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ABSTRACT: Aldehyde dehydrogenases are isolated as dimers or tetramers but have essentially identical
structures. The homotetramer (ALDH1 or ALDH?2) is a dimer of dimers-BA+ C—D). In the tetrameric
enzyme, Ser500 from subunit “D” interacts with Arg84, a conserved residue, from subunit “A”. In the
dimeric ALDH3 form, the interaction cannot exist. It has been proposed that the formation of the tetramer
is prevented by the presence of a C-terminal tail in ALDH3 that is not present in ALDH1 or 2. To
understand the forces that maintain the tetramer, deletion of the tail in ALDH3, addition of different tails
in ALDH1, and mutations of different residues located in the dirdimer interface were made. Gel
filtration of the recombinantly expressed enzymes demonstrated that no change in their oligomerization
occurred. Urea denaturation showed a diminution to the stability of the ALDH1 mutantsk.T tier
propionaldehyde was similar to that of the wild-type enzyme, bukthér NAD was altered. A double
mutant of D80G and S82A produced an enzyme with the ability to form dimers and tetramers in a protein-
concentration-dependent manner. Though stable, this dimeric form was inactive. The tetramer exhibited
10% activity compared with the wild type. Sequence alignment demonstrated that the hydrophobic surface
area is increased in the tetrameric enzymes. The hydrophobic surface seems to be the main force that
drives the formation of tetramers. The results indicated that residues 80 and 82 are involved in maintaining
the tetramer after its assembly but the C-terminal extension contributes to the overall stability of the
assembled protein.

Recently the structures of three forms of mammalian dimeric have an extension of amino acids that goes beyond
ALDH ! were determined. Although the various proteins share the 500th residue but are lacking some residues found at the
less than 40% sequence identity, their three-dimensional ~ N-terminal of the tetrameric enzymes. For example, class 3
structures were very simila{-5). One striking difference  human stomach ALDH contain 453 amino acids compared
in both sequence and structure is the C-terminal “tail”. For to the class 1 or 2 human liver forms that have 500 amino
a number of tetrameric ALDHs, the proteins terminate near acids each. The missing 59 residues all lie at the N-terminal
the 500th residue. Those proteins that are known to beend of the protein, a region that is on the surface and makes
no contact with other subunits; hence, it might not play an

t Acknowledgments: This work was supported by NIH Grant important role in oligomerization. The homodimeric enzyme
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1 Abbreviations: ALDH1, aldehyde dehydrogenase class 1; ALDH2, the pair of dimers in the tetrameric enzyme interact. Thus,

gldg%dﬁ dghydrﬂge?]aze Céais 5; ALDH3, al?ehytie d_‘fr:lst/grogzgi_se C'«'J}SR is possible that the C-terminal extension could interfere
) —oaa, aldenyde denyarogenase class 1 wi € aadition o . :
five amino acids at the C-terminus; ALDHH3Tail, aldehyde dehy- with tetramer formation.

drogenase class 1 with the addition of the C-terminal tail of class 3; It has been demonstrated that the N-termini of tetrameric

ALDH —GFP aldehyde dehydrogenase class 1 with the addition of the o i ;
green fluorescent protein to the C-terminus; ALDHR84Q, aldehyde ALDH is important for the stability §) and folding ) of

dehydrogenase class 1 with the mutation of arginine 84 to glutamine; the protein. In contrast, th(_:" C't?rminal end of the protein
ALDH1—-D80G, aldehyde dehydrogenase class1 with the mutation of extends through the dimedimer interface and could form

aspartic acid 80 to glycine; ALDH1S82A, aldehyde dehydrogenase an anchor between members of each dimer pair. This is
class 1 with the mutation of residue serine 82 to alanine; ALBH1

DBOG/S82A, double mutant of ALDHL; ALDHiR84G/D80G/S824;  lustrated in Figure 1a.

triple mutant of ALDH1; ALDH3-Atail, class 3 ALDH missing the The three human ALDH isozymes have conserved amino
C-terminal 17 amino acids; ALDHSTailE436S, class 3 ALDHmissing  ¢iqs involved in the substrate and coenzyme binding and
the 17 amino acid tail with a mutation of glutamic acid to serine as the . . .

C-terminal residue; SDSPAGE, polyacrylamide gel electrophoresis ~ catalysis, but they also have conserved amino acids that are

with sodium dodecy! sulfate; GFP, green fluorescent protein. not involved in the active site region, such as Arg84 (Arg25
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Ficure 1: (a) Subunit arrangement in ALDH1 and ALDH3. (b) The N-terminus and C-terminus of ALDH1 and 3. In ALDH1 the N-terminus
(purple) is located at the surface of the protein distal from the dirdener interface, while the C-terminus goes through the dinaémer

interface to interact with the other subunit. Class 3 ALDH begins what would be the corresponding 59th residue of the class 1 enzyme.
Further, it extends 17 residues beyond where the class 1 enzyme terminates. The C-terminus portion of the protein is pointing away from
what would be the dimerdimer interface in the tetramer. Residues Ser500 in ALDH1 and Glu436 in ALDH3 are presented as space filled
molecules. These residues are located in equivalent position in the proteins. (c) Residues within 4.0 A from other subunits that are in
contact with subunit A. Cyan is for the B subunit and yellow and red for the C and D subunits, respectively.

in class 3) 8). It has been proposed that the interaction of were not determined. This Arg8%6er500 interaction does
Arg84 with Ser500 from a monomer that is not part of the not exist in the class 3 dimeric enzyme, but the Arg residue
dimer pair is important for maintaining the tetrameric is still conserved. It interacts with Ser21 in its own subunit.
structure 4). This serine belongs to the monomer designed An intersubunit interaction in the dimer pair is prevented
as “D” in the tetramer. A mutation of Arg84 in human liver by the 17-amino-acid tail at the C-termini (Figure 1)
mitochondrial ALDH2, produced an enzyme with 3-fold less ~ The structural bases for some ALDHs being dimers and
activity, but without changes in thk,, for the substrates  other being tetramers is not known. In addition to the
(9). Changes in quaternary structure, however, and stability C-terminal tail, the subunit contact area could be of
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importance. In this study different strategies were utilized  Urea DenaturationUrea denaturation was determined by
to evaluate the role of the tail, and some residues from the incubating the enzyme f@® h at thedesired urea concentra-
dimer—dimer interface, on the quaternary structure of two tion in assay buffer at 25C. The change in intrinsic

forms of ALDH. fluorescence were measured using a Fluorolog-3 spectro-
fluorometer equipped with stirrer and temperature controller
MATERIALS AND METHODS (ISA JOBIN YVON-SPEX Instruments S. A., Inc). The

Expression SysterRlasmids containing the cDNA clones excitation wavelength used was 290 nm, and the emission
of human ALDH3 and ALDH1 were used as the starting spectrums were acquired from 36400 nm.
templates. Introduction of the mutations was performed by  Analytical UltracentrifugationEquilibrium centrifugations
PCR using synthetic oligonucleotides as descrilte8,(11). were performed on a Beckman XL-1 in 100 mM phosphate
A polyhis tag at the N-terminus of the protein was introduced at pH 7.4 and 10 mM NaCl. Samples were spun at 6500
to facilitate purification. The resulting plasmids were trans- rpm for 20 h at 4°C. Weight-average molecular weights
formed into theEscherichia colBL21 strain for expression.  were calculated using software provided National Analytical
Overnight cultures of transformed cells were used to Biotechnology Center.
inoculae 4 L of 2XYT medium. A subsequent incubation  Syrface Area Calculations of the intersubunit contact

for 2.5-3 h (or O.Deoo nm= 0.5) at 37°C was conducted.  areas, the amount of hydrophobic and hydrophilic residues,
_Proteln expression was mduced by thg addition of 0.4 mM the presence of salt bridges, the hydrogen bonds, the
isopropylthiof-p-galactoside as described?), and the  distances, and the residue interactions between subunits were

incubation was continued overnight at 6. The cells were  performed by the use of the Protein Explorer program (free
harvested by centrifugation, washed twice with isotonic seftware by Erick Martz).

saline, and stored at70 °C until used.

Protein Purification Recombinant enzymes were first RESULTS
purified using a Chelating-Sepharose column charged with ) . ] o
nickel acetate, as previously describ&8)( The column was _C-Termlnal Alterations. Expression of the Chimeric Pro-
washed with 2 volumes of buffer containing 50 mM sodium teins.Mutants of class 1 and 3 ALDHs were constructed so
phosphate pH 7.5, 500 mM NaCl, 20 mMmercaptoethanol, @S to alter the tails that were located at the C-terminal end
and 20 mM imidazole; the enzymes were eluted from the of the proteins. The various chimeras made are illustrated
column using a 8500 mM imidazole gradient in the same in Figure 2. A five-amino-acid extension was added to disrupt
buffer. Fractions containing the enzyme were identified by the salt bond between Arg84 and Ser500. A GFP form was
activity and SDS-PAGE gels 14). Enzyme fractions were made to determine if it was possible to fit a large extension
pooled and dialyzed overnight agaiisL of buffer contain- of amino acids at the C-termini. The modified proteins were
ing 50 mM sodium phosphate pH 7.5, 50 mM NaCl, 1 mM expressed inE. coli BL21 and purified to over 95%
EDTA, and 0.1 mM dithiothreitol at 4°C. Thereafter, ~homogeneity, as judged by SBPAGE. The proteins were
ALDH3 and ALDH3—Atail were loaded onto a Blue- @&l soluble despite the changes made. The yield after
Sepharose column. The enzyme was eluted with a saltpurification of the ALDH mutants compared with wild type
gradient (6-500 mM NaCl). ALDH1, ALDH1-5aa, was 70% for ALDH}-GFP, 45% for ALDH}-H3Tail, and
ALDH1—R84Q, ALDH1-D80G and ALDH1-S82A were 27% for ALDH1-5aa. The yield after purification of the
purified using a hydroxyacetophenone-Sepharose affinity ALDH3 mutants was 31% for both ALDHSTail and
column (15). The column was washed several times with a ALDH3ATail-E436S compared with ALDH3 wild type.
buffer containing 20 mM sodium phosphate, pH 7.5,0.2 mM  Size Exclusion Analysis of the ALDH-tail MutanGel
dithiothreitol, 1 mM EDTA, and 50 mM NaCl and then filtration was used to determine if there were major changes
eluted using 10 mMp-hydroxyacetophenone in the same in the mass of the proteins possessing an altered C-terminus
buffer. ALDH1—H3Tail was purified using an AMP-  region. ALDH1 eluted from the size exclusion column at
Sepharose column, since this enzyme did not bind to the 7.7 min; both ALDHI-5aa and ALDH}H3Tail eluted
hydroxyacetophenone-Sepharose column; the enzyme wadrom the column at essentially the same time as did the wild
loaded onto the column and washed with 10 volumes of type, 7.7 and 7.6 min, respectively. ALDHGFP eluted at
buffer containing 10 mM sodium phosphate, pH 7.4, and 6.6 min. Purified ALDH3 was eluted at 9.7 min. The ALDH3
0.2 mM dithiothreitol. Enzyme was eluted using 10 mM mutants showed a peak with a maximum corresponding to
NAD in the above buffer. Pure enzymes were concentratedthat of the wild-type enzyme, but these peaks had a small
and stored in 50% glycerol at20 °C until used. shoulder corresponding to a higher molecular weight com-

Activity assays were performed by measuring the increaseponent. When the elution times were plotted along with
of fluorescence due to the NADH formation in a buffer standards, it was noted that none of the ALDH proteins eluted
containing 100 mM sodium phosphate, pH 7.5, and 100 mM at their expected times (data is presented in the Supporting
NaCl at 25°C (9). Information, Figure 1). Although the enzymes’ migrations

Molecular Weight AnalysisSize exclusion analysis was Were very unusual in this column, the differences between
performed using a Bio-Sil Sec-250 gel filtration column (Bio- dimers and tetramers could be observed. These results
Rad Laboratories). A 20aL sample (0.5-1 mg/mL) was indicated that the class 1 mutants were still tetramers and
loaded onto the colum, and the elution of the protein was the class 3 mutants were still dimers. Even with the addition
performed using a buffer containing 100 mM sodium of the GFP protein to the C-terminal end of the class 1, a
phosphate, pH 7.4, 100 mM NaCl, 20 mptmercapto-  tetramer was formed.
ethanol, and 10 mM NalN Absorbance at 280 nm was Both the class 3 mutants that were missing the C-terminal
measured and activity determined. tail and the mutant where a change to the last amino acid
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FiGure 2: Representation of the ALDH constructs used in this study. In this diagram, the different tails added or deleted from the ALDH

proteins and the sites for the point mutations are indicated.

Table 1: Kinetic Parameters of ALDHTail Mutants

Table 2: Kinetic Parameters of ALDH3 Mutants

Km propion- Km benz-
Vmax(nmol aldehyde  Kn NAD Kia Vmax (hmol  aldehyde K, NAD Kia
enzyme min~tmg) (M) (uM) (uM) enzyme min~tmg) (M) (uM) (uMm)
ALDH1 200 12 11 34 ALDH3 30 180 4 7
ALDH1-5AA 77 8 8 21 ALDH3—ATail 24 650 360 510
ALDH1—H3Tail 140 31 22 31 ALDH3—ATailE436S 28 320 1300 1800
ALDH1-GFP 3 N.D? N.D. N.D.

aNot determined.

was made showed some tendency toward having a highe
molecular weight component present. There was, however
no evidence for the formation of tetrameric enzyme forms.
Neither deleting the tail of the class 3 enzyme nor altering
it on the class 1 enzyme caused the proteins to change thei
guaternary structure.

Activity of the ALDH Modified ProteinsThe activity of
the ALDH1 mutants decreased 30% and 60% for ALDH1
H3tail and ALDH1-5aa, respectively, compared with
ALDH1 (Table 1). ALDH1-GFP mutant had less than 2%
of the activity of the wild-type enzyme. The, values for
propionaldehyde and NAD were unchanged for ALDH1

r

to 4-fold. Class 3 ALDH can use NADP nearly as well as
NAD. The specific activity with NADP was 80% compared
with the activity with NAD (data not shown). For the

mutants, no activity was found with NADP. Apparently, the

'subtle change in structure caused by the change in the

C-terminal tail affected the coenzyme binding domain.
Stability of the Modified Proteins Against Urea Denatur-
"ation. The effect of urea on the intrinsic fluorescence of the
enzyme was measured to determine if there was a change in
stability of the chimeric enzymes compared to the native
enzyme. The intrinsic fluorescence of ALDHbaa and
ALDH1 —H3Tail were similar to that of ALDHL1 in that each
had a maximum emission at 340 nm in the absence of urea
and a shift of the maximum to the region of 36870 nm in
the presence of urea (supplement Figure 2). ALDH1 was

5aa and increased about 3 and 2 times, respectively, forthe most stable form of ALDH, requiring 3.7 M urea to reach

ALDH1—H3Tail, while theKj, was wild-type-like for both
chimeric enzymes (Table 1).

The specific activity of the mutant class 3 enzymes was
essentially unchanged from that of the native enzyme when
NAD was the cofactor. The modification to the C-terminal
tail, though, did affect NAD binding (Table 2), as both the
Km for NAD and Kj, values increased dramatically for the
mutants. Th&, for aldehyde, in contrast, just increased two

50% of the Fqpp (Figure 3A). The concentration of urea
needed to obtain 50% of the apparent fluorescence for
ALDH1—H3Tail and ALDH1-5aa was 1.7 and 1.4 M,
respectively. ALDH}5aa and ALDH*-H3Tail showed a
urea denaturation curve that was similar to that of ALDH3.
Though making changes to the C-terminal tail of ALDH1
reduced the stability of the proteins, it did not cause the
enzymes to become dimers.
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Urea (M) residues D80G, S82A, and R84Q, a combination of D80G
Ficure 3: Urea denaturation of ALDH1 and ALDH3 mutants. The and S82A to ggnerate a dou.ble mUtam’ and a comblr]atlon
maximum of fluorescence in the presenkg)@nd the absencey) of the three residues to obtain a triple mutant. The residues

of urea were obtained aft& h ofincubation at room temperature.  that were mutated are illustrated in Figure 4. The mutants
These values were used to calculate g, for each point using  were all expressed . coli BL21 and purified as indicated
e b e Tom e under the Waterils an Methods secton. The yield it
and similar to the profile from class 3. (B) The mutants generated the purification of these proteins was 95%, 50%, and 20%
from ALDH3 were more stable than those from the wild-type for ALDH1—S82A, ALDH1-R84Q, and ALDH1-D80G,
enzyme; their profile of denaturation resembled that from ALDH1. respectively, showing that the mutant might be less stable
than the parent proteins. The triple mutant was essentially
Unlike with the class 1 mutants, the class 3 mutants all insoluble after expression, but the double mutant was stable;
proved to be more stable than their parent enzyme (Figureits yield after the purification was 20% of the yield of the
3B). This was an unexpected result since the binding for wild-type enzyme.
coenzyme changed so much with the class 3 truncated Size Exclusion Analysis of the Intersubunit Mutai@sl
mutants indicating that some structural alterations occurred.filtration analysis of the proteins possessing a single mutation
Even though the mutant proteins remained dimeric their showed that they remained as tetramers; their profiles
binding properties and stability changed. overlapped with the profile of the native enzyme. The double
Mutation of Residues in the Dimebimer Interface in mutant, however, showed two overlapping peaks on the gel
ALDH1. Cloning and Expressiotdsing the data from the filtration column. The first peak corresponded to the peak
crystal structure of ALDH1 and the computer program of the wild type, while the second one migrated in the region
Protein Explorer, we determined the contact area betweenexpected for a protein with a mass of 100 KD. The calibration
subunits (Figure 1C). Subunit A makes the most contact with curve and the elution times are shown in the Supporting
subunit B (the subunit in the same dimer pair); it has very Information as Figure 3. This result suggested that the D80G/
little contact with subunit D, and almost no contact exists S82A double mutant was a mix of dimers and tetramers.
with subunit C 4, 6). The A/B—C/D dimer—dimer contact These results were corroborated by preliminary ultra cen-
area involves 102 amino acids within 4.0 A from each dimer trifugation analysis. A weight-average molecular weight for
pair. The dimer-dimer interface involves 60 hydrogen bonds, the native enzyme was 220 000, consistent with that of a
34 hydrophobic interactions and 16 salt bridges. Assuming tetramer. For the double mutant, the value was 150 kDa,
that buried salt bonds were important interactions that indicating that a mixture of dimers and tetramers existed.
participated in maintaining the tetramer, some of the residues Activity of the Mutant Enzyme3he activity of the three
involved in these were mutated. The changes made weremutant enzymes, ALDHiD80G, ALDH1-S82A, and
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Table 3: Kinetic Parameters of ALDH1 Interface Mutants

Vmax (nmol Km propionaldehyde Km NAD Kia Kig
enzyme min~tmg) (M) (uM) (uM (M)
ALDH1 200 12 11 34 124
ALDH1-R84Q 139 70 4 10 89
ALDH1-D80G 204 2.8 3.5 6 127
ALDH —S82A 123 4.4 1.7 2.3 43
ALDH1—D80G/S82A 15 N.CA N.D. N.D. N.D.

aNot determined.
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Urea (M) Ficure 6: Effect of the protein concentration on the activity of
Ficure 5: Urea denaturation of the point mutants of ALDH1. The the ALDH1-D80G/S82A double mutant. The elution profiles found
stability of ALDH1—-R84Q was midway between ALDH1 and at different enzyme concentrations are superimposed with the
ALDH3, while ALDH1-D80G and ALDH1-S82A presented activity plot. The elution time was 7.5 min for the first peak and
stability profiles similar to that of ALDH3. The ALDH3D80G/ 8.3 min for the lower molecular weight component. When the
S82A double mutant was the least stable. Spectrums were acquiredspecies was primarily the dimer, the enzyme was inactive, while
after 3 h of incubation at room temperature. THey,, was when the tetramer was present, activity was found. The highest
determined as indicated in Figure 3. specific activity of the mutants was 10% of the wild-type enzyme.

ALDH1—R84Q differed from each other. The first had around 10 min, it decreased to less than 2 min for the D80G/
activity like the native enzyme, while the S82A and the R84Q S82A double mutant (Supplement Figure 4).
mutants had 60% and 70% activity, respectively, compared Protein Concentration Effects on the Oligomerization and
with native ALDH1. TheK,, for propionaldehyde decreased on the Actiity of ALDH1-D80G/S82A Double Mutant
4- and 3-fold and increased about 6-fold for these enzymes,When the double mutant was analyzed by gel filtration, two
respectively. TheK, for NAD decreased 3 times for peaks were observed, indicating that it could be a mixture
ALDH1-D80G and ALDH1-R84Q and 6.5 times for of tetramers and dimers. Performing the experiment at
ALDH1—-S82A. TheKj, decreased 5.7 times for D80G, 15 different protein concentrations showed that one peak
times for S82A, and 3 times for R84®i, changed by less  diminished and the other increased in size. This result
than a factor of 2 for some mutants. The D80G/S82A mutant indicated that the dimertetramer formation in ALDH%*
showed 7.5% of the activity of the wild type (Table 3). D80G/S82A was in equilibrium (Figure 6). This effect was
Stability of the Intersubunit Mutant§ he single mutants  not observed with the other mutants nor with the native
were less stable against urea denaturation than was the nativenzyme. Initially, it was thought that the double mutant was
enzyme. D80G and S82A showed stability resembling that inactive, but when assayed at a concentration of protein that
of ALDH3, while R84Q was more stable. The urea concen- made it appear that most of the enzyme was in the tetrameric
tration necessary to denature this mutant was midway form, it was found that the enzyme possessed 10% the
between that necessary to denature ALDH1 and ALDH3 specific activity of the parent tetrameric enzyme (Figure 6),
(Figure 5). The double mutant needed 0.6 M urea to reachconsistent with what was shown in Table 3.
50% of the apparent fluorescence showing that this mutant Estimation of the Stability of the Mutant Forms of ALDH
was the most unstable. It was not possible to investigate thelt was not possible to directly determine the changes in the
triple mutant because of its low solubility and stability. stability of the various ALDH mutants used in this study
Not only was the double mutant of class 1 ALDH less since the urea denaturation was irreversible. It was, though,
stable than the parent enzyme, but, as might be expected, ipossible to make a relative comparison of the changes by
was denatured at a faster rate in the presence of urea. Thanalyzing the data at a fixed concentration of urea. It
fluorescence emission spectra of the proteins as a functionappeared thatt@ M urea all of the proteins were present as
of time showed that while the half-life for the denaturation a mixture of the native and an altered state. It is not known
of ALDH1 and the R84Q single mutanh i7 M urea was if the altered state is an unfolded denatured state or a partially
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Table 4: Relative Changes in the Stability of the Altered Forms of contrast, the class 3 enzyme IO_St_'tS ability t_O use NADP as
ALDH from Analysis of the Fluorescent Data in the Presence of the coenzyme and had dramatic increasésrandKi, for

2M Urea NAD. Apparently the loss of the interactions made by the
enzyme AGS,? AAGS,,” C-terminal amino acids affected the coenzyme binding region
ALDHL 78 — especially near residues Glu140 and Lys137. These two
ALDH1—H3Tail -18 6.0 residues are located near where thiyiroxyl of the ribose
ALDH1-5aa +1.0 8.8 in NADP would be in contact with the enzym#a®).
ALDH3 _ -14 6.4 A salt bond exists between residues 84 and 500 in the
ﬁtg:g:ﬂau :7'1 70'7 tetrameric enzyme. The conserved arginine at position 84
ailE436S 9.7 1.8 . ~ . )

ALDH1—R840Q —4.9 29 makes a bond not with the subunit in the dimer pair, but
ALDH1—-D80G +0.4 8.2 across subunits, so there is a bond between the A and the D
ALDH1—S82A +2.1 9.9 subunits. It was previously shown that making an R84Q
ALDH1—-D80G,S82A +3.0 10.8

mutant of the class 2 mitochondrial tetrameric enzyme caused
2 Assumes that two species are present and their concentrations canthe specific activity to decreas@)( Here we show that with

be estimated by the fluorescence values showed in Figures 3 and 51he class 1 enzyme a similar diminution of activity occurred
The AG;,, is not a true measure of the stability of the enzymes in hen the R84 tant | d. Th h the stabilit

urea.” Difference in stability compared to ALDHL. when the Q mutant was analyzed. Though the stability
of this mutant decreased by approximately 3 kcal/mol

. ) ) compared to the native enzyme, it proved to be more stable

unfolded state. For an approximation of the changes in freehan any other class 1 mutant used in this study. Thus, this

energy caused by the alterations made to ALDH, it was ¢qnserved residue is not completely essential for the main-

assumed that there were just two species present in Solutiongnance of the tetramer. This residue is present in the dimeric
and that one was represented by the initial fluorescence Valueenzyme but obviously cannot be involved in the interaction

and the other by the final value. Thus, it was possible 10 4 it is in the tetrameric enzyme. Rather than form a salt
assign aKgj, and hence a\AG;,, for each change made. phond with the C-terminal carboxy! residue, it binds to Ser21
These are tabulated in Table 4. The absolute value ofjn jts own subunit. Unfortunately, a corresponding mutation
AAG;,, has no physical meaning. to the class 3 enzyme caused it to become insoluble. Hence,
we could not determine the effect of breaking this bond on
DISCUSSION stability other than to observe that it was necessary to be
A large number of ALDHs have been identified and many present to have a soluble enzyme.
characterized. Only a few amino acid residues are common Along with Arg84, two other nearby nonconserved resi-
among the entire super family of enzymes; however, the dues interact with the C-termini of a subunit in the tetramer.
mammalian ones share around 20% sequence identity whermhese are Asp80, forming part of a small loop, and Ser82,
the class 3 is compared to the class 1 enzyme but 70% wherpart of a helix 4, 5). These residues interact with Lys498
class 2 is compared to class 1 (1). The class 1 cytosolic andand Asp147, respectively, from a monomer of the other dimer
class 2 mitochondrial liver forms are among the best studied (4). Disruption of these interactions decreased the stability
enzymes since their structures have been determined. Bothof the tetramer by 8 or 9 kcal/mol but did not affect its ability
are tetrameric and contain 500 amino acid residues in eachto be assembled after it was recombinantly expressed. It
subunit. This is in contrast to the other well-studied rat class appears that the disruption of both the Asp80 and the Ser82
3 form. It is a dimer with 457 residue8)( On the basis of interactions could allow the double mutant protein to actually
their three-dimensional structures, it appears that the “tail” dissociate into dimers in a concentration dependent manner.
at the C-termini could affect subunit assembly. It is located This is consistent with a system in equilibrium. When activity
in what was considered to be the oligomerization domain was assayed at low concentrations of enzyme where dimers
(4). In contrast, the N-terminal portion appears to lie on the primarily existed, no catalytic activity was found unlike that
surface making no contact with other subunits. These found at a high concentration of protein. Why the enzyme
structural features were illustrated in Figure 1. was not active in the dimeric form is not understood, since
It was unexpected to have found that state of assemblyeach subunit appears from the structure to have its own active
was relatively independent of the changes that were madesite @).
to the C-terminal tail. It was neither possible to convert the  Previous work from our laboratory showed that the horse
dimeric form into a tetramer by removing the tail nor to liver mitochondrial ALDH could dissociate to a pair of
convert a tetrameric form to a dimer by adding the tail. The dimers in the presence of Mygions (17). Neither we nor
overall stability of the protein, however, was greatly affected others have found evidence for the dissociation of any other
by the alterations. Denaturation of the class 1 enzyme ALDH. We cannot offer an explanation for the why the horse
occurred at a lower concentration of urea when the 17 aminoenzyme was found to dissociate. We could, though, inves-
acids of the class 3 enzyme were placed on it. In contrast,tigate the ramification of having the human class 1 enzyme
when the tail was removed from the class 3 dimeric enzyme, dissociate. In Figure 1, it was shown how one subunit
the stability against urea denaturation increased. From theinteracts with its binding partner in the dimer as well as with
AAGZ,, values listed in Table 4, it can be estimated that the other dimer pair in the tetramer. Assuming the dimer
adding the tail to the class 1 enzyme decreases stability bypairs dissociated, one could look at the face that was between
approximately 6 kcal/mol while removing it from the class the dimers that now would be exposed to the buffer. If no
3 enzyme increased stability by perhaps 2 kcal/mol. major conformational changed occurred ,a large hydrophobic
The kinetic properties of the class 1 enzyme were not area would be exposed, as illustrated in Figure 7. Also shown
drastically altered by changes made to the C-termini. In in the Figure is the corresponding region of the class 3
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A 68 87 128 143 ALDH1
HALDH3 RA RAAFSSGRTR PLQFRFQQ EI EYMIQKLPEW AADEPVEKTP
RALDH3 RA REAFNSGKTR SLQFRIQQ EL DTTIKELPDW AEDEPVAKTR

Q-Crystallin RA FEPGSVWRNT DASDRGRL CL RYYAGWTDKI CCGKT......
HALDH2 GA FQLGSPWRRM DASHRGRL CL RYYAGWADKY HGKT......
HALDH1 QA FQIGSPWRTM DASERGRL TL RYCAGWADKI QGRT......
HALDHY9 AA FKI...WSQK SGMERCRI CL EYYAGLAASM AGEHIQLP..

PAD RA F.VSRRWAGR LPAERERI WM RYTAGLTTKI AGKTLDLSIP

ALD RA ...QPEWEAL PAIERASW YI DYMAEWARRY EGEIIQSDRP

Pseudomonas RA ...QKEWAAI PFSERAAIL OM HQAAGLASLP NGTLFPSAVP
144 161 434 454 461

HALDH3 QTQQDEL..Y IHSEPLGV SN DEVIKKMIAE TSSGGVAAN LH
RALDH3 QTQQDDL..Y IHSEPLGV NN EEVIKKMIAE TSSGGVTAN VP

Q-Crystallin IPMDGNFFCY TKLEPVGV KD IDKVMTYSSQ VKAGTVWVN AQ
HALDHZ IPIDGDFFSY TRHEPVGV KD LDKANYLSQA LOAGTVWVN AQ
HALDH1 IPIDGNFFTY TRHEPIGV KD IDKAITISSA LOAGTVWVN AQ
HALDHY ....GGSFGY TRREPLGV RD IQRAHRVVAE LQAGTCFIN VE ;\L[)Pia

PAD LPQGARYQAW TRKEPVGV ON LSQALEYSDR LQAGTVWVN AN
ALD ...GENILLF KR..ALGV ON LNVAMKATKG LKFGETYIN MQ
Pseudomonas GRMN..... L CQRVPVGV RA LATGLDIAKR LNTGMVHIN PH
474 500
HALDH3 G.SYHGKKSF ETFSHRRSCL VRPLMNDE
RALDH3 G.AYHGKKSF ETFSHRRSCL VKSLLNEE

Q-Crystallin GREL.GESGL QQYSEVKTII IKTPTEKV~
HALDH2 GREL.GEYGL QAYTEVETVT VKVPQENS
HALDH1 GREL.GEYGF HEYTEVKTVT VEKISQKNS
HALDH9 GREN.GRVTI EYYSQLKTVC VEMGDVES

PAD GRDF.GPDWL DGWCETKSVC VRY~~~~~
ALD GGAD.GKHGL HEYLOTQVVY LQS~~~-—~
Pseudomonas GGRFGGPASI EEFTQSOWIS MVEKPANY

Ficure 7: (A) Alignment of the amino acid sequence of the B, C—D dimer—dimer contact area of ALDH1, compared with the equivalent
region of different ALDHs. The alignment showed that several residues of this region that are hydrophobic in the tetrameric enzymes are
hydrophilic in the dimeric ones (residues in green). In this alignment, it can also be observed that some small residues in ALDH3 are
changed to voluminous ones in ALDH1 (residues in blue). HALDH3, human stomach ALDH3; RALDH3, rat liver ALQHBystallin,

ALDH from scallop lens; ALDH1, human liver cytosolic aldehyde dehydrogenase; ALDH2, human liver mitochondrial aldehyde
dehydrogenase; ALDH9, human betaine dehydrogenase; PAD, phenyl acetaldehyde dehydroge&aseliréthD, aldehyde dehydrogenase

from E. coli; Pseudomonas, benzaldehyde dehydrogenaseRsmudomonas putidgB) Comparison of the amount of hydrophobic and
hydrophilic residues in the dimedimer contact area of ALDH1 and the equivalent region on ALDH3. Hydrophobic residues are shown

in light gray, and hydrophilic residues are shown in purple. In this area, hydrophobic residues are increased in ALDH1 with respect to
ALDH3.

dimeric protein. It can be noted that the region in the class Dramatic alterations to the C-terminal end of the ALDHs
3 enzyme is much more hydrophilic. A comparison of the affected the kinetic properties of the enzyme. The most
amino acids found in this region of the tetrameric enzyme startling observation was that the class 3 enzyme lost its
area is also presented in Figure 7. The dimeric forms haveability to use NADP as a coenzyme and increasedkthe
less hydrophobicity, as would be expected for a surface thatfor NAD when the tail was removed. Adding a tail to the
was exposed to the buffer. tetrameric form did not greatly affect its kinetic properties
The sequence d2-Crystallin is similar to the class 1 and even though the stability was affected.
2 enzymes, but this protein was reported to be a dimer. Previously, it was reported that tetrameric aldolase A could
Although the enzyme possesses all the residues necessargecome either active dimerd9) or monomers Z0) by
for the activity, it was found that the enzyme was inactive mutating residues on the different contact surfaces of the
(18). This protein was purified under denaturation conditions tetramer. Another report showed the formation of dimers for
and then renatured. The methods used to purify the proteinthe normal tetrameric phosphorylating glyceraldehyde 3-phos-
could be the cause for the formation of a dimer and the reasonphate dehydrogenase, a member of the ALDH fanly).(
no activity could be detected. The strategy in this work was again site-directed mutagenesis
It is impossible to explain the evolutionary pressure that of residues located on the dimedimer interface. Similar
would cause some forms of ALDH to remain dimeric while to our observations, the resulting dimers of this enzyme were
others became a dimer of dimers forming a tetrameric inactive, but they were still able to bind NAD. Though the
enzyme. The additional amino acids at the C-terminal end, region where the mutations were made in the ALDHs was
though a good predictor of whether an ALDH was dimeric, distal from the active site, the resulting dimers were inactive.
does not seem to be the governing feature that allows orThese results seem to indicate that the oligomerization is
prevents assembly. The driving force appears to be morenot related to the activity in aldolase A but is in ALDH1
related to surface area that would be exposed if a tetramerand glyceraldehyde 3-phosphate dehydrogenase. The fact that
became a pair of dimers. the double mutant of class 1 ALDH was still able to form
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tetramers indicated that factors other than the intersubunitpresence of 7M urea. This material is available free of charge
bonding were participating in the assembly of dimers. via the Internet at http://pubs/acs.org.
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