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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 separatéd. Notably, the coupling

energy AG)) 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 accoumtdor

of the energy difference for the ratio kf./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 computational data, evolutionary data for a protein family
are essential components of enzyme catalyBisWhile it have been used to show that conserved sets of interacting
is likely that most enzymes exhibit flexibility as part of the residues form connected pathways through the protein to
catalytic process, the role of this movement is enzyme- transmit changes upon ligand binding).(Not only ligand
specific. For example, in the case of dihydrofolate reductasebinding but also catalysis is dependent upon the inherent
(DHFR), backbone and side chain motions are essential formobility of a protein during the catalytic cycle with one or

cofactor binding, substrate binding, and cataly&)s Thus, more of the catalytic steps being reflected in an intrinsic
identifying and characterizing these motions are paramountmotion of the enzyme (for a review, see rgfand for a
to understanding enzyme mechanisms. recent example, see réjf. Thus, the innate mobility of the

Recently, the importance of conformational flexibility has protein scaffold is manifested in the various steps of the
been highlighted in the study of ligand binding and catalysis, catalytic cycle. Indeed, extensive studies of hydrogen transfer
as inferred from X-ray crystallographic and NMR structures in proteins are consistent with the concept that protein
as well as computational analysis. The term “allostery” has dynamics create transient heavy-atom configurations with a
been applied to the transmission of energy resulting from favorable electrostatic environment for proton and hydride
structural rearrangement and/or dynamic changes within atransfer , 8—12). In comparison, determining how confor-
single-domain protein3-5). In addition to structural and  mational flexibility affords the remarkable selectivity of
enzymes has received less attention. However, recent work
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isozymes are distinguished by their unique expressionTpe 1: Site-Directed Mutagenesis
profiles and substrate specificitied5]. Aldolase A is
expressed primarily in skeletal muscle and has the highest

rate of turnover toward Fru 1,6,8f the three isozymed6— AB_P 3325’1'1?’\6'3%2%%3?5%%%% e R GI02L.

17). Aldolase B is expressed primarily in liver and kidney A NP Y58F, V113A, H156Q, 1182L, P262A, A296K, Y327F
where most Fru 1-P degradation takes pldeg {8). While AB_TSP  S38T, 139M, A40G, S45R, K311A, S353T, E354Q,
the catalytic mechanism of aldolase is well-characterized I358T, S350, H361Y
. AB_DSP  Q60E, P71Q, R91K, G102I, L320K
(19-21) and crystal structures of all three human isozymes ag"NPS  V113A, H156Q, P262A, A296K
have been determined22—24), it is still unclear how AB_NPB  Y58F, 1182L, Y327F
a!d9|ase catalyze; the_ cleavage of the two S!JbStrates With ap patch; NP, nonpatch; TSP, terminal surface patch; DSP, distal
distinct and physiologically relevant efficiencies. For ex- surface patch; NPS, nonpatch surface; NPB, nonpatch buried.

ample, consistent with its role in gluconeogenesis, aldolase

B Zaf] equall turnover Tumfberslfor th? dt\/\;]o gexosisubﬁtrate%eans by which these cooperative effects among ISRs affect
and has a loweKy, value for glyceraldehyde 3-phosphate g hqirate specificity in enzymes with seemingly identical
and dihydroxyacetone phosphate than aldolase1A). ( active sites.

Correspondingly, aldolase A has evolved to cleave Fru 1,6-
P> more efficiently than Fru 1-P (as evidenced by g MATERIALS AND METHODS
Km ratio for Fru 1,6-R to Fru 1-P of 70000). This ratio for
aldolase B is~900: therefore, the evolution of these Materials. Restriction endonucleases, T4 DNA ligase,
parameters for aldolase A compared to that of aldolase B Vent DNA polymerase, and ThermoPol buffer were from
has resulted in an~80-fold (70000/900) difference in  New England Biolabs. AmpliTag DNA polymerase was from
selectivity between the two hexoses. Applied Biosystems. Glycerol-3-phosphate dehydrogenase
Previous work attempting to decipher the root of isozyme and triosephosphate isomerase were from Roche Applied
specificity has identified a set of residues conserved among, S¢iénce. Deoxynucleoside triphosphates and CM-Sepharose
but not between, each isozyme, termed isozyme-specific L-6B were from Amersham Biosciences. Oligonucleotides
residues (ISRs). Surprisingly, ISRs are not located at or nearused for site-directed mutagenesis and sequencing were from
the active site but mostly (24 of 27) fall on the surface of Midland Certified Reagent Company, Inc. All other chemi-
the protein 25). Moreover, a large proportion of ISRs are ~Cals were from Sigma-Aldrich Chemical Co.
found in the C-terminal region (CTR) of the enzyme. The Site-Directed MutagenesisAll mutant aldolases were
role of ISRs was previously examined by swapping ISRs generated via multiple site-directed mutagenesis using over-
from aldolase B into aldolase A, demonstrating that the ISRs |apping oligonucleotides2). Unless otherwise stated, all
are necessary and sufficient to confer kinetic parameltess ( oligonucleotides complement pPB14, which expresses rabbit
andK,) of aldolase B onto aldolase &2%). Because of their ~ aldolase A g9). Oligonucleotide sequences are provided as
conservation and involvement in conferring substrate speci- Supporting Information.
ficity, it is hypothesized that interactions between ISRs are  Full-length cassettes were subcloned irooRI and
responsible for altering the structure of the active site from Hindlll sites in pPB1 80). The different expression con-
a distance. structs are described in Table 1. The expression plasmid,
One means by which enzymes may confer substrate PAB_DSP, was constructed with the following oligonucleo-
specificity at a distance would involve dynamic cooperation tides: geneU, AB_DSP1, AB_DSP2, AB_DSP3, AB_DSP4,
and coupling among sets of ISRs. Herein, multiple mutational AB_DSPS, AB_DSP6, and geneL. The expression plasmid,
analyses are employed as a novel method to attribute thePAB_TSP, was generated in two steps. First, the pAB_Cterm
role of conformational coupling to substrate specificity Plasmid was constructed with the following oligonucleo-
among aldolase isozymes. Traditionally, this analysis is tides: geneU, ABC1, ABC2, and geneL. Second, pAB_C-
performed by making two separate, single-residue mutations!€m was used as a template for the following oligonucleo-
and the corresponding double mutation, calculating the tidestogenerate pAB_TSP: geneU, ABD1,ABD2, AB_TSP3,
change in free energy\(AG) associated with these changes, AB_TSP4, AB_TSPS, AB_TSP6, and geneL. The expression
and comparing the change in free energy with that of the Plasmid, pAB_P, was also generated in two steps. First, the
double mutantg, 26, 27). If the changes in free energy of ~PInt plasmid was created by splicing together the 474 bp
the two single mutants do not sum to the change in free ffagment generated by cutting pAB_TSP wikicd and
energy for the double mutant, then a cooperative and/or Hindlll into the 3402 bp fragment of pAB_DSP, cut with
coupling mechanism between the residues is invoked. Tothe same enzymes. Second, pInt was used as a template for
perform the analogous experiment for aldolase ISRs, groupsth€ following oligonucleotides to generate pAB_P: geneu,
of mutations were analyzed rather than single amino acid ABD1, ABD2, AB_DSP5, AB_DSP6, and genel. The
substitutions. Multiple mutational analyses revealed that €xpression plasmid, pAB_NP, was constructed with the
substrate specificity of aldolase A was conferred by coopera- following oligonucleotides: geneU, AB_NP1, AB_NPZ,
tive effects between two distantly located surface patches, AB_NP3, AB_NP4, AB_AlI5, AB_All6, 3—3 (forward);

one of which includes the CTR. This analysis exposes a AB_All7, AB_AlI8, AB_NPS5, AB_NP6, ABD9, ABD10,
AB_NP7, AB_NP8, and geneL. The expression plasmid,
- _ . pPAB_NPS, was constructed with the following oligonucleo-
! Abbreviations: ISR, isozyme-specific residue; Fru 16fRictose tides: geneU, AB_NP3, AB_NP4, AB_All5, AB_All6
1,6-bisphosphate; Fru 1-P, fructose 1-phosphate; CTR, C-terminal ’ ’ — ! — ! = ) _ )
region; TSP, terminal surface patch; DSP, distal surface patch; DTNB, AB_NP5, AB_NP6, ABD9, ABD10, and AB_NP7. The

5,5-dithiobis(2-nitrobenzoic acid). pAB_NPS full-length PCR product was subcloned into

enzymé amino acid substitutions
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pPB14 at theecaR| andEad sites. The expression plasmid,
pAB_NPB, was constructed with the following oligonucleo-
tides: geneU, AB_NP1, AB_NP2, AB_AIl7, AB_AIIg,
AB_NP7, AB_NP8, and geneL. The expression plasmid, ¢
pAld337, was constructed in two steps. First, the oligonucleo- &
tides Ulnde and L337sap, complementing pPB14, were usec .,
to generate a PCR fragment corresponding to the first 337
amino acids of rabbit aldolase A. The engineered restriction

Terminal SurEge Patch (TSP)

X Distal Surface Patch (DSP)
fss, o :

sitesNdd and Sag were used for in-frame subcloning in
the Sc&/MA intein/chitin binding domain from pTYB1 (New

England Biolabs). The construct encoding an aldolase with

only two Cys residues, gBi, used a 207 BgtEtll—Ead

fragment from pGTET, which has all surface Cys residues Figure 1: Location of aldolase A and B ISRs on the aldolase

(72, 239, 289, and 338) substituted with A1), ligated

monomer. A surface model of the aldolase A monomer (PDB entry

pPB14. The 207 bp fragment encodes the C239A and C289A1ADO) showing the location of aldolase A and B (residue number

substitutions of pGTET. All fragments were amplified as

previously describedb), and resulting clones were screened

underlined) ISRs with respect to the active site (two views shown,
180 rotation about thg axis). ISRs of TSP (yellow), ISRs of the
DSP (cyan), and nonpatch surface ISRs (green) are labeled, and

by DNA sequence determination (Boston University Core the patches are outlined. Active site residues are colored red, and

Sequencing Facility).

Expression and Purification of Recombinant Aldolases.
Expression and purification of substituted aldolases were

performed as described previousBg). Briefly, purification
used affinity elution from CM-Sepharose CL-6B with 2.5
mM Fru 1,6-B 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 describdd)(
Characterization of Chimeric Aldolasesldolase activity

toward Fru 1,6-Pand Fru 1-P was measured as described

previously @9, 33). Briefly, a decrease iAzswas measured
from an assay coupled {®-NADH oxidation by glycerol-

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 B8Y. (

were incubated with oxidants in the presence or absence of
substrate. At various times, aliquots (&) were removed,
diluted 100-fold, and assayed for activity at 26. The
presence of unoxidized thiols was determined by reaction
of 90 ug aliquots of aldolase with 3 mM 5lithiobis(2-
nitrobenzoic acid) (DTNB) in 100 mM Tris (pH 9.434).
Absorbance was measured at 412 nm after 5 min &5

RESULTS

3-phosphate dehydrogenase. Enzymes were diluted in 50 mM  Spatial Analysis of ISR&sozyme-specific residues (ISRs)

TEA-HCI (pH 7.4), 10 mM EDTA, 20ug/mL glycerol-3-

that confer the kinetic properties of the aldolase isozymes

phosphate dehydrogenase, triosephosphate isomerase, and d12ve previously been identifie@). Here, ISRs were further

mM S-NADH. For the AB_P chimera, the Fru 1,6-P
concentration ranged from 0.6 to 6dM with 2 ug/mL

analyzed on the basis of their location in the three-
dimensional structure (Figure 1). Of the 23 ISRs in aldolase

enzyme and the Fru 1-P concentration ranged from 1100 toA and aldolase B, 16 cluster into two surface patches, the

8000 uM with 4 ug/mL enzyme. For chimeras AB_NP,
AB_NPS, and AB_NPB, the Fru 1,6-Poncentration ranged
from 3.0 to 100uM with 0.5 ug/mL enzyme and the Fru
1-P concentration ranged from 2500 to 80@0@ with 100
ug/mL enzyme. For the AB_TSP chimera, the Fru 1;6-P
concentration ranged from 4.5 to 38 with 1.1 ug/mL

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 mapb), while the

enzyme and the Fru 1-P concentration ranged from 5000 toremaining three residues were buried (residues 58, 182, and

60000 uM with 10 ug/mL enzyme. For the AB_DSP
chimera, the Fru 1,6J4oncentration ranged from 5.0 to 80
uM with 0.5 ug/mL enzyme and the Fru 1-P concentration
ranged from 5000 to 600QaM with 10 ug/mL enzyme. For
the Ald337 chimera, the Fru 1,6-Roncentration ranged
from 20 to 600uM with 18 ug/mL enzyme and the Fru 1-P
concentration ranged from 2500 to 80008 with 70 ug/
mL enzyme. For gBi, the Fru 1,6;Roncentration ranged
from 6 to 200uM with 1.3 ug/mL enzyme. Assays were
performed at 30C in triplicate using a SpectroMAX 190
spectrophotometer (Molecular Devices, Inc.) in a final
volume of 350uL.

Inactivation of Aldolase by OxidationOxidation was
performed as described previousBA) except for changes
in concentration. The oxidants weoephenanthroline (60
uM) and cupric sulfate (2@M). Concentrations of Fru 1,6-
P, and Fru 1-P werel&, (0.05 and 200 mM, respectively).
Briefly, aldolases (1 mg/mL) in 100 mM Tris-HCI (pH 8.4)

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 HEscherichia coliand
purified to >95% as assayed by SBPAGE.

Steady-State Kineticall chimeras were characterized via
steady-state kinetics with the substrates Fru %,&¢@ Fru
1-P (Table 2). It is known that the rate-limiting step for wild-
type aldolases is product releas?0,(36), and since the
chimeras are fully active enzymes, the rate-limiting step is
not likely changed for the chimeras. If s&, would be
defined identically for all enzymes. The chimera in which
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T38 F58 A311 T358
|(|340 |E60 A?13 L1|82 A?SZ K?QG II IKBZD |Tr'36‘|
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Ficure 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 A Patch: B au: C Non-patch:
Frul6-R Frui-p Wr = AB_TSP | Wr =1 AB_P | WT —AB_NPS
Ka(s)  Kn@M)  ka(s? K (M) Zl X l3 l \ l ) l \ le,
aldolase & 10.2+0.4 9.5+ 0.9 0.63+0.02 40000t 2000
aldolase B 154+0.1 0.84+0.05 1.4+0.1 7204 40 AB_DSP—3 AB_P | AB_NP — AB_All AB_NPB—3AB_NP
AB_All2 1.07+ 0.07 1.1+ 0.1 1.474+0.08 2600+ 200 4 4
AB_P 2.4+0.2 5.1+ 04 1.3+0.1 3300+ 300 Ficure 3: Thermodynamic cycles among aldolase chimeras. For
AB_NP 7.6+ 0.4 4.0+ 0.4 1.6£0.1 47000+ 3000 each cycle, arrows 1 and 4 indicate the substitution of one set of
AB_TSP 13+01  71+£04 12401 9400+ 1000 ISRs, while arrows 2 and 3 indicate the substitution of the other
AB_DSP 7.2£04  85£04  20+01 8100+ 600 set of ISRs. The diagonal arrow 5 indicates the double substitution.
ﬁg—mgg 98-77i 8-2 g-gi 82 ;gi g-i ;égg& 3888 (A) ISRs involved in the “Patch” (TSP and DSP) cycle. (B) ISRs
= : ' : : X : involved in AB_AIl (25) (“All") made with patch (P) and nonpatch
Ald337 0.0974 0.006 200+ 10 0.017+0.001 2200+ 100

aData from ref25.

(NP) residues. (C) ISRs involved in the “Non-patch” cycle made
with buried (NPB) and surface (NPS) residues.

all ISRs had been swapped from aldolase B into aldolase Arevealed activities similar to those of AB_TSP, whereas the
(AB_AII) exhibits k.ot and K, parameters indistinguishable  kinetic parameters toward Fru 1,64Rere indistinguishable
from those of aldolase B6). Compared to that of AB_All,
the loss of nonpatch residues in AB_P resulted in a 5-fold  Similar analysis of the chimeras that separate the surface
and buried nonpatch ISRs using AB_NPS and AB_NPB

increase irKy, toward Fru 1,6-B making it more similar to

from those of aldolase A.

aldolase A than aldolase B (Table 2). However, the turnover showed that they were similar to each other and each
number was very similar to that of aldolase B. Toward the demonstrated the same kinetic differences from wild-type

substrate Fru 1-P, AB_P display&g, andk., values more

exhibited kinetic parameters toward Fru 1,6aRd Fru 1-P

B. The possible exception was tkg:toward Fru 1-P, which

consistent with an effect ok, toward Fru 1,6-Passociated
with the combined presence of patch and nonpatch residuessimply impaired in function.

Similarly, the involvement of the two patches of AB_P in
substrate specificity was analyzed using the chimeras AB_TSPenergies between two substitution sites can be assessed by
and AB_DSP. The kinetic profile of AB_TSP toward Fru summing the change in energy associated with each substitu-

1-P showed that th&:, was similar to that of aldolase B
(Table 2). TheK, value was decreased by 5-fold compared associated with the double substitutio®y @6, 27). This
to that of aldolase A, making it intermediate between the approach was applied to the ISR subsets; the subsets of ISRs

values for A and B. Remarkably, toward Fru 1,§-RB_TSP

a ke indistinguishable from that of aldolase B. As for

aldolase A as did the combination of the two (AB_NP)
similar to those of aldolase B than to those of aldolase A. In (Table 2). Thus, dividing the nonpatch residues into buried
a complementary experiment, the contribution of nonpatch and surface residues did not dissect function. In addition,
ISRs alone was analyzed with the construct AB_NP, which comparison of all nonpatch chimeras (AB_NP, AB_NPS, and
AB_NPB) relative to aldolases A and B showed that the role
more similar to those of aldolase A than to those of aldolase of these residues in distinguishing kinetic parameters was
relatively minor. The fact that thie.,: value toward Fru 1-P
was similar to that of aldolase B. Overall, the results are increased>2-fold for most chimeras relative to that of
aldolase A demonstrated that all these enzymes were not

Nonadditve Mutational Effects in Aldolasdnteraction

tion and comparing this sum to the change in energy

represent a single substitution, and a combination of these
had aKy, value more similar to that of aldolase A yet attained subsets represents the double substitution. Three thermody-
namic cycles among such aldolase chimeras were analyzed
AB_DSP, steady-state kinetic analysis toward Fru 1-P (Figure 3). First, the change in free energy associated with
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Table 3: Comparison of Free Energy Differences among Chimeras toward Fru?1,6-P

thermodynamic AAG" (kcal/mol)
cycle individual chimeras sum combined chimeras AG, (kcal/mol)
AB_TSP AB_DSP AB_P
Patch Keat 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
KeafKm 1.0+ 0.2 0.14+ 0.04 1.2+ 0.2 0.5+ 0.2 —-0.7+04
AB_P AB_NP AB_All
All Keat 0.9+0.2 0.17+ 0.02 1.0+ 0.2 1.3+ 0.2 0.3+ 0.4
Km 04+0.1 0.5+ 0.1 0.9+ 0.2 1.3+ 04 0.4+ 0.4
Keal Km 05+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 Keat 0.10+ 0.02 0.027+ 0.004 0.12+ 0.02 0.17+ 0.02 0.05+ 0.04
m 0.27+ 0.06 0.20+ 0.04 0.47+ 0.08 0.5+ 0.1 0.0+ 0.2
KealKm —0.18+ 0.04 —0.17+0.04 —0.35+ 0.06 —-0.3+0.1 0.0+ 0.2

aDeviations were defined assyZrom the mean.

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

thermodynamic AAG* (kcal/mol)
cycle individual chimeras sum combined chimeras AG; (kcal/mol)
AB_TSP AB_DSP AB_P
Patch Keat —0.4+0.08 —-0.7£0.1 -1.1+0.1 —04+0.1 0.7+ 0.2
Km 0.9+0.2 0.9+ 0.2 1.8+0.2 15+ 04 -0.3+04
KealKm -1.3+04 -1.6+04 —29+0.6 —1.9+0.6 1.0+ 0.8
AB_P AB_NP AB_All
All Keat —-0.4+£0.1 —-0.5+0.1 —-1.0+£0.1 —-0.5+0.1 0.5+ 0.2
Km 15+04 —0.10+ 0.02 14+04 1.6+04 0.3+ 0.4
Keal Km —19+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 Keat —-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
KealKm -0.5+0.1 —0.28+ 0.06 -0.7+0.1 -0.5+0.1 0.3+ 0.2

aDeviations were defined assyZrom the mean.

the separate patches, AB_TSP and AB_DSP, was comparedhe wild type and the chimera with the double set of
to the free energy of swapping of both patches (AB_P) substitutions AAGx)* and AAG,* are the differences in
(Figure 3A). Second, the change in free energy associatedfree energy between the wild type and the two chimeras with
with separating patch (AB_P) and nonpatch (AB_NP) a single set of substitutions, aids,, or coupling energy, is
residues was compared to those produced by swapping allthe interaction energy between substitution sig83; 89). If
ISRs (AB_All) (Figure 3B). Finally, the free energy associ- AG, ~ 0, then the interactions between the sets of ISRs are
ated with separating the nonpatch ISRs into surface additive, thus indicating that the ISRs have independent
(AB_NPS) and buried (AB_NPB) residues was compared effects. If AG, = 0, then the effects are nonadditive,
to the free energy of swapping of all nonpatch (AB_NP) indicating that one set of ISRs is affected by the other set of
residues (Figure 3C). ISRs. NegativeAG, values represent a positive coupling

The change in transition-state stabilization energy associ-interaction that enhances the kinetic parameter measured,
ated with each set of substitutions was calculated from the while positiveAG, values represent coupling interactions that
kinetic parameter&.,; and K, using eq 1 87, 38): reduce this paramete4@). This analysis was repeated with

keat @nd again withKy,, substituting each fok../Km in eq 1.

(Kea Km)mutant The AG, values calculated for both Fru 1,6-Bnd Fru
(kca{ Km)wild type

1-P using the three thermodynamic cycles are listed in Tables
3 and 4, respectively. For the thermodynamic cycle “Patch”,
where AAG:* is the transition-state stabilization energy or there was a non-zeraG, for the kinetic parametekca/Km
change in free energy to reach the transition-state complextoward Fru 1,6-P(—0.7 kcal/mol). As described above, the
from free enzyme and substraijs the gas constant, and negativeAG, indicated coupling energy that enhances the
T is the absolute temperature. The sum of the changes inkinetic parametek../Km. This cooperativity was largely
free energy for the two single sets of substitutions is related associated with the rate-limiting stelgs: (—0.6 kcal/mol).
to the change in free energy of the double sets of substitutionsThe same analysis using Fru 1-P demonstrated a similar
by eq 2: cooperative effect associated withy/Km (AG, = 1.0 kcal/
mol). However, the change in sign indicated a negative
(2) cooperativity between these two patches for this substrate.
Again, as it was for Fru 1,64this cooperativity was largely
where AAGx v)* is the difference in free energy between due to an effect o, (0.7 kcal/mol).

AAG;" = —RTIn (1)

£ + %
AAGyy," = AAGy" + AAG,," + AG,
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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-Ras additive AG, ~

0). However, the coupling energy for Fru 1-P indicated a P71 8Al {
small but significant coupling energy between nonpatch Q\§ I\, 8353 cs§5\9
surface and nonpatch buried residues associated kygth @ /K3 358

Km (AG, = 0.3 kcal/mol). This was the net effect of two
larger but opposing changes &g (AG, = 0.7 kcal/mol)
and Kp, (AG, = 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 th#t, has the same definition for all enzymes.
Moreover, the pseudo-second-order rate const&mssm,
are comparable, and it is in this constant that the important Figure 4: Ribbon diagram of aldolase depicting a five-helix cluster.
distinctions lie. The five helices in the cluster involved in determination of substrate
Involvement of the Flexible C-TerminuBoupling interac-  Specificity are numbered (circled). The ISRs in the TSP (yellow)

: ; ; nd the DSP (cyan) are labeled and depicted as sticks. The monomer
tions between sets of ISRs acting at a distance affect substratt% oriented with the active site cleft facing to the right and in the

specificity. As details of these interactions are unknown, we plane of the paper. The distances (angstroms) between near ISRs
hypothesized that the flexible C-terminus of aldolase, which in the two patches are indicated in addition to the distance between
is part of the TSP, is a potential “bridge” for mediating these Cys72 and Cys338 (red sticks). Residues involved in binding the
interactions. This is based on X-ray crystallographic data in ;%Eg?ﬁ?ﬁg’éﬁﬁbﬁ;%%{ t?]gchTr gﬁ(sﬁz)éfg e S%Ffﬁe?ﬁi %?}r’e
nglcrdf)d'sfotrggr 1189— 223' é]t')e:)nrq ir:gjlltlrglsﬁ dcfggo('g]_?g;) ri]r;s(ii’ate was created using PDB entry 1ADO and PyMOL version 038J.
flexibility. Moreover, removal of residues from the CTR of
aldolase A disrupts Fru 1,6;Rurnover with limited effects

on Fru 1-P turnover2l, 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 -3@00-fold
decrease irk.;; compared to that of the wild type for both
substrates (Table 2). However, thg values were affected
in opposite directions; toward Fru 1,6;Rhe K, value
increased 20-fold, whereas toward Fru 1-P,Khelecreased
20-fold. Thus, this distinction highlights the importance of
the CTR in differential effects on substrate binding and
intermediate steps in the catalytic cycl&.j, and in
substrate-specific rate-limiting stepe), likely involving FIGURE 5: Ribbon diagram of aldolase colored Byfactor. The
conformational changes. This conclusion was reinforced by five helices in the excursion involved in determination of substrate
comparison to an enzyme that added back the CTR, butspecificity are numbered (circled). The monomer is oriented with

included all the ISRs from the TSP of aldolase B (AB_TSP) the active site cleft facing to the right and in the plane of the paper.
> " The Gu backbone is colored by increasir@factor from blue

The turnover number for both Fru 1,6-Rnd Fru 1-P (minimum value of 35 &) to red (maximum value of 80%. This

cleavage was restored to the values for aldolase B (Tablefigyre was created using chain A from PDB entry 1ADO and

2), yet the values foK, remained more like that of aldolase  PyMOL version 0.975%8). Other structures in the Protein Data Bank
A. Thus, the inclusion of the CTR alone is not sufficient to produced a similar result.
confer thek. values of aldolase B, and the CTR, while
required for full activity toward both substrates, may behave  Two analyses were preformed to test the model in which
differently upon the binding of each. the a-helical cluster exhibits substrate-dependent conforma-
Evidence for Mobility of theo-Helical Cluster. The tional flexibility. The first was an analysis d@-factors in
thermodynamic analyses of the kinetic behavior pinpointed the region of thex-helical cluster (Figure 5). Indeed, parts
the involvement of both the TSP and DSP regions of of helicesa2, al3, ando1l4 exhibit elevated values relative
aldolase. ISRs that comprise the TSP and DSP are generallyto the averag®-factor of the structure. However, interpreta-
located on opposite faces of a previously unappreciatedtion of mobility from X-ray crystallographic data is not
cluster ofa-helices (Figure 4). The first and last helices off definitive. A direct analysis was performed that derives from
the a/p-barrel @2 anda13) along with three other nonbarrel  the well-known effect of oxidation on aldolase activiB4(
helices (3, a4, andal14) form the five-helix cluster. One  47). Oxidation of surface cysteine residues on aldolase can
mechanism explaining the cooperativity in determination of be protected against loss of activity to different extents by
aldolase substrate specificity may involve conformational different substrates3@). It is thought that the site of oxidation
changes of these helices during catalysis. is probably due to the proximal residues Cys72 and Cys338,
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L flexibility dictates the rate of enzyme-catalyzed reactidns (
= 12). Thus, identifying what part of an enzyme moves and
§; sor the consequences of these movements is critical for under-
8 standing enzyme kinetics and function. Crystal structures at
S 60 . . . .
g various stages of catalysis are often used to identify the result
D Ll of structural movements. For example, crystal structures of
2 DHFR reveal a flexible loop that lies directly over the active
S 2} site. Movement of the loop causes alterations of the
T N . architecture of the active site8) Alternatively, direct

of A o vy P = e visualization of structural movements is possible via NMR

Time (min) (48, 49). Recently, direct observation of motion has been

FiIGURE 6: Rates of inactivation by oxidation of Cys72 and Cys33g Made for T7 DNA polymerase using a conformation sensitive
in the presence of substrates. Aldolases with two reactive surfacefluorophore to show that discrimination between correct and
Cys residues (gBi) were incubated in the presence of cupric incorrect nucleotides depends on substrate-induced structural
phenanthroline with or without®) substrates Fru 1,6,K<) or alignment or misalignment of catalytic residuds)

Fru 1-P ©). Activity was measured and normalized to the activity - . . o
at time zero (9.3 12.8 units/mg). Errors were determined for each The first evidence for conformational flexibility in aldolase

experiment, which was repeated three times. came from studies measuring the accessibility of a surface
cysteine in aldolase A, which links conformational flexibility
A B with substrate turnove#y{). In these studies, the degree of
15 15 modification of Cys239 (a residue outside the active site)
< {* varied depending on the different substrates present; however,
10 £ 10 l these studies did not identify the elements that were moving,
s 5 g 3 or how the movements might differ for different substrates.
EO05r 5 5 § EO057 ¥ In attempts to define the important regi th f
= gz 2 = ,_(_l p define the important regions as the source o
g 00 =t g 0.0 | — substrate specificity between aldolase isozymes, others have
o o s - £ swapped relatively large sections of the primary sequence
<05F | | “o05r & < g between isozymes50—54). Not surprisingly, the results
15 Ly 15 S suggested a role for the CTR in catalysis; however, the

E 7 Coupl ‘ated witkeu/K., for both minimal set of residues involved in conferring substrate
IGURE [/ oupling energy assocliated Wilka/Ky TOr DO : i : H
substrates in all three thermodynamic cycles. T, values preferences was not |der1t|f|ed. Using a more Compr.eh.enswe
(kilocalories per mole) fokeo{Ky, toward Fru 1,6-P(A) and Fru ~ @Pproach, a set of residues (ISRs) conserved within and
1-P (B) were plotted for the indicated thermodynamic cycles. unique to each isozyme that plays a role in specificity among
Asterisks indicate significant nonadditivity &G, values different isozymes was defined2§). Given the clustering of these
from zero by Student's-test p < 0.001). residues into discrete patches outside the active sigeX

from any catalytic residue), and knowing that they must be

which are in helicesi4 anda14 of thea-helical cluster (see  jnyolved in distinguishing isozyme specificity, we asked the
Figure 4). A construct was made that removed the two other gyestion of how or if they cooperate in this task using

reactive cysteine groups and left only Cys72 and Cys338. {hermodynamic cycles.

This construct, gBi, was purified, characterized, and shown  cogperation was directly assessed by interchanging ISR
to possess kinetic valules similar to those of wild-type patches between aldolase A and B. Thermodynamic analysis
aldolase A ke was 14 s* andKr toward Fru 1,6-Pwas  of the kinetic parameters assessed coupling interactions
8.6 uM). This aldolase variant was used to test if oxidation petween the various patches of ISRs (Figure 3). The coupling
of these Cys residues in thehelical cluster would show  energy between the TSP and DSP revealed that they function
different rates of activity loss due to oxidation in the presence cooperatively in analysis d¢§../Kn. The positive cooperative

of Fru 1,6-B versus Fru 1-P. When substrates were used at gffect toward Fru 1,6-P(negativeAG,) was the opposite of

the same concentrations (relativeig), Fru 1,6-B exhibited  the effect observed for cleavage of Fru 1-P (posith@,).

a much slower loss of activity compared to Fru 1-P, which Thjs distinction is illustrated by plotting the coupling energy
was itself slower relative to enzyme without any substrate 45gociated withkeofKm for all three thermodynamic cycles
(Figure 6). That this effect was due to oxidation at these toyard both substrates (Figure 7). This difference in coupling
two Cys residues was shown by the lack of any substrate-gnergy between the two substrates for the two conserved
dependent loss of activity in the aldolase variant, gTet, which g face patches (TSP and DSP) is consistent with a model
does not possess any surface Cys resid8#s &nd in the  hat defines the roles of these patches in conferring substrate
loss of DTNB reactivity at the end of the oxidation reaction, specificity of aldolase A. These residues work in a coopera-

which confirmed loss of available thiols in gBi (data not e way to enhanckeq for Fru 1,6-R cleavage and work in
shown). This result is a clear and direct demonstration that 5 negative fashion for Fru 1-P cleavage.

the conformation of the helixes containing these two  The energetic difference between the two wild-type
proximal Cys residues in the-helical cluster is different isozymes for the two substrates can be calculated by
depending on the substrate present. substituting thek../Kn, ratio of Fru 1,6-Rto Fru 1-P for each
isozyme into eq 1. The resulting value of 2.5 kcal/mol is
DISCUSSION the quantitative description of the substrate specificity
Recently, it has been proposed that enzyme dynamics is adifference between isozymes. Thus, the value of 1.7 kcal/
necessary feature of enzyme catalysis and that structuraimol measured for the difference in the cooperative effect
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(AG)) between the two ISR patches (Figure 7) accounts for substrate specificity. Use of this method is the first of what
~70% (1.7/2.5) of the total energy difference between the will likely be many demonstrating the role of enzyme
ratio of specificities toward the substrates between aldolasedynamics in determining substrate specificity.
A and B and is therefore likely the major source of the
distinction between the two substrates. These energy valueACKNOWLEDGMENT
are similar in magnitude to those previously determined for  \ye thank Dr. Nicholas Silvaggi for critical review of the
the contribution of conformational coupling to single steps manuscript.
in catalysis. For exampleAG, values from nonadditivity
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