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Structure of a Fructose-1,6-bis(phosphate) Aldolase Liganded to Its Natural
Substrate in a Cleavage-Defective Mutant at 213 A
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ABSTRACT: Class | fructose-1,6-bis(phosphate) aldolase is a glycolytic enzyme that catalyzes the cleavage
of fructose 1,6-bis(phosphate) through a covalent Schiff base intermediate. Although the atomic structure
of this enzyme is known, assigning catalytic roles to the various enzymic active-site residues has been
hampered by the lack of a structure for the enzyisebstrate complex. A mutant aldolase, K146A, is
unable to cleave the C3C4 bond of the hexose while retaining the ability to form the covalent intermediate,
although at a greatly diminished rate. The structure of rabbit muscle K146A-aldolase A, in complex with
its native substrate, fructose 1,6-bis(phosphate), is determined to 2.3 A resolution by molecular replacement.
The density at the hexose binding site differs between subunits of the tetramer, in that two sites show
greater occupancy relative to the other two. The hexose is bound in its linear, open conformation, but not
covalently linked to the Schiff base-forming Lys-229. Therefore, this structure most likely represents the
bound complex of hexose just after hemiketal hydrolysis and prior to Schiff base formation. The C1-
phosphate binding site involves the three backbone nitrogens of Ser-271, Gly-272, and Gly-302, and the
€-amino group of Lys-229. This is the same binding site previously found for the analogous phosphate of
the product DHAP. The C6-phosphate binding site involves three basic side chains, Arg-303, Arg-42,
and Lys-41. The residues closest to Lys-229 were relatively unchanged in position when compared to the
unbound wild-type structure. The major differences between the bound and unbound enzyme structures
were observed in the positions of Lys-107, Arg-303, and Arg-42, with the greatest difference in the change
in conformation of Arg-303. Site-directed mutagenesis was performed on those residues with different
conformations in bound versus unbound enzyme. The kinetic constants of these mutant enzymes with the
substrates fructose 1,6-bis(phosphate) and fructose 1-phosphate are consistent with their ligand interactions
as revealed by the structure reported here, including differing effects.pand K., between the two
substrates depending on whether the mutations affect C6-phosphate binding. In the unbound state, Arg-
303 forms a salt bridge with Glu-34, and in the liganded structure it interacts closely with the substrate
C6-phosphate. The position of the sugar in the binding site would require a large movement prior to
achieving the proper position for covalent catalysis with the Schiff base-forming Lys-229. The movement
most likely involves a change in the location of the more loosely bound C6-phosphate. This result suggests
that the substrate has one position in the Michaelis complex and another in the covalent complex. Such
movement could trigger conformational changes in the carboxyl-terminal region, which has been implicated
in substrate specificity.

Fructose-1,6-bis(phosphate) aldolaseér{ictose 1,6-bis- | aldolases of animals and higher plants are tetramers of
(phosphatep-glyceraldehyde 3-phosphate lyase, EC 4.1.2.13] 40 000 dalton subunits with highly conserved amino acid
are ubiquitous glycolytic enzymes that catalyze the reversible and nucleotide sequenceg, (3). These enzymes utilize
aldol cleavage of fructose 1,6-bis(phosphate) (Fru-1)86-P  covalent catalysis via a Schiff base formed between the
to the triose phosphates glyceraldehyde-3-phosphate (G3PEnzyme and ketose sugar substrates. The class Il aldolases
and dihydroxyacetone phosphate (DHAP). The aldolasesof most bacteria and fungi utilize a divalent metal cation as
catalyze this glycolytic reaction by two distinct mechanisms, a cofactor which acts to polarize the ketose carbonyl oxygen,
which distinguish the enzymes into two classBs The class making it a better electron sink for the spread of the

developing negative charge during carbaarbon bond
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fructose 1-phosphate (Fru-1-P), is also a substrate, and theATERIALS AND METHODS

aldolase isozymes display varying degrees of substrate ) i
specificity between Fru-1,6,Rnd Fru-1-P. This differential Materials. Glycerol-3-phosphate dehydrogenase/triose phos-

activity has been used as a basis for discriminating amongphate isomerase were purchased from Boehringer/Mannheim.
these vertebrate isozymes in tissues and in the diagnosis of-M-Sepharose CL-6B Fast Flow, Superose-12, and Sephadex
a variety of disease states, e.g., liver damage, cancer, and-150 were from Pharmacia. Oligonucleotides for site-
hereditary fructose intoleranc@-9). An understanding of ~ directed mutagenesis and sequence determination were
the enzyme mechanism by which the aldolase isozymessynthesaed on Mllllgen/Bmsearch DNA synthesizers using
catalyze their reactions will require structures with inhibitors Phosphoramidite chemistry and the manufacturers’ protocols.
bound as well as substrates productively bound in the active\When necessary, oligonucleotides were purified by trea
site. Such an understanding is key to the design of inhibitors, PAGE. Fru-1,6-p, Fru-1-P, and other chemicals were from
such as one for the malarial aldolase, whereby preferentialSigma Chemical Co. or Fluka.
inhibition would lead to an effective treatment for the disease  Site-Directed Mutagenesis, Expression, and Purification
(10, 19. Detailed mechanistic insight will also be crucial of Mutant Aldolases. E. cobtrains JM103 and TG1 were
for explaining the pathology of genetic disorders caused by used for M13 cloning and mutagenesis. JM83 and RH5
mutations in aldolases: aldolase-deficient hemolytic anemiawere used for expression. Site-directed mutagenesis was
and hereditary fructose intoleranc®.( performed to change Glu-34 (GAG) and Arg-303 (CGT)
The catalytic mechanism has been most extensively studiedcodons to Ala using the oligodeoxyribonucleotides: 5
using the class | aldolase A from rabbit musc#e. ©Onthe =~ CTGCAGATGCGTCGACCGG (E34A) and ETCCTACG-
basis of a great deal of experimental evidence, it is clear GCGCTGCCCTGCAG (R303A). The potential mutants

that the aldol cleavage proceeds through a number of distinctwere screened by DNA sequence determination using
enzyme-substrate intermediates, including a carbinolamine, dideoxy-terminationZ7). Sequence determination employed
imine (Schiff base), and an enamine/carbaniéni@, 13. 7-deaza-dGuo triphosphate in place of dGTP, which allevi-
With the exception of the Schiff base-forming Lys-229) ated much of the G/C compression present in the rabbit
the role of essential amino acid residues in the active site isaldolase A sequencg). Expression of both wild-type and
equivocal or completely unknowd%—17). The unliganded ~ Mmutant aldolases was done in bacteria as described previously
structures of Fru-1,6-faldolases from rabbitlf) and human  (21). Purification of both wild-type and mutant enzymes was
muscle (8) and nonvertebrate aldolases frdbmosophila the same, except that R303A-aldolase was eluted from the
melanogaste(19) and Plasmodium falciparun{11l) have =~ Cm-Sepharose at a lower pH (7.8 instead of 8.3) and used
been determined. The molecular architecture of the enzymeMOPS in place of TAPS. Aldolase containing fractions from
has revealed possible residues involved in the catalytic cyclethe affinity elution of Cm-Sepharose or from subsequent
(16); however, there is a dearth of three-dimensional struc- filtration on Sephadex or Superose were pooled and pre-
tures of liganded enzyme. A recent report of a complex with Cipitated in 65% saturated ammonium sulfate. Protein
DHAP, one of the product trioses, has localized this three- suspensions were stored at@.
carbon sugar in three alternate conformatio®8).(Using Enzyme AnalysisSDS-PAGE (12.5%) was performed,
site-directed mutagenesis, many of the residues around Lys-and gels were stained with Coomassie R-250 [0.1% in water/
229 have been investigated, and differing effects on the ratesmethanol/acetic acid (5:5:1)29). Protein concentration was
of formation and/or equilibria of the enzymeubstrate inter-  determined by dye binding using bovine serum albumin as
mediates have been observed and used as a basis for intela standard, or for pure aldolase by absorbance uSiag
preting the roles of various residues. However, these results(0.1%) = 0.91 @0). The substrate cleavage rate was
can be misleading and difficult to interpretq, 21-23). determined by measuring the decrease in absorbance per
The lack of tightly bound inhibitors24) and the activity ~ Minute at 340 nm in a coupled ass&1) Aldolase was
of the enzyme in the crystalline stat®5 have made diluted in 50 mM TEAHCI, pH 7.4, and added to a cuvette
crystallization of liganded complexes difficult. To elucidate containing 50 mM TEAHCI, pH 7.4, 10 mM EDTA, 0.16
the roles of various residues in and around the active site, "M NADH, 10 ug/mL glycerol-3-phosphate dehydrogenase/
we have chosen the dual approach of X-ray crystallography triose phosphate isomerase (10:1). Assays of 1.0 mL were
in conjunction with site-directed mutagenesis of rabbit performed in triplicate at 3C°C following addition of
aldolase A. In this report we use the K146A mutant form of substrate. The cleavage rate for Fru-1,6aRs measured
rabbit aldolase A in the crystalline state bound to the natural over a substrate concentration range of £:260uM, with
substrate Fru-1,64°This mutant enzyme cannot turn over 0.3 ug of wild-type enzyme, or up to 10@g of the mutant
the substrate due to the inability to catalyze cleavage of theenzymes. The cleavage rate for Fru-1-P was measured over
carbon-carbon bond. However, K146A retains the ability @ substrate concentration range efSD mM, with 23ug of
to make the Schiff base intermediate7(. The structure  Wild-type enzyme, or up to 600g of the mutant enzymes.
reveals the bound hexose in the open chain form as it would Kinetic values were determined from double reciprocal plots
exist in the active site prior to formation of the first covalent using a least-squares method that explicitly included the
intermediate. Characterization of several site-directed mutants€ITors in rate measurement as weigtag)(
supports the interpretation of the structure and the role of Crystallization. Although crystallization conditions for
several residues in the binding of Fru-1,6-Phese results, rabbit muscle aldolase have been report), (hnew crystal-
in conjunction with the recently reported structure of human lization conditions were developed in order to avoid the use
muscle aldolase A bound to Fru-1,6{26) in an alternative ~ of ammonium sulfate as precipitant (since sulfate sometimes
binding mode, suggest a rearrangement of the substrate priobinds in the active site of enzymes when present in high
to Schiff base formation. concentrations). The crystallization conditions known for
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aldolase fromDrosophila melanogastef19) were used as
starting conditions for optimization. Crystals were grown

using hanging drop geometry and the vapor diffusion method.
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of refinement and model building using the program X-
PLOR. Each round of refinement included rigid-body,
positional, preparational, and slow-cooling=€ 3000 K)

The protein solution consisted of 7 mg/mL aldolase dissolved refinement protocols followed by manual rebuilding on a

in 0.1 M TrissHCI, pH 7.4, 1 mM EDTA, 1 mMB-mercap-
toethanol, 1 mM DTT. A drop (L) of the protein solution
was mixed with an equal volume of drop buffer consisting
of 0.1 M TrisHCI, pH 7.4, 0.1 mM DTT, 1 mM3-mercap-
toethanol, 1 mM EDTA, and 10% PEG 6000 af@ and
suspended over a well containing 1.0 mL of a solution
containing 0.1 M TrisHCI, pH 7.4, 24% PEG 6000 at€.
Crystals grew at £C in 1-2 weeks in the form of plates
with dimensions of 0.5« 0.4 x 0.05 mm. The space group
is P2, with unit cell dimensionsa = 82.8 A,b = 100.6 A,
c=84.5A, ands = 98.3. Crystals of suitable quality were
soaked overnight in substrate by slowly exchangingl(2
additions and removals over 1 h) the mother liquor for a

Silicon Graphics O2 Workstation using the graphics program
O. NCS-averaged electron density maps were calculated
using the RAVE program packagél). The protein model
was built into density in the NCS-averageB,2- F. maps
contoured at 1.2. Building was also guided b¥, — F¢
maps with electron density contoured at 1.0 antlO o.
Subsequent rounds of refinement (after the crystallographic
R-factor andR-free had dropped below 0.3) were performed
using NCS restraints with a high weight (300 kcal miol
A-2). Water molecules (385 in total) were added to the model
using aF, — Fc map with electron density contoured ab'3
In the final round of refinement, the model of Fru-1,6-P
was added using aF — F. map averaged over two of the

soak solution consisting of the drop buffer described above four monomers (see Results and Discussion section). Topol-

plus 5 mM Fru-1,6-B trisodium salt octahydrate (Fluka)

ogy and parameter files for Fru-1,6-Rere generated using

and 15% 2-methyl-2,4-pentanediol. The soak solution also the xplor2d program in the CCP4 suitg5] and modified

serves as a cryoprotectant.

Data Collection.Data were collected by freezing the cryo-
protected soaked crystal directly in a stream of nitrogen
cooled to—180 °C using Cukux radiation from a Rigaku

using parameters obtained from the energy-minimized struc-
ture of Fru-1,6-Rin the program QUANTA97 (MSI, Inc.).
The final structure had aR-factor of 0.228 and a free
R-factor of 0.274 using data in the resolution range 160.0

RU300 rotating anode X-ray generator equipped with a 2.3 A and nd~/o intensity cutoff. The final structure contains

Raxis-Il imaging plate area detector. A crystal-to-detector
distance of 120 mm and°loscillations were used. The

residues 2344, 385 water molecules, and 2 Fru-16-P
molecules. The model included residue 344 as a B® (

autoindexing routine in DENZO was used to determine the 43), which Blom and Sygusch2Q) had assigned as a Ser

unit cell constants 33). The programs DENZO and

SCALEPACK were used to index and reduce the data,

respectively. The assignment®®; was made by assessing

based on electron density (accession code lado). The
geometric parameters of the model have been analyzed with
PROCHECK 44) and are within the expected deviations

systematic absences. The data set, obtained from a singldrom ideality calculated from other structures determined to

crystal, was 95% complete to 2.3 A resolution with lém
ratio of 2.4 in the highest resolution shell.
Structure Determinatiorilhe initial phase information was

determined by molecular replacement using the program

AMoRe from the CCP4 program suitgd4, 35. The number

2.3 A resolution. The coordinates have been deposited with
the Protein Data Bank (accession code 6ald) and are also
available from the corresponding author upon request.

RESULTS AND DISCUSSION

of molecules in the asymmetric unit was calculated to be 4  Structure Determination The rabbit muscle K146A-

[assuming a Matthews constant of 2.3 Ba™! (36)]. The
self-rotation function calculated with the program GLR#)(
using data in the resolution range 449 A gave results
consistent with th@22 symmetry revealed in previous crystal
structures of Fru-1,6-Raldolase 16, 19. The probe structure

aldolase A, in complex with Fru-1,6;Pcrystallizes in the
space groupg?2, with four monomers per asymmetric unit.
The crystal structure was determined by molecular replace-
ment (Table 1) and refined to 2.3 A resolution with a
crystallographicR-factor of 0.228 and a fre®-factor of

used was the backbone of the aldolase tetramer (pdb0.274. The Ramachandran plot shows that 89% of the

accession code lado) comprised of residue34B from the
1.9 A structure by Blom and Sygusc®Qj. A sphere radius

of 40 A and data from 20.0 to 4.0 A resolution witho(F)

> 0 were used in rotation and translation function calcula-
tions. The molecular replacement solution provided an initial
structural model with a crystallographiR = 42.3. The

residues are in the “favored” regions defined by PROCHECK,
with the remaining 11% of the residues falling in the
“allowed” regions. The structure is well-defined with an
averageB-factor of 26.2 & for both main-chain and side-
chain atoms. The final model comprises protein residues
2—344, a total of 385 water molecules in the tetramer, and

tetramer model including side chains was then rotated and2 Fru-1,6-B molecules in 2 of the 4 monomers. The 19
translated using the molecular rotation solution and subjectedC-terminal residues are too disordered to be accurately

to refinement.

Refinementrive percent of all reflections were excluded
from the refinement for the calculation of the frRefactor
(38). Rigid-body refinement was performed in the program
X-PLOR (39) defining each monomer as a rigid body to
refine the noncrystallographic symmetry (NCS) operators.

modeled. For other structures of aldolase, the C-terminal
region (residues 345363) was disordered with no model
for this region includedq1, 16. Two previously published
structures that include the 19 C-terminal residi¥ssophila
aldolase 19), and DHAP-bound rabbit aldolase 2Q) (pdb
entries lald and lado, respectively) place the C-terminal

The NCS operators were then calculated from the model region in different conformations. The C-terminal region of

output by X-PLOR using the Isg_explicit routine in the
graphics program O40). These symmetry operators were

Fru-1,6-B aldolase has been implicated in substrate binding
in biochemical studies involving chemical modificatiatb),

used to impose strict NCS constraints in the first two rounds truncation 46—48), and site-directed mutagenest9( 50.
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monomers A and B. One interpretation of this result is that
there is half-site reactivity in Fru-1,6;Paldolase. The
observation of such half-site reactivity is precedented by

Table 1: Data Collection and Refinement Statistics

Data Collection

resolution 0—2.3A ! ! -
reflections 62360 biochemical studies of Fru-1,6;Rldolase at low tempera-
completeness (outer shell) (%) 95.3 tures with DHAP as substrat®3—55). This is consistent
Reym (inner shell/outer sheft) 0.097/0.182 with the observed X-ray crystallographic structures of this
Vo (outershell) o 24 K146A-Fru-1,6-B complex and the aldolas®®HAP com-
orotein atoms (nsifggzgzgn?ta“sncs 10456 plex (20). In both structures, the Fru-1,6-Rnd DHAP,
no. of water molecules 385 respectively, were founq in the same two monomers of the
no. of Fru-1,6-p molecules 2 tetramer. The oligomeric organization and/or monomeric
resolution 100.62.3 structure of Fru-1,6-Paldolase does not provide structural
grcgtgrlfographm factor %228 evidence to explain why one dimer pair 8) binds
frgeR-factorb 0.274 substrate in a structurally ordered fashion and the other pair
meanB-factors (&) 26.21 does not.
rms deviation The Fru-1,6-Ris bound, but not covalently linked, to the
gggflss 2-22‘; Schiff base-forming Lys-229. This finding is consistent with
dihedrals 25238 the kinetic studles_ of K146A—aldola_se agalnst_the subs?rate
impropers 0.619 Fru-1,6-B. K146A is capable of forming the Schiff base with
aR=3[(I — <I>)3/5 | 2 b The freeRfactor 38) was calculated Fru_-l,G-B, albeit at a greatly reduced rate compared to the
from a random selection constituting 5% of the data. native enzyme (1Bfold slower). The K146A mutant does

not catalyze the €C bond cleavage reactiod®). Thus,

the substrate species bound to K146A when Fru-%,&P
soaked into crystals of the mutant enzyme is expected to be
either the unreacted Schiff base or the Michaelis enzyme
substrate complex formed before the covalent Schiff base
adduct is made. The observed density is thus consistent with
the latter possibility. Alternatively, if Lys-146 were essential
for catalysis of ring-opening, then the cyclic form of the sugar

More recently, many of the isozyme-specific residues in
vertebrate aldolases have been located in the C-terminal
region 61, 52. The inability to satisfactorily localize the
C-terminus has largely been attributed to conformational
changes in the protein upon substrate binding and the
limitations of crystallographic experiments in which the

substrate is soaked into existing crystals (i.e., protein motion (8 anomer) might be observed. Models for cyatie and

is restrif:ted by crystal_contac_ts or sqaking c.onditions). B-Fru-1,6-B pyranose from the protein data bank (accession
Protein StructureAs is consistent with the tight noncrys-  code 1fbh) were fit into the observed electron density in the
tallographic symmetry restraints used during refinement, the gctive site of the K1464Fru-1,6-R complex. Neither thet
monomers comprising the tetramer are nearly identical to nor thes anomer fit the electron density as well as the linear
one another with a root-mean-squared (rms) deviation of form of the sugar. The Fru-1,6;Rs bound in its linear,
0.008 A. Both the tertiary fold of the monomer and the extended form with the C1-phosphate group in the vicinity
relative orientation of the monomers in the tetramer in the of Lys-229 and the C6-phosphate near Arg-303. Although
aldolase-substrate complex are similar to those of the native the ligand density alone cannot be used to distinguish the
human aldolasel@), which indicates that no gross confor- C1-phosphate from the C6-phosphate, the model was built
mational changes occur upon mutation of K146A and/or with the orientation that allowed the closest proximity of
binding of substrate. The rms deviation for the common 343 pe C2-carbonyl to Lys-229 and which was consistent with
Ca atoms (excluding the disordered C-terminus) between the position of the analogous phosphate in the DHAP-bound
the native human enzyme and this complex is 0.331 A. The gtrycture p0). Figure 2 is a schematic representation of Fru-
protein structure is also similar to the rabbit muscle aldolase 1 g-p, binding including interatomic distances between
complexed with DHAP 20) with an rms deviation for the  hydrogen bond donors and acceptors of substrate and protein.
343 common @ atoms of 0.337 A. Structural changes due The C1-phosphate binding site is made of backbone nitrogens
to the mutation of K146A and/or substrate binding for the of Ser-271, Gly-272, and Gly-302 and th@mino of Lys-
observed residues are therefore restricted to side-chainpog The groups proximal to the phosphate oxygens are
movements. potential proton donors, which is consistent with a fully
Substrate Binding and Orientatioithe electron density  ionized phosphate. The residues Asp-33 and Glu-187 also
in the Fru-1,6-R binding site is different among subunits make hydrogen bonds to the C1-phosphate group via water
(called here monomers A, B, C, and D) of the tetramer, with molecules. The phosphoester oxygen O1 makes a hydrogen
two subunits showing clearer electron density for the bond to the backbone nitrogens of Gly-302 and Gly-272 and
substrate relative to the other two. To test whether the ligandthe hydroxyl of Ser-271. In comparison, the number of
was bound to these subunits in the same relative orientation,interactions made to the C6-phosphate of Fru-1,G
electron density maps were averaged over all possible pairsfewer and involve three conserved basic side chains: Lys-
of monomers and the tetramer as described under Material41, Arg-42, and Arg-303. This structural evidence, which
and Methods. The electron density map made by averagingshows interactions with flexible protein side chains rather
over monomers A and B showed clear electron density for than the main chain, suggests that the C6-phosphate may
the substrate (see Figure 1) while the maps made bynot bind as tightly as the C1-phosphate. This result is also
averaging over monomers C and D showed little density in consistent with substrate specificity studies which show that
the active site. The K1464ru-1,6-B complex was therefore  Fru-1,6-B aldolase catalyzes the bond cleavage of Fru-1,6-
built with a model for Fru-1,6-Pin the active sites of only P, and Fru-1-P, but not fructose 6-phosphate (Fru-628).
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Ficure 1: Stereoview of electron density showing Fru-169Rirrounding residues, and ordered water. The C1- and C6-phosphate groups

are labeled P1 and P6, respectively. The electron density froRy aZ. omit map (contoured at 1.6) averaged over monomers A and

B is depicted as magenta cages while the atomic coordinates are depicted as ball-and-stick models. This figure was rendered using the
programs MOLSCRIPT70) and POV-Ray (Persistence of Vision Ray Tracer, Version 3.01).

Asp33
Lys229
|
HoN
381
6
\./
0:: 28\0 -------- HO

Arg303

FIGURE 2: Schematic representation of the enzymic amino acids interacting with the substrate Fsinlj&K146A active site. Potential
hydrogen bonds between the substrate and groups withie- 2@ A are denoted by dashed lines.

Perhaps the lack of catalytic activity against Fru-6-P, which  Substrate binding does not depend solely on the binding
is an inhibitor but not a substrate for the enzyme, is the result of the substrate phosphate groups to enzyme. Fru-lase

of poor alignment of the substrate in the active site, with binds the enzyme via interactions with the sugar carbonyl
the C6-phosphate binding at the C1-phosphate binding siteand hydroxyl groups. The substrate C2-carbonyl makes a
(nonproductive binding). hydrogen bond to the backbone nitrogen of Arg-303 while
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importance of Arg-303 in catalysis is consistent with the
structure of the mutant enzyme with Fru-1,688und, which
shows Arg-303 binding two C6-phosphate oxygens and the
C6-phosphoester oxygen. The Glu-34 mutation has only a
slight effect (14-fold) onk../Km, which is consistent with
the more indirect role it plays by making a salt bridge in the
unbound enzyme. R42A has a comparable decreakg{in

Km to E34A, indicating that this residue may not interact as
strongly with the substrate or that Arg-303 has a dominant
role in binding. In the K146AFru-1,6-B complex structure,
there are two possible hydrogen bonds from Arg-42 to the
C6-phosphate (Figure 3).

The role of these residues in the C6-phosphate binding
site was tested further by analysis of the kinetics of the
mutant enzymes toward Fru-1-P as substrate, which obvi-
ously lacks the C6-phosphate group (Table 3). The result
for R303A is that, while the fold change kg./Kn, with Fru-
FIGURE 3: Superposition of the active sites of the K146fu-1,6-  1-P IS nearly the same as for Fru-1,6-the effect is due to
P, complex (yellow), unbound human aldolase (red), and aldelase the difference inkes, not in K. The K107A, R148A, and
DHAP complex (blue) depicted with ball-and-stick models. The E34A mutants had the sankg, as wild-type enzyme with
Fru-1,6-R is shown in yellow. The catalytic Lys-229 is shown for Fru-1-P, and thé&,, for R303A and R42A with Fru-1-P was

reference. With respect to its position in the K146A structure, Arg- - : . S
303 of the unbound structure is rotated out of the binding site and only slightly higher than that for wild type. Whiln is not

makes a hydrogen bond to Glu-34. This figure was rendered using Necessarily equivalent to the binding constant, the changes
the programs MOLSCRIPT70) and POV-Ray (Persistence of are consistent with both the structure here and the structure

Vision Ray Tracer, Version 3.01). of aldolase A bound to Fru-1,6;Pecently published2g),
indicating that these residues are all involved in C6-phosphate
binding. The lack of a significant change k&, for Fru-1-P

in these mutant enzymes also indicates that it is unlikely
that there is a unexplained structural rearrangement of the
protein due to these mutations. The fold decreasé&gfor

the R303A, E34A, and R42A mutant enzymes are similar
for Fru-1,6-RB and Fru-1-P, while the fold decreaseskig:

= ®
o

Argd2
Lysél . -

Glud4

wz‘)

& o

Lys107

the C3- and C5-hydroxyl groups of Fru-1,6-€ach make a
hydrogen bond to the backbone nitrogen of Gly-273, which
may account for some of the stereospecificity at 68—
58).

The averagé-factor for the substrate is 65.42Awhich
is not unexpected since thigfactors of side chains in the
vicinity of the binding site are similar to this (4070 A?) in for K107A and R148A are less for Fru-1-P compared to Fru-
the DHAP-bound aldolase. THe-factors probably reflect  1,6-R. It is noteworthy that the K107A mutant enzyme
an occupancy of less than 1.0, which was the value for appears to behave identically to wild type in bdth and
occupancy used in the refinement. A lower than 100% k., with Fru-1-P as substrate. Th&, results indicate that
occupancy could be attributed to the fact that the substrateboth Lys-107 and Arg-148 play a role in interactions with
concentration may have been lower than required since theC6-phosphate sometime during the catalytic cycle, which is

Km for K146A is unknown 17), although the concentration
used was 250 times the wild-typ&,.
Site-Directed Mutagenesis of Residuesadlaed in Sub-

consistent with the ligand binding site in a structure recently
determined 26). The k¢ results indicate that, with the
exception of Lys-107 and Arg-42, all the mutated residues

strate Binding.The possibility that this structure represents are involved in rate-limiting steps in the catalytic cycle
a nonproductive binding mode was addressed by site-directedcommon to both substrates, such as product reldskel {7,
mutagenesis of residues unique to this site. These include22).

the side chains of Arg-303 and Arg-42, which are part of  Both the liganded structure and the site-directed mutagen-
the C6-phosphate binding site. The kinetic results were esis results indicate that Arg-303 plays an important role in
compared to those for site-directed mutants of alternative the aldolase mechanism. In addition, previous modeling
C6-phosphate binding residues previously propoSedg0. studies using the unliganded human aldolase A have
Arg-303 is the residue that shows the greatest change inimplicated Arg-303 in substrate binding3). Arg-303 has
conformation upon binding (see section below and Figure been proposed to be involved in binding the cyclic form of
3). In the unbound structure, Arg-303 forms a salt bridge the substrate 26). Furthermore, it is interesting that a
with Glu-34 (16), and in the liganded structure, it interacts naturally occurring mutation in aldolase B that causes
closely with the substrate C6-phosphate. Single-site mutantshereditary fructose intolerance has been identified as Arg-
of Arg-303 and Glu-34 were made. Using purified mutant 303 substituted with Trp9). Although the possibility exists
protein, the kinetic constants were determined and comparedhat the crystal contacts or the K146A mutation are respon-
to wild type and other previously published mutatiof4)( sible for stabilizing the binding mode observed here, this
involving this and other previously proposed C6-phosphate structure is consistent with the kinetic data and can be
sites (Table 2). The Arg-303 to Ala mutation has a consider- explained in the context of other structures.

able effect ork../Kn (400-fold decrease) and is comparable ~ Comparison with Unbound Enzyme and Enzyimduct

to similar mutations mades() at other residues previously Complex.As described in the section on protein structure,
proposed to be implicated in binding from chemical modi- there are no gross conformational changes in the K146A
fication studies, such as Lys-1060) and Arg-148 §9). The Fru-1,6-B complex caused either by the mutation or by
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Table 2: Steady-State Rates of Fru-16cPeavage for C6-Phosphate Binding Site Mutants

fold fold fold
aldolase Keat(S™3) decrease Km (uM) increase KealKm (M~1s71) change
wild type? 14+0.3 - 14.3+0.7 - 98000Gt 50000 -
R303A 0.61+ 0.05 23 250+ 21 17 2400t 200 400
R42p0 6.8+ 0.3 2 45+ 5 3 151000+ 17000 7
E34A 2.2+0.1 6 32+ 3 2 69000+ 6500 14
K107AP 0.235+ 0.007 60 170t 12 12 1400+ 100 700
R1484° 0.20774+ 0.00005 70 14% 7 10 14704+ 70 670
3(21). (6.
Table 3: Steady-State Rates of Fru-1-P Cleavage for C6-Phosphate Binding Site Mutants
Keal Km
aldolase Keat(s™4) fold decrease Km (MM) fold increase (M~1s) fold change
wild-type? 0.37+ 0.07 - 6.5+ 2 - 60+ 20 -
R303A 0.0062+ 0.0007 60 19t 2 3 0.33+ 0.05 100-300
R42A 0.17+0.04 2 14+ 4 2 12+ 4 3-10
E34A 0.055+ 0.009 7 9.9+ 0.7 1 5.6+ 1.0 10
K107A 0.36+ 0.03 1 6+ 1 1 60+ 10 -
R148A 0.023£ 0.002 15 9.5+ 1.0 1 2.4+ 0.3 25

aValues indicated here are similar to those published elsewleil),

binding of the natural substrate Fru-1,8-FPhe Fru-1,6-P from the active site forming a salt bridge with Glu-34. In

binding site itself overlaps the binding site found for the the K146A structure, Lys-41 is pulled toward the C6-

product DHAP molecules visualized in the previously phosphate of substrate and is closer to Arg-42, while in the
published DHAP structure2Q). In the published structure, DHAP structure Lys-41 is pointed away from the substrate/
two of the three alternate orientations of DHAP are located product binding site. The difference in position is not as great
in the same enzyme monomer, and the third DHAP is similar for Arg-42. Notably, this residue makes a hydrogen bond to
in location to one of the other two. Thus, in that structure Glu-34 in the DHAP-bound structure (as opposed to the Arg-
there are two major conformations for DHAP; however, all 303/Glu-34 pair in the unbound structure). In contrast, Arg-
three DHAP models possess a common location for the 148, which is not close enough to interact electrostatically
binding of the Cl-phosphate group, which coincides with with the bound Fru-1,6-Pdoes not change position signifi-

the binding site for the C1-phosphate of Fru-16huPthe
K146A-Fru-1,6-B complex. The monomer with the two

to the K146AFru-1,6-B complex. Figure 3 shows the
K146A-Fru-1,6-B complex superimposed with the aldolase

cantly in the K146AFru-1,6-B complex when compared to
the unbound and product-bound structures and makes an ion-
alternate DHAP binding modes was chosen for comparison pair with Glu-189 (not shown).
The rate-limiting or partially rate-limiting step in Fru-1,6-
P, cleavage has been proposed to be product reledse (

DHAP complex, excluding the DHAP ligand. Also super- 17, 22, but a partially rate-limiting conformational change
imposed is the unbound human aldolase structi® The has also been suggest@$(63. The conformational change
positions of Ser-271 and Lys-229 residues which bind the hypothesis is especially attractive since residues in the
Cl-phosphate in all the liganded models do not differ C-terminus of aldolase have been shown to be important to
significantly in all three structures. Thus, no movement of catalytic activity @5, 47, 49, and since the C-terminus
these residues is necessary to accommodate either th@ppears to be extremely mobile [since it is either absent or
Michaelis complex with Fru-1,6-For the enzyme-product appears in different positions in X-ray crystallographic
complex relative to the native enzyme conformation. The structures 16, 19, 20]. In the DHAP-bound structure, Arg-
fact that Lys-229 does not shift position is important to the 303 makes a salt bridge with a residue in the C-terminus,
argument that the K146A mutation has not caused a Glu-354, replacing the Arg-303/Glu-34 pair observed in the
movement of this essential catalytic nucleophile from that unliganded structure. The rearrangement of Lys-41, Arg-303,
conformation normally adopted (although it is possible that and Glu-34 upon binding of Fru-1,6-Rand subsequent
the Michaelis complex may have adopted a different rearrangement upon-€C bond cleavage and dissociation
conformation were there no mutation). A much more of the first product G3P) could be the trigger for the change
profound rearrangement of the residues comprising the C6-in conformation of the C-terminus, which might explain the
phosphate binding site was observed. keat €ffects seen with the R303A mutant enzyme, and to a
In the C6-phosphate binding site observed in the K146A lesser extent E34A, toward both Fru-1,6-8hd Fru-1-P
Fru-1,6-B complex, there are movements in the side-chain (Tables 2 and 3). Figure 4 shows the electrostatic potential
conformations of residues involved in binding relative to their surface for the native and K146Rru-1,6-B structures with
positions in unbound enzyme and enzynapeoduct complex Fru-1,6-B depicted in the mutant structure (Fru-1,6-P
(Figure 3). The side chains of Lys-41, Arg-42, and Arg-303 molecule excluded from electrostatic surface calculation). A
are changed in position such that their terminal amino or positively charged active-site cleft is clearly visible in both
guanidino groups are pointed toward the C6-phosphate ofstructures. In the native structure, the Arg-303 residue is part
Fru-1,6-B. The largest such movement occurs in the side of a surface with a net neutral electrostatic charge (partly
chain of Arg-303, which in the native structure is folded back due to the interaction of Arg-303 with Glu-34). In the
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T

Ficure 4: Electrostatic potential surface of native human aldolase (left) and the KE46A ,6-B complex (Fru-1,6-Pnot included in the
calculation) with Fru-1,6-Pshown as a yellow space-filling model with purple phosphate groups (right). The protein electrostatic surface
was contoured at-15 KT (red, most negative) ant35 kT (blue, most positive). The active site and phosphate binding site residues are
labeled. Upon binding of Fru-1,6,Fthe active site is partially occluded by movement of Arg-303. All surfaces were calculated and displayed
using the program GRASF' Q).

liganded structure, the Fru-1,6-8ugar molecule is partially  phosphate binding site found in the Kl146#Au-1,6-B
occluded by the side chain of Arg-303 which has moved to complex (backbone nitrogens of Ser-271 and Gly-272).
close over the active site and the substrate. Because the sallowever, the C6-phosphate binding subsite is distinct and
bridge with Glu-34 is broken, Arg-303 shows a net positive includes the side chain of Lys-107 in the human aldolase
charge. The rearrangement of the side chains involved instructure. Thus, the two Fru-1,6-Bound aldolase structures
the binding of the C6-phosphate of Fru-1,6-Fas not are inconsistent with regard to the C6-phosphate binding
perturbed significantly the calculated electrostatic surface sites. Arguments could be made that either one or both
potential with respect to the native or DHAP-bound complex represent unproductive complexes that are not mechanisti-
(not shown). The mutation of Lys-146 to Ala did not cally relevant. The mutagenesis of Lys-107 and the different
significantly change the calculated electrostatic surface kinetic effects toward the two hexose substrates (Tables 2
potential of aldolase, except for an extremely localized effect and 3) support that the conformation of hexose with the C6-
making the pocket less positively charged. phosphate near Lys-107 is productive. Likewise, the evolu-
Implications for the Catalytic MechanismWhile this tionary conservation of Arg-303@), its implication as a
manuscript was in preparation, the crystal structure of wild- phosphate binding site for Ins(1,4,5)@4), its identification
type human muscle aldolase A complexed with Fru-1,6-P in an inactivating R303W mutation in aldolase B that causes
was reported to 2.8 A resolutio8). The rabbit and human  disease9), and the loss of activity upon mutation (Tables 2
muscle enzymes are identical for all intents and purposes:and 3) are all evidence for the involvement of Arg-303 in
there are 5 amino acid substitutions in the 363 residue the mechanism. From these lines of evidence it is most Iiker
primary sequence, an extremely low (0.331 A) rms deviation that the K146AFru-1,6-R structure represents a kinetically
in the crystal structures, and no significant difference in the relevant conformation of the substrate. If both complexes
kinetic constants. Like the structure reported here, the humanare therefore relevant to the mechanism, two binding modes
muscle aldolase #ru-1,6-B complex was obtained by for hexose must occur during the catalytic cycle.
soaking preformed crystals in a solution of Fru-16-P As mentioned above, the binding site revealed by the
Furthermore, the complex observed for the human aldolasestructure of this K146Aru-1,6-B complex does not position
A also reveals the linear form of the sugar bound nonco- the substrate in the proper orientation for catalysis via a Lys-
valently in the active site. Although the enzymes in the 229-substrate adduct. There is biochemical evidence that
K146A and in the human aldolase A complexes are capablering opening occurs after binding to the enzyné®,(66,
of catalyzing Schiff base formation, a significant amount of although this anomerase activity of aldolase A is equivocal
Schiff base does not accumulate during the soak time of thesg67, 6§. The fact that binding at the subsite presented here
X-ray diffraction experiments (8 h for K146Aru-1,6-B and is distinct from that required for cleavage might indicate that
several days for the human enzyme). In the mutant K146A, it could be the site for ring opening. The K146Au-1,6-B
the rate of Schiff base formation is 27 000-fold decreased structure indicates that the movement of the substrate into
compared to wild typel(7). The rate of conversion to the the catalytic position could be accomplished by movement
Schiff base may be significantly slower in the crystal, of the C6-phosphate while the C1-phosphate binding site
especially if Schiff base formation is preceded by some remains the same.
alterations in the enzyme conformation. Such an argument Both the structural evidence and the kinetics of the mutant
would explain the lack of Schiff base formation in both Fru- aldolases are consistent with the existence of two alternative
1,6-B complexes. It should be noted, however, that the two C6-phosphate binding subsites. Movement between subsites
aldolase-hexose complexes were grown under different js achieved by repositioning the Fru-1,6-# found in the
crystallization conditions and yielded different space groups. K146A-Fru-1,6-B structure toward Lys-107, placing the C-2
The binding mode for substrate found in the human carbonyl in position for nucleophilic attack by Lys-229. Arg-
aldolase AFru-1,6-B complex @6) shows the same C1- 148, rather than acting as a Cl-phosphate liga5@), (
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remains in an ion-pair with Glu-189, and the methylene 19. Hester, G., Brenner-Holzach, O., Rossi, F. A, Struck, D. M.,
groups of this side chain lie along one wall of the active- \L/\gtrt]tezrggltzeé%K'zﬁzq Smit, J. D., and Piontek, K. (19F(BS
e el ) 0, 20 o, N, ych 2 1ot S, il 42625

: It ! 21. Morris, A. J., and Tolan, D. R. (1993) Biol. Chem 268,
movement of the substrate might trigger the movement of 1095-1100.
the C-terminus by release of Arg-368ubstrate binding and 22. Morris, A. J., Davenport, R. C., and Tolan, D. R. (1996)
subsequent interaction of the guanidino group with Glu-354, Protein Eng. 9 61-67.
a conserved residue in all aldolase A enzymes. This is 23-Blonski, C., De Moissac, D., Perie, J., and Sygusch, J. (1997)
consistent with the effects dga in the R303A mutant with Biochem. J. 32371-77.

24. Hartman, F. C., and Barker, R. (19@ipchemistry 41068—
both Fru-1,6-pand Fru-1-P. 075, (1968 Y

This structure raises a number of questions, such as how 25. Sygusch, J., and Beaudry, D. (198%)Biol. Chem 259,
the substrate moves between subsites on the enzyme and  10222-10227. _ _ _
what role the C-terminus plays, if any. Future studies will 26 Da."byvai ga‘;terv Z., and Littlechild, J. A. (1998)otein
involve trapping the sgbs?rat_e_ bound to the_ su_bsite for 27_552;]98‘3“9,:: N?cklen, S., and Coulson, A. R. (1. Natl,
covalent catalysis by using inhibitors, cocrystallization, and/ Acad. Sci. U.S.A. 756463-5487.
or reduction of the hexoseSchiff base with sodium boro- 28. Barr, P. J., Thayer, R., Laybourne, P., Najarian, R. C., Seela,
hydride and subsequent crystallization. Previous attempts at ~ F., and Tolan, D. R. (198@io/Technology 4428-432.
crystallization of the borohydride-reduced enzyrsebstrate 29. Laemmli, U. K. (1970Nature 227 680-686.
complex using the wild-type enzyme have been unsuccessful, 30- ESaraggs"isskng" and Niederland, T. R. (1949)Biol. Chem.
possibly dug to.the heterogeneity produced by t_he existence 5 RE?cker, E (1'952_)_ Biol. Chem. 196347—351.
of a combination of hexose and DHAP-Schiff base 32. Cleland, W. W. (1990Enzymes (3rd Ed.) 199-158.

enzyme forms&9). K146A, which does not go on to form 33, Otwinowski, Z., and Minor, W. (199 Wlethods Enzymol. 276

the DHAP-Schiff base, would be ideal for these experi- 307-326.
ments. 34. Navaza, J. (1994)cta Crystallogr. A50157—163.
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