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ABSTRACT: Conformational flexibility is emerging as a central theme in enzyme catalysis. Thus, identifying
and characterizing enzyme dynamics are critical for understanding catalytic mechanisms. Herein, coupling
analysis, which uses thermodynamic analysis to assess cooperativity and coupling between distal regions
on an enzyme, is used to interrogate substrate specificity among fructose-1,6-(bis)phosphate aldolase
(aldolase) isozymes. Aldolase exists as three isozymes, A, B, and C, distinguished by their unique substrate
preferences despite the fact that the structures of the active sites of the three isozymes are nearly identical.
While conformational flexibility has been observed in aldolase A, its function in the catalytic reaction of
aldolase has not been demonstrated. To explore the role of conformational dynamics in substrate specificity,
those residues associated with isozyme specificity (ISRs) were swapped and the resulting chimeras were
subjected to steady-state kinetics. Thermodynamic analyses suggest cooperativity between a terminal surface
patch (TSP) and a distal surface patch (DSP) of ISRs that are separated by>8.9 Å. Notably, the coupling
energy (∆GI) is anticorrelated with respect to the two substrates, fructose 1,6-bisphosphate and fructose
1-phosphate. The difference in coupling energy with respect to these two substrates accounts for∼70%
of the energy difference for the ratio ofkcat/Km for the two substrates between aldolase A and aldolase B.
These nonadditive mutational effects between the TSP and DSP provide functional evidence that coupling
interactions arising from conformational flexibility during catalysis are a major determinant of substrate
specificity.

Recent evidence shows dynamic fluctuations of structure
are essential components of enzyme catalysis (1). While it
is likely that most enzymes exhibit flexibility as part of the
catalytic process, the role of this movement is enzyme-
specific. For example, in the case of dihydrofolate reductase
(DHFR), backbone and side chain motions are essential for
cofactor binding, substrate binding, and catalysis (2). Thus,
identifying and characterizing these motions are paramount
to understanding enzyme mechanisms.

Recently, the importance of conformational flexibility has
been highlighted in the study of ligand binding and catalysis,
as inferred from X-ray crystallographic and NMR structures
as well as computational analysis. The term “allostery” has
been applied to the transmission of energy resulting from
structural rearrangement and/or dynamic changes within a
single-domain protein (3-5). In addition to structural and

computational data, evolutionary data for a protein family
have been used to show that conserved sets of interacting
residues form connected pathways through the protein to
transmit changes upon ligand binding (6). Not only ligand
binding but also catalysis is dependent upon the inherent
mobility of a protein during the catalytic cycle with one or
more of the catalytic steps being reflected in an intrinsic
motion of the enzyme (for a review, see ref1, and for a
recent example, see ref7). Thus, the innate mobility of the
protein scaffold is manifested in the various steps of the
catalytic cycle. Indeed, extensive studies of hydrogen transfer
in proteins are consistent with the concept that protein
dynamics create transient heavy-atom configurations with a
favorable electrostatic environment for proton and hydride
transfer (1, 8-12). In comparison, determining how confor-
mational flexibility affords the remarkable selectivity of
enzymes has received less attention. However, recent work
on T7-DNA polymerase has invoked a role for enzyme
dynamics in distinguishing correct nucleotide incorporation
from misincorporation (13).

Here, multiple mutational analyses in fructose-1,6-(bis)-
phosphate aldolase (aldolase, EC 4.1.2.13) are used to
identify and characterize conformational coupling as a
potential mechanism conferring substrate specificity among
aldolase isozymes. Aldolase catalyzes the reversible C-C
bond cleavage of fructose 1,6-(bis)phosphate (Fru 1,6-P2)1

and fructose 1-phosphate (Fru 1-P) in its roles in glycolysis,
gluconeogenesis, and fructose metabolism (14). Aldolase
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isozymes are distinguished by their unique expression
profiles and substrate specificities (15). Aldolase A is
expressed primarily in skeletal muscle and has the highest
rate of turnover toward Fru 1,6-P2 of the three isozymes (15-
17). Aldolase B is expressed primarily in liver and kidney
where most Fru 1-P degradation takes place (14, 18). While
the catalytic mechanism of aldolase is well-characterized
(19-21) and crystal structures of all three human isozymes
have been determined (22-24), it is still unclear how
aldolase catalyzes the cleavage of the two substrates with
distinct and physiologically relevant efficiencies. For ex-
ample, consistent with its role in gluconeogenesis, aldolase
B has equal turnover numbers for the two hexose substrates
and has a lowerKm value for glyceraldehyde 3-phosphate
and dihydroxyacetone phosphate than aldolase A (17).
Correspondingly, aldolase A has evolved to cleave Fru 1,6-
P2 more efficiently than Fru 1-P (as evidenced by thekcat/
Km ratio for Fru 1,6-P2 to Fru 1-P of 70000). This ratio for
aldolase B is∼900; therefore, the evolution of these
parameters for aldolase A compared to that of aldolase B
has resulted in an∼80-fold (70000/900) difference in
selectivity between the two hexoses.

Previous work attempting to decipher the root of isozyme
specificity has identified a set of residues conserved among,
but not between, each isozyme, termed isozyme-specific
residues (ISRs). Surprisingly, ISRs are not located at or near
the active site but mostly (24 of 27) fall on the surface of
the protein (25). Moreover, a large proportion of ISRs are
found in the C-terminal region (CTR) of the enzyme. The
role of ISRs was previously examined by swapping ISRs
from aldolase B into aldolase A, demonstrating that the ISRs
are necessary and sufficient to confer kinetic parameters (kcat

andKm) of aldolase B onto aldolase A (25). Because of their
conservation and involvement in conferring substrate speci-
ficity, it is hypothesized that interactions between ISRs are
responsible for altering the structure of the active site from
a distance.

One means by which enzymes may confer substrate
specificity at a distance would involve dynamic cooperation
and coupling among sets of ISRs. Herein, multiple mutational
analyses are employed as a novel method to attribute the
role of conformational coupling to substrate specificity
among aldolase isozymes. Traditionally, this analysis is
performed by making two separate, single-residue mutations
and the corresponding double mutation, calculating the
change in free energy (∆∆G) associated with these changes,
and comparing the change in free energy with that of the
double mutant (9, 26, 27). If the changes in free energy of
the two single mutants do not sum to the change in free
energy for the double mutant, then a cooperative and/or
coupling mechanism between the residues is invoked. To
perform the analogous experiment for aldolase ISRs, groups
of mutations were analyzed rather than single amino acid
substitutions. Multiple mutational analyses revealed that
substrate specificity of aldolase A was conferred by coopera-
tive effects between two distantly located surface patches,
one of which includes the CTR. This analysis exposes a

means by which these cooperative effects among ISRs affect
substrate specificity in enzymes with seemingly identical
active sites.

MATERIALS AND METHODS

Materials. Restriction endonucleases, T4 DNA ligase,
VentR DNA polymerase, and ThermoPol buffer were from
New England Biolabs. AmpliTaq DNA polymerase was from
Applied Biosystems. Glycerol-3-phosphate dehydrogenase
and triosephosphate isomerase were from Roche Applied
Science. Deoxynucleoside triphosphates and CM-Sepharose
CL-6B were from Amersham Biosciences. Oligonucleotides
used for site-directed mutagenesis and sequencing were from
Midland Certified Reagent Company, Inc. All other chemi-
cals were from Sigma-Aldrich Chemical Co.

Site-Directed Mutagenesis.All mutant aldolases were
generated via multiple site-directed mutagenesis using over-
lapping oligonucleotides (28). Unless otherwise stated, all
oligonucleotides complement pPB14, which expresses rabbit
aldolase A (29). Oligonucleotide sequences are provided as
Supporting Information.

Full-length cassettes were subcloned intoEcoRI and
HindIII sites in pPB1 (30). The different expression con-
structs are described in Table 1. The expression plasmid,
pAB_DSP, was constructed with the following oligonucleo-
tides: geneU, AB_DSP1, AB_DSP2, AB_DSP3, AB_DSP4,
AB_DSP5, AB_DSP6, and geneL. The expression plasmid,
pAB_TSP, was generated in two steps. First, the pAB_Cterm
plasmid was constructed with the following oligonucleo-
tides: geneU, ABC1, ABC2, and geneL. Second, pAB_C-
term was used as a template for the following oligonucleo-
tides togeneratepAB_TSP: geneU,ABD1,ABD2,AB_TSP3,
AB_TSP4, AB_TSP5, AB_TSP6, and geneL. The expression
plasmid, pAB_P, was also generated in two steps. First, the
pInt plasmid was created by splicing together the 474 bp
fragment generated by cutting pAB_TSP withNcoI and
HindIII into the 3402 bp fragment of pAB_DSP, cut with
the same enzymes. Second, pInt was used as a template for
the following oligonucleotides to generate pAB_P: geneU,
ABD1, ABD2, AB_DSP5, AB_DSP6, and geneL. The
expression plasmid, pAB_NP, was constructed with the
following oligonucleotides: geneU, AB_NP1, AB_NP2,
AB_NP3, AB_NP4, AB_All5, AB_All6, 5′-3′ (forward);
AB_All7, AB_All8, AB_NP5, AB_NP6, ABD9, ABD10,
AB_NP7, AB_NP8, and geneL. The expression plasmid,
pAB_NPS, was constructed with the following oligonucleo-
tides: geneU, AB_NP3, AB_NP4, AB_All5, AB_All6,
AB_NP5, AB_NP6, ABD9, ABD10, and AB_NP7. The
pAB_NPS full-length PCR product was subcloned into

1 Abbreviations: ISR, isozyme-specific residue; Fru 1,6-P2, fructose
1,6-bisphosphate; Fru 1-P, fructose 1-phosphate; CTR, C-terminal
region; TSP, terminal surface patch; DSP, distal surface patch; DTNB,
5,5′-dithiobis(2-nitrobenzoic acid).

Table 1: Site-Directed Mutagenesis

enzymea amino acid substitutions

AB_P S38T, I39M, A40G, S45R, Q60E, P71Q, R91K, G102I,
K311A, L320K, S353T, E354Q, I358T, S359A, H361Y

AB_NP Y58F, V113A, H156Q, I182L, P262A, A296K, Y327F
AB_TSP S38T, I39M, A40G, S45R, K311A, S353T, E354Q,

I358T, S359A, H361Y
AB_DSP Q60E, P71Q, R91K, G102I, L320K
AB_NPS V113A, H156Q, P262A, A296K
AB_NPB Y58F, I182L, Y327F

a P, patch; NP, nonpatch; TSP, terminal surface patch; DSP, distal
surface patch; NPS, nonpatch surface; NPB, nonpatch buried.
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pPB14 at theEcoRI andEagI sites. The expression plasmid,
pAB_NPB, was constructed with the following oligonucleo-
tides: geneU, AB_NP1, AB_NP2, AB_All7, AB_All8,
AB_NP7, AB_NP8, and geneL. The expression plasmid,
pAld337, was constructed in two steps. First, the oligonucleo-
tides U1nde and L337sap, complementing pPB14, were used
to generate a PCR fragment corresponding to the first 337
amino acids of rabbit aldolase A. The engineered restriction
sitesNdeI and SapI were used for in-frame subcloning in
theSceVMA intein/chitin binding domain from pTYB1 (New
England Biolabs). The construct encoding an aldolase with
only two Cys residues, gBi, used a 207 bpBstEII-EagI
fragment from pGTET, which has all surface Cys residues
(72, 239, 289, and 338) substituted with Ala (31), ligated
pPB14. The 207 bp fragment encodes the C239A and C289A
substitutions of pGTET. All fragments were amplified as
previously described (25), and resulting clones were screened
by DNA sequence determination (Boston University Core
Sequencing Facility).

Expression and Purification of Recombinant Aldolases.
Expression and purification of substituted aldolases were
performed as described previously (29). Briefly, purification
used affinity elution from CM-Sepharose CL-6B with 2.5
mM Fru 1,6-P2 at pH 8.3 for AB_NP, AB_P, AB_NPS,
AB_NPB, AB_TSP, AB_DSP, and gBi. The truncated form
of aldolase, Ald337, was purified using the IMPACT-CN
protein purification system as previously described (32).

Characterization of Chimeric Aldolases.Aldolase activity
toward Fru 1,6-P2 and Fru 1-P was measured as described
previously (29, 33). Briefly, a decrease inA340 was measured
from an assay coupled toâ-NADH oxidation by glycerol-
3-phosphate dehydrogenase. Enzymes were diluted in 50 mM
TEA-HCl (pH 7.4), 10 mM EDTA, 20µg/mL glycerol-3-
phosphate dehydrogenase, triosephosphate isomerase, and 0.2
mM â-NADH. For the AB_P chimera, the Fru 1,6-P2

concentration ranged from 0.6 to 6.0µM with 2 µg/mL
enzyme and the Fru 1-P concentration ranged from 1100 to
8000 µM with 4 µg/mL enzyme. For chimeras AB_NP,
AB_NPS, and AB_NPB, the Fru 1,6-P2 concentration ranged
from 3.0 to 100µM with 0.5 µg/mL enzyme and the Fru
1-P concentration ranged from 2500 to 80000µM with 100
µg/mL enzyme. For the AB_TSP chimera, the Fru 1,6-P2

concentration ranged from 4.5 to 35µM with 1.1 µg/mL
enzyme and the Fru 1-P concentration ranged from 5000 to
60000 µM with 10 µg/mL enzyme. For the AB_DSP
chimera, the Fru 1,6-P2 concentration ranged from 5.0 to 80
µM with 0.5 µg/mL enzyme and the Fru 1-P concentration
ranged from 5000 to 60000µM with 10 µg/mL enzyme. For
the Ald337 chimera, the Fru 1,6-P2 concentration ranged
from 20 to 600µM with 18 µg/mL enzyme and the Fru 1-P
concentration ranged from 2500 to 80000µM with 70 µg/
mL enzyme. For gBi, the Fru 1,6-P2 concentration ranged
from 6 to 200µM with 1.3 µg/mL enzyme. Assays were
performed at 30°C in triplicate using a SpectroMAX 190
spectrophotometer (Molecular Devices, Inc.) in a final
volume of 350µL.

InactiVation of Aldolase by Oxidation.Oxidation was
performed as described previously (34) except for changes
in concentration. The oxidants wereo-phenanthroline (60
µM) and cupric sulfate (20µM). Concentrations of Fru 1,6-
P2 and Fru 1-P were 5Km (0.05 and 200 mM, respectively).
Briefly, aldolases (1 mg/mL) in 100 mM Tris-HCl (pH 8.4)

were incubated with oxidants in the presence or absence of
substrate. At various times, aliquots (10µg) were removed,
diluted 100-fold, and assayed for activity at 25°C. The
presence of unoxidized thiols was determined by reaction
of 90 µg aliquots of aldolase with 3 mM 5,5′-dithiobis(2-
nitrobenzoic acid) (DTNB) in 100 mM Tris (pH 9.4) (34).
Absorbance was measured at 412 nm after 5 min at 25°C.

RESULTS

Spatial Analysis of ISRs.Isozyme-specific residues (ISRs)
that confer the kinetic properties of the aldolase isozymes
have previously been identified (25). Here, ISRs were further
analyzed on the basis of their location in the three-
dimensional structure (Figure 1). Of the 23 ISRs in aldolase
A and aldolase B, 16 cluster into two surface patches, the
terminal surface patch (TSP) and the distal surface patch
(DSP), hereafter termed “patch” ISRs, and the remaining
seven residues are termed “nonpatch” ISRs. Nonpatch ISRs
were categorized on the basis of their exposure to solvent.
Four of the seven nonpatch ISRs were solvent accessible as
determined from a Connolly surface map (35), while the
remaining three residues were buried (residues 58, 182, and
327).

To determine if potential coupling interactions among
these conserved groups of residues confers the differential
kinetics between isozymes, chimeric enzymes were created
by swapping each subset of ISRs (Table 1). Swapping ISRs
was performed by incorporating aldolase B ISRs into aldolase
A while replacing aldolase A ISRs with the corresponding
aldolase B residue. The location of these substitutions in the
primary sequence is shown in Figure 2. The resulting
chimeric proteins were expressed inEscherichia coliand
purified to >95% as assayed by SDS-PAGE.

Steady-State Kinetics.All chimeras were characterized via
steady-state kinetics with the substrates Fru 1,6-P2 and Fru
1-P (Table 2). It is known that the rate-limiting step for wild-
type aldolases is product release (20, 36), and since the
chimeras are fully active enzymes, the rate-limiting step is
not likely changed for the chimeras. If so,Km would be
defined identically for all enzymes. The chimera in which

FIGURE 1: Location of aldolase A and B ISRs on the aldolase
monomer. A surface model of the aldolase A monomer (PDB entry
1ADO) showing the location of aldolase A and B (residue number
underlined) ISRs with respect to the active site (two views shown,
180° rotation about they axis). ISRs of TSP (yellow), ISRs of the
DSP (cyan), and nonpatch surface ISRs (green) are labeled, and
the patches are outlined. Active site residues are colored red, and
residue 41, involved in binding the C6-phosphate, is colored gray.
The approximate locations of tetramer interfaces are indicated with
black bars. This figure was created using PyMOL version 0.97 (58).

13012 Biochemistry, Vol. 46, No. 45, 2007 Pezza et al.



all ISRs had been swapped from aldolase B into aldolase A
(AB_All) exhibits kcat andKm parameters indistinguishable
from those of aldolase B (25). Compared to that of AB_All,
the loss of nonpatch residues in AB_P resulted in a 5-fold
increase inKm toward Fru 1,6-P2, making it more similar to
aldolase A than aldolase B (Table 2). However, the turnover
number was very similar to that of aldolase B. Toward the
substrate Fru 1-P, AB_P displayedKm andkcat values more
similar to those of aldolase B than to those of aldolase A. In
a complementary experiment, the contribution of nonpatch
ISRs alone was analyzed with the construct AB_NP, which
exhibited kinetic parameters toward Fru 1,6-P2 and Fru 1-P
more similar to those of aldolase A than to those of aldolase
B. The possible exception was thekcat toward Fru 1-P, which
was similar to that of aldolase B. Overall, the results are
consistent with an effect onKm toward Fru 1,6-P2 associated
with the combined presence of patch and nonpatch residues.

Similarly, the involvement of the two patches of AB_P in
substrate specificity was analyzed using the chimeras AB_TSP
and AB_DSP. The kinetic profile of AB_TSP toward Fru
1-P showed that thekcat was similar to that of aldolase B
(Table 2). TheKm value was decreased by 5-fold compared
to that of aldolase A, making it intermediate between the
values for A and B. Remarkably, toward Fru 1,6-P2, AB_TSP
had aKm value more similar to that of aldolase A yet attained
a kcat indistinguishable from that of aldolase B. As for
AB_DSP, steady-state kinetic analysis toward Fru 1-P

revealed activities similar to those of AB_TSP, whereas the
kinetic parameters toward Fru 1,6-P2 were indistinguishable
from those of aldolase A.

Similar analysis of the chimeras that separate the surface
and buried nonpatch ISRs using AB_NPS and AB_NPB
showed that they were similar to each other and each
demonstrated the same kinetic differences from wild-type
aldolase A as did the combination of the two (AB_NP)
(Table 2). Thus, dividing the nonpatch residues into buried
and surface residues did not dissect function. In addition,
comparison of all nonpatch chimeras (AB_NP, AB_NPS, and
AB_NPB) relative to aldolases A and B showed that the role
of these residues in distinguishing kinetic parameters was
relatively minor. The fact that thekcat value toward Fru 1-P
increased>2-fold for most chimeras relative to that of
aldolase A demonstrated that all these enzymes were not
simply impaired in function.

NonadditiVe Mutational Effects in Aldolase.Interaction
energies between two substitution sites can be assessed by
summing the change in energy associated with each substitu-
tion and comparing this sum to the change in energy
associated with the double substitution (9, 26, 27). This
approach was applied to the ISR subsets; the subsets of ISRs
represent a single substitution, and a combination of these
subsets represents the double substitution. Three thermody-
namic cycles among such aldolase chimeras were analyzed
(Figure 3). First, the change in free energy associated with

FIGURE 2: Diagrammatic representation of aldolase chimeras. Wild-type aldolases A and B, 363 amino acid residues each, are represented
as yellow and blue boxes, respectively, above which the ISRs are indicated. The ISRs engineered in each chimera are similarly indicated
in color.

Table 2: Steady-State Kinetics of Aldolase Chimeras

Fru 1,6-P2 Fru 1-P

kcat (s-1) Km (µM) kcat (s-1) Km (µM)

aldolase Aa 10.2( 0.4 9.5( 0.9 0.63( 0.02 40000( 2000
aldolase Ba 1.5( 0.1 0.84( 0.05 1.4( 0.1 720( 40
AB_All a 1.07( 0.07 1.1( 0.1 1.47( 0.08 2600( 200
AB_P 2.4( 0.2 5.1( 0.4 1.3( 0.1 3300( 300
AB_NP 7.6( 0.4 4.0( 0.4 1.6( 0.1 47000( 3000
AB_TSP 1.3( 0.1 7.1( 0.4 1.2( 0.1 9400( 1000
AB_DSP 7.2( 0.4 8.5( 0.4 2.0( 0.1 8100( 600
AB_NPS 8.7( 0.5 6.0( 0.3 1.9( 0.1 71000( 4000
AB_NPB 9.7( 0.5 6.8( 0.3 2.2( 0.1 85000( 4000
Ald337 0.097( 0.006 200( 10 0.017( 0.001 2200( 100

a Data from ref25.

FIGURE 3: Thermodynamic cycles among aldolase chimeras. For
each cycle, arrows 1 and 4 indicate the substitution of one set of
ISRs, while arrows 2 and 3 indicate the substitution of the other
set of ISRs. The diagonal arrow 5 indicates the double substitution.
(A) ISRs involved in the “Patch” (TSP and DSP) cycle. (B) ISRs
involved in AB_All (25) (“All”) made with patch (P) and nonpatch
(NP) residues. (C) ISRs involved in the “Non-patch” cycle made
with buried (NPB) and surface (NPS) residues.
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the separate patches, AB_TSP and AB_DSP, was compared
to the free energy of swapping of both patches (AB_P)
(Figure 3A). Second, the change in free energy associated
with separating patch (AB_P) and nonpatch (AB_NP)
residues was compared to those produced by swapping all
ISRs (AB_All) (Figure 3B). Finally, the free energy associ-
ated with separating the nonpatch ISRs into surface
(AB_NPS) and buried (AB_NPB) residues was compared
to the free energy of swapping of all nonpatch (AB_NP)
residues (Figure 3C).

The change in transition-state stabilization energy associ-
ated with each set of substitutions was calculated from the
kinetic parameterskcat andKm using eq 1 (37, 38):

where∆∆GT
q is the transition-state stabilization energy or

change in free energy to reach the transition-state complex
from free enzyme and substrate,R is the gas constant, and
T is the absolute temperature. The sum of the changes in
free energy for the two single sets of substitutions is related
to the change in free energy of the double sets of substitutions
by eq 2:

where∆∆G(X,Y)
q is the difference in free energy between

the wild type and the chimera with the double set of
substitutions,∆∆G(X)

q and ∆∆G(Y)
q are the differences in

free energy between the wild type and the two chimeras with
a single set of substitutions, and∆GI, or coupling energy, is
the interaction energy between substitution sites (38, 39). If
∆GI ≈ 0, then the interactions between the sets of ISRs are
additive, thus indicating that the ISRs have independent
effects. If ∆GI * 0, then the effects are nonadditive,
indicating that one set of ISRs is affected by the other set of
ISRs. Negative∆GI values represent a positive coupling
interaction that enhances the kinetic parameter measured,
while positive∆GI values represent coupling interactions that
reduce this parameter (40). This analysis was repeated with
kcat and again withKm, substituting each forkcat/Km in eq 1.

The ∆GI values calculated for both Fru 1,6-P2 and Fru
1-P using the three thermodynamic cycles are listed in Tables
3 and 4, respectively. For the thermodynamic cycle “Patch”,
there was a non-zero∆GI for the kinetic parameterkcat/Km

toward Fru 1,6-P2 (-0.7 kcal/mol). As described above, the
negative∆GI indicated coupling energy that enhances the
kinetic parameterkcat/Km. This cooperativity was largely
associated with the rate-limiting step,kcat (-0.6 kcal/mol).
The same analysis using Fru 1-P demonstrated a similar
cooperative effect associated withkcat/Km (∆GI ) 1.0 kcal/
mol). However, the change in sign indicated a negative
cooperativity between these two patches for this substrate.
Again, as it was for Fru 1,6-P2, this cooperativity was largely
due to an effect onkcat (0.7 kcal/mol).

Table 3: Comparison of Free Energy Differences among Chimeras toward Fru 1,6-P2
a

∆∆Gq (kcal/mol)thermodynamic
cycle individual chimeras sum combined chimeras ∆GI (kcal/mol)

AB_TSP AB_DSP AB_P
Patch kcat 1.2( 0.2 0.21( 0.04 1.4( 0.2 0.9( 0.2 -0.6( 0.2

Km 0.18( 0.04 0.07( 0.02 0.24( 0.04 0.4( 0.1 0.1( 0.1
kcat/Km 1.0( 0.2 0.14( 0.04 1.2( 0.2 0.5( 0.2 -0.7( 0.4

AB_P AB_NP AB_All
All kcat 0.9( 0.2 0.17( 0.02 1.0( 0.2 1.3( 0.2 0.3( 0.4

Km 0.4( 0.1 0.5( 0.1 0.9( 0.2 1.3( 0.4 0.4( 0.4
kcat/Km 0.5( 0.1 -0.3( 0.1 0.2( 0.2 0.09( 0.02 -0.1( 0.2

AB_NPS AB_NPB AB_NP
Non-patch kcat 0.10( 0.02 0.027( 0.004 0.12( 0.02 0.17( 0.02 0.05( 0.04

Km 0.27( 0.06 0.20( 0.04 0.47( 0.08 0.5( 0.1 0.0( 0.2
kcat/Km -0.18( 0.04 -0.17( 0.04 -0.35( 0.06 -0.3( 0.1 0.0( 0.2

a Deviations were defined as 2σ from the mean.

Table 4: Comparison of Free Energy Differences among Chimeras toward Fru 1-Pa

∆∆Gq (kcal/mol)thermodynamic
cycle individual chimeras sum combined chimeras ∆GI (kcal/mol)

AB_TSP AB_DSP AB_P
Patch kcat -0.4( 0.08 -0.7( 0.1 -1.1( 0.1 -0.4( 0.1 0.7( 0.2

Km 0.9( 0.2 0.9( 0.2 1.8( 0.2 1.5( 0.4 -0.3( 0.4
kcat/Km -1.3( 0.4 -1.6( 0.4 -2.9( 0.6 -1.9( 0.6 1.0( 0.8

AB_P AB_NP AB_All
All kcat -0.4( 0.1 -0.5( 0.1 -1.0( 0.1 -0.5( 0.1 0.5( 0.2

Km 1.5( 0.4 -0.10( 0.02 1.4( 0.4 1.6( 0.4 0.3( 0.4
kcat/Km -1.9( 0.6 -0.5( 0.1 -2.3( 0.6 -2.1( 0.6 0.2( 0.8

AB_NPS AB_NPB AB_NP
Non-patch kcat -0.5( 0.1 -0.7( 0.1 -1.3( 0.2 -0.5( 0.1 0.7( 0.2

Km -0.10( 0.02 -0.45( 0.06 -0.54( 0.06 -0.1( 0.02 0.45( 0.06
kcat/Km -0.5( 0.1 -0.28( 0.06 -0.7( 0.1 -0.5( 0.1 0.3( 0.2

a Deviations were defined as 2σ from the mean.

∆∆GT
q ) -RT ln

(kcat/Km)mutant

(kcat/Km)wild type

(1)

∆∆G(X,Y)
q ) ∆∆G(X)

q + ∆∆G(Y)
q + ∆GI (2)
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On the other hand, for the thermodynamic cycles “All”
and “Non-patch”, the change in free energies associated with
each kinetic parameter for Fru 1,6-P2 was additive (∆GI ≈
0). However, the coupling energy for Fru 1-P indicated a
small but significant coupling energy between nonpatch
surface and nonpatch buried residues associated withkcat/
Km (∆GI ) 0.3 kcal/mol). This was the net effect of two
larger but opposing changes onkcat (∆GI ) 0.7 kcal/mol)
and Km (∆GI ) 0.45 kcal/mol). Of the seven nonpatch
surface and nonpatch buried residues, five are aldolase B
ISRs, suggesting that the coupling interaction between these
residues is conserved mainly in aldolase B. It must be noted
that this analysis is based on the assumption that the rate-
limiting step (product release) for the chimeras has not
changed such thatKm has the same definition for all enzymes.
Moreover, the pseudo-second-order rate constants,kcat/Km,
are comparable, and it is in this constant that the important
distinctions lie.

InVolVement of the Flexible C-Terminus.Coupling interac-
tions between sets of ISRs acting at a distance affect substrate
specificity. As details of these interactions are unknown, we
hypothesized that the flexible C-terminus of aldolase, which
is part of the TSP, is a potential “bridge” for mediating these
interactions. This is based on X-ray crystallographic data in
which disorder (19, 24, 41) or multiple conformations (23,
42-44) of the 18-20 C-terminal residues (CTR) indicate
flexibility. Moreover, removal of residues from the CTR of
aldolase A disrupts Fru 1,6-P2 turnover with limited effects
on Fru 1-P turnover (21, 45, 46).

To test this model, a C-terminal mutant of aldolase was
generated and the steady-state kinetic parameters were
determined. For this variant, the entire CTR was deleted, to
make Ald337 (Figure 2), which exhibited a 30-100-fold
decrease inkcat compared to that of the wild type for both
substrates (Table 2). However, theKm values were affected
in opposite directions; toward Fru 1,6-P2, the Km value
increased 20-fold, whereas toward Fru 1-P, theKm decreased
20-fold. Thus, this distinction highlights the importance of
the CTR in differential effects on substrate binding and
intermediate steps in the catalytic cycle (Km), and in
substrate-specific rate-limiting steps (kcat), likely involving
conformational changes. This conclusion was reinforced by
comparison to an enzyme that added back the CTR, but
included all the ISRs from the TSP of aldolase B (AB_TSP).
The turnover number for both Fru 1,6-P2 and Fru 1-P
cleavage was restored to the values for aldolase B (Table
2), yet the values forKm remained more like that of aldolase
A. Thus, the inclusion of the CTR alone is not sufficient to
confer thekcat values of aldolase B, and the CTR, while
required for full activity toward both substrates, may behave
differently upon the binding of each.

EVidence for Mobility of theR-Helical Cluster. The
thermodynamic analyses of the kinetic behavior pinpointed
the involvement of both the TSP and DSP regions of
aldolase. ISRs that comprise the TSP and DSP are generally
located on opposite faces of a previously unappreciated
cluster ofR-helices (Figure 4). The first and last helices off
theR/â-barrel (R2 andR13) along with three other nonbarrel
helices (R3, R4, andR14) form the five-helix cluster. One
mechanism explaining the cooperativity in determination of
aldolase substrate specificity may involve conformational
changes of these helices during catalysis.

Two analyses were preformed to test the model in which
theR-helical cluster exhibits substrate-dependent conforma-
tional flexibility. The first was an analysis ofB-factors in
the region of theR-helical cluster (Figure 5). Indeed, parts
of helicesR2, R13, andR14 exhibit elevated values relative
to the averageB-factor of the structure. However, interpreta-
tion of mobility from X-ray crystallographic data is not
definitive. A direct analysis was performed that derives from
the well-known effect of oxidation on aldolase activity (34,
47). Oxidation of surface cysteine residues on aldolase can
be protected against loss of activity to different extents by
different substrates (34). It is thought that the site of oxidation
is probably due to the proximal residues Cys72 and Cys338,

FIGURE 4: Ribbon diagram of aldolase depicting a five-helix cluster.
The five helices in the cluster involved in determination of substrate
specificity are numbered (circled). The ISRs in the TSP (yellow)
and the DSP (cyan) are labeled and depicted as sticks. The monomer
is oriented with the active site cleft facing to the right and in the
plane of the paper. The distances (angstroms) between near ISRs
in the two patches are indicated in addition to the distance between
Cys72 and Cys338 (red sticks). Residues involved in binding the
C6-phosphate, Lys41, Arg42, and Arg303 (57) are depicted as gray
sticks, and the CR backbone of the CTR is colored blue. This figure
was created using PDB entry 1ADO and PyMOL version 0.97 (58).

FIGURE 5: Ribbon diagram of aldolase colored byB-factor. The
five helices in the excursion involved in determination of substrate
specificity are numbered (circled). The monomer is oriented with
the active site cleft facing to the right and in the plane of the paper.
The CR backbone is colored by increasingB-factor from blue
(minimum value of 35 Å2) to red (maximum value of 80 Å2). This
figure was created using chain A from PDB entry 1ADO and
PyMOL version 0.97 (58). Other structures in the Protein Data Bank
produced a similar result.
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which are in helicesR4 andR14 of theR-helical cluster (see
Figure 4). A construct was made that removed the two other
reactive cysteine groups and left only Cys72 and Cys338.
This construct, gBi, was purified, characterized, and shown
to possess kinetic values similar to those of wild-type
aldolase A (kcat was 14 s-1 andKm toward Fru 1,6-P2 was
8.6 µM). This aldolase variant was used to test if oxidation
of these Cys residues in theR-helical cluster would show
different rates of activity loss due to oxidation in the presence
of Fru 1,6-P2 versus Fru 1-P. When substrates were used at
the same concentrations (relative toKm), Fru 1,6-P2 exhibited
a much slower loss of activity compared to Fru 1-P, which
was itself slower relative to enzyme without any substrate
(Figure 6). That this effect was due to oxidation at these
two Cys residues was shown by the lack of any substrate-
dependent loss of activity in the aldolase variant, gTet, which
does not possess any surface Cys residues (31), and in the
loss of DTNB reactivity at the end of the oxidation reaction,
which confirmed loss of available thiols in gBi (data not
shown). This result is a clear and direct demonstration that
the conformation of the helixes containing these two
proximal Cys residues in theR-helical cluster is different
depending on the substrate present.

DISCUSSION

Recently, it has been proposed that enzyme dynamics is a
necessary feature of enzyme catalysis and that structural

flexibility dictates the rate of enzyme-catalyzed reactions (1,
12). Thus, identifying what part of an enzyme moves and
the consequences of these movements is critical for under-
standing enzyme kinetics and function. Crystal structures at
various stages of catalysis are often used to identify the result
of structural movements. For example, crystal structures of
DHFR reveal a flexible loop that lies directly over the active
site. Movement of the loop causes alterations of the
architecture of the active site (8). Alternatively, direct
visualization of structural movements is possible via NMR
(48, 49). Recently, direct observation of motion has been
made for T7 DNA polymerase using a conformation sensitive
fluorophore to show that discrimination between correct and
incorrect nucleotides depends on substrate-induced structural
alignment or misalignment of catalytic residues (13).

The first evidence for conformational flexibility in aldolase
came from studies measuring the accessibility of a surface
cysteine in aldolase A, which links conformational flexibility
with substrate turnover (47). In these studies, the degree of
modification of Cys239 (a residue outside the active site)
varied depending on the different substrates present; however,
these studies did not identify the elements that were moving,
or how the movements might differ for different substrates.
In attempts to define the important regions as the source of
substrate specificity between aldolase isozymes, others have
swapped relatively large sections of the primary sequence
between isozymes (50-54). Not surprisingly, the results
suggested a role for the CTR in catalysis; however, the
minimal set of residues involved in conferring substrate
preferences was not identified. Using a more comprehensive
approach, a set of residues (ISRs) conserved within and
unique to each isozyme that plays a role in specificity among
isozymes was defined (25). Given the clustering of these
residues into discrete patches outside the active site (>8 Å
from any catalytic residue), and knowing that they must be
involved in distinguishing isozyme specificity, we asked the
question of how or if they cooperate in this task using
thermodynamic cycles.

Cooperation was directly assessed by interchanging ISR
patches between aldolase A and B. Thermodynamic analysis
of the kinetic parameters assessed coupling interactions
between the various patches of ISRs (Figure 3). The coupling
energy between the TSP and DSP revealed that they function
cooperatively in analysis ofkcat/Km. The positive cooperative
effect toward Fru 1,6-P2 (negative∆GI) was the opposite of
the effect observed for cleavage of Fru 1-P (positive∆GI).
This distinction is illustrated by plotting the coupling energy
associated withkcat/Km for all three thermodynamic cycles
toward both substrates (Figure 7). This difference in coupling
energy between the two substrates for the two conserved
surface patches (TSP and DSP) is consistent with a model
that defines the roles of these patches in conferring substrate
specificity of aldolase A. These residues work in a coopera-
tive way to enhancekcat for Fru 1,6-P2 cleavage and work in
a negative fashion for Fru 1-P cleavage.

The energetic difference between the two wild-type
isozymes for the two substrates can be calculated by
substituting thekcat/Km ratio of Fru 1,6-P2 to Fru 1-P for each
isozyme into eq 1. The resulting value of 2.5 kcal/mol is
the quantitative description of the substrate specificity
difference between isozymes. Thus, the value of 1.7 kcal/
mol measured for the difference in the cooperative effect

FIGURE 6: Rates of inactivation by oxidation of Cys72 and Cys338
in the presence of substrates. Aldolases with two reactive surface
Cys residues (gBi) were incubated in the presence of cupric
phenanthroline with or without (b) substrates Fru 1,6-P2 (]) or
Fru 1-P (O). Activity was measured and normalized to the activity
at time zero (9.3-12.8 units/mg). Errors were determined for each
experiment, which was repeated three times.

FIGURE 7: Coupling energy associated withkcat/Km for both
substrates in all three thermodynamic cycles. The∆GI values
(kilocalories per mole) forkcat/Km toward Fru 1,6-P2 (A) and Fru
1-P (B) were plotted for the indicated thermodynamic cycles.
Asterisks indicate significant nonadditivity of∆GI values different
from zero by Student’st-test (p < 0.001).
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(∆GI) between the two ISR patches (Figure 7) accounts for
∼70% (1.7/2.5) of the total energy difference between the
ratio of specificities toward the substrates between aldolase
A and B and is therefore likely the major source of the
distinction between the two substrates. These energy values
are similar in magnitude to those previously determined for
the contribution of conformational coupling to single steps
in catalysis. For example,∆GI values from nonadditivity
among sets of single-, double-, and quadruple-substitution
mutants of DHFR have been measured for the hydride
transfer rates (1.7-2.1 kcal/mol) and cofactor binding (0.6-
1.7 kcal/mol) (9, 55).

Mapping the TSP and DSP on the structure of aldolase A
revealed that the closest residues were more than 8 Å apart
(see Figure 4). The thermodynamic analyses and substrate
protection against oxidation support a model that involves
differential conformational changes of these regions. In this
model, movement of the flexible CTR is coupled to transient
structural changes in the ISRs of the TSP and the DSP.
Structural changes induced by each substrate would influence
the location of the flexible CTR, which is structurally
connected to this cluster atR14. Importantly,R2 includes
Lys41 and Arg42, which comprise part of the C6-phosphate
binding site (56, 57). Thus, a structural connection exists
between a substrate binding site and the ISRs involved in
determining substrate specificity.

Such a model for conformational flexibility not only fits
the data presented herein but also provides an explanation
for previously unexplained observations for aldolase. The
previous observation is that Cys72 and Cys338, which are
located 8.4 Å apart (42), can form an inactivating disulfide
bond (34). Due to the distance separating them, conforma-
tional changes would be necessary to allow bond formation.
Our analysis reveals that these two cysteines are part of the
five-helix cluster. Cys338 is located at the end ofR14 and
Cys72 located after the end ofR4 (see Figure 4). The
formation of a disulfide bond between Cys72 and Cys338
could be the result of a trapped transient conformational
change in the five-helix cluster. In the model, rigidification
of this region by disulfide bond formation would severely
impact catalysis. Second, studies measuring the accessibility
of surface cysteines in aldolase A have linked conformational
changes to catalysis (47). In these studies, the accessibility
of Cys239 was monitored by chemical modification in the
presence of the substrates. Cys239 was less accessible to
protein modification in the presence of Fru 1,6-P2 than in
the presence of Fru 1-P. The distance from Cys239 to the
active site indicated that long-range conformational changes
are coupled to cleavage of specific substrates. Thus, the
authors conclude “substrate induced conformational changes
in aldolase are syncatalytic in nature” (47).

The aldolase isozymes have evolved to perform functions
that are physiologically relevant to the tissue in which they
are expressed. Results given here define the differences
between substrates in terms of conformational coupling
between residues in the TSP and those distant from the active
site in the DSP as well as the CTR. The two patches comprise
a newly identified structural element composed of five
helices. These results explain kinetic distinctions among
isozymes that have identical active sites. Thus, this study
shows the value of thermodynamic analysis of modified
enzymes for revealing cooperative interactions linked to

substrate specificity. Use of this method is the first of what
will likely be many demonstrating the role of enzyme
dynamics in determining substrate specificity.
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