed fluoro-
Technologies, Grand Island, NY) and stored as frozen metrically for the presence of Mg-ion increased dehydro-
glycerol stocks. genase activity. To prepare the crude cell extracts, the cells
Library Construction and Screeninfandom mutagenesis  from the original stocks were inoculated into 100 mL of LB/
of the ALDH1 gene was conducted by using error-prone ampicillin and were grown at 37C with rigorous shaking
PCR. Mutations were introduced under low-frequency condi- until the ODyo value reached 0:50.6. The cells were then
tions according to the Stratagene GeneMorph PCR Mutagen-induced for 12 h by 2 mM ITPG at 1& with gentle shaking
esis kit. Two oligonucleotides flanked by tlgamH and at 50 rpm. The cells were harvested by centrifugation at
Ndd restriction sites, TAGGTCGACTCT AGAGGATC- 300Q@ for 10 min at 4°C and washed once in 0.9% sodium
CTTA-3 and B-CCACAACGGTTTCCCTCTAGA-3 were chloride solution. After resuspending in 10 mM sodium
used as forward and reverse primers, respectively. The PCRphosphate buffer (pH 7.5) that contained 1 mM EDTA and
products were gel purified by using a Qiagen QIAquick Spin 1 mM dithiothreitol, the cells were disrupted by a French
kit, and some were used as templates in a second error-pron®ress cell (3 cycles at 15 000 psi) pre-chilled on ice. The
PCR reaction. The gel purified PCR products from the first insoluble materials were removed by centrifugation at
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30 00@ for 30 min at 4°C. The supernatants were filtered
through a 0.8/0.2«m Acrodisc Supor membrane (Gelman
laboratory, Ann Arbor, Ml) and used as clarified cell lysates.

Site-Directed Mutagenesis and Cloning of the T244S
Mutant. The T244S mutation of the ALDH1 gene was
introduced by using the Stratagene Quick Change Il Site-
Directed Mutagenesis kit and a pair of complementary
oligonucleotide primers,'GACAAAGT AGCCTTCTCAG-
GATCAACAGAGGTTGG-3 and 3-CCAACCTCTGT-
TGATCCTGAGAAGGCTACTTTGTC-5 The base changes

that are required to change the desired codon are underlined.

The resulting plasmids were amplified in DSompetent
cells and screened for the desired mutation by DNA

sequencing. The T244S plasmid was subcloned into BL21-

(DE3)pLysS and was used for protein expression.

Expression and Purification of ALDH1 and the T244S
Mutant All enzymes were expressed and purified as
described previously 1/, 18). Briefly, the recombinant
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Ficure 2: Dehydrogenase activities of clarified cell lysates prepared
from clones selected during screening of ALDH1 mutants. Lysate
samples were assayed according to Experimental Procedures in the
presence (gray bars) and absence (clear bars) ofuR001gCl,

and compared with ALDH1 (1) in both panels. (A) Randomly
mutated clones, X2-1 (2), X3-5 (3), and X4-34 (4). (B) Site-directed
mutagenesis was used for reverting Ser244 in X2-1, X3-5 and X4-
34 back to a threonine. A single mutant, T244S, was created using

enzymes were purified by protamine sulfate treatment (1.25 the coding sequence of ALDH1, and the other revertants, ST2-1,

mg/mL) followed by DEAE-cellulose column anp-hy-
droxyacetophenone (HAP) affinity chromatography. The
purified enzymes were homogeneous as indicated by-SDS
PAGE (19). The fractions containing individual purified

ST3-5, and ST4-34, were obtained from X 2-1, X3-5, and X4-34,
respectively. The results obtained for ST3-5 and ST4-34 were
similar to that for ST2-1 and were not included in the Figure. The
activities of individual mutants were measured in two independent
cultures and normalized to the @9 of each culture. The values

enzymes were pooled and concentrated by Centricon cen-shown represent the average of the two measurements.

trifugal filters (Millipore, Bedford, MA). Prior to subsequent

characterization, the concentrated enzymes were stored in Determination of Protein ConcentratioA protein assay

50% glycerol at—20 °C and appeared to be stable for at
least six months.

kit (Bio-Rad Laboratories, Hercules, CA) with bovine serum
albumin as a standard was used for determining protein

Fluorescence and Absorbance Assay for Dehydrogenaseconcentration.

Activity. The dehydrogenase activity assays were performed

by measuring the rate of increase in the fluorescence orRESULTS

absorbance of NADH formation in 50 mM sodium phosphate
or 25 mM Hepes (pH 7.4) at 25C. TheK,, andV,, values
for NAD* were determined in the presence of 14b
propionaldehyde. Thky, andVy, values for propionaldehyde
were determined in the presence of 1 mM NADThe
dissociation constants for NAD(Ki,) were determined by
bisubstrate kinetic analysi2@). The dissociation constants
of NADH (Kjq) were determined as inhibition constants using
NADH as a competitive inhibitor against NAD The Kjq

for NADH was determined with a constant saturating
concentration of 14Q«M propionaldehyde and a varied
concentration of NAD. Linear regression analysis of a
double-reciprocal plot or a Dixon plot was used for calculat-
ing the value ofKiq (21). The buffer and Mg ion
concentrations used are indicated for each experiment.

Spectrophotometric Assay for Esterase #tti The

Isolation of ALDH1 Mutants with Mglon Increased
Activity. The rate-limiting step for ALDH1 has been shown
to be the dissociation of NADH from the enzyme, and it
has also been shown that ffgions further slow this step
(5). To determine whether this step could be altered, random
mutations were introduced into the ALDH1 gene using the
method of error-prone PCR. A library ag¢4000 ALDH1
mutants was expressedscherichia coliimmobilized on
nitrocellulose membranes and lysed for the rapid screening
of dehydrogenase activity. The reaction was based on the
formation of a purple formazan as a result of coupling the
NAD*-dependent oxidation of propionaldehdye to the reduc-
tion of nitroblue tetrazolium in the presence of phenazine
methosulfate. Fifty potential ALDH1 mutants were identified
that exhibited higher activity in the presence of Mgpns.
Five of these ALDH1 mutants were confirmed to possess

esterase activities of the recombinant enzymes were deteryg2+-dependent increases in activity after a second screening

mined at 400 nm by measuring the rate pshitrophenol
formation in 50 mM Pipes (pH 7.4) with €600 uM
p-nitrophenyl acetate. For the effect of NAD(H) alone or
together with Mg" ions on the enzymes, assays were
conducted using 15Q«M p-nitrophenyl acetate and a
coenzyme concentration ranging from 5 to 2001. The

at a lower substrate concentration. Verification of the?’Mg
ion effect was conducted by using clarified cell lysates of
cells expressing these ALDH1 mutants (Figure 2A).

DNA sequencing revealed that clones X2-1 and X2-14
had two identical mutations, T244S/D391E, X3-5 and X3-7
had three identical mutations, S33C/T244S/C463S, and X4-

Mg?* ion effect on the esterase reaction was measured in34 had four mutations, S31T/V63A/T244S/E479D. Because

the presence of 250M MgCl,. A molar extinction coef-
ficient of 18.3x 10° (M~'cm™1) at 400 nm forp-nitrophe-
nolate was used for calculating its rate of formation.

Kinetic Measurementll measurements for dehydroge-

all these ALDH1 mutants have the same T244S mutation,
site-directed mutagenesis was used for reverting Ser244 back
to a threonine in X2-1, X3-5, and X4-34 to study its effect
on the Mg*-ion effect on the dehydrogenase activity. X2-

nase and esterase activities were performed in triplicate andl4 and X3-7 were not investigated further because their

averaged. The standard errors were withih5%.

mutations were identical to those of X2-1 and X3-5,



9448 Biochemistry, Vol. 45, No. 31, 2006

400

300 h

250 -

200

150 P > *

100

50
0 .

0 100

w

A

o
/

¢ L S —

Activity
(nmoles/min/mg protein)

200
MgCl; (uM)
Ficure 3: Effect of Mg?" ions on the dehydrogenase activity of
ALDH1 (@) and the T244S mutan#). Assays were conducted in

a phosphate buffer (pH 7.4) in 1 mM NADand 140uM
propionaldehyde as described in Experimental Procedures.
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respectively. As shown in Figure 2B, clarified cell lysates
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Table 1. Effect of M@" lons on the Kinetic Constaritef ALDH1
and the T244S Mutant

ALDH1 T244S mutant
without with without with
M92+ Mgz+ Mgz+ Mgz+
kinetic constant
Keat (Min—1) 89 25 16 33
Km (NAD™) 14.5 3.6 75.5 28
@M
Km (propionaldehyde) 5.8 3.4 9.6 8.7
(uM)
Kia (uM) 6.5 15 58 9.5
Kig NADH 45 25 55 20
(uM)®

a Assays were conducted as described in Experimental Procedures,
using a 50 mM sodium phosphate buffer (pH 7.4) in the presence of 0
or 250 uM MgCl.. P The Kjq value for NADH was determined in

prepared for the respective revertants designated ST2-1, ST3separate experiments as an inhibition constaiit (Assays foiKi, were

5, and ST4-34 were found devoid of Kfgion increased
activity. Instead, their enzyme activities were inhibited by
Mg?* ions just as ALDH1 was. An ALDH1 mutant with a

conducted in 25 mM Hepes (pH 7.4), using 0 or 28@ MgCl, as
described in Experimental Procedures.

single mutation, T244S, was created by using site-directed mutant and the effect of Mg ions on their kinetic constants.

mutagenesis. The clarified cell lysate of this ALDH1 mutant
showed M@"-ion increased activity, confirming that the
single mutation alone was responsible for the 2Mipn
effect.

Effect of M@" lons on the Dehydrogenase A6ty of
ALDH1 and Its T244S MutanEigure 3 shows the effect of
increasing concentrations of Mgions on their dehydroge-
nase activities. Although ALDH1 activity decreased with
increasing concentration of Mg ions, the T244S mutant
activity increased. ALDHL1 lost about 70% of its activity in
the presence of 266250 uM but still retained about 15
20% of its activity when the Mg ions were increased to
400-5004M. Such an inhibitory pattern would be expected
for a cytosolic, class 1 ALDH, whose rate-limiting step was
NADH dissociation 6). In the absence of Mg ions, the
T244S mutant had less than 20% of the specific activity of
ALDHL1. However, its activity increased 100% at 20050
uM Mg?* ions and remained relatively unchanged at further
increases of MY ions, up to 400uM. This Mg?*-ion

In ALDH1, the kinetic constants were consistent with those
obtained previouslys, 22). The T244S mutant had a smaller
keat Value that was less than 20% of the value for ALDH1.
This marked decrease in theg, value was accompanied by
a 5- and 9-fold increase in MichaeliK4) and dissociation
constant Kj,) values, respectively, of the T244S mutant for
NAD™. In contrast, the Michaeliskg) constant for propi-
onaldehyde and the dissociation constafi)(values for
NADH were similar in both enzymes. Thus, the T244S
mutation appears to have an effect on Hathand coenzyme
binding. Catalytic efficiency as calculated kw/Kis Ky (23)
decreased by more than 80-fold in the T244S mutant
compared with that of ALDH1. The presence of #dons
increased thé., value of the T244S mutant by 100%. The
Keat Value of the T244S mutant in the presence oPMgas
higher than ALDH1 under similar conditions but was still
less than 40% of ALDH1 in the absence of Mdons. The
presence of Mg ions produced a small decreasekif Ka,
andKj, and the fold decrease in each was similar between

activating effect bore a resemblance to the metal ion effect the two enzymes, suggesting that ¥dons tightened the

observed with ALDH2, whose rate-limiting step was deacy-
lation (7, 8). The Mg’ ™-ion activation was further investigated
by using varied concentrations of the metal ion and NAD

binding of NAD™ and NADH with the T244S mutant as had
been observed with ALDH15]. It also decreased th&, of
ALDHZ1 by about 2-fold but seemed not to affect that of the

at a saturating concentration of propionaldehyde. The dataT244S mutant. The catalytic efficiency was actually im-

were converted to double reciprocal plots, giving rise to a

proved slightly in ALDH1 despite having a decreadeg

series of intersecting lines at a common point above the value, and it was largely due to a decrease inKhealue.
abscissa of the second quadrant (data not shown). This resulin contrast, the increase in tlg, value combined with the

showed that theVy, increased with increasing Mg ion
concentrations, while th&, for NAD" decreased. Even
though theK, value for NAD in a two substrate reaction is

decrease in th&, value gave rise to a 14-fold increase in
the catalytic efficiency of the T244S mutant. The finding
that Mg?* ions had the same effect on coenzyme binding in

not strictly related to binding, the observation suggests that either enzyme but an opposite effect on thieis values

coenzyme binding might have a role in the activating effect
of Mg?" ions on the T244S mutant.

Steady-State Kinetics of ALDH1 and the T244S Mutant.

suggested the rate-limiting step in the T244S mutant was
no longer NADH dissociation. This observation was further
investigated by using chloroacetaldehyde because the electron-

Bisubstrate kinetics were performed for both enzymes by withdrawing effect of the chloro group will increase the

using varied concentrations of NADand propionaldehyde
to determine ifK;, indeed was affected by Mg ions. The

hydolysis of the acyl intermediate. It is known that chloro-
acetaldehyde is oxidized-3 times faster than acetaldehyde

kinetic data obtained for either enzyme were compatible with by ALDH2 underVyaxconditions, consistent with an enzyme
a sequential kinetic mechanism consistent with what has beenwhose rate-limiting step was deacylatidrb)l. As shown in

shown to occur with class 1 and class 2 ALDH. Table 1

Table 2, chloroacetaldehyde was oxidized just as fast as

summarizes the kinetic constants of ALDH1 and the T244S acetaldehyde by ALDH1. In contrast, chloroacetaldehyde was
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Table 2: Acetaldehyde and Chloroacetaldehyde as Substrates for
ALDH1 and the T244S Mutant in the Presence and Absence of
Mg?" lons

Vchloroacetaldehyc{é/ acetaldehy(fe

enzyme —MgCl; + MgCl,
ALDH1 1.2 1.0
T244S mutant 34 2.2

aThe reaction velocity for individual substrates was determined at
Vmax conditions using 50 mM phosphate buffer (pH7.4) with 1.5 mM
NAD™ and substrate concentrations ranging from 5 to 280in the
presence and absence of 28d MgCl..

Table 3: Relative Maximal Activities for the Esterase Reaction of
ALDHL1 and the T244S Mutant in the Presence and Absence of
Coenzymes and Mg lonst

T244S

ALDH1 mutant
conditions
+Mg?* 1 1
+NAD* 4.8 2
+NAD*/Mg2* 4.6 4
+NADH 2.5 5
+NADH/Mg2+ 6.6 10

aThe values for relative maximal velocities were obtained by
comparing the values of maximal velocities obtained from reciprocal
plots (1 — v, vs 1/coenzyme). The values andv were taken in the
absence of both the coenzyme and?M@ns and in the presence of
either the coenzyme alone or together with 280MgCl, respectively.
The metal ion alone had no activating effect on either ALDH1 or the
T244S mutant. The maximal velocities determined in the presence of

the metal ion were 36 and 8 nmol/mg/min for ALDH1 and the T244S 3
mutant, respectively, and set equal to 1 as the standard. Assays were - ea2 E268
conducted in 50 mM Pipes buffer (pH7.4) as described in Experimental v

Procedures. c302

oxidized 2-3 times faster than acetaldehyde with the T244S Fgure 4: (A) Schematic drawing of the model structure for

mutant in the presence and absence ofMgns, consistent ALDH1. The various randomly mutated residues are colored red.

with possessing a rate-limiting step similar to that of ALDH2. The putative NAD binding site identified by superposing the sheep
Effect of M@* lons on the Esterase Aetfy of ALDH1 cytosolic ALDH (pdb 1BXS) onto ALDHL is colored green. (B)

.~ .. Schematic drawing of the structural model for ALDH1 showing
and the T244S MutanErom the results presented earlier, it NAD+ and the other amino acid residues that lie within a radius of

is clear that the dehydrogenase reaction was greatly affectedess tha 4 A with respect to T244. Putative hydrogen bonds were
by the T244S mutation. ALDH1 can also catalyze an esterasecolored blue. The contracted conformation of NAD the sheep
reaction, the mechanism of which is similar to that of the €nzyme structure was superposed onto the model structure for

. . - JALDH1. As a point of reference, C302 on the re-side of the
dehydrogenase reaction except that it does not have a hydrid icotinamide ring was included in the diagram. Superposing

transfer stepd, 24, 25). It was previously shown that the  siryctures were obtained by using the UCSF Chimera program
rate-limiting step for the esterase reaction emitrophenyl (http://www.cgl.ucsf.edu/chimera/).

acetate was acyl-enzyme hydrolysis with the sheep isozyme

(26). To look at how this step may be affected by the T244S  Computer Modeling of ALDH1n the absence of crystal-
mutation, the esterase activity of ALDH1 and the T244S lographic data for human ALDH1, a comparative model for
mutant were measured in the presence and absence?f Mg ALDH1 was built on the basis of the solved crystal structure
ions.p-Nitrophenyl acetate was used up to 504. Further of the sheep isozyme (pdb structure, 1BXS). The model
increase in the substrate concentration resulted in nonlinearstructure for ALDH1, residue 7500, was generated using
Lineweaver-Burk plots, as reported earli€2d). The esterase  the program Swiss-Pdb Viewer and the Swiss-Model server
activity of the T244S mutant was markedly reduced com- (http://www.expasy.org/spdbv/)2{—29). The root-mean-
pared with that of ALDH1. Table 3 summarizes the effects square displacement between the backlwowarbons of the

of NAD(H) alone or together with Mg ions on their esterase  sheep structure and the ALDH1 model structure was less
reaction. Like ALDH1, the esterase activity of the T244S than 0.1 A, and no further energy minimization procedures
mutant remained relatively unchanged in the presence ofwere performed with the model structure. As expected from
Mg?" ions but displayed an increase in activity in the the high sequence identity (92%), the overall tertiary structure
presence of NAD and NADH. The NADH-activated activity ~ for ALDH1 and the amino acid residues involved in
of either enzyme was enhanced by Mdons. In contrast, coenzyme binding and catalysis are highly conserved be-
the metal ion produced a small increase (2-fold) in the tween the two proteins. Figure 4A shows the model structure
NAD"-activated activity of the T244S mutant but no for ALDH1 and the locations of the randomly mutated
significant change in that of the native enzyme. residues. Of the different residues, only T244 appeared to
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the three major classes of enzyme that have been investi-
gated, the rate-limiting step is different for eadl3,(22, 30—

36). The effect of M@* ions on the specific activity of the
isozyme has been a useful tool to elucidate the rate-limiting
step for the different forms. Here, we have shown that the
mutation of a single amino acid, T244S, can produce an
ALDH1 mutant with an altered response to the presence of
Mg?* ions. Though other mutant forms of the enzyme were
produced, it appears that the point mutation at position 244
was solely responsible for the change in properties in the
mutants compared to that of the native enzyme. Instead of
being inhibited by the metal ion as was observed with
ALDH1, the T244S mutant was activated. ALDH2 displays
FiGURE 5: Comparison of the coenzyme binding site in ALDH1 a similar Mg*-dependent activation. This effect is found

NADH binary complex (pdb structure, 1CW3) were overlaid on : . : :
the basis of the orientations of the ALDH1 monomer (colored pink) enzyme mechanism is the. de_acylatlon Step (Flgure b).
and chain B of ALDH2 (colored element) using the DeepView/ Essentially, the overall reaction involves the binding of an

Swiss-PDB Viewer program (http://us.expasy.org/spdbv/). Both aldehyde to an initial binary complex of NADwith ALDH
conformations for NAD in ALDH2 are illustrated here to show  to form a thiohemiacetal intermediate, which is then oxidized
Ehﬁ“ the nicotinamide ring moves close to witf8 A from T244 {5 3 thioacyl intermediate. Mg ions are thought to promote
ollowing coenzyme isomerization. deacylation of the thioacyl intermediate, a step before NADH
dissociation. This could be due to an increased activation of
‘the general base involved in the deacylation or be achieved
by promoting a conformational change of the coenzyme to
one that favors deacylatiod ). Magnesium ions appear to

be located close to the catalytic and coenzyme binding sites
Figure 4B shows the amino acids that lie witt A of T244
of the ALDHL1 structure and the contracted NABtructure
of the sheep enzyme superposed onto the ALDH1 structure.

) ; . . " ind to the actual NAD(H) moiety and only indirectly to
These amino acids and their spatial positions are conserve L
. .~ ~ . ~"the enzyme. Thus, the effect of the ion is only observed when
in the sheep enzyme structure, and the contracted nicotinas

mide ring appears too far from interacting with T244 directly NAD(H) is present. That the esterase reaction rate was altered
. 2+ i i i
It should be noted that there is considerable flexibility in by Mg*" ions only in the presence of NAD(H) supports this

) . L latter observation (Table 3).
the conformation of the E268 side chain in the template
structure of the sheep isozyme, a reflection of the weak ratg-]l?nj}tzisdrit?ngtsind :‘;Egﬁ ﬂﬁgipgmng:/?e?eoizren?o
electron density and high B factors obtained for the residue g step, 99 y P

L : : Mg?* ions and their shared ability to oxidize chloroacetal-
3). Such.erX|b|I|ty IS thqught to be mherent.to the residue, dehdye faster than acetaldehyde. Actually, the ratio between
and multiple conformations are observed in structures of

many ALDH family members. Thus, the position of the side the T244S mutant activities with chloroacetaldehyde and
chain shown here represents only one of the pOssibleacetaldehyde was between 3 and 4 (Table 2). Such a ratio

conformations, and other conformations do not interfere with Poisngr?g;?l:;g ?gjzsrerﬁﬁtr;i? ;?:rti\ﬁ!c_Dtgiaa)f dl tcﬁ%ﬁoﬂzgtab
the binding of an extended nicotinamide conformation Y

required for hydride transfeB(4, 11). In the model structure, dehyde was not further enhanced by the presence 6f Mg

the contracted nicotinamide ring is not close enough to makeions' Chloroacetaldehyde is still a better substrate for the
direct contact with T244 (Figure 4). The closest approach .T244S mutant than acetaldehyde in the presence 6f Mg

of the CG2 atom of T244 and the NC3 of NADSs more ions, but it appears that the chloro-acyl intermediate might

than 5 A. A hydrophobic interaction between an extended be hycziio_lyzed at a rate that could not be increased further
o oo . .~ by Mg#" ion activation of the general base or through metal

nicotinamide ring and the CG2 atom of T244 is observed in ion acceleration of anv coenzvme conformational chanae

the crystal structures of ALDH2 (pdb structures, 1000 and y y ge.

1CW3). To find out whether an extended conformation of The esterase "."C“V"Y was originally thought_ to be of
NAD* could interact directly with T244, we compared the nonphysiological importance. Recently, though, it has been

coenzyme binding site of ALDH1 and the ALDHNAD™* ;hown that ALDH hydrquze§ nitroglycerine, an'd this step
binary complex after a superimposition of the enzymes on is necessary for vasodilatation to occur in patients taking

the basis of their @ atoms (Figure 5). The superimposition the drug 87-40). Both the dehydrogenase and esterase

revealed that that the active and coenzyme binding sites arereacﬂons share the common deacylation kg Decrease

- : : : . . in the nitrophenyl esterase activity of the T244S mutant
similar both in the nature of amino acids and their spatial : . .
relationships. A similarly positioned nicotinamide ring in provided further evidence that the T244S mutation affected

ALDH1 would position the CG2 atom of T244 within 2.7A 1€ deacylation reaction. .
of the NC4 atom of NADH, close enough to form van der Thek., value for the oxidation of propionaldehyde by the

: . ; - T244S mutant in the absence of Mgons was just 20% of
Waals contacts with the nicotinamide ring. that of ALDH1. Mg?" ions slow the rate-limiting dissociation
DISCUSSION of NADH from the ALDH1—-NADH binary complex §).
This finding was reflected by a decreaskg value for
The rate-limiting step for an enzyme reaction can often ALDH1 and was reconfirmed here. Th&, value for the
be determined from a combination of various kinetic studies. T244S mutant, however, was similar to that for ALDH1
What is uniqgue among aldehyde dehydrogenases is that for(Table 1) showing that Mg ions still affected NADH
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binding, but because dissociation was no longer rate liming,
we did not observe a kinetic effect on the specific activity
of the T244S mutant. We examined the dissociation of
NADH from both enzymes using a displacement experiment
that measured the change in the fluorescence of NADH
because the coenzyme was displaced from an enzyme
NADH binary complex by the addition of excess NAD
Our fluorescent data (not shown) confirmed that the dis-
sociation of NADH was similar for both ALDH1 and the
T244S mutant, indicating that the decreased turnover of the
T244S mutant was unrelated to NADH dissociation. Indeed,
these observations that the mutation had little effect on
NADH binding or release is consistent with the structural
observation that T244 does not directly interact with NADH
when it is bound in the contracted (hydrolysis) position.

In contrast to the relatively minor changes in NADH
binding, theK,, andKj, values for NAD" were 5- and 9-fold -
higher, respectively, in the T244S mutant than in ALDH1.
For the T244S mutant, the association rate for NAK), as
measured byk../Km (41) decreased by 30-fold. It is not
unexpected that the binding of NADwas affected by the
addition of Mg ions. When binding to ALDH1 or ALDH2,
the nicotinamide ring of the coenzyme samples different FIGURE6: Schematic diagram of part of the NAEbinding domain

; ; ; ; _in ALDH1 showing the two local structure87 (from residue G163
conformations, whereas the adenine portion remains rela onward) anczD (from P171 onward). The bound NADand the

tively immobile (12). Two conformations, one contracted  iher amino acid residues, E268, T244, and C302, are included to
(hydrolysis) and one extended (hydride transfer) have beenhighlight their close proximity tof7 and aD in the ALDH1
identified by X-ray crystallographic studies of human structure.
ALDH2 and other mammalian class 1 and 2 isozynigs (
9—11). Although the contracted conformation favors the the nonplanar reduced form of the nicotinamide ring would
action of the general base for the deacylation step, thebe tightly constrained by the positions of residues T244,
extended conformation favors hydride transfer. It is possible E268, and the acyl group attached to C302)( The
that ALDH1 has no preference to bind a particular confor- relaxation of these constraints might favor the binding of
mation. Therefore, it can be expected that NAGccupies the extended conformation of coenzyme, which sterically
both conformations with nearly equal residency times occludes the deacylation step.
because the rate-limiting step is neither deacylation nor A role for T244 in coenzyme binding was evident from
hydride transfer but is NADH dissociation. However, for an inspection of the structural model of ALDH1. As shown
efficient hydride transfer, the oxidized coenzyme must be in Figure 4, T244 lies close to E268, the essential general
held near C302 and thereby interact with the side chain of base needed to activate both C302 and water. On the basis
T244. Conceivably, the mutation to T244 could shift the of this model, it appears that the CG2 atom of T 244 is within
enzyme’s preference toward the extended conformation ofvan der Waals contact with the CB of E268. This contact
the coenzyme resulting in both a decrease in coenzymewill be lost in the mutant, potentially imparting additional
binding and an increase in the residency time for the extendedconformational freedom to the side chain of E268. Excessive
conformation. The presence of Ffgions could not only movement of the side chain would prevent the carboxylic
improve the binding of the coenzyme as indicated by the group from occupying the proper conformation for the
decreased, value but also accelerate the conformational deacylation step and thereby result in the observed decrease
change of the coenzyme in the T244S mutant, as wasin specific activity for the mutant. T244 is also close to a
observed with ALDH2, and thus increase the rate of number of the amino acid residues that interact with NAD
deacylation. This explanation is consistent with the finding The hydroxyl side chain of T244 forms a hydrogen bond
that the esterase activity of the T244S mutant was muchwith the amino group side chain of K178 (Figure 6). K178
lower than that of ALDH1 and that the presence of g s located on aru-helix, which forms part of the NAD
ions had a differential effect on ALDH1 and the T244S binding domain 8). Of equal importance are the van der
mutant with respect to NADactivation (Table 3). Because Waals interactions between the CG2 atom of T244 and the
the deacylation step is common to both esterase andCE and CG atoms of M174 and P167, respectively. P167
dehydrogenase reactions, it may be no coincidence that botHies at the end of g-strand and is positioned, along with
reactions were affected by the T244S mutation and respondedesidues 244 and 174, with# A of thenicotinamide portion
in a similar manner to the presence of Mdons. of the coenzyme. From the structure, it appears that the close
Alternatively, the increased volume of the active site packing contacts contributed by atoms from T244, P167, and
resulting from the T244S mutation might permit an increased M174 help maintain the spatial positions of the surrounding
residency time for the reduced form of the coenzyme in the protein structure. Changes to these interactions could alter
extended conformation such that the isomerization out of the nature of the contacts between the nicotinamide ring and
the active site is slowed, and Mgaccelerates this process. the local structure of the active site. This could provide a
This possibility is supported by the structural evidence that structural explanation for why coenzyme binding is affected

lﬁlél

nicotinamide ring -----
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in the T244S mutant as indicated by the decrease irkthe
term (30-fold) and the increase in tKg value (9-fold). T244

is likely to have a direct role in binding the coenzyme in a
productive conformation for hydride transfer because the
methyl group could come within 2.7 A of the extended

nicotinamide ring (Figure 5). The additional methyl group -

of T244 could provide a more nonpolar character to this area
of the active site and narrow the binding pocket for the

nicotinamide ring. Understanding the effects of such small 6.

differences on coenzyme binding and the stability of the local
structures will require a high-resolution X-ray crystal-
lographic analysis of the enzyme binary complex with the

coenzyme. 7.

Though the important location of T244 has been recog-

nized for some time3, 4, 9), no site-specific alteration of 8.

this residue has been reported prior to our study. The novel
insight in our study is that T244 can directly impact the
deacylation step in which Mg ions provide a 2-fold rate 9
enhancement. This finding, together with an earlier observa-
tion (5) that E399 was important to hydride transfer, reveals
that both T244 and E399 contribute stable binding interac-
tions to the coenzyme, though each is related to a different
step in ALDH catalysis. It is interesting that ALDH2 contains
a threonine at the position corresponding to 244 in ALDH1,
and yet, deacylation is rate-limiting for this isozyme. This

implies that residue 244 alone does not impart this behavior; 12,

it is the combined contribution of T244 and its interactions
with neighboring residues and the dynamic motion of the
enzyme that determines the kinetics associated with the |5
binding site for the nicotinamide ring. Hence, the dynamic
aspects of their interactions could influence the residency

times between the extended and the contracted conformations 14-

of the nicotinamide ring. In ALDH2, NAD is thought to
have a preference for an extended conformation because the
rate-limiting step is not hydride transfetk). This presumed
preference is consistent with other data obtained through
NMR (12), fluorescence spectroscopyl?j, and X-ray
crystallography 11). A comparison of the derived crystal-
lographic coordinates from the ALDH1 and ALDH2 struc-
tures B, 9) indicates that the relative motion of the side chain
of M174, as assessed by a comparison of DetWealler
factors, in ALDH1 is greater than that in ALDH2. Thus, it
is possible that the interaction between M174 and T244 in

ALDH2 is more stable than that in ALDH1. This could in 18

turn provide a more stable interaction between T244 and an
extended nicotinamide conformation, resulting in an increase
of the residency time for the latter conformation.

In this study, we showed how it was possible to select for
an altered enzyme with a new rate-limiting step using a
random mutation approach. Though our goal is to produce
an enzyme with higher specific activity, finding a point 1

N
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