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Tagatose-1,6-bisphosphate aldolase (TBPA) is a tet-
rameric class II aldolase that catalyzes the reversible
condensation of dihydroxyacetone phosphate with glyc-
eraldehyde 3-phosphate to produce tagatose 1,6-
bisphosphate. The high resolution (1.45 Å) crystal struc-
ture of the Escherichia coli enzyme, encoded by the
agaY gene, complexed with phosphoglycolohydroxam-
ate (PGH) has been determined. Two subunits comprise
the asymmetric unit, and a crystallographic 2-fold axis
generates the functional tetramer. A complex network
of hydrogen bonds position side chains in the active site
that is occupied by two cations. An unusual Na� binding
site is created using a � interaction with Tyr183 in addi-
tion to five oxygen ligands. The catalytic Zn2� is five-
coordinate using three histidine nitrogens and two PGH
oxygens. Comparisons of TBPA with the related fruc-
tose-1,6-bisphosphate aldolase (FBPA) identifies com-
mon features with implications for the mechanism. Be-
cause the major product of the condensation catalyzed
by the enzymes differs in the chirality at a single posi-
tion, models of FBPA and TBPA with their cognate
bisphosphate products provide insight into chiral dis-
crimination by these aldolases. The TBPA active site is
more open on one side than FBPA, and this contributes
to a less specific enzyme. The availability of more space
and a wider range of aldehyde partners used by TBPA
together with the highly specific nature of FBPA sug-
gest that TBPA might be a preferred enzyme to modify
for use in biotransformation chemistry.

Enzymes are valuable tools for synthetic chemistry, because,
under mild conditions, they can provide both high efficiency
and optical purity of products (1, 2). Recombinant DNA tech-
nology has increased the availability of useful enzymes, and
technologies such as phage display and directed evolution are
also being applied toward the discovery of novel bio-catalysts

(3). The exciting prospect exists that, guided by structural and
mechanistic understanding, we can rationally design enzyme
activity for the most complex of chemical syntheses. With this
long term goal in mind we have undertaken to characterize the
structure-activity relationships in metal-dependent aldolases,
which are particularly attractive for use in biotransformation
chemistry and indeed have already contributed to the synthesis
of rare sugars (4).

The most studied aldolases are the fructose-1,6-bisphosphate
aldolases (FBPA),1 which participate in two metabolic path-
ways. FBPA catalyzes the aldol condensation of a ketose, dihy-
droxyacetone phosphate (glycerone-P or DHAP), and an aldose,
glyceraldehyde 3-phosphate (G3P) to form fructose 1,6-bisphos-
phate (FBP) in gluconeogenesis (see Fig. 1 below). In glycolysis
FBPA catalyzes the reverse cleavage. FBP-aldolases are mul-
timers of (�/�)8-barrel subunits and are divided into class I and
II enzymes on the basis of mechanism. The type I enzymes
utilize a lysine in Schiff base formation during catalysis and
are mainly found in higher order organisms as homotetramers
of molecular mass around 160 kDa (5, 6). The class II enzymes,
found in yeast, bacteria, fungi, and blue-green algae, are most
often dimeric and utilize a divalent metal ion, usually Zn2�, in
catalysis and, because they are more stable than their class
I counterparts, are preferred for use in biotransformation
chemistry (4, 7).

Structure-activity studies of Escherichia coli class II FBPA
have served to delineate some details of the aldol condensation
(8–14) (see Fig. 1). Of particular value is the structure of FBPA
complexed to phosphoglycolohydroxamate (PGH), which mim-
ics the ene-diolate formed from DHAP (15), the EH�DHAP(C�)
structure (stage II in Fig. 1). Two critical steps in the aldol
condensation are: first, the formation of an activated carbon
from which a proton is abstracted to produce an enolate and,
second, the formation of a new C–C bond. During catalysis,
direct coordination of DHAP to Zn2� aligns the substrate al-
lowing the divalent cation to function as a Lewis acid and to
polarize the carbonyl bond of the ketose ready for a reaction
that involves three major covalency changes (see Fig. 1). The
first covalency change follows abstraction of the 1-proS proton
of DHAP to produce the ene-diolate, the second is carbon–
carbon bond formation to covalently link DHAP C1 with G3P
C1 and so form the new C3–C4 bond of a hexose bisphosphate.
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The substrate oxygen ligands are syn to the enolate bond, and

this restricts access of the electrophilic G3P to the Si face of

DHAP as the C3–C4 bond is formed. In the third covalency

change, a second proton transfer converts the C4 carbonyl to a

hydroxyl group and so completes the hexose synthesis.

Despite some progress in understanding class II aldolases,

there remain aspects of aldolase reactivity that require clarifi-

cation. We have carried out studies on tagatose-1,6-bisphos-

phate aldolase (TBPA), a tetrameric enzyme that catalyzes the

condensation of DHAP with the natural substrate G3P to form

tagatose 1,6-bisphosphate (TBP) (9, 16) a diastereoisomer of

FBP (Fig. 1). The reactions catalyzed by TBPA and FBPA (Fig.

1) are similar, and because there is significant conservation of

sequence (9) and structure (this work) a comparison provides

insight into class II aldolase mechanism and specificity. The

major products of the condensations catalyzed by TBPA and

FBPA are distinct in their chirality at C4 (Fig. 1). On the basis

of kcat/Km values, FBPA prefers FBP around 1500-fold over

TBP so that the overall discrimination between the two sub-

strates is nearly 5 � 105 (9). FBPA and TBPA, therefore,

represent an excellent model system to investigate the molec-

ular basis of chiral discrimination.

We now report the high resolution crystal structure of re-

combinant E. coli TBPA, which encoded by the agaY gene and

complexed to PGH, and a detailed comparison with the struc-

ture of recombinant E. coli FBPA also complexed with PGH (8).

Although, to date, we have been unable to obtain crystal struc-

tures of complexes with a hexose substrate or analogue, we

have carried out modeling to generate templates for the

TBPA�TBP and FBPA�FBP complexes based on the experimen-

tally derived structures.

EXPERIMENTAL PROCEDURES

Crystallization, Data Collection, and Processing—Established proto-

cols provided the enzyme (9) and PGH (8, 15). The enzyme (6.5 mg ml�1

in 50 mM Tris-HCl, pH 7.5) was incubated for 1 h at 4 °C with 20 mM

PGH and crystallization achieved in hanging drops of 5 �l of

enzyme�PGH complex mixed with 5 �l of reservoir comprising 7–12%

(v/v) ethylene glycol, 10 mM ZnCl2, 42 mM sodium cacodylate, pH 6.4.

Orthorhombic crystals attained dimensions of 0.20 � 0.25 � 0.30 mm

after 3 weeks at 20 °C. The space group is I222 with unit cell lengths of

a � 72.6, b � 100.5, c � 206.7 Å and two TBPA subunits per asymmetric

unit. All diffraction measurements were carried out on crystals cryo-

protected with ethylene glycol and cooled to �173 °C in a stream of

nitrogen gas.

Data were first measured in-house using a Rigaku rotating anode

(CuK�) and RAXIS IV image plate detector, then at European Synchro-

tron Radiation Facility stations BM14 and ID14-EH2, for a four-wave-

length MAD experiment and the high resolution data, respectively,

using MAR charge-coupled device detectors. Wavelengths for the MAD

experiment (peak �1, inflection point �2, and remote data �3, �4) were

derived from an x-ray near edge absorption scan (XANES) of the zinc

K-edge and selected to maximize the anomalous differences, f � (�1),

provide the minimum f� (�2), and two remote wavelengths (�3, �4) to

maximize dispersive differences (�3 � �2, �4 � �2). All data were pro-

cessed using HKL (17). The in-house and high resolution data were

scaled together to improve the low resolution terms, and this combined

data set was used for refinement (Table I).

MAD Phasing, Model Building, and Refinement—Two Zn2� posi-

tions, identified from an anomalous difference Patterson synthesis,

were used to phase the �2 data to 2.2 Å with a figure-of-merit of 0.54

(18). Solvent flattening and histogram matching (19, 20) followed and

raised the overall figure-of-merit to 0.82. Phasing statistics are pre-

sented in Table I.

Automated procedures (21, 22) constructed �85% of residues for the

two subunits in the asymmetric unit and further rounds of model

FIG. 1. A, the condensation mechanism of the reaction catalyzed by
fructose-1,6-bisphosphate aldolase (FBPA) and tagatose-1,6-bisphos-
phate aldolase (TBPA), respectively. Each of the four distinct states is
discussed in the text. B, a functional group able to abstract a proton
from the activated C1; M�, a monovalent cation. The aspartate corre-
sponds to Asp109 in FBPA, Asp82 in TBPA. The asterisk in stage IV
marks C4, the chiral center which distinguishes (B) D-fructose 1,6-
bisphosphate (left) and D-tagatose 1,6-bisphosphate (right).

TABLE I
Data and phasing statistics

�1 (peak) �2 (inflection) �3 (remote) �4 (remote)
Combined

in-house/ESRF

Wavelength (Å) 1.2820 1.2830 1.1270 1.030 1.5418/0.9330
Resolution range 29.9 –2.20 24.5 –2.20 24.5 –2.20 24.5 –1.90 29.8 –1.45
Measurements 127,103 127,046 177,731 204,335 1,086,028
Unique reflections 37,051 37,085 54,207 60,423 131,455
Coverage overall 93.8 93.8 89.0 85.1 98.4
Rsym (%)a 3.2 (11.9)b 3.4 (14.5) 4.6 (28.0) 4.1 (34.8) 6.4 (29.2)
Ranom (%)c 3.7 (9.3) 2.9 (9.9) 4.5 (23.9) 3.8 (28.4)
Phasing powerd

Accentric/centric 0.75/0.62 0.78/0.87 1.19/0.79

a Rsym � ��I � 	I
�/�I, where the summation is over all symmetry equivalent reflections.
b Numbers in parentheses refer to a high resolution bin of approximate width 0.1 Å.
c Ranom � ��I (�) � I (�)�/�(I(�)�I(�)).
d Phasing power is the root-mean-square (�FH�/E), where FH is the calculated heavy-atom structure factor from two Zn2� positions and E is the

residual lack of closure.

Structure of Class II Tagatose-1,6-bisphosphate Aldolase 22019



building, map interpretation (23), and refinement (22) improved this

model. It was then refined using the 1.45-Å data set first with rigid body

refinement to account for the lack of isomorphism (Riso 0.26) with the

MAD data set. Restrained anisotropic refinement without noncrystal-

lographic symmetry restraints was implemented first with CNS (24)

then completed using SHELXL with riding hydrogens (25, Table II).

The final model consists of residues 2–139 and 151–285 of subunit A

and 2–141 and 150–284 of subunit B, two Zn2� ions, two Na� ions, 658

waters, and 14 ethylene glycol molecules. Fifteen side chains were

modeled in dual conformations, and ten, with poorly defined electron

density, were given zero occupancy. There are no Ramachandran out-

liers, and further details are presented in Table II. The structure and

interactions with ligands are well conserved among the two subunits,

for example, the 272 C� atoms common to each overlay with an root

mean square deviation of 0.31 Å, and it is therefore appropriate to only

detail one active site.

Molecular Modeling—Molecular docking experiments were per-

formed using AutoDock version 3.0.3 (26) and GRID (27). Receptor

models for TBP aldolase and FBP aldolase were derived from the

complexes with PGH with all water molecules removed. In addition, for

FBPA the side chain of Glu182 was deleted to allow access to Arg331,

which has been shown to interact with the G3P phosphate of the

substrate (12) and to be consistent with TBPA for which the correspond-

ing residue Glu142 is disordered and missing from the model. Suitable

parameters for the Zn2�, Na�, and substrate atoms were derived by

reference to literature values (28) and systematic variation to reproduce

the position of PGH observed in the experimentally derived crystal

structures. Coordinates for the hexose substrates were prepared using

FIG. 2. The sequence and structure of E. coli TBPA. A, amino acid sequence and secondary structure assignment. Cylinders depict �-helices,
arrows are �-strands. Shaded residues are conserved in E. coli FBPA. This image was created using ALSCRIPT (33). B, ribbon diagram of a subunit
with PGH shown as a ball-and-stick model colored according to atom type, nitrogen (cyan), carbon (black), oxygen (red), and phosphorus (pink). N-
and C-terminal positions are marked, and the cations are depicted as spheres, blue for Na�, black for Zn2�.

TABLE II
Refinement and model geometry statistics

Protein residues/atoms 548/4259
PGH atoms/ions/solvents 20/2 Zn2�, 2 Na�/658 waters, 14 ethylene glycols
R-work/No. of observations 0.13/124,490
R-free/No. of observations 0.17/6,592
Wilson B (Å2) 16.2
Average isotropic thermal parameters (Å2)
Subunit A/B overall 18.0/20.6
Main chain/side chain 16.4/22.4
Solvents/PGH/ethylene glycol 35.2/17.5/43.4
Residues in dual conformationsa 134A, S39A, R42A, I57A, R91A, V98A, E159A, K7B,

I57B, R91B, V98B, R162B, R198B, R272B, V277B
Residues for which there is no convincing electron density at the side chaina S151A, K185A, K188A, R257A, S285A, E150B, S151B,

K185B, K188B, E216B
r.m.s. bond lengths (Å) 0.018
r.m.s. bond angle associated distances (Å) 0.030
r.m.s. planarity (Å) 0.025

a The single-letter amino acid code, the residue number, and subunit assignment A or B.
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Chem3D (CambridgeSoft) and PRODRG (29). The 2–3 bonds (Fig. 1)

were fixed, and torsional freedom was allowed in all other 11 torsion

angles. Consistent results were achieved using the genetic algorithm

with 40 trials and a maximum of 1400 generations.

RESULTS AND DISCUSSION

Architecture of the Subunit and Functional Tetramer—The

TBPA subunit comprises 285 residues folded into an (�/�)8
barrel carrying three additional helical segments. The second-

ary structure is mapped onto the amino acid sequence and the

three-dimensional arrangement shown in Fig. 2. The elements

of secondary structure that create the barrel are �1-�2-�2-�4-

�3-�5-�4-�6-�5-�7-�6-�8-�7-�9-�8-�10. Helix �1 caps the N-

terminal section of the barrel, and �3 comprises two turns of

helix linking �2 with �4. Helix �11 is closely associated with

�10 and together with the intervening loop forms an “arm”
protruding away from the barrel (Figs. 2B and 3A), which

provides an important component for subunit�subunit

interactions.

The TBPA and FBPA monomers have similar dimensions

(Fig. 3), but a noteworthy difference is that the �10-loop-�11

arm is �12 Å shorter in the former. On the basis of a structural

alignment the E. coli class II FBPA and the agaY-encoded

TBPA enzymes share �23% sequence identity (Fig. 2) and 268

C� atoms from each subunit overlay with an r.m.s.d of 1.56 Å
(not shown). However, the quaternary structure differs be-

tween the dimeric FBPA and the tetrameric TBPA. The func-

tional TBPA tetramer (subunits A, B, C, and D arranged with

222 point group symmetry) is a rectangular block with approx-

imate dimensions of 92 � 85 � 38 Å (Fig. 3A).

The A-B and A-C associations represent two distinct subunit-

subunit interfaces. The A-B interface involves the interaction

of residues at the N-terminal region of �1 with the turn linking

�6 and �5 of an adjacent subunit, resulting in the N-terminal

portion of the two (�/�)8 barrels abutting each other in the

dimer and the point group symmetry positioning an active site

at each corner of the rectangular-shaped tetramer.

The two subunits of the TBPA asymmetric unit (A and B)

give an arrangement distinct from that observed for functional

FBPA. Rather it is the combination of TBPA subunits A and C

(or B and D) that forms a dimer similar to FBPA (Fig. 3). This

interaction between subunits A and C covers a larger area than

the other type of interface (A-B) and is essential to complete the

TBPA active site. The A-C interface is formed by the anti-

parallel alignment of helices �4 together with interactions from

residues at the C-terminal region of the short �3 helix with

residues on helices �2 and �4 of the partner subunit. Of par-

ticular note is the packing of hydrophobic residues carried on

one �10-loop-�11 arm with that of the partner subunit in a

manner similar to that observed in FBPA, although this loop is

truncated by �12 residues in TBPA. Dimer formation by sub-

units A and C directs the side chain of Arg257 into the active

site of the partner subunit in similar fashion to that observed

for the C6P binding residue, Arg331 of FBPA (13).

The Active Site of TBPA and Interactions with PGH—The

catalytic center is located in a deep, polar cavity at the C-

terminal end of the (�/�)8-barrel (Fig. 4), and a complex net-

work of hydrogen bonds organize the positions of key functional

groups and metal ion ligands. The active site can be divided

into a monovalent cation binding site, a divalent cation binding

site, the PGH (DHAP) binding site, and the G3P site.

TBPA has, like FBPA, a well-defined monovalent cation

(Na�) binding site, �8.5 Å from the catalytic Zn2�, which

serves to create a phosphate binding site and tethers PGH, and

by inference the natural substrate DHAP, in the active site.

The Na� coordinates the carbonyl oxygens of four residues

(Ala179, Gly181, Gly209, and Ser211) together with a PGH phos-

phate oxygen. The Na� O distances fall in the range 2.3–2.6 Å.

In FBPA the octahedral Na� coordination sphere is completed

by a water, but in TBPA an uncommon �-cation interaction

involving the side chain of Tyr183 is observed (Fig. 4). A similar

�-cation interaction involving a Na�
�tryptophan association

has been observed in lysozyme (30), but such a mode of metal

binding has, to the best of our knowledge, not been observed

before in an enzyme active site. Although the sequence of

E. coli FBPA carries a tyrosine (Tyr229) at the same place in the

structure as Tyr183 in TBPA, it adopts a different orientation at

the surface of FBPA. The differences observed in the FBPA

main chain are due to interactions with the extremity of the

partner subunit �10-loop-�11 arm, interactions that are absent

in TBPA because the arm is truncated as described earlier. The

Na� binding site in TBPA is important for the formation of the

PGH/DHAP phosphate binding site and in addition helps to

position His180 to coordinate the catalytic Zn2�.

The PGH phosphate binds in a site created by strands �7, �8,

the loop linking �6 with �8, and the N-terminal region of �10.

The latter provides a helix dipole to assist phosphate binding

whereas the �8 strand runs close to the inhibitor and imposes

steric restrictions at the methylene group of PGH, and by

implication C3 on DHAP. In addition to the direct coordination

to Na�, the phosphate has two bifurcated hydrogen bond in-

teractions with the main chain amides of Gly181 and Thr233,

single hydrogen bonds accepted from the amides of Ser211 and

Ala232, the side chain hydroxyls of Ser211 and Thr233 (Fig. 4),

and with a water (not shown).

The PGH enolate (O1) and hydroxyl (O2) groups chelate the

catalytic Zn2�, and a trigonal bipyramidal coordination sphere

is completed by three histidines (His83 N�2, His180 N�2, and

His208 N�1, Fig. 4). The metal-ligand distances fall in the range

FIG. 3. A, the functional TBPA tetramer with each subunit given a
different color and labeled A to D. PGH and cations are included as in
Fig. 2. The orientation of the subunit shown in Fig. 2 is approximately
perpendicular to subunit C in this figure. B, the functional FBPA dimer
with subunits A and B in similar orientation to the TBPA subunits A
and C. The helices �10 and �11, important for oligomerization, are
labeled for both enzymes. Figs. 3–5 were generated using MOLSCRIPT
(34) and RASTER-3D (35).
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2.0–2.4 Å. The Zn2� binding site is well-ordered by a complex

network of hydrogen bonding interactions. His83 and His208 are

held in place by hydrogen bonds donated to the side chain of

Asp104 and Glu132 (not shown), respectively. Glu132 also partic-

ipates in a buried salt bridge with Lys228, which in turn hydro-

gen bonds to and orients the side chain of Asn230. The side

FIG. 5. Models of the enzyme hexose substrates/product complexes. A, TBP in the active site of TBPA; B, FBP in the active site of FBPA.
The same color scheme as used in other figures applies here. An asterisk is used to highlight the C4 position, and the chirality at this position
distinguishes TBP from FBP.

FIG. 4. PGH interactions in the active sites of TBPA. Dashed lines represent potential hydrogen bonds (black) or metal ion ligand
interactions (red). Amino acid side chains are colored, gray for carbon, light blue for nitrogen, and red for oxygen. The green sphere represents a
water molecule in the active site, and the blue shading represents interactions between Na� and Tyr183.

Structure of Class II Tagatose-1,6-bisphosphate Aldolase22022



chain of Asn230 forms part of the active site floor and donates a

weak hydrogen bond of length 3.3 Å to PGH O4. Asn230 is

structurally conserved and corresponds to Asn286 in FBPA. In

both enzymes the amino group is positioned just under the

substrate analogue and serves both to restrict the stereospec-

ificity of the catalytic reaction at DHAP C1 and to assist car-

banion formation during catalysis (8). An asparagine at this

position is critical for FBPA, because site-directed mutagenesis

of Asn286 to aspartate or alanine greatly reduces kcat by up to

8000-fold (10).

PGH O1, in addition to coordinating Zn2�, accepts a hydro-

gen bond from the amide of Gly209 while PGH O2 donates a

hydrogen bond to the carboxylate group of Asp82. At this point

we note that the residue types and their interactions with each

other as described above are conserved between FBPA and

TBPA. This strongly implies a conservation of substrate recog-

nition between FBPA and TBPA for DHAP and the enzyme

mechanism.

Both TBPA and FBPA require deprotonation of DHAP and

carbanion formation to produce the unsaturated linkage where

the aldol condensation occurs (Fig. 1). There are only a few

residues in the active sites that provide a basic group to ab-

stract the acidic 1-proS �-H. In FBPA these are Glu182, Asp109,

Asp288, and then Asp329 from the partner subunit. Site-directed

mutagenesis experiments indicate that the aspartates do not

abstract the proton from DHAP and implied that Glu182 could

be responsible (10). Subsequent mutagenesis of Glu182 to ala-

nine and kinetic analysis of the altered protein showed that

proton abstraction became rate-limiting, clearly identifying a

role in deprotonation (14). Glu182 is positioned on a flexible loop

(8) about 6.8 Å from the PGH N2 and a conformational alter-

ation would be required to position the side chain where direct

abstraction of a proton from DHAP C1 would be feasible.

Glu182 of FBPA corresponds to Glu142 in TBPA, which is also

positioned on a glycine-rich loop. Due to the lack of reliable

electron density, this residue has not been included in the

TBPA model and it is presumed to be flexible and disordered.

The sequence conservation of this loop in TBPA and FBPA is

high (Fig. 2), which implies that Glu142 could adopt a similar

position and contribute the same function as Glu182 in FBPA.

We would therefore predict that mutagenesis of Glu142 in

TBPA would have the same effect as seen for Glu182 in FBPA.

An alternative hypothesis, which would still involve Glu182/

Glu142, to explain proton abstraction from DHAP C1 involves

the use of activated water. In both the FBPA and TBPA�PGH

complex structures there is a well-defined water molecule

within hydrogen bonding distance of the PGH N2 and correctly

positioned to interact with the 1-proS �-H of these class II

aldolase�DHAP complexes (Fig. 4). This water therefore repre-

sents a potential base for the proton abstraction. In FBPA and

TBPA the water is hydrogen bonded to other solvents in the

active site and in the former a hydrogen bond network extends

up to Glu182 (8). In the absence of PGH the catalytic Zn2� of

FBPA is five-coordinate, using three histidines and two water

molecules (11). The water ligands are replaced by PGH and, by

implication, DHAP during catalysis (8). The replacement of

such cation-binding solvent by hydroxamates is common to

other zinc enzyme inhibitor complexes (31) and a possibility is

that the Zn2� contributes to activating a water. We note that

details of a similar proton abstraction step in class I aldolases

has proven difficult to explain. However, the recent work of

Heine et al. (32) has indicated that for D-2-deoxyribose-5-phos-

phate aldolase a proton relay system activates an active site

water, which then mediates proton transfer. Our analysis does

not unambiguously explain the details of proton abstraction in

the class II aldolase system but does suggest that the potential

role of activated water should be investigated.

The Structural Basis of Chiral Discrimination—The major

differences between the TBPA and FBPA active sites are local-

ized to that region where G3P has to bind, and, although the

main chain of the enzymes overlay well, we note two sequence

changes that alter side chain contributions to the active sites

(Fig. 5). Gln59 and Asp288 of FBPA correspond to Ala48 and

Ala232, respectively, in TBPA. This results in more space on one

side of the TBPA active site and influences the side-chain

orientation of a conserved asparagine (Asn35 in FBPA; Asn24 in

TBPA). The asparagine N�2 groups are structurally conserved

when the TBPA and FBPA models are overlaid (not shown) as

is the hydrogen bond formed with another conserved residue:

Asp109 in FBPA and Asp82 in TBPA. In FBPA, Asn35 O�1 is

held in place by accepting a hydrogen bond from Gln59 N�2

whereas Asn35 N�2 donates a hydrogen bond to Asp288. In

TBPA, however, the loss of functional groups and side-chain

atoms results in more space in the TBPA active site. The side

chain of TBPA Asn24 adopts a different conformer, and the O�1

group alters position with respect to that seen in FBPA. The

result is that, although N�2 of Asn35 FBPA and Asn25 TBPA

occupy the same relative position, the O�1 groups occupy dif-

ferent locations in the active site.

The complexes with PGH mimic the ene-diolate enzyme

structures (stages I through II in Fig. 1) formed from DHAP.

We previously modeled the other reactant, G3P into the active

site of FBPA on the basis of simple graphical considerations

(stage III, 8) but have now used computational chemistry meth-

ods to position FBP and TBP in the active sites of their cognate

enzymes, in effect to model stage IV (Fig. 1) for each aldolase.

Although crude, these models serve to identify possible inter-

actions of relevance to enzyme mechanism and specificity.

The lowest energy FBP models in the active site of FBPA, of

which one is shown in Fig. 4, placed the C6 phosphate to

interact with Arg331 of the partner subunit and Ser61. These

residues are conserved in the class II FBP-aldolases, and the

model is consistent with the kinetic analysis of mutant en-

zymes in which these two residues have been altered (9, 12).

The C4 hydroxyl of FBP is positioned about 4 Å from Asn35 and

3 Å from the carboxylate side chain of Asp109. Mutagenesis of

the asparagine in FBPA to alanine produced an enzyme with

�1.5% of the activity of wild-type protein (9), and the

FBPA�FBP model suggests a role in binding the C4 OH. Asp109

has previously been shown to be responsible for the protonation

of the incoming C4 carbonyl group (Fig. 1, stage III, 10).

The docking of TBP into the active site of TBPA did not

produce a set of closely clustered models as observed for the

FBPA�FBP combination but indicated that a range of confor-

mations of the G3P component are accessible. This suggests

that the TBPA active site allows the substrate more conforma-

tional freedom than is the case for FBPA. We present one of the

TBP�TBPA models in Fig. 5, which, like the others, suggests

that the G3P phosphate interacts with a basic patch, including

His26, Lys236, and from the partner subunit Arg257, which

corresponds to Arg331 in FBPA discussed above. In addition the

phosphate is placed near Thr50, which corresponds to Ser61 in

FBPA. His26 and Lys236 are altered in FBPA to Val37 and

Gln292, respectively (Fig. 5). The C4 OH group of TBP is di-

rected into the space between the side chains of Ala232 and

Asp82 and in position to interact with Asn24. Asp82 corresponds

to Asp109 in FBPA and, by analogy with FBPA, we judge it

likely that this residue is responsible for the protonation of the

C4 carbonyl of during the aldol condensation to produce TBP.

An overlap of both enzyme active sites and substrate models

(not shown) suggests that there would be a significant steric

clash between the G3P of TBP with Asp288 of FBPA in addition
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to the electrostatic repulsion of anionic groups. Such interac-

tions are likely a contributory discriminating factor in the

specificity of FBPA. Superposition of FBP models in the active

site of TBPA does not predict any major steric clash.

In contrast to FBPA, TBPA displays poor stereochemical

control with nearly 10% of the L-erythro configuration being

observed and about 90% of the D-threo. In addition, TBPA can

utilize glycoaldehyde, L-glyceraldehyde, acetaldehyde, and

isobutyraldehyde as the DHAP partner (16). This lack of spec-

ificity can be explained by the availability of space in that part

of the active site where the aldehyde binds. It appears that

FBPA has an active site that is complementary to and highly

specific for its cognate substrates. TBPA on the other hand is

less specific due to the conformational freedom afforded its

range of substrates. We conclude that the overall discrimina-

tion between the two systems is dominated by the strict spec-

ificity of FBPA, and, therefore, TBPA might be the better choice

of enzyme to serve as the framework onto which new catalytic

activities could be constructed.
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