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Abstract The enzymatic reaction carried out by class | fructose-1,6-bisphosphate aldolase is known in
great detail in terms of reaction intermediates, but the precise role of individual amino acids in the
active site is poorly understood. Therefore, on the basis of the crystallographic structure of the complex
between aldolase and dihydroxyacetone phosphate a molecular modelling study was undertaken to
predict the Michaelis complex with fructose-1,6-bisphosphate and several covalent enzymatic reaction
intermediges. This model reveals the unknown 6-phosphate binding site and assigns distinct roles to
crucial esidues.Asp33 is responsible for aligning the 2-keto function of the substrate correctly for
nucleophilic attack by Lys229, and plays a role in carbinolamine formation. Lys146 assists in
carbinolamine dehydration and is essential for stabilising the developing negative charge on O4 of
fructose-1,6-bisphosphate during hydroxyl proton abstraction by Glu187. Subsequently, Glu187 is also
responsible for protonating C1 of the dihydroxyacetone phosphate enamine. In addition, the absolute
configuration of the fructose-1,6-bisphosphate carbinol intermediate is shown2§) bie @greement

with the crystal structure, but opposite from the interpretation in the literature of the stereospecific
reduction of the aldolase fructose-1,6-bisphosphate complex with sodium borohydride. It is demon-
strated that the outcome of the latter type of experiment critically depends on conformational changes
triggered by Schiff base formation.
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of aldolases can be distinguished. Class | aldolases, mainly
present in higher eukaryotes, are homotetramers. They form

) o ) a covalent imine intermediate with the substrate during ca-
Despite a plethora of kinetic, mutagenesis and structural gy sis, and are the subject of this paper. Class Il aldolases,

periments on class | fructose-1,6- bisphosphate aldolase [1y¢dinly present in eubacteria, requiré?Zor sometimes Peé

a full understanding of the catalytic mechanism is limited B\hough vertebrates have three class | aldolase isoenzymes,
the lack of an atomic model of the binding mode of the subyjled A, B and C, all are believed to employ the same cata-
strate fructose-1,6-bisphosphate (Fru-15-Fhe precise role |ytic mechanism [2].

of the various amino acid residues in the active site is espeThe currently accepted mechanism of class | fructose-1,6-

cially controversial [2-4]. Recently, the structure of a Michagisphosphate aldolase has largely been derived from kinetic
lis cqmplex between the rabbit muscle enzyme and the prgigies. It consists of the following seven steps shown
uct dihydroxyacetone phosphate (DHAP) at 1.9 A has b@nhematically in Figure 1 (all residue numbers in this paper
come available [5]. Here, we will show that this structure jgfer to the rabbit muscle enzyme):
the key to further insight into the enzymatic mechanism via (i) the B-furanose form of Fru-1,6,P81 % of the iso-
molecular modelling studies. meric species in solution [6],undergoes ring opening when
Fructose-1,6-bisphosphate aldolase (EC 4.1.2.1&)ynd to the enzyme [7]; (ii) Lys229 carries out a nucle-
catalyzes the reversible cleavage of fructose- 1,6-b|sphospia%tﬁ|ic attack on the carbonyl of Fru-1,68,9], and forms
into glyceraldehyde-3-phosphate (G3P) and dihydroxyacetq)igansient carbinolamine [10,11]; (iii) the carbinolamine un-
phosphate (DHAP), and is thus important in glycolysis agdrgoes dehydration, yielding the Schiff base (imine) of Fru-
gluconeogenesis. It can also cleave fructose-1-phosphatg.p, [12]; (iv) a proton is abstracted from the 4-hydroxyl,
which is of significance in fructose métdism. Twotypes after which the C3-C4 bond is broken and the enamine of
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Figure 1 Mechanism of class | fructose-1,6-bisphosphate aldolase
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DHAP is formed [13,14]; (v) glyceraldehyde-3-phosphaia the active site; moreover, the implicated residues are not
(G3P) is released, and the enzyme protonates the enantoeserved. Thus far, only one catalytically relevant molecule
forming the Schiff base of DHAP [15]; (vi) water attacks thieas been observed in the active site of aldolase, the cleavage
Schiff base and a carbinolamine is formed [10]; (vii) the bopdoduct DHAP [5]. It was observed in three binding modes,
with the Lys 229 amine breaks, DHAP is formed and releaseldich all share the same phosphate moiety locus. Only in
from the enzyme [11]. Besides the undisputed Lys 229, sene of the binding modes does C2 come within contact of the
eral residues have been implicated in this mechanism, Ndtof K229, making it a likely candidate for the Michaelis
their roles are subject to multiple possible interpretationsdamplex. This structure is an excellent starting point to ex-
the absence of a structural model. On the basis of mutatomine the catalytic mechanism of aldolase by molecular
studies, Asp 33 was put forward as the base responsiblenfiodelling.
proton abstraction in step 4 [16], but so was the C-terminus
Tyr 363 [3]. Chemical inactivation studies led to suggestions
that Lys 107 might interact with the 6-phosphate of Fru-1,
P, [17,18], while Arg 52[19] and Arg 148 might recognise
the 1-phosphate [20]. On the grounds of mutational studies, ) . )
Lys 146 appears to be important, but not less than five podditoughout this paper the atomic numbering of Fru-1,6-P
ble roles have been suggested for it [3,4,21]. Also, Glu 18"as been transferred to DHAP to facilitaliscussion. Ad-
crucial for catalysis [22], but evidence for its proposed rd€ring to nomenclature rules would lead to confusion since
in carbinol dehydration is circumstantial. It appears thus tifa of Fru-1,6-Ris equivalent to C3 of DHAP, anite versa
the catalytic mechanism is well understood in terms of sub- The Michaelis complex between aldolase and DHAP [5]
strate intermediates but not in terms of the enzyme. ~ €xhibits the following interactions (Figure 2): (i) the phos-
Various crystal structures have shed some light on the c&a@te is sequestered by three protein backbone nitrogens, of
lytic mechanism. Tus far, the three-dimensional structureser 271, Gly 272 and Gly 302; the latter residue is at the N-
of rabbit muscle [5,23], human muscle [2@osophila terminus of a helix, gharacterlstlc for phosphate binding sites
melanogastef25] andPlasmodium falciparunaldolase [26] [27]; the phosphate is also a hydrogen bond donor to the car-
have been reported. Each of the enzyme monomers is a @8Y! of Ser 300, consistent with evidence that the enzyme
sical Ba), barrel with the implicated catalytic residues posprefers a mono anion at that site [28]; (i) C1 and C2 are in
tioned fairly deeply in the centre. The @aces of all struc- hydrophobic contact with the side chalr) of Ala 31; C_2 is also
tures superimpose within 1.5 A r.m.s. deviation when the @.3.1 A fom the N of Lys 229, the residue responsible for
terminal tail of the enzyme is excluded from the comparis§ifming the Schiff base; (iii) the keto oxygen 02 is 2.8 A
[26]. These last 20 residues adopt widely divergent confiom both N of Lys 146 and & of Asp 33; the latter implies
mations, even between different monomers of the same ®&t Asp 33 is protonated, in agreement with its position in a
zyme. The crystal structures have put to rest early claims Pgtially hydrophobic environment at the bottom of the en-
that Cys residues are involved in catalysis as there are nyige barrel (& at 3.7 A from Ala 31 and 3.9 A from lle 71;

folecular modelling
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0% at 4.2 A from lle 71); iv) the O3 hydroxyl hydrogen of 10°, local minima were optimised and further subjected to
bonds withLys 146 and Glu 187. Our starting hypothesaom-by-atom gowth. Branches of the gwth process that
was that all of the obsexd interactions of DHARvould be led to unresalable clashes with the qotein, even by local
maintained in the Michaelis congsl with Fru-1,6-B. proteinrelaxation, wee prunedAn example of sah a banch
Three diferent and independe@pproaches vere tken is the one that maintains the C1-C2-C3-03 torsion angle of
to model the Fru-1,6-fbinding mode. Fst, Fru-1,6-Bwas 101° obsered for DHAP it leads to serious clashesween
grown atom-by-atom in the enzyme binding site startiogif C4 and the sidehains ofLys 146, Glu 187 andys 229.
the crystalbgraphically obsered DHAP coordinates usingEventualy, this gowth process resulted inegen potential
the molecular modelling package BIOGRAF [29] in conjundinding modeldor Fru-1,6-B that were examined,; their in-
tion with the Deiding forcefield [30] under diault condi- teraction enmies were: -2, -24 -35, -36, -37, -39 and -80
tions After each atomddition a full corformational se@h kcal/mol. Only tvo modelsexhibited substantial coordina-
about the mwly formed torsion anglevas carried out in stepstion of the 6-phosphate, and both put the 6-phosphate in the

E1i3
E1G7

G227 e

|77

Figure 3 Proposed binding mode afufctose-1,6-bisphospte to aldolas. VRML scene with hydgen bonds irgreen
lines; drawn with MOLSCRIPT [43]
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same locus. One of the two corresponded to the global mamit orientation. It still makes a hydrogen bond with Glu 187
mum at -80 kcal/mol and was therefore considered to corpet has lost the one with Lys 146. The O4 hydroxyl also in-
spond to the Michaelis complex. teracts with Glu 187, while the O5 hydroxyl points into sol-
Second, Fru-1,6-Rvas docked into the binding site by awvent. Experimentally, O5 has been shown to be dispensable
extensive Monte Carlo search procedure implemented in #sethe Km of 5-deoxy-fructose-1,6-bisphosphate is 20 times
program QXP; 1,000 cycles were run [31]. QXP uses a difyhter than of Fru-1,6-bisphosphate, while Vmax is 2.7 times
ferent force-field than BIOGRAF, and the Monte Carlfaster [6]. The 6-phosphate is involved in three salt bridges.
method does not suffer from a preset torsional increment,Tdnus, each polar atom of Fru-1,6-€Xcept for O5 makes a
obvious limitation of the first procedure. The 1-phosphathrect interaction with the ptein. All of the esidues impli-
and the carbonyl positions were tethered to their experimeated in binding are absolutely conserved between the 33
tally observed positions within 0.5 A while the rest of thieuctose-1,6-bisphosphate class | aldolase sequences present
molecule was subjected to the search procedure. All suggestetie SWISSPROT sequence databank.
docking modes put the 6-phosphate approximately in the same
position. The lovest energy one was identical to the
BIOGRAF solution. .
Third, the preferential positions for the 1- and 6_phog_roposal for the enzyme mechanism
phates of Fru-1,6-Rvere examined with the GRID program o
[32] using the PO4H and PO4 probes, representative fof ¢ Proposed binding mode of Fru-1,6f6fms a good start-
mono and dianion, respectively. With both probes two prdéfd point to gain further |'n5|ght into the catalytlc.mecha-
erential sites were found in the active site, one correspoRifM. For that purpose, using the BIOGRAF modelling pack-
ing to the experimentally observed 1-phosphate positiBge, We moqlelled several of the s'ubseq'uent covalent reac-
(PO4H: -19.2 kcal/mol; PO4: -16.8 kcal/mol) and a secoH@n intermediates: the Fru-1,6-€arbinolamine, the Fru-1,6-
one near Lys 107, Lys 146 and Arg 148 (PO4H: -18.0 kcgy Schiff base, the DHAP enamine, the DHAP Schiff base
mol; PO4: -16.5 kcal/mol). Gratifyingly, the 6-phosphat%,”d the DHAP.carblnoIamlne. All r'eS|due's in the binding
position coincides with the one suggested in the first tg#e were kept fixed except for the side chain of Lys 229, the
docking approaches. |n.C|p|ent'nucIeoph|Ie. The results of these.dockmg studies
will be discussed as we proceed systematically through the
reaction.

Binding mode of fructose-1,6-bisphosphate

Opening of the Fru-1,6-PB-furanose isomer
The proposed binding mode of Fru-1,6-bisphosphate to al-
dolase is shown in Figure 3. From the 1-phosphate up to Dspite a rate of ring opening in solution for fRsomer of
2 keto functionality atoms occupy the positions seen in thri-1,6-B that is nearly as fast as kcat of the aldolase reac-
DHAP complex. However, the O3 hydroxyl adopts a diffetion [6], there are indications that ring opening occurs after
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mode of fructose-1,6-bisphos- N .K229
phate to aldolase. Schematic E187

representation of the binding .
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binding to the enzyme [7]. This possibility was therefore eittack by the nucleophile Lys 229

amined. In the modelled acyclic conformation of Fru-1,6-P

the C2 and O5 atoms are only 3.3 A apart. Due to this clags 229 can only be a nucleophile if it is uncharged. In the
proximity it was straightforward to model the cyclic form ogrystal structure with DHAP it makes one hydrogen bond,
the substrate in the active site of the enzyme. The assumiph O" of Ser 300, and is in contact witH# 6f Ala 31 (3.9

tion that the O2 atom would not move much automaticaly), C3 of lle 77 (4.1 A), and 01 (3.4 A), C1 (3.6 A) and C2
led to ap-furanose isomer model. The r.m.s. deviation b¢3.1 A) of DHAP. This partially hydrophobic environment
tween the docked acyclic and cyclic forms was only 0.2 dight account for a sufficiently lowered pif Lys 229 to
when OS5 was omitted from the calculation. The proximity ddse a proton. The proton must be lost to a solvent molecule
Lys 146 to the furanose ring oxygen suggests that the as-the closest base, the Glu 187 carboxylate, is 3.9 A away.
zyme might assist ring opening by acid catalysis. The angle formed between the incipient nucleophile and the

E1813

E157

G27E

ae T

A3
177

Figure 4 Binding mode of the Fru-1,65/Schiff base. The O4 hydroxyl is perfectly poised for proton abstraction by Glu 187
and is also making a hydrogen bond to Lys 146. Hydrogen bonds are given in green lines; drawn by MOLSCRIPT [43]



J. Mol. Model.1999 5 43

Table 1 Properties of aldolase mutants [a]

Mutant Relative Km Relative Relative carbanion Relative carbanion
(Fru-1,6-R) (Fru-1,6-R) formation from Fru-1,6-P formation from DHAP
steps: i vii [b] steps: i-ii »iii - iv [b] steps: Vii- Vi »v-iv [b]
D33A 6 1/5,500 1/131 1/5
D33S 3 1/3700 ND [c] ND
D33E 7 1/900 1/22 1/17
K146A ND <1/100,000 1/304 1/143
K146L ND <1/100,000 1/406 1/8
K146Q ND <1/100,000 1/609 1/77
K146H 32 1/2,500 1/406 1/4
K146R 1 1/500 1/244 1/125
E187Q ND 1/25,000 ND ND

[a] All numbers are relative to the wild type enzyme, i.e. mutant / wt
[b] steps refer to figure 1
[c] ND = not determined

substrate carbonyl,N.. C2=02, is 94°. According to Burgiof the Schiff base shows that upon forming a covalent bond

et al., the transition state of a nucleophilic addition reacti@2 moves by 2.0 A towards the Ly$,nd importantly, that

exhibits an angle between 100 and 110° [33]. Therefore, ltfie plane of the sp2 centre rotates by 66° compared to the

229 is in an ideal position for a nucleophilic attack, whialoncovalent complex. As a restule si face of C2, which

results in the formation of a carbinolamine. was solvent exposed before the nucleophilic attack, becomes
completely buried by Leu 270 (Figure 4), as is obvious from
molecular surface calculations with BIOGRAF. Concomi-

Formation of the Fru-1,6-Pcarbinolamine tantly, there face, which was originally buried and faced
Lys, becomes exposed to the borohydride in the solvent, in

Carbinolamine formation can occur by at least two routexgreement with the production of glucitollysine in the ex-

(i) concerted addition of amine and protonation of the carlgeriment.

nyl oxygen; or (ii) formation of a zwitterion followed by

protonation [34]. Given the availability of protons to @a

its hydrogen bond partners, Asp 33 and Lys 146, is sedn@hydration of the carbinolamine into the Schiff base

likely that the first route is taken by the enzyme. This poses a

dilemma as to whether Asp 33 or Lys 146 donates the protGarbinolamine dehydration is the second step in the forma-

If it is Asp, then its hydrogen bonds to Lys 107 and Lys 14i6n of a Schiff base from a carbonyl compound and an amine.

become salt bridges, which should be energetically favoAt-a pH above 6.0 this elimination is subject to both general

able. If it is Lys, then its salt bridge to the 6-phosphate is Idsase and acid catalysis [37,38]. In the modelled carbinolamine

Therefore, it appears logical that Asp 33 donates a protor{rtot shown) only Lys 146 is within hydrogen bond distance

02. The presence of the nearby Lys 146 might help stabiliehe carbinol O2. Hence, acid assisted catalysis by that resi-

the developing negative charge on O2 during the nucleophdige is likely, making the alcohol a much better leaving group.

addition. Subsequently, the N-protonated species loses quiGypsequently, Lys 146 could quickly recapture a proton from

a proton, with a rate constant of up to 108 and a pKa ofh2 solvent, perhaps the one lost from the N-protonated

[35], probably to a solvent molecule as the closest base, Gwbinolamine species. Dehydration of the carbinolamine

187, is 4.3 A away. yields a cationic Schiff base, which acts as an electron sink

From Figure 3 it is obvious that Lys 229 attacks C2 of tlire the cleavage reaction.

substrate fronthe re face to form a2S)<€arbinolamine and

eventually a Schiff base. This is contrary to the interpretation

of an experiment by Dilasio et al. [36]. After sodiunfProton abstraction from O4 by Glu 187 followed by C3-C4

borohydride reduction followed by protein hydrolysis theyleavage

only found glucitollysine, not the epimer mannitollysine,

which indicates that thee face of the Schiff base is exposed\fter formation of the Schiff base the 4-hydroxy! of the sub-

to the reducing agent in the solvent. Therefore, they assursedte is perfectly aligned for proton abstraction towards the

that the Lys had been attacking the opposite face of the ssymlone pair of the € from Glu 187 (Figure 4). It has been

strate carbonylthe si face. However, molecular modellingsuggested that theyn orientation of a carboxylate is sub-
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stantially more favourable for proton transfer ttzani [39]. The impaired carbanion formation by Asp 33 mutants,
Glu 187 sits at the bottom of the enzyme barrel and is mosdlther from Fru-1,6-Por DHAP, can be explained by a re-
buried between the aliphatic portions of the Lys 229 and Adgced efficiency of any step of the enzymatic reaction lead-
148 side chains. This might raise its_@d facilitate proton ing up to the carbanion. Morris and Tolan proposed that Asp
abstraction. Remarkably, O4 is at 3.0 A frorhdfiLys 146, 33 might be responsible for proton abstraction from the 04
suggesting that this residue might play an essential rolehirdroxyl [16]. However, this hypothesis is difficult to recon-
polarising the O4 hydroxyl for proton abstraction by Glu 18ile with the facts that substantial levels of carbanion are
and in stabilising the developing negative charge. After fermed from Fru-1,6-F and that processing of DHAP in the
moval of the O4 proton the C3-C4 bond becomes unstatdeerse enzymatic reaction is affected. In our proposed mecha-
and breaks, producing the enamine of DHAP and glycemaism Asp 33 is required for efficient carbinolamine forma-
dehyde-3-phosphate, which is released. tion, or the reverse step, the second part of Schiff base hy-
drolysis. Obviously, impaired carbinolamine formation au-
tomatically leads to reduced levels of carbanion intermedi-
Protonation of the DHAP enamine ates from both Fru-1,6sPand DHAP. In addition, Asp 33
also ensures the correct orientation of the 2-keto group of the
Another resonance form of the DHAP enamine is tisg¢ibstrate.
ketimine, with C3 as a carbanion. Therefore, it is not a sur-Lys 146 mutants are devoid of catalytic power with Fru-
prise that C3 is prone to protonation. Careful titration expeti6-F, as a substrate except if they retain a positively charged
ments indicate that the proton donor has a pKa of 5.2 [4@jsidue at that position [4,21]. In contrast their capability to
The models of the DHAP enamine and ketimine show orflyym the carbanion of DHAP is retained. Hence, the justified
one proton donor close enough to C3 (at 3.1 A), namely tlanclusion by Morris and Tolan [21] that Lys 146 must play
earlier protonated Glu 187 (not sty. The sientation of a crucial role in Fru-1,6-Fleavage. This agrees perfectly
the proton is consistent with stereospecific exchange of thigh our proposed mechanism in which Lys 146 serves to
pro-(S) proton at C3 of DHAP [41]. For some aldolasstabilise the developing negative charge on O4 during proton
isoenzymes the C-tainal Tyr residue improves the efficiencyabstraction. Lys 146 also may aid in carbinolamine dehydra-
of this step. For example, C-terminally truncated or mutattdn.
rabbit and human muscle aldolase exhibit a 20-fold lower Glu 187 mutants are largely inactive, but they have only
overall reaction rate as compared to wild type enzyme, lzgen characterised in terms of the overall enzymatic reaction
effect which has been traced to reduced enamine protonafiit]. The draméc loss of activity is in agreement with our
[13,42]. Unfortunately, in most crystal structures the C-tgproposed role of this residue in proton abstraction from O4
minal tail of the enzyme adopts a conformation far away fraand protonation of the DHAP enamine.
the active site. Only in the human muscle aldolase crystal
structuredoes the Tyipoint into the active site. However,
that conformation is likely to be catalytically incompetent Sonclusion
the Tyr phenol function occupies the 1-phosphate position of"

the substrate. In view of the lack of structural information

and the enzyme’s ability to proceed with catalysis withotif!¢ Prediction of the Michaelis complex between aldolase
the C-teminal Tyr, we refain from speculating on the pre_and fructose-1,6-bisphosphate and the different covalent re-

cise interactions this residue makes with the DHAP enamfgion intermediates for the first time clearly define the roles
enzyme complex. of the individual amino acids in the active site. Major find-
ings are the location of the 6-phosphate binding site, the roles
of Asp 33 and Lys 146 in Schiff base formation, the function
of Lys to lower the pKa of the substrate’s O4 hydroxyl, and
the double role of Glu 187 in O4 hydroxyl proton abstraction
ted DHAP enamine protonation. We hope that the proposed
enzyme mechanism will provide the necessary structural

Formation of the DHAP carbinolamine

Our modelling suggests that the hydrolysis of the DHAP Sc
base proceedsa a carbinolamine, likelyia the reverse steps

of the Fru-1,6-Schiff base formation. framework for experimentalists to determine the, pKthe
large number of amines and carboxylates in the active site of
aldolase.
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have been made to probe the catalytic mechanism of aldo-
lase [4,16,21,22]. Their properties are sunisedrin Table Supplementary Material available Figure 3a and figure 4
1, and the following discussion requires careful considerie available in VRML format. This format allows for inter-
tion of the enzymatic reaction steps depicted in Figure 1.active inspection of the 3D-models by use of standard HTML/
VRML browsers.
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