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ABSTRACT: The crystal structures ofLeishmania mexicanafructose-1,6-bis(phosphate) aldolase in complex
with substrate and competitive inhibitor, mannitol-1,6-bis(phosphate), were solved to 2.2 Å resolution.
Crystallographic analysis revealed a Schiff base intermediate trapped in the native structure complexed
with substrate while the inhibitor was trapped in a conformation mimicking the carbinolamine intermediate.
Binding modes corroborated previous structures reported for rabbit muscle aldolase. Amino acid substitution
of Gly-312 to Ala, adjacent to the P1-phosphate binding site and unique to trypanosomatids, did not
perturb ligand binding in the active site. Ligand attachment ordered amino acid residues 359-367 of the
C-terminal region (353-373) that was disordered beyond Asp-358 in the unbound structure, revealing a
novel recruitment mechanism of this region by aldolases. C-Terminal peptide ordering is triggered by
P1-phosphate binding that induces conformational changes whereby C-terminal Leu-364 contacts P1-
phosphate binding residue Arg-313. C-Terminal region capture synergizes additional interactions with
subunit surface residues, not perturbed by P1-phosphate binding, and stabilizes C-terminal attachment.
Amino acid residues that participate in the capturing interaction are conserved among class I aldolases,
indicating a general recruitment mechanism whereby C-terminal capture facilitates active site interactions
in subsequent catalytic steps. Recruitment accelerates the enzymatic reaction by using binding energy to
reduce configurational entropy during catalysis thereby localizing the conserved C-terminus tyrosine, which
mediates proton transfer, proximal to the active site enamine.

Aldolase is an essential enzyme that directs both glycolysis
and gluconeogenesis, by reversibly catalyzing the conversion
of fructose-1,6-bisphosphate (FBP1) into glyceraldehyde-3-
phosphate (G3P) and dihydroxyacetone phosphate (DHAP)
(1). A feature common to class I aldolases found primarily
in vertebrates, insects, and higher plants is the use of a
covalent mechanism for catalysis implicating Schiff base
formation between a lysine residue on the enzyme and a
ketose substrate (2). In glycolysis, the enzyme cleaves the
FBP C3-C4 bond of the covalent intermediate liberating G3P
and leaving an enamine carbanion bound in the active site.
Stereospecific protonation of the chemically reactive enamine
(3) regenerates a ketimine intermediate which upon hydroly-
sis liberates DHAP. Folding of the polypeptide chain of each
aldolase subunit of the aldolase tetramer has been determined

by crystallographic studies for mammalian aldolases (4-7),
parasite aldolases (8, 9), andDrosophilaaldolase (10) and
corresponds to a repetitive 8-foldâR motif commonly
referred to as aâ-barrel.

In class I aldolases, the active site is located in the center
of theâ-barrel at the bottom of a cleft and is accessible only
from the carboxyl end of theâ strands comprising the
â-barrel. The active site is highly conserved among eukary-
otic class I aldolases sequenced to date (11) and contains a
number of charged residues, vicinal to the Schiff base
forming lysine, that participate in catalysis (12, 13). Binding
by substrate and analogues in rabbit muscle aldolase induces
a conformational change in two helical regions flanking the
active site that narrows the active site cleft enabling Arg-
303 to interact with the P1-phosphate moiety and Ser-35 and
Ser-38 with the P6-phosphate (12).

A distinguishing structural feature of the enzyme is the
C-terminal region (residues 343-363, rabbit muscle aldolase
numbering), specific to subunits of mammalian aldolases and
their orthologues, that is relatively flexible as indicated by
high temperature factors and possesses an extended second-
ary structure (10, 12, 14). This region exhibits limited
sequence homology and is considered conformationally
mobile at the structural level as it contains stretches rich in
glycine and alanine amino acids. The C-terminal region
adopts various conformations in an aldolase structure, folding
as an extended polypeptide chain over its proper subunit
surface toward the active site more than 43 Å distant (10,
12), folding toward a cleftlike region formed by subunit
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interfaces some 34 Å distant (14) as well as extending toward
subunits of adjacent tetramers in the crystal lattice also more
than 35 Å distant (14). The extensive conformational
variability of the C-terminal polypeptide generated by crystal
packing interactions underscores a relatively weak affinity
of the C-terminal polypeptide for its proper subunit surface.

The C-terminal region has a significant role in catalysis
as solution kinetic studies on muscle aldolase have shown
that loss of the conserved C-terminus Tyr-363 specifically
inhibits stereospecific proton exchange at the level of the
enamine intermediate and making it rate limiting (15, 16).
Residues distal to this residue also have a functionally
important role determining catalytic activity differences noted
among aldolase isozymes (17, 18). The kinetic data favor
the hypothesis that proton exchange by Tyr-363 in the
enamine intermediate necessitates interaction by the C-
terminal region with the active site locus. However, the
recruitment mechanism enabling Tyr-363 to interact with the
active site locus remains to be established.

To investigate the structural role of the C-terminal region
during catalysis, we have chosen to analyze ligand binding
in the class I aldolase fromLeishmania mexicana. The crystal
structure of nativeL. mexicanaaldolase has been determined
(8) and in two subunits, both the active site loci and
C-terminal residues 353-357 (344-349 in muscle aldolase),
which are visible in the electron density map, are free of
crystal packing contacts. For rabbit muscle aldolase, the
crystal structures of native and substrate bound structures
have been solved (12); however, crystal contacts precluded
assignment of a structural role for the C-terminal region in
catalysis. Residues 344-350 of the C-terminal region in both
native and bound crystal structures of the muscle enzyme
engage either directly or through intervening water molecules
with a helical region (residues 40-50) in an adjacent tetramer
subunit in the crystal lattice. The orientation of the helical
region guides the trajectory of the C-terminal region toward
the active site locus in one subunit. The same helix undergoes
a displacement upon substrate binding (12) that rearranges
its interaction with the C-terminal region and is concomitant
with a shift in the C-terminal trajectory thereby contacting
the P1-phosphate binding site. By indirectly linking active
site binding events and C-terminal attachment, crystal lattice
interactions obviated casual analysis of the conformational
changes induced by substrate binding.

A secondary goal was to examine the role of the amino
acid substitution, Gly-302f Ala, in the aldolase active site
that is unique toLeishmaniaandTrypanosomespecies (19).
Leishmaniasis is considered an emerging and uncontrolled
disease with more than 12 million cases worldwide, mainly
in underdeveloped countries; every year, more than 59,000
people die from it (20). Leishmaniais an intracellular human
pathogen found in erythrocytes and is transmitted into the
bloodstream of human host by the bite of the sandfly,
Phlebotomus(21). In its amastigote stage, the parasite relies
principally on ATP production from glycolysis (22) making
glycolytic enzymes a potential therapeutic target to fight
Leishmaniainfections (23). Among these enzymes, aldolase
is a target of choice, because of its central position in
glycolysis following ATP investment, and because its
products are used in other important metabolic pathways.
In rabbit muscle aldolase, Gly-302 is adjacent to the
P1-phosphate binding site and its backbone atoms participate

in P1-phosphate binding (12) and mutation of this residue to
a bulkier alanine inLeishmaniaand Trypanosomespecies
(position 312,Leishmaniaaldolase numbering) may perturb
P1-phosphate binding. Knowledge of the mode of attachment
at the P1-phosphate locus would be useful in structure based
design of specific aldolase inhibitor compounds that could
lead to effective drugs.

Crystals ofL. mexicanaaldolase were incubated in the
presence of substrate, FBP, and a tight binding competitive
inhibitor, hexitol 1,6-bisphosphate (HBP) (24) to examine
the structural role of active site binding on the C-terminal
region. Flash freezing ofL. mexicanaaldolase crystals soaked
briefly in saturating FBP solution trapped authentic Schiff
base intermediate while in the presence of HBP, one of two
HBP diastereoisomers, (2R)-mannitol-1,6-bis(phosphate)
(MBP), was uniquely trapped in the aldolase active site. In
both instances, binding resulted in active site recruitment of
the C-terminal region free of crystal contacts and implicating
conserved amino acid residues that provided insight into
determinants of the reaction mechanism describing aldolase
catalysis.

MATERIALS AND METHODS

HBP was prepared by NaBH4 reduction of FBP as
described previously (24). This reaction produces a mixture
of two diastereoisomers: (2R)-mannitol-1,6-bisphosphate
(MBP) and (2S)-glucitol-1,6-bisphosphate (GBP) (24). All
figures in the present paper were prepared using the program
PyMOL (25) and APBS (26).

Purification and Crystallization.Expression, purification,
and crystallization ofL. mexicanaaldolase were carried out
based on a method previously described (8). The PET15b
plasmid containing theL. mexicanaALD gene, fused to a
sequence coding for an N-terminal hexahistidine tag, was
transformed and overexpressed inEscherichia coliBL21
pLysS. Nickel chelating affinity and size exclusion chroma-
tography yielded a highly purified protein. Aldolase con-
centration was determined by BCA protein assay reagent with
bovine serum albumin serving as a standard.

L. mexicana aldolase crystals were grown by vapor
diffusion at 23°C using a 1:4 mixture of protein solution
(11 mg/mL initial protein concentration in 20 mM HEPES,
pH 7.0) and precipitant buffer (15% polyethylene glycol 5000
MME in 20 mM sodium phosphate pH 4.0) respectively that
was equilibrated against a reservoir of precipitant. Micro-
seeding of previously grown crystals was used to improve
crystal size and quality. pH measured in equilibrated drops
was 4.5.

Data Collection and Processing. L. mexicanaaldolase
crystals were soaked for 2 min in FBP buffer (mother liquor
plus 10 mM FBP) or for 5 min in HBP buffer (mother liquor
plus 4.5 mM HBP). Prior to data collection, crystals were
cryoprotected by transfer through a cryobuffer solution (FBP
or HBP buffer plus 20% glycerol) and immediately flash
frozen in a stream of gaseous N2 cooled to 100 K. Diffraction
data were collected from single crystals at beam line X29
of the National Synchrotron Light Source (Brookhaven
National Laboratory, Upton, NY) using an ADSC Quantum-
315 charge-coupled device (Area Detector Systems, Poway,
CA). All data sets were processed with HKL2000 (27), and
the results are summarized in Table 1.
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Structure Solution and Refinement. Initial phases used for
model building of native and liganded structures were
obtained by molecular replacement using the previously
determined structure for theL. mexicanaaldolase tetramer
(PDB 1EPX). The crystal structures belong to the ortho-
rhombic space groupP212121 and have one aldolase homo-
tetramer in the asymmetric unit. All reflections having
I/σ(I) > 1 were used in refinement; however, electron density
maps were calculated to the resolution shown in Table 1
and corresponded to completeness of at least 70% in the high-
est resolution shell. The structures were subjected to iterative
rounds of refinement (simulated annealing and minimization)
with CNS (28) and model building using O (29). Water
molecules were automatically added by CNS in initial rounds
and manually near the end of refinement. C-Terminal regions
(residues 358-366) were traced in subunits A and B only,
for the FBP and HBP soaked crystal structures.

Ligand modeling was based on interpretation of electron
density shapes of 2Fo - Fc andFo - Fc annealed omit maps,
and the program PRODRG was used for topology and
parameter generation (30). Binding by FBP and HBP, as the
MBP diastereoisomer, was readily discernible and was
associated with clearly defined electron densities in the active
site. Difference electron density (Fo - Fc) annealed omit
maps calculated in the final round of refinement confirmed
identical binding of ligands in all four subunits.

Final model statistics, calculated with CNS and
PROCHECK (31), are shown in Table 1. The coordinates

and structure factors of native aldolase, covalently bound
FBP, and MBP as noncovalent complex have been deposited
with the Protein Data Bank (PDB 2QAP, PDB 2QDG, and
PDB 2QDH, respectively). Final models for the structure of
native aldolase and complexes formed with FBP bound
covalently and MBP noncovalent have anRcryst (Rfree) of
0.173 (0.203), 0.185 (0.238), and 0.190 (0.235), respectively.
The corresponding Luzzati atomic coordinate error was
estimated at 0.18, 0.26, and 0.24 Å, respectively. Ramachan-
dran analysis performed with PROCHECK placed at least
90% of non-glycine and non-proline residues of the three
structures in the most favorable region and with the
remainder found in the allowed region while no residues were
in the generously allowed region, attesting to good model
geometry in the structures. Errors in hydrogen bond distances,
positional differences, andB-factors are reported as SD
values and were estimated based on their value found in each
aldolase subunit.

Structure Comparisons.Superpositions were performed
with the program PyMOL (25) using CR atom coordinates
of identical blocks of amino acid sequences and comparing
native with liganded aldolase tetramers. Due to conforma-
tional heterogeneity among subunits in N-terminal and
C-terminal regions, comparisons were performed using
residues 24-353 inL. mexicanaaldolase and residues 14-
343 in rabbit muscle aldolase.

A difference distance matrix of CR coordinates from native
and liganded structures was calculated using the program

Table 1: Data Collection and Refinement Statistics

native FBP MBP

data collection
resolution (Å) 50-1.71 50-2.2 50-2.14

(1.79-1.71)a (2.31-2.2)a (2.25-2.14)a

wavelength (Å) 1.1 1.1 1.1
reflections

observed 3509740 2824392 3841275
unique 154162 69046 87658

completeness (%) 98.4 (81.7) 90.9 (71.6) 97.7 (77.2)
averageI/σ(I) 28.6 (2.26) 18.2 (2.68) 12.6 (2.5)
Rsym

b 0.080 (0.525) 0.081 (0.392) 0.080 (0.425)
redundancy 6.1 (3.4) 6.1 (4.4) 5.9 (3.9)
space group P212121 P212121 P212121

unit cell parameters
a (Å), b (Å), c (Å) 85.8, 117.3, 160.2 85.1, 117.1, 161.8 85.1, 116.0, 161.7

refinement
number of atoms

protein 11075 11188 11188
water 2032 1714 1730
hetero 54 116 80

σ cutoff; I/σ(I) > 1 1 1
Rcryst (%)c 0.173 0.185 0.190
Rfree (%)d 0.203 0.238 0.235

rms deviation
bond length (Å) 0.005 0.006 0.006
bond angle (deg) 1.376 1.367 1.253
〈B〉 (Å2) 25.1 42.2 35.4

Ramachandran analysise (%)
most favorable 93.4 91.2 92.5
allowed 6.6 8.8 7.5
generously allowed 0 0 0

Luzzati plot (Å) 0.18 0.26 0.24
intersubunit variability (Å) 0.18 0.18 0.16

a All values in parentheses are given for the highest resolution shellb Rsym ) ∑hkl∑i|Ii(hkl) - Ihi(hkl)|/∑hkl∑iI i(hkl) with i running over number of
independent observations of reflectionhkl. c Rcryst ) ∑hkl||Fo(hkl)| - |Fc(hkl)||/∑hkl|Fo(hkl)|. d Rfree ) ∑hkl∈T||Fo(hkl) - |Fc(hkl)||/∑hkl∈T|Fo(hkl)|, where
T is a test data set randomly selected from the observed reflections prior to refinement. Test data set was not used throughout refinement and
contained 5%, the total unique reflections.e Analyzed by PROCHECK.
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DDMP (32) to find invariant structural elements. Residues
112-269, representingâ-strands andR-helices 3, 4, 5, and
6 of the â-barrel structure, showed least variation (rms)
0.18 Å based on CR atoms) among all structures and were
used in all subsequent structure superpositions to discover
regions in the liganded structures that underwent conforma-
tional changes upon ligand binding. The same protocol was
applied for comparisons between parasite aldolase and rabbit
muscle aldolases and revealed that residues 112-240 in L.
mexicanaaldolase, and the corresponding stretch of residues
102-230 in the rabbit muscle structures, represented the
polypeptide sequence stretches having least variations (rms
) 1.0 Å based on CR atoms for the two structures). Inter-
subunit variability within a tetramer based on these sequence
stretches was analyzed by the program Polypose (33) and
yielded rms differences for each tetramer, based on CR atom
coordinates, that were less than the error in the atomic
coordinates for each structure.

Surface Calculation.Surface calculations were performed
with the program CNS. The buried surface was calculated
between residues 1-354 and residues 355-366 of the
C-terminal region for the liganded structures. The calculation
was repeated with Leu-364 residue mutated to glycine. The
difference of the two values gave the solvent accessible
surface buried by the interaction between Arg-313 and Leu-
364.

RESULTS AND DISCUSSION

NatiVe Enzyme.The combination of refined crystallization
conditions and high flux of the synchrotron beamline
improved signal-to-noise ratios for diffracted intensities of
native crystals ofL. mexicanaaldolase, shown in Table 1,
compared to the original structure (8). The improved
resolution allowed placement of several side chains missing
in the original structure as well as the addition of an extra
residue, Asp-358, in the C-terminal polypeptide. Different
from the original structure, electron density was found at
three distinct sites in each subunit and was interpreted as
bound phosphate oxyanions consistent with 20 mM sodium
phosphate used to buffer the crystallization solution. Two
phosphates, at sites P2 and P3, are bound in the active site at
positions distinct from the P1- and P6-phosphate binding sites
used in substrate and analogue binding (12). Although the
P2-phosphate binding site overlaps with P1-phosphate site

and oxyanions in both sites interact with the same residues
Ser-281 and Gly-282, Arg-313 (Arg-303 in rabbit muscle
aldolase), which grasps the P1-phosphate, does not interact
with the P2-phosphate. Rather the guanidinium moiety of
Arg-313 remains disordered in the electron density and points
toward the solvent as observed in the crystal structure of
the native rabbit muscle aldolase (PDB 1ZAH). The P3-
phosphate hydrogen bonds with the P2-phosphate as well as
with conserved residues Glu-197 and Glu-199. A hydrogen-
bonding pattern implicating the P3-phosphate and glutamate
residues requires that at least one glutamate residue must be
protonated and that at least one of the phosphate oxyanions
is monobasic at pH 4.5 consistent with the acidic crystal-
lization conditions.

Schiff Base.Continuous electron density, extending beyond
Lys-239 Nz in each subunit, shown in Figure 1, indicated
formation of a stable covalent adduct with FBP consistent
with trapping of a Schiff base intermediate in each aldolase
subunit. Arg-313 side chain curls to grasp the P1 oxyanion
and which is further stabilized by hydrogen bonding with
backbone amides of residues Ser-281, Gly-282, Ala-312, and
Arg-313 and side chain of Ser-281, identical to FBP binding
in rabbit muscle aldolase (12). To make room for Arg-313
to interact with the P1-phosphate, the backbone conformation
of Gly-282 flips such that the Gly-282 carbonyl no longer
contacts the Arg-313 guanidinium moiety and points in the
opposite direction. The peptide flip by Gly-282 displaces the
Gly-283 carbonyl oxygen by 1.4 Å toward the incoming
C-terminal region and mimics conformational changes
observed for the Schiff base structure formed with FBP in
rabbit muscle aldolase (12).

The remaining interactions, shown in Figure 1, between
active site residues and P6-phosphate and FBP hydroxyls are
also present in the FBP bound rabbit muscle aldolase
structure. Superposition of FBP structures from rabbit muscle
aldolase andL. mexicanaaldolase (rms deviation) 1.15 Å
for CR atoms of residues 14-343 for rabbit muscle aldolase
and 24-353 forL. mexicanaaldolase and rms deviation)
0.76 Å for FBP atoms) reinforce identical binding modes
by FBP in active sites of both aldolases. The active site cavity
can readily accommodate the amino acid substitution Gly-
312 f Ala as it does not perturb the mode of substrate
binding or interactions. Additional electron density found
in the active site was interpreted as binding by two phosphate

FIGURE 1: Electron density showing the Schiff base intermediate trapped in the active site ofL. mexicanaaldolase. Shown in stereo is the
difference electron density was calculated from a 2.2 Å annealedFo - Fc omit map encompassing Lys-239 and FBP and contoured at 3.5σ.
The continuous electron density is consistent with trapping of a Schiff base that is covalently bound to Lys-239 in all subunits. The green
dashes illustrate hydrogen bonds, and the orange dash indicates close contact between Glu-197 and hydroxyl of C4. The orientation corresponds
to viewing roughly parallel to the subunitâ-barrel axis and looking down into theâ-barrel from the carboxyl ends of theâ-strands.
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moieties, one at the previous P3 binding site and a new P6′
site, shown in Figure 1. P6′-phosphate promotes a slight
conformational displacement of Arg-158 to interact with the
oxyanion. P6′-phosphate interaction with the P6-phosphate
requires one of the oxyanions to be monobasic and suggests
that all phosphate anion binding sites are a likely conse-
quence of the acidic crystallization condition.

Carbinolamine Analogue.The electron density shown in
Figure 2 indicates formation of a stable noncovalent hexose-
P2 adduct in the active site. The nonplanar shape of the
electron density about the C2 atom of the hexose-P2 indicates
tetrahedral hybridization and is consistent with trapping of
(2R)-MBP in each aldolase subunit. Superposition of FBP
and MBP structures (rms deviation) 0.28 Å for CR atoms
of residues 24-353) reflects similar interactions made by
the ligands with active site residues including the confor-
mational change imposed on Gly-283 due to P1-phosphate
binding. The C2 hydroxyl present in MBP but not in the
Schiff base with FBP makes an additional hydrogen bond
with Glu-197 also observed in rabbit muscle aldolase (12).
Furthermore, superposition ofL. mexicanaaldolase (residues
24-353) with rabbit muscle aldolase (residues 14-343)
bound by MBP (rms deviation) 1.11 Å comparing CR atoms
and 0.54 Å for MBP atoms only) is consistent with identical
binding modes for the MBP ligand including the same short
hydrogen bond made by Ser-281 (Ser-271 in rabbit muscle
aldolase) with the P1-phosphate oxyanion (2.47( 0.23 Å
with FBP, 2.46( 0.25 Å with MBP). The bound configu-
ration of (2R)-MBP mimics the transient carbinolamine
precursor in FBP aldolase and thus acts as a transition state
analogue maximizing its active site interactions. Similar to
the FBP structure, the presence of the methyl group in Ala-
312 does not affect binding integrity of the inhibitor and
makes this amino acid substitution neutral with regard to
substrate or analogue attachment.

Induced Fit.To assess conformational changes concomi-
tant with FBP and MBP binding, a difference matrix of CR

coordinates was calculated using native, FBP, and MBP
bound structures. The interaction of Arg-313 with the P1-
phosphate induces a global conformational displacement
shifting surroundingR-helical residues 310-330 by 0.69(
0.21 Å toward the active site. An adjacent region, also of
R-helical secondary structure and corresponding to residues
43-61, upon P6-phosphate binding by residues Ser-45 and
Ser-48, undergoes a global conformational change by 1.41

( 0.05 Å that narrows the active site cleft in subunits A
and B and to a lesser extent, by 0.57( 0.28 Å, in subunits
C and D. In the crystal structure, subunits C and D from
different tetramers make reciprocal crystal packing contacts
that involve residues of this region (43-61) and would
penalize structural movement breaking these contacts. The
similar conformational change in all subunits is consistent
with an induced fit mechanism activated by attachment of
the substrate or analogue phosphate oxyanions that was also
observed for homologous helical regions in the crystal
structure of rabbit muscle aldolase (12). The absence of
significant conformational changes by all other active site
residues corroborates the interpretation of a rigid active site
that does not adapt to binding events except by large scale
movement of secondary structures.

C-Terminal Region.Active site binding resulted in ad-
ditional continuous electron density visible beyond Asp-358
of the C-terminal region in two subunits, A and B, and was
interpreted as the polypeptide sequence corresponding to
C-terminal residues 359-366, shown in Figure 3. Remaining
C-terminal residues 367-373 could not be convincingly
fitted into electron density map and were considered
disordered. The majority of interactions by the additional
C-terminal region involve main chain interactions with
residues on the subunit surface that stabilize P1-phosphate
binding, which is shown in Figure 4.

Residues directly and indirectly involved in stabilizing
P1-phosphate binding capture a specific segment of the
C-terminal region. P1-phosphate binding enables the Arg-
313 side chain to grasp the oxyanion that induces a flip of
the Gly-282 peptide allowing oxyanion interaction with the
Gly-282 amide. The peptide flip displaces the carbonyl
oxygen of adjacent Gly-283 from its position in the native
enzyme such that Gly-283 hydrogen bonds with the Leu-
364 backbone amide. C-Terminal capture is prefaced by
hydrogen bonding of the Ser-363 side chain with backbone
amide of Tyr-365 to form a cyclic structure that includes
Leu-364 and Tyr-365 backbone atoms. The cyclic structure
aligns the backbone amide of Leu-364 for hydrogen bonding
with the Gly-283 carbonyl oxygen and further orients the
Leu-364 side chain for interaction with the aliphatic carbons
of the Arg-313 side chain. The hydrophobic interaction buries
an additional 125 Å2 of solvent accessible surface represent-
ing 2.5-4.3 kcal/mol of solvation energy (34). The gain in
solvation energy is however an overestimate as Arg-313 and

FIGURE 2: Electron density showing MBP bound in the active site ofL. mexicanaaldolase. Shown in stereo is the difference electron
density was calculated from a 2.2 Å annealedFo - Fc omit map encompassing MBP and contoured at 2.5σ. The ligand is present in all
subunits. The MBP mode of attachment is stabilized similarly as observed for the Schiff base intermediate. Green dashes illustrate hydrogen
bonds. The orientation is the same as in Figure 1.
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Leu-364 are disordered in the native structure. A similar
mode of active site interaction by the C-terminal region was
observed in the crystal structures of rabbit muscle aldolase
bound by FBP and MPB (12).

Additional C-terminal interactions with the subunit sur-
face residues are few and include Ser-361 side chain
hydrogen bonding backbone amides of Glu-286 and Val-
287 and Tyr-365 phenyl side chain stacking against Ala-
247 while its hydroxyl interacts with Asp-248. The hydro-
gen bonding interactions made by the C-terminal region
are pH independent, and hence the substrate induced C-
terminal ordering is not an artifact of the acidic crystalli-
zation conditions. The gain in binding free energy conse-
quent with C-terminal recruitment is however offset against

the disorder of the C-terminal residues and Arg-313 in
the native enzyme and corroborates the notion of low affin-
ity binding by the C-terminal region with the active site
locus.

Trajectories of C-terminal regions of subunits A and B of
L. mexicanaaldolase are more than 10 Å from adjacent
tetramers minimizing potential bias with regard to stabiliza-
tion of the C-terminal region conformation by crystal
contacts. In the remaining two subunits, C and D, adjacent
tetramers block attachment of C-terminal residues beyond
residue Asp-358 even though all subunits were bound by
ligands. Full occupancy of the P1-phosphate binding site by
both ligands in subunits C and D indicates that the C-terminal
region is not required for active site binding.

FIGURE 3: C-Terminal residues 359-366 ofL. mexicanaaldolase become ordered upon ligand binding. Electron density map corresponding
to the ordered C-terminal region combined with a solvent accessible electrostatic surface potential representation of an aldolase subunit
calculated using residues 1-353. Panel A was derived from the structure of the native enzyme while panel B was obtained using the
structure of the enzymatic complex formed with MBP. MBP is bound in the active site cleft and is illustrated in red. Difference electron
density was calculated from a 2.2 Å annealedFo - Fc omit map contoured at 3.5σ encompassing the C-terminal residues 357-358 from
native structure and residues 357-366 from the MBP structure. Residues 359-366 of the C-terminal region are visible in subunits A and
B, while in subunits C and D, the electron density becomes disordered beyond residue 358, as was observed in the native structure. Similar
electron density maps were obtained in the structure with the Schiff base intermediate. The subunit surface potentials were calculated using
APBS (26) and the scale ranges-10 to 10 on the solvent accessible surface. Blue represents positively charge surface while white is a
neutral surface (red is negative, absent in this figure). The C-terminal residues are labeled in yellow, and the interacting residues on the
subunit surface are labeled in black. The orientation is approximately perpendicular to the axis of the subunitâ-barrel, slightly tilted toward
the active site, whose periphery is located in the upper hand of the figure near Arg-313.

FIGURE 4: P1-phosphate binding is responsible for recruitment of the C-terminal region to the active site. Shown in stereo is the region
binding the P1-phosphate at the active site periphery of native aldolase (cyan) and MBP (magenta) bound structures. The C-terminus recruited
in the MBP bound structure is shown in yellow and is identical to the binding mode observed in the Schiff base intermediate formed with
FBP. The green dashes illustrate hydrogen bonds. The orientation of the figure is perpendicular to the axis of the subunitâ-barrel.
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C-Terminal Recruitment.The interaction network com-
posed of amino acids Gly-282, Gly-283, Arg-313, Ser-363,
and Leu-364 and produced by capture of the C-terminal
region is conserved in all class I aldolases sequenced to date
(11). Although other C-terminal residues engage in binding
with the subunit surface upon ligand attachment, these are
not conserved and are structurally insensitive to P1-phosphate
binding events. Their interaction suggests a cooperative
recruitment mechanism necessitating P1-phosphate binding
to capture the C-terminal region through conserved interac-
tions and which is further stabilized by additional noncon-
served interactions. The conservation of the amino acid
residues engaged in C-terminal capture points to a mecha-
nistic feature general to class I aldolase catalysis.

By anchoring the C-terminal region at the active site
periphery, the gain in binding energy reduces configurational
entropy and acts as a hinge for more precise delivery,
following substrate cleavage, of the remaining C-terminal
heptapeptide into the active site to mediate proton exchange.
Substrate immobilization in an active site reduces configu-
rational entropy by increasing the effective concentration of
substrate competent for catalysis and can accelerate a reaction
by many orders of magnitude (35). In this context, C-terminal
recruitment by substrate, prior to catalysis, would lessen the
consequent entropy loss in active site docking by the
C-terminus tyrosine and lower the activation barrier for
proton exchange at the enamine. The reduction in proton
exchange by mutation of the conserved C-terminal Leu to
Ala in maize aldolase (18) corroborates the interpretation
that loss of the Arg-Leu hydrophobic interaction diminishes
recruitment of the C-terminal region thereby enhancing
configurational entropy in the substrate bound state which
would raise the height of transition state barrier associated
with the proton transfer step and thus lower catalytic activity.

Increasing the effective concentration of the conserved
terminal tyrosine residue in the active site, by C-terminal
capture at the active site locus, would afford greater
protection against proteolysis and is consistent with increased
resistance to carboxypeptidase A degradation of the C-
terminus in all aldolases in the presence of dihydroxyace-
tone-P (15). Although the sequence of the C-terminal region
(residues 367-372) is variable among species, the number
of residues between the Ser-Leu dyad and terminal tyrosine
is constant (6 residues) in all class I aldolases. The most
parsimonious interpretation is that participation by the
C-terminal tyrosine in proton exchange requires sufficient
residues to reach the enamine from the Ser-Leu dyad, a
consideration resulting from the underlying conserved reac-
tion geometries in class I aldolases, that of a fixed distance
between the P1-phosphate and the exchangeable 3(S) hydro-
gen of the C3 carbon in the enamine. Active site interactions
by conserved residues and backbone atoms of the penultimate
C-terminal region, such as with backbone atoms of residues
364-365, would be consistent with a constant number of
nonhomologous intervening residues and which would not
be subject to significant evolutionary pressure regarding
sequence consensus. Substrate mediated attachment by the
C-terminal region ensures that C-terminal region is not
recruited to the active site in the native enzyme thereby
minimizing steric interference with substrate binding. Fur-
thermore, the apparent low affinity by the C-terminal region
for interaction with its proper subunit surface in the native

enzyme corroborates that entropy loss diminishes binding
affinity (36) and supports loss of configurational entropy as
a significant factor in entropy reduction upon active site
binding (37).

In conclusion, a novel recruitment mechanism is described
involving interaction of the C-terminal region with the active
site locus in class I aldolases. Substrate binding induces
partial ordering of the C-terminal peptide at the active site
periphery. The reduction in configurational entropy by
ordering of the C-terminal region precedes catalytic events
and thus reduces configurational entropy loss during the
catalytic cycle. Minimizing entropy loss diminishes the
activation barrier of the proton transfer rate step that is
mediated by the C-terminal tyrosine and accelerates the
enzymatic reaction. This entropy reduction mechanism is
conserved among class I aldolases as the amino acid residues
participating in C-terminal capture are also conserved.
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