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ABSTRACT: Fructose-1,6-bis(phosphate) aldolase is an essential glycolytic enzyme found in all vertebrates
and higher plants that catalyzes the cleavage of fructose 1,6-bis(phosphate) (Fsutd ghfeeraldehyde
3-phosphate and dihydroxyacetone phosphate (DHAP). Mutations in the aldolase genes in humans cause
hemolytic anemia and hereditary fructose intolerance. The structure of the aldDlidgd® Schiff base

has been determined by X-ray crystallography to 2.6 A resoluBag(= 0.213,Rree = 0.249) by trapping

the catalytic intermediate with NaBth the presence of Fru-1,6:PThis is the first structure of a trapped
covalent intermediate for this essential glycolytic enzyme. The structure allows the elucidation of a
comprehensive catalytic mechanism and identification of a conserved chemical motif in Schiff-base
aldolases. The position of the bound DHAP relative to Asp33 is consistent with a role for Asp33 in
deprotonation of the C4-hydroxyl leading to—C bond cleavage. The methyl side chain of Ala31 is
positioned directly opposite the C3-hydroxyl, sterically favoring $eonfiguration of the substrate at

this carbon. The “trigger” residue Arg303, which binds the substrate C6-phosphate group, is a ligand to
the phosphate group of DHAP. The observed movement of the ligand between substrate and product
phosphates may provide a structural link between the substrate cleavage and the conformational change
in the C-terminus associated with product release. The position of Glu187 in relation to the DHAP Schiff
base is consistent with a role for the residue in protonation of the hydroxyl group of the carbinolamine
in the dehydration step, catalyzing Schiff-base formation. The overlay of the ald@&b&P structure

with that of the covalent enzymedihydroxyacetone structure of the mechanistically similar transaldolase
and KDPG aldolase allows the identification of a conserved Lys-Glu dyad involved in Schiff-base formation
and breakdown. The overlay highlights the fact that Lys146 in aldolase is replaced in transaldolase with
Asn35. The substitution in transaldolase stabilizes the enamine intermediate required for the attack of the
second aldose substrate, changing the chemistry from aldolase to transaldolase.

Fructose-1,6-bis(phosphate) aldolasefr{ictose 1,6-bis-  triose phosphates glyceraldehyde 3-phosphate (G3P) and
(phosphatel-glyceraldehyde 3-phosphate lyase, EC 4.1.2.13] dihydroxyacetone phosphate (DHAP). The aldolases are
are ubiquitous glycolytic enzymes that catalyze the reversible categorized into two classes depending on their chemical
cleavage of fructose 1,6-bis(phosphate) (Fru-L)¢4e the mechanismsl(). The class | aldolases of animals and higher
plants utilize covalent catalysis through a Schiff base formed
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could be the key to the treatment of the diseases caused by Activity Assay Protein concentrations were determined by
aldolases such as hemolytic anemia and hereditary fructoseabsorbance at 280 nm using Bgso(0.1%) of 0.91 mg/mL
intolerance. (28). The activity of aldolase was determined in a coupled
The catalytic mechanism has been extensively studiedassay using glycerol-3-phosphate dehydrogenase/triose phos-
using class | aldolase A from rabbit muscle, which differs phate isomeras&9). Aldolase was diluted in 50 mM TEA-
by seven amino acids from that of humans, and can beHCI (pH 7.4) and added to a cuvette containing 50 mM TEA-
considered for all intents and purposes identical with the HCI (pH 7.4), 10 mM EDTA, 0.16 mM NADH, and 10g/
human muscle enzyme9,(10). It is clear that aldolase =~ ML glycerol-3-phosphate dehydrogenase/triose phosphate
cleavage proceeds through a number of distinct enzyme isomerase (10:1). The substrate cleavage rate was determined
substrate intermediates, including carbinolamine, imine by measuring the decrease in absorbance per minute at 340
(Schiff base), and an enamine/carbanibh<{14). A lysine nm.
residue in the active site of aldolase attacks the carbonyl Sodium Borohydride Reduction of the Fru-1,6do-
carbon of the substrate, leading to the formation of a lase—Substrate ComplexThe reduction of the Schiff-base
carbinolamine followed by dehydration to form a Schiff base intermediate by sodium borohydride was carried out on the
(11, 15). Subsequent cleavage of the-634 bond releases  basis of the procedures described previously by ott8)s (
G3P and leaves an enamine/carbanion at the activelgite ( With some modification. Purified aldolase (GaM, final
16). Protonation of the carbanion and hydrolysis of the concentration) was incubated in 200 of 50 mM HEPES
resultant Schiff base release the second product DHAP,buffer (pH 8.0) for 15 min with a 4-fold molar excess of
regenerating the enzymd4). With the exception of the  Fru-1,6-B (240uM; 20Ky). Then 40QuL of 200 mM NaBH,
Schiff base forming Lys2291(), the role of essential amino  in 200 mM MES buffer (pH 6.0) was added, and the pH
acid residues in the active site is equivocal or completely was adjusted to 6.0 with acetic acid. An additional portion
unknown (L8—21). The assignment of a role for each residue of Fru-1,6-B and NaBH solution was added after 15 min
in the active site has been hampered, even after severalo ensure the completion of the reduction. After each
liganded structures were determined, by inconsistent bindingaddition, aliquots were removed and the activity of the
modes for the ligands or nonproductive bindirgp-{24). enzyme was determined. The highest concentration of
For example, in the DHAP-complexed structure, the ligand reductant that did not inactivate the enzyme after a single
was localized in three alternate conformations showing threeaddition (200 mM NaBh) was used in the experiment,
different interactions with the enzyméa4). although this concentration caused some inactivation in the
As a step toward understanding the catalytic mechanism absence of sgpstrate after a secor)d additiqn of reductant (60%
in atomic detail, we have trapped a Schiff-base intermediate Of control activity). After the reaction was judged to be-90
complex of Fru-1,6-Paldolase A by reduction with boro- 95% _complete, the solution was concentrated to 10 mg/mL
hydride, and we report herein the structure of this complex. Protein and the buffer was changed to 20 mM HEPES (pH
This is the first covalent intermediate structure reported for 8:0) using an UltraFree centrifugal concentrator (Millipore)
this important glycolytic enzyme. The structure reveals With @ 10 kDa cutoff membrane. _
residues involved in substrate binding and clarifies the Crystallization Crystals of the borohydride-reduced pro-
functional roles involved in each step of catalysis. Further- (€in were obtained using previously known conditioB2)(
more, when compared to the structures of transaldoRge (  Crystals were grown using hanging drop geometry and the
and 2-keto-3-deoxy-6-phosphogluconate (KDPG) aldolase vVapor diffusion method. A protein concentration of 10 mg/
(26), the structure suggests a common chemical motif, ML was used. A drop (L) of the protein solution was

namely, a Lys-Glu dyad for class | aldolase chemistry. mixed with an equal volume of drop buffer consisting of
0.1 M Tris-HCI (pH 7.4), 0.1 mM DTT, 1 mM3-mercap-
MATERIALS AND METHODS toethanol, 1 mM EDTA, and 10% PEG, and suspended over

a well containing 0.1 M Tris-HCI (pH 7.4) and 28% PEG

Materials Glycerol-3-phosphate dehydrogenase/triose phos-6000. Crystals grew at 18C in 1 week in the form of thin
phate isomerase was purchased from Boehringer Mannheimplates with dimensions of 0.5 mm 0.3 mmx 0.05 mm.
Fru-1,6-B, NaBH,, and other chemicals were from Sigma 2-Methyl-2,4-pentanediol (20% final concentration) was
Chemical Co. or Fluka. Cm-Sepharose CL-6B Fast Flow was added to the drop containing crystals immediately prior to
from Pharmacia. Oligonucleotides for site-directed mutagen- data collection as a cryoprotectant.
esis and sequence determination were synthesized on Mil- Data Collection Data were collected by freezing the
ligen/Biosearch DNA synthesizers using phosphoramidite cryoprotected crystal directly in a stream of nitrogen cooled
chemistry or purchased from Midland, Inc. to —180 °C at BM 14C at Argonne National Laboratory

Purification of Aldolase Site-directed mutagenesis of (Argonne, IL). A crystal-to-detector distance of 200 mm and
pPB14 (9) was performed by modification of the overlap- 1° oscillations were used. The programs DENZO and
extension PCR method as reviewed by Ling and Robinson SCALEPACK 31) were used to index and reduce the data,
(27). Four surface cysteines (C72, C239, C289, and C338) respectively. The space groupHg; with the following unit
were mutated to alanine residues. The recombinant proteincell dimensions:a = 82.8 A,b=100.6 A,c=84.5 A, and
was expressed and purified in the same manner as the wilds = 98.3. The assignment t&2; was made by assessing
type (C. E. Hopkins et al., personal communication). The systematic absences. The data set, obtained from a single
protein was>95% pure as determined by SBBAGE crystal, was 86% complete overall to 2.6 A resolution with
(12%). Protein was precipitated with 70% saturated am- I/c = 10 in the highest-resolution shell. The number of
monium sulfate, and protein suspensions were stored at 4molecules in the asymmetric unit was calculated to be four,
°C until they were used. assuming a Matthews constant of 2.3Ba (32).
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Structure Determination, Refinement, and Model Building
The initial phase information was obtained by molecular
replacement with the previously determined aldolase A
structure [PDB entry 6ALDZ2)] using CNS 83). The initial
structural model gave a crystallograptiefactor of 0.28.
For the calculation oRyee during the refinement, 10% of
all reflections were excluded. Rigid-body refinement was
performed in the program CNS, defining each monomer as
a rigid body to refine the relative orientation of the monomers
in the tetramer. Each round of refinement included rigid-
body, positional, slow-cooling, and@-group refinement
followed by manual rebuilding on a Silicon Graphics O2
workstation. NCS restraints with a high weight (300 kcal
mol-* A-2) were used throughout the refinement. The final
model was examined with a composite omit map generated
in CNS. In the final round of refinement, the model of
covalently attached DHAP was added. Topology and pa-
rameter files for the DHAP-linked lysine were generated by
the xplor2d program in the CCP4 program suBé)( Water
molecules were added to the model usingFan- F. map
with electron density contoured atr&nd a F, — F. map
contoured at 1.®. The geometric parameters of the model
were analyzed with PROCHECK. In addition, a working
model of Fru-1,6-Pcovalently bound at the active site was

Choi et al.

Table 1: Data Collection and Refinement Statistics

data collection

resolution (A) 0—2.6
no. of reflections 35634
completeness (overall/outer shell) (%) 86/60
Rsym (overall/outer shell) 0.034/0.220
I/o (overall/outer shell) 20/10
refinement statistics
no. of protein atoms (non-hydrogen) 10432
no. of water molecules 125
no. of hetero molecules 4
resolution (A) 106-2.6
o cutoff 0.0
Rerys? 0.213
Riree 0.249
meanB-factor (A?) 31.9
rms deviation
bonds (A) 0.008
angles (deg) 1.303
dihedrals (deg) 22.463
impropers (deg) 0.979

aR=3[(I — 0P/ 312 P ReeeWas calculated from a random selection
constituting 10% of the data.

of the substrate, Fru-1,6;Fesulted in no inactivation. The
enzyme complex reaction mixture was then extensively
dialyzed to remove any unbound substrate or products from

generated for the sole purpose of analyzing the protein groupsthe protein.

proximal to C4. The model was produced in the molecular
graphics program C36) by substituting the pr&hydrogen

at C3 with the C4 carbon of Fru-1,6-Fhe coordinates have
been deposited with the Protein Data Bank (entry 1J4E) and
are also available from the corresponding authors upon
request.

RESULTS AND DISCUSSION
Generation of the gtet MutanRabbit muscle aldolase

Structure DeterminationThe rabbit muscle aldolase A
covalently linked to DHAP crystallized in space groBg;
with four monomers in an asymmetric unit, consistent with
the fact that the enzyme is a homotetramer in solution. The
crystal structure was determined by molecular replacement
(Table 1) and refined to 2.6 A resolution. The final structure
had anR.ys: of 0.213 and arfRyee Of 0.249 using data in the
resolution range of 1002.6 A and nol/o cutoff. The final
structure contained residues-344, 125 water molecules,

contains eight cysteines per monomer. Four of these areand four covalently linked DHAP molecules. The Ram-

located on the surface of the protein with the remaining four
in the interior of the protein. Loss of activity by formation
of disulfide bonds or reaction with sulfhydryl reagents has
previously been observed in Fru-1,6-Bldolase. Large
variations in the activity of purified muscle aldolase after

storage may relate to the oxidation of the surface cysteines.

To improve crystallization by increasing the stability of the

achandran plot produced by PROCHECK shows that 91.7%
of the residues are in the “favored” regions with the
remaining 8.3% of the residues in the “allowed” region. No
residue was found in either “generously allowed” or “disal-
lowed” regions. The structure was well determined with an
averageB-factor of 31.9 & for both main chain and side
chain atoms. The 19 C-terminal residues (3853) were

enzyme, four surface cysteines (C72, C239, C289, and C338)isordered and not included in the model. This C-terminal

were mutated to Ala. The resulting protein exhibited the same
activity as the wild type toward Fru-1,6;Bke = 14 + 1
s 1, Km = 12 4+ 0.5uM) and was more stable in long-term
storage at 25C than the wild type.

Borohydride Reduction of the Schiff-Base Intermediate.
Incubation of aldolase with the substrate Fru-1;6eRds to
the formation of an enzymeSchiff-base intermediate (sub-
strate Schiff base) which, after-€@&C bond cleavage, yields

region of Fru-1,6-pP aldolase is involved in substrate
specificity, based on the results of chemical modification,
truncation, and site-directed mutagenesis experiméets (
40). The lack of ordered structure for the C-terminus of the
protein is consistent with these findings.

The monomers comprising the tetramer are nearly identical
to one another with a root-mean-square (rms) deviation of
0.03 A. Both the tertiary structure of the monomer and the

the product Schiff base. The Schiff-base intermediate trappedquaternary structure of the tetramer in the aldoteSehiff-

by borohydride reduction has been previously identified as
Né-(phosphoglyceryl)lysine or the product Schiff ba86)(
A 4-fold molar excess of Fru-1,6;Rver enzyme (2Q)
was used during incubation and borohydride reduction to

base complex are similar to those of native human aldolase
(23, 41), indicating that there is no large overall change in

conformation upon substrate binding and catalysis. The rms
deviation between the native human enzyme and this

saturate the active site with substrate. The loss of enzymecomplex for the 341 commondCatoms (excluding the first

activity was monitored by a coupled assag)(as the reduced
enzyme-Schiff-base complex formed. After addition of two
aliquots of substrate and NaBHwith a >2000-fold molar
excess over the enzyme, only 8% of the activity remained.
A single borohydride treatment of aldolase in the absence

three residues and disordered C-terminus) was 0.346 A. The
protein structure is similar to that of rabbit aldolase A
complexed noncovalently with DHAR4) or Fru-1,6-R (22)

with rms deviations of 0.343 and 0.226 A, respectively, for
341 common @. atoms. Thus, with the possible exception
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Ficure 1: Stereoview of electron density showing the Schiff-base
using the program MOLSCRIPT60Q) and POV-Ray (Persistence of
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Ficure 2: Schematic representation of the reduced Schiff-base

intermediate and the surrounding residues. The electron density from a
2F, — F. omit map (contoured at 1) is depicted in cyan, and residues are depicted as ball-and-stick models. The figure was generated

Vision Ray Tracer, version 3.01).

the length of hydrogen bonds between the DHAP moiety
and protein residues. The C1l-phosphate binding site is made
of the main chain backbone nitrogens of Ser271, Gly272,
Gly302, and Arg303, with somewhat closer contacts seen
between the side chain hydroxyl of Ser271 and the guani-
dinium group of Arg303. The phosphoester oxygen O1
makes a hydrogen bond to the amide nitrogen of Gly302.
The C3-hydroxyl of DHAP makes hydrogen bonds to the
e-amino group of Lys146 and side chain carboxyl group of
Asp33. Thes-amino group of Lys229 makes hydrogen bonds
to the carbonyl oxygen of Ser300. The residues identified
as the Cl-phosphate binding site in this structure show that
it shares a common phosphate binding site with the nonco-
valent complexes of DHAP24) or Fru-1,6-B (22, 23) with

the exception of an additional ligand from Arg303. The
involvement of Arg303 in C1-phosphate binding is remark-
able since this residue has been shown to interact with the
C6-phosphate moiety in the structure of the Fru-136-P
aldolase complex23) and the C2-carbonyl oxygen of one
of the DHAP molecules in the noncovalent DHARIdolase
complex @4). A role for Arg303 as a “trigger” in the aldolase

intermediate with the surrounding residues at the active site. Putative™echanism in relation to the C-terminal residues has been
hydrogen bonds between the intermediate and protein residuessuggested?), and the multiple conformations of this residue
shorter than 4.0 A are denoted by dashed lines. The DHAP is shownin the various liganded structures are consistent with this

as a Fisher projection.

of the C-terminus, the structural changes upon substrate

binding are restricted to side chain movements.
Schiff-Base Intermediat&he electron density in the active
site clearly showed continuous electron density extending
beyond Lys229, which forms the Schiff base with the
substrate, indicating the formation of a covalent adduct

idea (see below).

Determinants of Specificityrhe proximity of the Asp33
and Lys146 residues to C3 of the DHAP moiety has
significance in the aldolase mechanism. Aldolase is specific
with regard to the chirality at C3, only cleaving the carbon
carbon bond with thes-configuration (4) and stereospe-
cifically protonating the enamine at the same positid4) (

(Figure 1). The shape of the electron density was consistent.-Erythrulose 1-phosphate anekylulose 1,5-bisphosphate,

with the product Schiff baseé\f-(3-phosphoglyceryl)lysine]

both with theS-configuration at C3, are cleaved into DHAP

rather than the substrate Schiff base. Under steady-stateand formaldehyde or glycoaldehyde, respectivély, @46).

conditions starting with Fru-1,6:Pmost of the enzyme is
bound to DHAP while 16-15% is bound to Fru-1,6-K42,
43). The DHAP density contiguous with that of Lys229 is
consistent with this observation. The covalently linked DHAP
was observed in all four monomers.

The DHAP moiety makes a number of interactions within

In contrast,n-erythrulose 1-phosphate amdribulose 1,5-
bisphosphate, with the-configuration at C3, are not cleaved
but instead are slow-binding or competitive inhibito4s)(

One of the determinants of stereospecificity at C3 observed
in the structure may be the strictly conserved residue Ala31
(48). The Ala31 methyl carbon is positioned opposite the

the active site. Figure 2 shows the schematic representatiorC3-hydroxyl group, 3.6 A from C3, such that a sugar with

of phosphoglyceryl-linked lysine in the active site, including

the opposite stereochemistry would be sterically hindered.
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In this model, the distances from Asp33 or Lys146 to C3

are 3.3 and 4.3 A, respectively, with Asp33 on the Bro-

hydrogen side and Lys146 on the fRohydrogen side. £as4
Furthermore, if the pr& hydrogen at C3 of the DHAP .
moiety is replaced with C4 of Fru-1,6-Fsee Materials and

Methods), the distances from C4 are 2.6 and 5.4 A,

respectively. In the model of Fru-1,6-Based on the DHAP

structure, the C4-hydroxyl group was located 2.3 A from

the carboxylate oxygen of Asp33 and 5.9 A from ¢h@mino ¢

group of Lys146, each of which has been proposed to be

the catalytic base that initiates carberarbon bond cleavage

(19, 20). This makes Asp33 the more likely candidate for

the proton abstraction from the C4-hydroxyl leading to-C3

C4 bond cleavage.

The borohydride reaction has been shown to be StereOSpei:K;URE 3: Alternative conformations of Arg303 in relation to the

cific since, af_ter acid ,hydmes's_Of th? protein, Omﬁ'@' active site and the C-terminus. Superposition of the structures of
deoxy-2-glucitol)L-lysine S-configuration at C2) was iso-  Fru-1,6-B aldolase noncovalently liganded to DHAP (1ADO, cyan)

lated between two possible produck or S-configuration and covalently bound to reduced DHAP (1J4E, yellow). The trigger
at C2) B0). The structure ofNS-(3-phosphoglyceryl)lysine  residue, Arg303, and Schiff-base-forming Lys229 are depicted for

; ; ; ) : both structures. The side chains of the C-terminal residues (with
observed here is consistent with tBeonfiguration at C2 the exception of Glu354) and the DHAP ligand are omitted from

(19), indicating the hydride attacks the-face of C2 of the 1 ADpQ for clarity. Note that the C-terminal residues of 1J4E are
Schiff base. It is likely that in forming the carbinolamine disordered and therefore not visible in the crystal structure. The

water attacks from the same side as that of the hydride in C-terminus is labeled.
reducing the Schiff base (see below). In this case, the C2-
hydroxyl of the carbinolamine points toward Glu187, which phosphate3?) of the hexose sugar or the C1-phosphate of
would be within hydrogen bonding distance. Glu187 is 4.0 the product triose, may act as a trigger for the conformational
A from e-amino group of Lys229 and is a conserved residue change of the C-terminus. This C-terminal conformational
in all vertebrate aldolase sequencé$)( The position of ~ change may be required for DHAP product release, which
Glu187 in relation to the DHAP Schiff base, that is, near is likely the rate-limiting step in catalysiQ, 49, 50).
what would have been the C2-hydroxyl of carbinolamine in  Relationship to Other Schiff-Base Aldolasésnumber
this structure, suggests a role in Schiff-base formation. In of enzymes catalyzing aldol cleavage and/or condensation
this position, Glul87 acts as a general acid to protonate thebelong to the class | aldolase family. Several enzymes have
leaving hydroxyl group of the carbinolamine in the dehydra- been studied by X-ray crystallography, and the three-
tion step, leading to Schiff-base formation. dimensional structures of transaldolase, KDPG aldolase,
Comparison with Noncalently Bound Enzyme Com- N-acetylneuraminate lyase, and dihydropicolinate synthase
plexes.As described earlier, there was no gross conforma- are known 25, 51-53). Among those enzymes, the half-
tional change in the Schiff-base intermediate structure whenreaction catalyzed by transaldolase is very similar to that of
compared to those of the native proteftil) or the nonco- Fru-1,6-B aldolase, as well as that of KDPG aldolase.
valent DHAP complexes2d). Thus, most of the changes Transaldolase catalyzes the reversible transfer of a dihy-
reflect side chain movements. One interesting observationdroxyacetone moiety, derived from fructose 6-phosphate, to
is the relative disposition of Arg303 and the C-terminus erythrose 4-phosphate, forming sedoheptulose 7-phosphate
(Figure 3). In the structure reported here, the side chain ofand G3P %4). KDPG aldolase catalyzes the reversible
Arg303 moves into the active site cleft, making a hydrogen cleavage of 2-keto-3-deoxyphosphogluconate to pyruvate and
bond to the C1-phosphate oxygen (3.1 A). In the published G3P. As in other enzymes in the class | aldolase family, the
DHAP-bound structure [LADO 24)], Arg303 makes a  transaldolase reaction, and the KDPG aldolase reaction,
hydrogen bond with the C-terminus at Glu354 (2.8 A), proceed through the formation of a Schiff base between an
producing a “tucked in” conformation of the C-terminus. active site lysine residue and the dihydroxyacetone or py-
Glu354 was not observed in the structure reported hereinruvate moiety, respectively. The differences between KDPG
due to the disorder of the C-terminus. Arg303 has been aldolase and Fru-1,6;Rldolase lie in substrate specificity
suggested to be a key functional residue in the substrate-for the C6-phosphate versus the C1-phosphate specificity for
induced conformational change from the K146A aldotase the linear sugar, but a very similar chemical mechanism can
Fru-1,6-B complex structure 22). It is noteworthy that be drawn §5). The fundamental chemical differences
whenever the C-terminal portion of aldolase is ordered, as between transaldolase and Fru-16&Rolase are that in
in the published crystal structure with DHAR4), Arg303 transaldolase dihydroxyacetone does not dissociate from the
interacts with the C-terminal residues and the C-terminal enzyme after Schiff-base formation, but remains available
residues are tucked into the active site cleft. In contrast, whenfor condensation with the aldehyde acceptor. Transaldolase
Arg303 makes hydrogen bonds to #s-barrel domain, as  and KDPG aldolase share the preference for C6-phospho-
in our structure, the active site cleft is blocked by an-AKy hexoses. How do the structures of these enzymes compare?
interaction and unavailable for the C-terminus, and thus the The structure of transaldolase B frdascherichia coli(25,
C-terminal residues are disordered. The coupled changes irb6) exhibited a circular permutation in the protein sequence
the position of Arg303 and the C-terminal residues are shown of the o/g-barrel. That is, the Schiff base-forming lysine of
in Figure 3. Arg303, by binding alternatively to the C6- aldolase and transaldolase were aligned together so that the

R303
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amine structure of KDPG aldolase allows overlay of this
aldol cleavage enzyme with the other two. On the basis of
the three-dimensional structure at the active site and amino
K132 acid comparison, three conserved residues from aldolase
(Lys229, Glul87, and Asp33) can be overlaid with the
conserved residues Lys132, Glu96, and Aspl7 from trans-
aldolase $8) and conserved residues Lys133 and Glu45 from
KDPG aldolase (Figure 4). Both the aldolases and transal-
dolase Schiff-base intermediates exhibited the same config-
D33 uration at C2 (when C1C3 of DHAP, dihydroxyacetone,
o and pyruvate moiety from aldolase, transaldolase, and KDPG
aldolase, respectively, were overlaid), suggesting that the
NS catalytic lysine of each enzyme attacks the same face of their
respective substrates. The positions of the essential catalytic
K126 dyad, Lys229-Glu187, were not much different between the
FiGURE 4: Superposition of the active site residues of Fru-L,6-P €nzymes with rms deviations of 1.4 A for common atoms
aldolase, KDPG aldolase, and transaldolase. Fru-18lddlase of aldolase and transaldolase, and 1.7 A for common atoms
(1J4E), KDPG aldolase (1EUA), and transaldolase (LUCW) are of aldolase and KDPG aldolase. In transaldolase, Glu96
shown as yellow, blue, and green ball-and-stick models, respec-makes a hydrogen bond to a water molecule within hydrogen
g\r'g lghsﬁﬁfdues withi 5 A of thecatalytic lysinee-amino group bonding distance of Lys132 instead of the direct hydrogen
bond between Glul87 and Lys229 formed in Fru-1;6-P
first B-strand of transaldolase B can be overlaid with the aldolase and between Glu45 and Lys133 in KDPG aldolase.

third -strand in the Fru-1,6-faldolase. No such permutation ~ This alignment predicts that the Phe135 in KDPG aldolase
occurs in KDPG aldolaséy). The structure of transaldolase  Plays the same role as Ala31 and Thr243 in aldolase and
with the Schiff-base intermediate dihydroxyacetone was transaldolase, that of maintaining the stereospecificity at C3.
determined 25), and further similarity in the active site  This is consistent with the prediction based on the structure
residues between aldolase and transaldolase was observe@®f the KDPG-pyruvate covalent complex2€).

However, the interpretation was difficult since there was no  One other difference in the active site structure between
covalently bound intermediate available for Fru-16aR aldolase and transaldolase is the absence of a lysine residue
dolase. The aldolase Schiff-base structure determined herecorresponding to Lys146 in aldolase. Lys146 is substituted
allows the comparison of the active sites of aldolase and with Asn35 in transaldolase. If the role of Lys146 is to
transaldolase. Furthermore, the substrate-bound carbinol{facilitate protonation of the carbanion to form the DHAP

T243

E96
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Ficure 5: Proposed mechanism of Fru-1,6dtdolase based on the structure of the DHAP Schiff-base intermediate. Ten steps (numbered)
for the reaction mechanism by aldolase are shown from hexose to triose. The residues provided by the enzyme are shown. Step 6 includes
the ketimine/carbanion tautomerization in addition to G3P release.
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Schiff-base intermediate that is subsequently released fromfold decreased in activity and has the same-péte profile

the enzyme, there is no need for this residue to be conservedas the wild type %0). As described above, the importance

in transaldolase since dihydroxyacetone is not released. Howof a positive charge at position 146 in aldolase versus

Lys146 may facilitate protonation of the carbanion awaits transaldolase may be an important catalytic determinant. The

further structural and mechanistic characterization. hydrolysis and release of the second product, DHAP (steps
Proposed Mechanism for Class | Aldolaséscommon 8—10), in aldolase are essentially the reverse of steps 4, 3,

mechanism can be inferred from the conservation of active and 1. The rate-limiting step in the wild-type aldolase is step

site geometry and functionality of Schiff-base aldolases 10, and the role of the conformational change in the

described above (Figure 5). Following binding (step 1) and C-terminus is likely critical in this proces28, 36, 46).

ring opening (step 2) (K. H. Choi and D. R. Tolan, personal

communication), covalent catalysis is initiated bifface ACKNOWLEDGMENT

attack by thec-amino group (Lys229 for aldolase) on the e thank Dr. Herb Kagen for critical and thoughtful
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