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The aldolase catalytic cycle consists of a number of
proton transfers that interconvert covalent enzyme in-
termediates. Glu-187 is a conserved amino acid that is
located in the mammalian fructose-1,6-bisphosphate al-
dolase active site. Its central location, within hydrogen
bonding distance of three other conserved active site
residues: Lys-146, Glu-189, and Schiff base-forming Lys-
229, makes it an ideal candidate for mediating proton
transfers. Point mutations, Glu-187 — Gln, Ala, which
would inhibit proton transfers significantly, compro-
mise activity. Trapping of enzymatic intermediates in
Glu-187 mutants defines a proton transfer role for Glu-
187 in substrate cleavage and Schiff base formation.
Structural data show that loss of Glu-187 negative
charge results in hydrogen bond formation between
Lys-146 and Lys-229 consistent with a basic pK, for Lys-
229 in native enzyme and supporting nucleophilic acti-
vation of Lys-229 by Glu-187 during Schiff base forma-
tion. The crystal structures also substantiate Glu-187
and Glu-189 as present in ionized form in native enzyme,
compatible with their role of catalyzing proton ex-
change with solvent as indicated from solvent isotope
effects. The proton exchange mechanism ensures Glu-
187 basicity throughout the catalytic cycle requisite for
mediating proton transfer and electrostatic stabiliza-
tion of ketamine intermediates. Glutamate general base
catalysis is a recurrent evolutionary feature of Schiff
baseOforming aldolases.

Fructose-1,6-bisphosphate aldolase (EC 4.1.2.13) is a ubiqui-
tous glycolytic enzyme that catalyzes the reversible cleavage of
D-fructose 1,6-bisphosphate to D-glyceraldehyde 3-phosphate
and dihydroxyacetone phosphate, by an ordered uni-bi mecha-
nism (1). Two classes of glycolytic aldolases can be distin-
guished that use different mechanisms to cleave the same
substrate: Class I aldolases, present in higher eucaryotes and
plants, catalyze their reaction mechanism via a Schiff base
formation with a keto substrate whereas Class II aldolases,
present in eubacteria and lower eucaryotes, require a divalent
metal ion as a cofactor (2).

The catalytic mechanism of Class I fructose-1,6-bisphos-
phate aldolase has been well established in terms of reaction
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mechanism intermediates (3), and the forward reaction can be
represented by the following minimal reaction (Reaction 1)

E +Fru-P;= E- DG < E=DG = E-D- G-«T E-D=E=DH=+=E- DH+E + DHAP
G3P
REacTION 1

consistent with the kinetic data (4), in which a lysine residue on
the enzyme forms covalent intermediates (5) with the keto
substrates, Fru-P,,' Fru-P, and DHAP. In this forward reac-
tion, Schiff base formation with Fru-P,, E=DG, is thought to
occur through transient formation of a dipolar carbinolamine-1
(4, 6) on the lysine nucleophile. Proton exchange with the
dipolar carbinolamine results in the neutral species-2, which
upon further protonation of the hydroxyl becomes dehydrated
forming the protonated imine form of the Schiff base-3 (8).
Proton abstraction of the Fru-P, O, hydroxyl initiates a rear-
rangement resulting in cleavage of the substrate C;—C, bond
and enamine formation in the active site yielding intermediate
E-D-G (1, 9). Upon release of the glyceraldehyde 3-phosphate
product, the enamine-4, E-D, is protonated (1) and forms a
second Schiff base, E=DH, as shown in 3, which upon hydrol-
ysis decomposes to the neutral carbinolamine species-2. Break-
down of the dipolar carbinolamine-1 then releases DHAP from
the active site thereby regenerating the enzyme (Structure 1).

: E-NH
® ) | B |
EN—C—O0 E-N—C—OH I &
H, | H | N - "chon
1 2 3 4

STRUCTURE 1

Evidence for covalent intermediates in equilibrium of muscle
aldolase with Fru-P, and triose-Ps has been obtained by acid
denaturation and precipitation (7, 9). Chemical trapping of
intermediates in the forward steady state detected significant
levels of Fru-P, ketamine (E=DG) and enamine (E-D) as well
as minor levels of DHAP ketamine (E=DH) complexes (3).

! The abbreviations used are: Fru-P,, fructose 1,6-bisphosphate;
Fru-P, fructose 1-phosphate; DHAP, dihydroxyacetone 1-phosphate;
TEA-HAc, triethanolamine acetate; Tris-HAc, tris(hydroxymethyl)ami-
nomethane acetate; E, enzyme; E=DG, the imine adduct between
Fru-P, and E; E=DH, the imine adduct between DHAP and E; E-D, the
eneamine of DHAP on E; E-DG, the Michaelis complex of E with Fru-P,;
E-DH, the Michaelis complex of E with DHAP; E-D-G, the Michealis
complex of D-glyceraldehyde 3-phosphate with E-D; r.m.s., root mean
square; r.m.s.d., 7root mean square deviation; KDPG,
2-keto-3-deoxy-6-phosphogluconate.

This paper is available on line at http://www.jbc.org
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FiG. 1. Stereoview of rabbit muscle
aldolase active site. Subunit orienta-
tion is shown looking into the B-barrel.
Hydrogen bonds are indicated by dotted
lines. Lys-229, which is situated at the
bottom of the active site cleft, hydrogen
bonds with Ser-300 while Asp-33 makes
hydrogen bonds to both Lys-146 and Lys-
107. Glu-187, although within potential
hydrogen distance of Lys-229, Lys-146,
and Glu-189, does not participate in hy-
drogen bond formation. Both Arg-148 and
Glu-189 are located at the active site sur-
face and interact through hydrogen
bonding.

Under equilibrium conditions in the presence of DHAP, the
majority of covalent intermediate complexes are present as
enamine (E-D) in mammalian aldolases whereas levels of ket-
amine complexes (E=DH) are by comparison substantially
smaller albeit detectable.

Three-dimensional crystal structures of class I aldolases
have been determined of muscle aldolase (10, 11), insect (12),
and parasitic protozoa (13, 14). Class I aldolases are homotet-
ramers composed of ~ 39-kDa subunits. Folding of each sub-
unit polypeptide chain corresponds to that of a B-barrel struc-
ture with the active site located deep in the B-barrel center and
is shown in Fig. 1. Amino acid residues in the active site
interior are highly conserved throughout evolution whereas
peripheral active site residues differ among aldolases (15). The
residue responsible for nucleophilic attack on the keto sub-
strate in Schiff base formation has been identified as Lys-229
(5), situated in the active site interior (17), whereas Lys-107 on
the active site periphery has been shown from protection ex-
periments to bind the C4-phosphate of Fru-P, (16). Mutagene-
sis experiments of conserved active site residues have also
implicated Arg-148 in Cgz-phosphate binding (24) whereas
structural studies have shown that Ser-271 promotes C;-phos-
phate binding (17).

In contrast, the active site residues that are implicated in the
proton transfers linking the covalent intermediates along the
reaction trajectory have not been unambiguously identified. In
the absence of structural data on covalent intermediate com-
plexes, investigation of amino acid likely to be involved in
proton exchanges has been guided by spatial proximity to Lys-
229. Mutations of conserved residues Asp-33 and Lys-146,
which are also within hydrogen bonding of each other, signifi-
cantly comprised catalytic activity and, based on kinetic char-
acterization, were postulated in mediating C3—C, bond cleav-
age (18-20). In the structure of the Michaelis complex with
DHAP, however, both residues are within hydrogen bonding
distance of the incoming keto oxygen (17) suggesting rather
roles in Schiff base formation. Indeed, point mutation Lys-146
— Arg results in Schiff base formation becoming rate-deter-
mining (19). Alanine substitutions of active site residues,
Glu-34 and Arg-42, by contrast do not significantly reduce
activity or binding (24). Mutations of conserved residue Glu-
187, adjacent to both Lys-146 and Lys-229 in the active site,
significantly compromised activity and perturbed the rate of
Schiff base formation of an aromatic inhibitor with Lys-146
(22). Structural data from the Michaelis complex of substrate
bound to rabbit liver aldolase places Glu-187 within hydrogen
bonding distance of both Fru-P, O, hydroxyl as well as Lys-
229.2 Structural studies performed with Fru-P, in complex
with human muscle isozyme or an inactive point mutant,
K146A, were, however, not unequivocal and did not allow de-
finitive functional assignment of active site residues (23, 24).

2 N. Blom, A. White, J. Allard, and J. Sygusch, manuscript submitted.
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The structural and enzymatic data alludes to a significant
role by Glu-187 in the reaction mechanism of class I aldolase
that warrants further investigation. A role by Glu-187 in cat-
alyzing proton transfers would be consistent with its central
location in the active site. Not only is Glu-187 within hydrogen
bonding distance of possible proton donors, Lys-146 and Lys-
229, but it is also within hydrogen bonding distance of a proton
acceptor, conserved active site residue Glu-189. Functionality
of Glu-187 was explored by assessing the impact of a series of
point mutations that drastically diminish proton transfer ca-
pability. Isosteric point mutations, E187Q, E189Q, and
K229M, and side-chain deletion mutants, E187A and E189A,
were analyzed by combination of enzymological and crystallo-
graphic techniques. Activity profiling as a function of pH and
solvent isotope effects were used to assay proton transfer ca-
pability while chemical trapping of intermediates in the pres-
ence of labeled [?2P]DHAP and [1-32P] Fru-P, (3), and carbanion
oxidation data were used to determine the formation of cova-
lent intermediates in Glu-187 mutants. Structural studies on
three point mutations, E187A, E187Q, and K229M, whose ac-
tivities were significantly compromised, were also determined
to assess active site integrity and possible conformational re-
arrangements. The structural and biochemical analysis indi-
cates that Glu-187 is the base responsible for promoting cleav-
age of the C;—C, bond in substrate and has a significant role,
together with Lys-146, in turnover of cationic Schiff base in-
termediates. Indeed, a conserved glutamate residue is found in
2-keto-3-deoxy-6-phosphogluconate (KDPG) aldolase, which
also possesses a B-barrel subunit fold, within hydrogen bonding
distance of the active site lysine responsible for Schiff base
formation and has been implicated in both Schiff base forma-
tion as well as bond cleavage (25).

MATERIALS AND METHODS

Enzyme Analysis—Expression and purification of recombinant rab-
bit muscle aldolase and corresponding point mutations were performed
as reported previously (26). Purification was based on substrate affinity
elution from carboxymethyl-Sepharose stationary phase and using gel
filtration for protein clean up.

Kinetic Analyses—Aldolase cleavage assay was measured by follow-
ing NADH oxidation at 340 nm at 22 °C using a coupled assay system,
triose-phosphate isomerase and glycerol-3-phosphate dehydrogenase,
and detected using a Lambda 2 spectrophotometer (PerkinElmer Life
Sciences) (27). The rate of substrate cleavage was determined by meas-
uring the decrease in absorbance/minute at 340 nm. Specific activity
assays were initiated by addition of substrate to a cuvette containing
aldolase made up in 100 mm TEA-HCI, pH 7.6, 1 mm EDTA, 0.42 mm
NADH, and coupling enzymes 1 ug/ml triose-phosphate isomerase and
10 pg/ml glycerol-3-phosphate dehydrogenase. The cleavage rate of
Fru-P, was measured over a substrate concentration range of 10 uM to
1 mM Fru-P,, using 0.3 pg in the case of the wild type enzyme, 10-300
ug for point mutants E187A, E187Q, E189A, and E189Q, and 2 mg of
enzyme for point mutation K229M. Kinetic parameters were deter-
mined from double-reciprocal plots. Aldolase concentration was deter-
mined by absorbance using extinction coefficient, €,5, (1%) = 0.91
mlmg “em™ . Activity profiles as a function of pH were performed
using 50 mMm Tris-HAc buffer at varying concentrations of Fru-P, to
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determine kinetic parameters, V.. and K, as a function of pH. Meas-
urements in all activity assays were made in duplicate. Estimated
errors in kinetic parameters were on approximately =20% of estimated
value.

The enamine carbanion intermediate can be oxidized by hexacyano-
ferrate(Ill) and is quantitative with enamine concentration (28). The
rate of hexacyanoferrate(IIl) reduction was followed by a decrease in
absorption at 420 mm as previously described (26). Steady-state oxida-
tion rates were measured in the presence of 1 mM Fru-P, whereas
equilibrium oxidation rates were determined in the presence of 1 mm
DHAP using 0.3 pg in the case of the wild type enzyme, 10-300 ug for
point mutants E187A, E187Q, E189A, and E189Q, and 1 mg of enzyme
for point mutation K229M. Estimated errors in oxidation rates were on
average +20% of estimated value.

To evaluate D,O Kkinetic solvent isotope effects, enzyme activity
measurements were performed in D,0 using 50 mM Tris-HAc buffer, pH
7.5, and the effect of D,O on pH was corrected for. Substrate and
Tris-HAc buffer was made up as a concentration in D,O, and coupling
enzymes were diluted in D,O prior to usage. Together this amounted to
less than a 5% reduction in D,O concentration in the activity assay.
Recombinant aldolase enzymes were dialyzed against three successive
changes of D,O for at least 1 h each until measured activity became
stable. Enzyme dialyzed against similar three successive changes of
H,0 was used for control.

Chemical Trapping of Reaction Intermediates—Covalent enzyme-
substrate intermediates were characterized by acid precipitation and
chemical lability of the precipitated species (3). The end-point assays
used a 10- to 100-fold excess of substrate with respect to 0.5-1.5 nmol
of enzyme. Protocols for determination of the concentration of the in-
termediates E=DG, E-D, and E=DH were as previously reported (3, 7,
9). Recombinant rabbit muscle aldolase preparations were incubated
with either labeled [**P]DHAP (40-60 cpm/pmol) or [1-32P]Fru-P,
(565—65 cpm/pmol) at pH 7.5 in 50 mm TEA-HAc buffer at 20 °C. Labeled
inorganic phosphate was estimated at ~0.1-0.2% of labeled Fru-P, and
~10% of labeled DHAP. To each reaction mixture, 100 pg of bovine
serum albumin was added to minimize nonspecific losses of labeled
intermediates. The concentration of labeled Fru-P, was 1 mm for native
enzyme and 0.4 mM for mutant enzymes. Enzyme preparations were
used fresh and corresponded to a maximal activity of 16 units/mg for
native enzyme (see Table II below). Under these conditions, the native
recombinant enzyme is maximally active and kinetically homogeneous
(3). Imine and carbinolamine complexes of aldolase with Fru-P, and
DHAP were isolated in the protein precipitate and recovered as Fru-P,
and DHAP after mild acid extraction of the protein precipitate (3). P,
produced in the acid quench is derived from the eneamine intermediate
(9) and was quantitatively extracted into 2-methyl-1-propanol as the
acid molybdate complex (29). Precipitation of the reaction mixture was
performed with cold 1 M trichloroacetic acid and centrifugation for 1-2
min at 4 °C. Extraction of the protein pellet with 0.5 N NaOH for 2 min
at 37 °C released *?P,, and alkali label counts were used to calculate the
concentration of ketamine, E=DH, whereas residual counts in the
pellet reflected the concentration of ketamine, E=DG, in the forward
reaction. Minimum incubation times were 3 s using labeled Fru-P, and
20 s with labeled DHAP to allow full conversion of DHAP gem diol form
to the free keto form. In the forward steady-state reaction, 1 mm
[1-2P]Fru-P, concentration was used with native recombinant enzyme
to ensure that total Fru-P, concentration remained in excess with
respect to enzyme over the 3-s assay interval. Controls performed used
identical protocols with enzyme omitted.

Kinetic trapping experiments using mutant aldolases were con-
ducted under identical conditions as the native recombinant enzyme. To
assess steady-state levels in the forward reaction in E187A and E187Q
mutants, trapping experiments were also carried out for 1 and 20 min,
respectively. Chase solutions diluted carrier 10-fold, except in the case
of forward reaction with Glu-187 mutants where the dilution was 25-
fold. All kinetic trapping experiments were performed in triplicate from
at least two different enzyme preparations, and results were averaged.
Fluctuation in replicates was 1-2% of average value for a given prep-
aration. Backgrounds were significantly lower in precipitates used to
estimate ketamine populations compared with enamine populations,
which are derived from supernatants that had larger background
counts due to the presence of inorganic phosphate. Errors in interme-
diate populations were estimated at ~15% and ~25%, respectively, for
ketamine and enamine populations based on values obtained from
different enzyme preparations and are shown below in Tables IV and V.
Rate constants, k&, characterizing time taken to reach steady state in
Glu-187 mutants, were obtained by solving the relation A, = A_[1 —
exp(—kt)], where A, and A, represent intermediate concentrations at
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time ¢ and ¢ = o, respectively, such that,

oo b (A A
e

(Eq. 1)

Triose-P isomerase and glycerol-P dehydrogenase used for triose-P
detection in the steady-state forward reaction were increased with
respect to concentrations used previously (3). In commercial prepara-
tions of triose-P isomerase (Roche Molecular Biochemicals), lag in tri-
ose-P turnover correlated with higher ketamine (£E=DG) accumulating
on the native enzyme. Increasing concentration of triose-P trapping
enzymes to 3X of previous values minimized this accumulation. Even
greater concentrations had no further significant effect.

Crystallization and X-ray Diffraction Data Collection—Crystals for
recombinant mutant aldolases were obtained using vapor diffusion
technique and/or batch crystallization (10). Crystal growth experiments
using mutant Glu-187 proteins were also performed in microgravity by
a step gradient liquid-liquid diffusion method (31). Protein crystalliza-
tion experiments were performed on NASA Shuttle flight STS-86 and
involved a sliding block technology that superposes, following block
activation, two fluid half-wells that were initially separated. The initial
protein solution contained 40% saturated ammonium sulfate and 10
mg/ml concentration of protein and was allowed to equilibrate for 10
min in microgravity against an equal solution (150 ul) of 50% saturated
ammonium sulfate to induce nucleation and then transferred to a
second solution containing 43% saturated ammonium sulfate. This
technology is best performed in a microgravity environment, because it
is based on free liquid-liquid interface diffusion of a precipitant solution
against a protein solution. Superposition allows diffusion to occur,
inducing nucleation and crystal growth. Ground control crystals for
both mutants were grown by batch method on the ground as described
previously (10). In each case, this exemplified protein crystal growth
under best laboratory conditions.

Protein crystals were recovered for both Glu-187 mutants at the end
of the 10-day microgravity mission. Microgravity-grown crystals of mu-
tant E187A yielded a visible diffraction pattern to 2.1-A resolution
compared with best ground controls, which diffracted to only 2.4-A
resolution. Crystals of mutant E187Q did not show substantial resolu-
tion difference with respect to growth in a microgravity environment.
Crystals grown of both mutants independent of gravitational environ-
ment attained a maximum size of ~1.2 X 0.8 X 0.2 mm, were cut to
0.5-mm maximum dimension, and were mounted in glass capillaries for
intensity data collection. Unit-cell parameters and crystal data are
summarized in Table I below. All data were collected from a single
crystal using a Siemens X-100 multiwire detector mounted on a Rikagu
RU-200 rotating anode generator. Data reduction was performed with
the XGEN package (32). Crystals of K229M diffracted to 2.6-A resolu-
tion and were grown by batch method in the laboratory.

Structure Determination and Refinement—Crystals of the mutant al-
dolases were isomorphous with native protein, having monoclinic space
group P2,, and mutant structures were solved by difference Fourier meth-
ods. Atomic coordinates from the native muscle aldolase structure, refined
at 1.9 A, were used to initiate refinement of the mutant structures. The
initial model had solvent molecules, DHAP, and the C-terminal region
removed. All refinements, map calculations, and geometric analyses were
carried out by simulated annealing (33) using X-PLOR version 3.1. The
initial model was subjected to rigid-body refinement using X-PLOR re-
sulting in an R-factor for the E187A, E187Q, and K299M of 39, 32, and
34%, respectively, and was followed by several rounds of simulated an-
nealing to remove any bias from the initial model. Each round of simu-
lated annealing consisted of initially heating to 3000 K and then slowly
cooling to 300 K in increments of 250 K and using 500 steps of 0.5 fs each
to equilibrate at each annealing temperature. Resolution of the starting
model used was 2.5 A for E187A and E187Q mutants and 2.9 A for the
K229M. Higher resolution shells were gradually added in subsequent
refinement cycles. Electron density maps were calculated with structure
factor coefficients 2|F,| — |F.| and |F,| — |F.|. The program O was used for
electron density interpretation (34). Following each cycle of refinement, fit
by amino acid residues to the electron density was verified using OOPS
(35). Water molecules were gradually included during each refinement
cycle and were selected from spherical peaks having electron density
greater than 2.50. The trace of the C-terminal sequence (residues 344—
363) was through regions of weak electron density on initial maps but was
readily followed once sufficient water molecules had been added (36). The
final map showed clear connected electron density in all tetramer sub-
units, and final refinement statistics are summarized below in Table I. In
the mutant E187A where Lys-146 and Lys-229 exhibited dual conforma-
tions, side-chain occupancy was set to 0.5 in each conformer. A test
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TABLE I
Data collection and refinement statistics

Crystallographic data E187A E187Q K229M
Space group . P2, P2, P2,
Unit cell constants (a, b, ¢ (A)) 165.97, 58.36, 86.95 164.32, 57.51, 85.36 164.24, 57.41, 85.05
B (degree) 103.164 102.66 102.65
Asymmetric unit Tetramer Tetramer Tetramer
Resolution maximum 2.15 2.0 2.6
No. of total reflections 88,801 88,145 87,439
No. of unique reflections 56,675 81,034 48,198
Completeness® (%) 81 83 84
R, (%) 7.7 6 10
R (%) 17.8 19.1 17.7
Rpo” (%) 22.9 23.3 23.2
Resolution® (A) 10-2.2 10-2.0 12-2.6
No. of reflections” 55,143 87,623 34,787
No. of atoms 17,409 17,107 15,586
No. of water molecules 3,498 3,500 2,189
No. of sulfate ions . 0 2 2
r.m.s.d. bond lengths (A) 0.011 0.008 0.011
r.m.s.d. angles (degree) 1.812 1.678 1.8
r.m.s.d. dihedral (degree) 22.1 21.5 22.4
r.m.s.d. improper (degree) 1.21 145 1.71

“ Completeness (%).

® Roym (%) = 24y Si|L(hED — L(hkD)|1S,,,2; I,(hkD, where I, is the observed intensity of ith equivalent reflection hkl.
¢ R (%) = 200 | Fo(RRD| — |F(RRD| /2, |F,(RED)|, crystallographic R-factor, where |F,| and |F,| are the observed and calculated structure factor

amplitudes, respectively, of reflection hkl.

 Riyeo (%) = 2y | Fo(RRD| — |F(hRD||/Z,,,|F,(RED)|, is the test reflection data set and 8% of all reflections, selected randomly.

¢ Resolution range used in refinement.
7 Used for refinement.

reflection data set representing 8% of all reflections, selected randomly,
was used for cross-validation during crystallographic refinement (37). All
figures were prepared using programs BOBSCRIPT (38) and RASTER3D
(39).

Quality of the Model—The quality of the refined structures was
verified by the program PROCHECK (40) and root mean square (r.m.s.)
deviations from ideal bond lengths and angles are shown in Table I. The
program OOPS and Ramachandran plots of the final model were used
to verify protein geometry and are summarized in Table I. The atomic
coordinates for mutants: K229M, E187A, and E187Q are available from
the Research Collaboratory for Structural Bioinformatics Protein Data
bank (www.rcsb.org/pdb) deposited under accession codes 1IEWE, 1EX5,
and 1EWG, respectively.

RESULTS

Mutant Aldolase Activities—Kinetic parameters of the isos-
teric neutral point mutations E187Q and E189Q as well as
point mutations E187A and E189A are shown in Table II.
Comparisons with the native recombinant enzyme indicate
significant changes in V. with only relatively small changes
in K,, at pH 7.6. Maximal activity of E187Q was reduced by a
factor of 2.3 X 10~ * toward Fru-P,, suggesting that this residue
participates in formation and dissociation of reaction interme-
diates. A slightly higher activity, ~4-fold, in the point mutant
E187A with respect to E187Q, was surprising. Loss in catalytic
activity of mutants E189Q and E189A was small with practi-
cally no activity loss in the latter. The oxidation rates for the
enamine carbanion intermediate, shown in Table III, reflect
trends similar to those observed for catalysis; rates for Glu-187
mutants were significantly decreased whereas those for E189
mutants were considerably less affected. The oxidation rates
for the incompetent K229M mutant reflects residual back-
ground activity, and, when taken into account, steady-state
carbanion oxidation rates in Glu-187 mutants are comparable
with those observed for catalytic activity. In contrast, equilib-
rium oxidation rates exceeded steady-state rates by more than
2-fold. Oxidation rates for E189 mutants are comparable with
those of native enzyme, which are determined by release of the
oxidized carbanion from the native enzyme (41).

The decrease in V. in all point mutants could not be
compensated for by changes in pH. The pH-activity profiles for
Glu-187 mutants, shown in Fig. 2b, indicate with respect to

TaBLE IT
Kinetic parameters and solvent isotope effects of Fru-P, cleavage
reaction for recombinant mutant aldolases of active site residues
Glu-187, Glu-189, and Lys-229 assayed at pH 7.6

Enzyme Reat K,, Dyo ko
s 1 umM
Native recombinant 422 +0.8 51+19 2.7
E187Q 0.03 = 0.003 134 + 1.1 2.9
E187A 0.12 + 0.015 6.2+ 0.6 1.4
E189Q 1.69 = 0.09 109 =15 2.6
E189A 369+ 15 57+1.1 3.7
K229M <10°° ND? ND
@ Solvent isotope effect represented by ratio of k. ", /% ..”.°.

® ND, not determined.

TaBLE III
Carbanion oxidation rates for native and mutant enzyme - substrate
complexes in presence of Fru-P, (1 mm) or DHAP (1 mM)

Enzyme Fru-P, DHAP
1
Native recombinant 3.35 £ 0.15 3.06 = 0.15
E187Q 0.06 = 0.02 0.52 = 0.08
E187A 0.16 = 0.03 0.44 = 0.09
E189Q 3.28 = 0.15 2.35 £ 0.13
E189A 1.93 = 0.20 2.13 = 0.17
K229M <0.03 <0.05

native enzyme (Fig. 2a) a consistent loss of catalytic activity by
several orders of magnitude over the entire pH interval (pH
5-10) with maximal activity displaced to acid pH. A similar
shift in maximal activity can be seen for E189Q in Fig. 2c. The
pH-activity profile observed for E189A in Fig. 2c¢ is very similar
to native enzyme and shows only a slight uniform loss in
catalytic activity with respect to native enzyme. The mutation
of the lysine residue responsible for Schiff base formation with
the substrate eliminates the capacity of the enzyme to promote
Schiff base formation. The K229M mutant measures essen-
tially the background level of activity and has a rate of Fru-P,
cleavage that is <1076 of wild type.

The kinetic solvent isotope effects observed, also shown in
Table II, were unchanged for the isosteric point mutants
E187Q and E189Q with respect to native enzyme. The inverse
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Native

Vmax (units/mg)  *
N

=

Vmax (units/fmg)
Vmax (units/mg)

o

Vmax (units/mg)

Vmax (units/mg)

P TR A I

6 8 10
pH

Fic. 2. pH activity profiles for native recombinant aldolase
and site-directed point mutations. ¢, native enzyme profile; b, pro-
files for mutants E187A and E187Q; ¢, profiles of mutants E189A and
E189Q.

kinetic solvent isotope effect observed for E187A in Table II
corresponds to Glu-187 side-chain loss that has created a cavity
and enabled a water molecule such as OH™ species to partici-
pate in catalysis. OH™ species have strongly inverse fraction-
ation factors (42). The increase in the kinetic solvent isotope
effect for E189A with respect to wild type of ~1.4-fold is sig-
nificant even though loss of the carboxyl side chain only very
slightly decreased activity. The cavity created at the subunit
surface by the Glu-189 — Ala mutation would allow a water
molecule to participate in catalysis. Solvation catalytic proton
bridges can have significant fractionation factors in the tran-
sition state that produce sizeable secondary isotope effects (43).
The increased kinetic solvent isotope effect in the E189A mu-
tant falls within experimental error in the range of 1.5-4
expected for transition state proton transfers.

Intermediate Concentrations—Stoichiometries obtained for
recombinant native aldolase and point mutants, E187A and
E187Q, in the forward direction are shown in Table IV. Stoi-
chiometries were corrected for background by subtracting
counts of control reactions containing no enzyme from the
experimental values. A net stoichiometry of 4 is consistent with
full occupancy of all aldolase subunits by an intermediate and,
from data in Table IV, indicates that Michaelis intermediates
represent the large majority of enzymatic complexes in the
forward direction. Stoichiometry of ketamine and eneamine
intermediates (E=DG and E-D) in the native enzyme differs
from that reported in a previous study where the ketamine
intermediate rather than eneamine was the major covalent
species (3). Taking into account only 10-fold isotopic dilution of
the labeled species by carrier, reductions in covalent species
upon chase were consistent with intermediate populations that
are completely displaceable in the native enzyme. The very low
concentration of chased intermediates indicates an absence of
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slow interconverting enzymatic species and is characteristic of
enzyme homogeneity. Treatment of the native recombinant
enzyme with carboxypeptidase resulted in the expected enam-
ine accumulation (1).

Stoichiometries of all intermediates for Glu-187 mutants,
shown in Table IV, were reduced 10-fold compared with native
enzyme in the forward direction. The increase in enamine
stoichiometry upon prolonged incubation in both E187A and
E187Q mutants indicates that steady-state conditions were not
attained after incubation for 10 and 20 s, respectively. Assum-
ing that steady-state conditions were achieved after 20 min of
labeling for the enamine in E187Q, then from Table IV, setting
A,=0.08 and A, = 0.20 yields a first order rate constant of 0.03
s 1in enamine formation. Similarly, for E187A, the first-order
rate constant for eneamine formation is 0.11 s~ 1. Errors for the
first order rate constants are estimated at ~20%. The rates in
eneamine formation are comparable with rates for substrate
turnover of 0.026 and 0.12s ! measured for mutants E187Q
and E187A, respectively. The population stoichiometries for
the ketamine E=DG intermediate in the E187Q mutant in
Table IV also indicates qualitatively that steady-state condi-
tions were not attained. The inability to displace labeled inter-
mediates following a 20-s chase, even in the presence of a
25-fold isotopic dilution, is significant and contrary to that
observed in the wild type enzyme.

Stoichiometries of reaction intermediates derived from incu-
bation against excess labeled DHAP are shown in Table V for
the recombinant native and point mutations, E187A and
E187Q. The stoichiometries of E=DH and E-D intermediates
in the native enzyme concur with reported values (3, 9). The
enzymatic fraction of intermediates represented by E-D of 43%
is lower than the reported value of 60% (44, 45). Similar studies
at 4 °C, however, reproduced the reported value of 60% (data
not shown). Chase displaced most of the labeled intermediates
ruling out significant enzyme heterogeneity and slow intercon-
version among enzymatic species as a possible cause. Ketamine
and eneamine populations in the mutant aldolases, based on
stoichiometries shown in Table V, are comparable with native
enzyme. Different from native enzyme, both mutants showed
no significant change in labeled ketamine and enamine popu-
lations when chased with excess carrier DHAP.

Structural Analyses—The polypeptide fold of the mutant
E187A, E187Q, and K229M monomers was that of an (a/B)g
barrel and homologous to native enzyme. The greatest posi-
tional differences among the tetramer subunits in the mutant
structures occurred among active site residues and C-terminal
regions. Structural comparison of mutant structures based on
r.m.s. deviation of main-chain atoms from equivalent wild type
position showed that E187A exhibited the largest differences
with respect to native (0.99A) whereas E187Q showed the
smallest (0.40A). B-factors of the C-terminal region for the
residues 344-363 compared with B-factors of the main subunit
body were on average six times greater in each mutant whereas
the same difference in B-factors was only 3-fold with the native
enzyme. The average r.m.s. deviation among equivalent Ca
atoms in each subunit, excluding C-terminal regions (residues
344-363), was calculated with the program POLYPOSE (46)
and used to assess structural disorder. Pairwise comparison
between equivalent atoms in subunits, as well as deviation
from mean Ca position, ranks native enzyme with the least
disorder (0.25 and 0.15 A, respectively), followed by E187Q
(0.31,0.19 A) and E187A having the greatest structural differ-
ences observed with respect to native enzyme (0.66, 0.40 A). In
all comparisons, values for K229M were only slightly greater
with respect to those obtained for E187Q.

E187@Q Structure—A significant structural feature, common
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TaBLE IV
Forward reaction steady state with recombinant aldolases showing stoichiometries of covalent intermediates trapped in the presence of
saturation concentration of [1-**P]Fru-P, and chased with cold Fru-P, (10 mm)
Full tetramer occupancy by an intermediate would correspond to a maximum stoichiometry of four subunits. Shown in parentheses is duration
of forward reaction and that for pulse chase, respectively. Italics denote duration of turnover experiments with no pulse chase.

- Ketamine Fru-P, Eneamine Ketamine DHAP
neyme Pre-chase Post-chase Pre-chase Post-chase Pre-chase Post-chase

Native® (3 s, 5 s) 0.16 = 0.02 <0.01 0.79 £ 0.18 0.09 = 0.02 0.03 = 0.05 <0.01
E187A°

(10 s, 20 s) 0.01 = 0.002 0.01 = 0.001 0.09 = 0.02 0.09 = 0.02 <0.01 <0.01

(1 min) 0.02 = 0.003 0.14 £ 0.03 <0.01
E187Q°

(20 s, 20 s) 0.01 = 0.002 0.02 = 0.002 0.09 = 0.02 0.09 = 0.01 <0.01 <0.01

(20 min) 0.02 = 0.003 0.22 = 0.03 <0.01

@ For native recombinant enzyme, 1 mMm [1-*?P]Fru-P, was used in reaction mixture and chased with 10 mMm of cold Fru-P,,.
® For mutant enzymes, 0.4 mMm [1-*2P]Fru-P, was used in reaction mixture and chased with 10 mum of cold Fru-P,,.

TaBLE V
Stoichiometries of covalent intermediates trapped upon incubation
with [**PIDHAP (0.4 mm) and chased with cold DHAP (4 mm) of
recombinant aldolases
Full occupancy on the aldolase tetramer would correspond to a max-
imum stoichiometry of four subunits. Shown in parentheses is the
duration of equilibrium reaction and that of pulse chase, respectively.

Ketamine Eneamine

Enzyme

Pre-chase Post-chase Pre-chase Post-chase

Native (20 s, 10 s) 0.17 =0.02 0.03 = 0.01 1.70 = 0.25 0.26 = 0.06
E187A (20 s, 10 s) 0.06 = 0.02 0.05 = 0.02 0.79 = 0.20 0.66 = 0.15
E187Q (20 s, 10 s) 0.16 = 0.02 0.16 = 0.03 0.63 = 0.12 0.78 = 0.18

to all subunits of this isostructural mutant, were residues
GIn-187 and Glu-189, which were within hydrogen bonding
distance of each other and is shown for an aldolase subunit in
Fig. 3. Hydrogen bonding in the native enzyme between resi-
dues Glu-187 and Glu-189 does not occur. The average distance
between these residues, shown in Fig. 3, is 2.93 A in E187Q
whereas in native enzyme the distance has increased to 3.97 A.
The hydrogen bond between GIn-187 and Glu-189 and high
structural isomorphism of E187Q with native indicates that, if
either Glu-187 or Glu-189 were neutral in the native enzyme,
the absence in hydrogen bond formation between these resi-
dues was not due to steric hindrance in native enzyme. Rather,
charge neutralization by Glu-187 — Gln mutation promoted
interaction between residues Gln-187 and Glu-189 and indi-
cates that, in the native structure, both Glu-187 and Glu-189
must be negatively charged at pH 7.4. The hydrogen bond in
E187Q is further stabilized by interactions between Arg-148
and Glu-189 that are not observed in native enzyme and are
shown in Fig. 3.

Active site lysine residues 146 and 229 exhibited extensive
variability in side-chain conformations compared with native
enzyme. In two subunits, the side-chain orientations of Lys-229
and Lys-146 are different from native enzyme whereas in a
third subunit the lysine residues exhibit the same conforma-
tion as wild type. In the remaining fourth subunit, respective
amines of Lys-146 and Lys-229 are within hydrogen bonding
distance as shown in Fig. 4. The hydrogen bonding distance of
2.91 A differs significantly from 4.9 A observed in all subunits
of the native enzyme. In E187Q subunits where Lys-146 and
Lys-229 do not hydrogen bond, interaction between the two
residues is indirect and is mediated by hydrogen bonding to
intervening water molecules. The side chain of Leu-270, which
is adjacent to Lys-229 and shown in Fig. 4, makes close contact
with Lys-229 in two subunits. In the subunit exhibiting hydro-
gen bond formation, Leu-270 approaches within 3.46 A of Lys-
229 whereas in the subunit having lysine side-chain conforma-
tions similar to native, the residue is within 3.24 A of Lys-229.

In the remaining two subunits, contact distance with Lys-229
is 4.3 A, and Leu-270 conformation is identical to that observed
in all subunits of the native enzyme.

In the K229M mutant structure, Leu-270 also makes close
contact of 3.54 A with Met-229 in two subunits. In the remain-
ing subunits, Leu-270 rotamer conformation is similar to that
of native and contact with Met-229 side chain is 4.04 A, slightly
shorter than in native enzyme. Close contact between Leu-270
and Met-229 side chains in K229M indicates that conforma-
tional changes by these aliphatic side chains are stabilized as a
result of hydrophobic interactions.

E187A Structure—Mutation of Glu-187 into an alanine res-
idue has created a cavity in the active site and provoked not
only rearrangement of side-chain conformations of immediate
active site residues but also that of backbone. The r.m.s. devi-
ation from mean subunit position was largest for B-barrel
strand residues, 270-273, proximal to Lys-229. Ser-271 back-
bone amides exhibited largest positional difference (1.4 A)
whereas the Leu-270 side chain showed the greatest rotameric
disorder. The backbone disorder is consistent with the presence
of two conformationally mobile glycine residues, Gly-272 and
Gly-273, in the sequence, which together with Ser-271 bind the
DHAP phosphate in the native structure (17). In three of the
four subunits, a water molecule was located in each subunit
within hydrogen bonding distance of Glu-189 (Wat-1377, Wat-
2658, and Wat-3490) and which occupied the binding locus for
the carboxyl moiety of Glu-187 in the native structure. The
Wat-1377 binding site is shown in Fig. 5.

Lys-146 and Lys-229 adopt side-chain conformations that
are different in each subunit as well as with respect to wild
type consistent with greater conformational disorder by these
residues in E187A mutant structure. As was observed in the
E187Q mutant structure, distances between ammonium
groups of Lys-146 and Lys-229 were shorter than distances
observed in native (4.9 A) and in two subunits of E187A, Lys-
146 and Lys-229, engaged in hydrogen bond formation. In one
subunit, Lys-229 N¢ points toward its proper carbonyl group
and the cavity created by the E187A mutation making very
close contact with Leu-270 side chain (3.01A) while participat-
ing in hydrogen bond formation with Lys-146. In both subunits
where Lys-146 hydrogen bonds with Lys-229, dual conforma-
tions were observed for Lys-146 and only one conformation
participated in hydrogen bonding. In the alternate conforma-
tions, Lys-146 hydrogen-bonded to other active site residues
and water molecules similar to the native structure. A close
contact was also observed between Leu-270 and Lys-229 N¢
(3.38A) in a subunit where Lys-229 did not participate in hy-
drogen bond formation.

C-terminal Region (Residues 344-363)—r.m.s. deviations of



9480

FiG. 3. Stereoview of electron den-
sity showing GIn-187, Glu-189, and
Arg-148 residues in the active site of
the E187Q mutant structure. The mu-
tant structure is shown superimposed with
equivalent residues in the native enzyme
(dark green). GIn-187 donates a hydrogen
bond to Glu-189 in E187Q whereas Arg-
148 makes additional hydrogen bonds with
Glu-189 in E187Q not observed in the na-
tive structure. Wat-1376 makes a hydrogen
bond to Glu-189 whereas Wat-1647 inter-
acts with Glu-189 and Wat-1856. Electron
density shown correspond to a 2F, — F,
omit map of residue GIn-187 and contoured
at the 1o level.

Fic. 5. Stereoview of electron den-
sity showing Ala-187, Glu-189, and
Arg-148 residues in the active site of
the E187A mutant structure and the
alanine cavity filled by water mole-
cule Wat-1377. The mutant structure is
shown superimposed with equivalent res-
idues in the native enzyme (dark green).
Wat-1377 hydrogen bonds Arg-148 and
Glu-189 in the E187A mutant structure
whereas Arg-148, contrary to native
structure, does not hydrogen bond with
Glu-189. Electron density shown corre-
sponds to a 2F, — F, omit map of residue
Ala-187 and Wat-1377 and contoured at
the 1o level.

the C-terminal region backbone of the mutant structures,
E187A, E187Q and K229M, calculated with respect to native
were 3.95, 2.77, and 2.21 A, respectively. These large devia-
tions from mean square positions, compared with deviations of
0.77, 0.28, and 0.34 A, respectively, when using only p-barrel
core coordinates, residues 1-343, indicate significant conforma-
tional heterogeneity and are consistent with C-terminal region
flexibility. The largest conformational variability invariably
occurred for the traces of the C-terminal regions in the two
subunits whose C terminus tyrosine residues were not an-
chored at the subunit interface of an adjacent tetramer. These
C-terminal regions nevertheless folded as in native structure
toward their respective active sites. In the native structure,
conformations of these C-terminal regions stabilized DHAP
binding in the active site (17). In the mutant structures, the
same C-terminal regions did not interact with active site resi-
dues, nor was there evidence for active site binding.

DISCUSSION

Point mutations at active site residues Glu-187 and Lys-229
in rabbit muscle aldolase did not compromise subunit polypep-
tide folding, and each mutant retained full structural integrity.
Of the three mutant structures, the largest positional differ-
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FiG. 4. Stereoview of electron den-
sity showing superposition of Lys-146,
GIn-187, Lys-229, and Leu-270 in
E187Q mutant with equivalent resi-
dues in the native enzyme (dark
green). The hydrogen bond between lysine
residues requires that one lysine residue
acts as hydrogen bond acceptor. Glu-187 in
the native structure is situated within hy-
drogen bonding distance between the two
lysine residues. Wat-8272 makes hydrogen
bonds to Lys-146 and Wat-8338 whereas
Leu-270 makes close contact with Lys-229.
Electron densities shown correspond to a
2F  — F, omit map of residues Lys-146 and
Lys-229 and contoured at the 1o level.

Wat13774)

ences were observed in the non-isosteric point mutation E187A
with respect to native enzyme structure. The cavity created in
the active site by the alanine substitution in this mutant in-
duced minor structural perturbations, which were distributed
throughout the polypeptide backbone in each subunit. In the
isosteric mutants, E187Q and K229M, structural variations
were confined primarily to the level of side-chain conformations
with respect to native enzyme. The high structural isomor-
phism displayed by each mutant aldolase with native enzyme
makes perturbations in structural integrity an unlikely expla-
nation for the observed functional differences. In fact, the mu-
tant E187A, which exhibited the largest positional disorder
with respect to native, possessed higher catalytic activity than
mutant E187Q, which had least structural differences with
respect to native.

The basis for the enhanced activity by E187A with respect to
E187Q is phenotypic in origin. The mutation to alanine pro-
duced a cavity at the former carboxylate locus that created a
binding site for a water molecule (shown in Fig. 5). Hydrogen
bonding with Glu-189, located at the active periphery, stabi-
lizes the water molecule and allows Glu-189 as a conjugate
base to activate the water molecule. The inverse solvent isotope
effect, observed for the E187A mutant, is indeed consistent
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with participation of OH™ in the reaction mechanism. Further-
more, OH™ is a stronger nucleophile than a carboxyamide
moiety, correlating with the higher observed activity by E187A
mutant compared with E187Q.

Glu-187 and Glu-189 Act As a Proton Bridge—The substan-
tial loss in catalytic activity over the entire pH range in each of
the physiologically neutral Glu-187 mutations, seen in Fig. 2b,
is consistent with a functional role involving proton transfer by
Glu-187. In the isosteric E187Q mutant, hydrogen bonding
between GIn-187 and Glu-189 involves slight mutual side-
chain adjustment where, with respect to native enzyme, Glu-
189 carboxylate displaces by 1.2 A and Gln-187 carboxyamide
by 0.6 A toward each other and indicates that in native enzyme,
either Glu-187 or Glu-189, in acid form, could prompt proton
transfer by small readjustments of carboxylate side chains. The
slightly greater displacement by Glu-189 is stabilized through
additional interactions with Arg-148 not present in native en-
zyme. Although the carboxyamide moiety of GIn-187 is a
weaker base than the carboxylate function of Glu-187, its ca-
pacity to participate in hydrogen bond formation is very similar
(47). The absence of hydrogen bonding between the two gluta-
mate residues in the native structure indicates that Glu-187
and Glu-189 exist in their respective conjugate bases. A conju-
gate base, within potential hydrogen bonding distance of the
Lys-229 amine, would allow Glu-187 to participate in proton
transfers at the level of the reaction mechanism.

The increase observed in the kinetic solvent isotope effect by
E189A with respect to native, shown in Table II, is consistent
with proton transfers in the transition state involving solvation
catalytic proton bridges (43). In all mutant structures as well
as native, Glu-189 is extensively solvated and participates in
hydrogen bonds with solvent molecules. The cavity created by
the carboxylate side-chain loss due to the alanine mutation
would allow a water molecule to interact directly with Glu-187.
Solvation catalytic proton bridges consisting of an acidic donor-
acceptor pair such as Glu-187 and H,O are consistent with
models proposed (48), if the water molecule participating in the
catalytic hydrogen bond does not exchange readily with other
solvent molecules. The binding locus for Wat-1377, shown in
Fig. 5 for mutant E187A, could provide an advantageous at-
tachment site in E189A for a water molecule by allowing it to
hydrogen-bond not only with Glu-187 but also Arg-148, which
would simultaneously sequester and align it for efficient proton
transfer. The negligible reduction in catalytic activity for
E189A mutation over the entire pH range, seen in Fig. 2c,
indicates that the acidic donor-solvent pair compensates effi-
ciently for loss of carboxylate functionality and implies that a
significant fraction of Glu-187 is present in the conjugate base
form between pH 5 and 10. The extensive solvation of Glu-189
at the subunit surface argues against a pK,, increase by Glu-
189, especially given Glu-189 hydrogen bonding with Arg-148
in the native structure, which would serve to stabilize a nega-
tive charge on the residue. A significant fraction of Glu-187 and
Glu-189 ionized over pH range 5-10 corroborates the structural
data where Glu-187 and Glu-189 are fully ionized at pH 7.4 (pH
of crystallization buffer). Acidic pK, values allows Glu-187 and
Glu-189 to function as a catalytic proton bridge throughout the
pH range 5-10.

The reduction in catalytic activity by the isosteric mutant
E189Q, which cannot be compensated for by pH, shown in Fig.
2¢, further supports a proton transfer role for Glu-189. Al-
though the carboxyamide side chain of GIn-189 has a similar
capacity to participate in hydrogen bond formation as a carbox-
ylate moiety, because it is a weaker base (49), the mutation
would compromise proton transfers with solvent and Glu-187.
Furthermore, by analogy with E187Q, hydrogen bonding be-
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tween Glu-187 and GIn-189 in E189Q could hinder access by
water molecules to Glu-187 affecting catalytic activity. A pro-
ton bridge function by the two residues would explain the
unusual presence of glutamate residues that are within hydro-
gen bonding distance of each other in class I eucaryotic aldo-
lases, yet neither of these are protonated. Proton transfer,
being an extremely fast reaction, would ensure a preponder-
ance of the Glu-187 conjugate base form throughout the cata-
lytic cycle in native enzyme.

Bond Cleavage and Intermediate Formation—The calculated
rates of eneamine formation from the Fru-P, imine do not
significantly differ from turnover rates for both Glu-187 mu-
tants and are consistent with C;—C, bond cleavage or preceding
steps rate-limiting in the forward direction. Steady-state oxi-
dation levels in the presence of Fru-P,, also concur with C;—C,
bond cleavage or the preceding steps that are rate-limiting in
Glu-187 mutants. DHAP equilibrium oxidation levels, which do
not depend on C4—C, bond cleavage, although reduced in the
Glu-187 mutants, are not rate-limiting thereby eliminating the
necessity for having common rate steps of Schiff base and
enamine formation rate-limiting. Although the ketamine pop-
ulations in both Glu-187 mutants are small in Table IV, accu-
mulation of ketamines was detectable and further supports
that a subsequent step and not a preceding step has become
rate-limiting in the forward direction. The data are consistent
with the interpretation that C;—C, bond cleavage has become
rate-limiting in Glu-187 mutants.

Cleavage of the C3—C, bond depends on proton abstraction of
the C, hydroxyl to initiate substrate rearrangement and re-
quires a base on the enzyme to act as proton acceptor. The loss
of carboxylate functionality in the Glu-187 mutants, thereby
making substrate cleavage rate-limiting, strongly argues that
Glu-187 is indeed the base responsible for proton abstraction
during C-C bond cleavage. The proton bridge would ensure
that Glu-187 is present in conjugate base form, subsequent to
ketamine intermediate formation, allowing it to fulfill such a
role. The Glu-187 role in catalyzing C—C bond cleavage would
exclude such a role postulated for Asp-33 (18), which is located
on the side opposite to both Glu-187 and Lys-229 in the active
site. The oxidation data do not exclude that common rate steps
in Schiff base formation may also be compromised in both
Glu-187 mutants, because steady-state as well as DHAP equi-
librium oxidation rates are reduced in these mutants. General
base catalysis by a glutamate residue in Schiff base formation
has been observed in bacterial KDPG aldolase where nucleo-
philic activation of the Schiff base forming lysine also involves
a neighboring active site glutamate residue (25).

The loss of proton transfer capability by the neutralizing
point mutations E187Q and E187A significantly perturbed pH
activity profiles (Fig. 2, b and ¢) and indicates significant pH
dependence by the reaction mechanism in the native enzyme
(Fig. 2a) on the ionization constant of Glu-187. The implication
of Glu-187 in several microscopic rate steps that involve proton
transfers is consistent with an activity profile sensitive to pH.
Indeed, the acidic limb of the pH activity profile for the native
enzyme corresponds to a macroscopic pK, = 5.1, in agreement
with the pK, expected for a glutamate residue, and coherent
with Glu-187 as the titrated residue. The fully ionized state of
Glu-187 at pH 7.4, deduced from the structural data, further
supports such an interpretation and suggests that any pK,
shifts due to hydrophobicity of the active site microenviron-
ment are likely to be small or negligible.

Hydrogen Bond between Lys-146 and Lys-229 in Glu-187
Mutants—Hydrogen bonding between the amines of Lys-229
and Lys-146 requires that one of the lysine residues be no
longer protonated at pH 7.4. Lys-146 is exposed and solvated in
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the active site, seen in Fig. 4, whereas Lys-229 is located deeper
in the B-barrel center where it is less solvated and is sur-
rounded by apolar and hydrophobic residues suggesting that
Lys-229 must be the neutral residue. The close interaction of
Lys-229 with Leu-270, not seen in native enzyme and shown in
Fig. 4, further supports that Lys-229 may be neutral, because
an unprotonated lysine exhibits greater hydrophobicity than a
charged lysine (50) and hence would be preferred in interaction
with hydrophobic residues such as Leu-270. The conforma-
tional envelope of Lys-229 is thus consistent with Lys-229
being unprotonated in at least half of the subunits in both
mutants and implying a pK, of 7.4 or lower.

The proximity of Glu-187 to both Lys-146 and Lys-229,
shown in Fig. 4, would allow a negative charge on Glu-187 to
stabilize positive charges on both Lys-146 and Lys-229 through
ion pairing. In the native crystal structure, the lysine residues
are far apart, 4.9 A, and Lys-229 does not make close contact
with Leu-270 supporting the interpretation that Glu-187, by
stabilizing protonation of both Lys-146 and Lys-229, prevents
their hydrogen bonding with each other. Inactivation studies
indicate a pK,, of. 8.5 for Lys-146 in the native enzyme (51), and
consistency with the structural data would then imply a Lys-
229 pK, = 7.5. Hence, in the absence of charge stabilization by
Glu-187, Lys-146 destabilizes the Lys-229 positive charge per-
mitting hydrogen bonding with each other as well as Lys-229
interaction with Leu-270 in the Glu-187 mutant structures.

Evidence that charge destabilization modifies lysine pK, has
been demonstrated in acetoacetate decarboxylase from Clos-
tridium acetobutylicum where such electrostatics ensures
Schiff base formation under acidic conditions. The enzyme cat-
alyzes the decarboxylation of acetoacetate via Schiff base in-
termediate formed between substrate and Lys-115 (52), and
whose pK,, has been determined as 6 (53). Mutagenesis exper-
iments have shown that neutralization of an adjacent Lys-116
increases the pK, of Lys-115 by >3.2 units, substantially com-
promising catalytic activity at pH 6 (7). Although the structure
of acetoacetate decarboxylase from C. acetobutylicum has not
been determined, the data strongly support the aforementioned
conclusion that, in the absence of electrostatic screening,
charge destabilization by an adjacent lysine residue such as
Lys-146 provokes a decrease in the Schiff base forming lysine
PK,.

Point mutations in rabbit muscle aldolase that neutralize
Lys-146, such as K146M and K146A, diminish catalytic activity
by five orders of magnitude (20, 22) and result in extremely
slow ketamine formation at pH 7.5, whereas steady-state in-
termediate levels were not significantly compromised com-
pared with native enzyme (20). Slow ketamine formation in
neutral Lys-146 mutants would be consistent with a charge on
Lys-229 no longer being screened by that on Lys-146 promoting
formation of a zwitterionic pair, Lys-229/Glu-187 and reducing
the concentration of Lys-229 nucleophile. Significant steady-
state levels would not be inconsistent with similar formation of
zwitterionic pairs between the various cationic ketamines and
Glu-187.

Ligand Dissociation—Insignificant displacement of radiola-
beled intermediates by cold label in Glu-187 mutants, seen in
Tables IV and V, would suggest that apparent ligand off-rates
are slower compared with internal microscopic rate steps. In-
deed, both DHAP and Fru-P, release from their respective
Michaelis complexes are rate-limiting in the native enzyme
under steady-state conditions (3). Although very slow ligand
release in the Glu-187 mutants could explain the inability to
displace intermediate populations in the presence of excess
carrier, structural isomorphism of the Glu-187 mutants with
respect to native enzyme would argue against conformational
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effects provoking very slow label displacement from Michaelis
complexes. Rather, very slow exchange in both Fru-P,- and
DHAP-labeled intermediates suggests that common rate steps
in the breakdown of both labeled intermediates have been
compromised in Glu-187 mutations. Ligand exchange for both
types of labeled intermediates depends on prior ketamine hy-
drolysis, hence the very slow observed exchange implies inhi-
bition in breakdown of the protonated imine-3 and/or its carbi-
nolamine precursors, 1 and 2.

The slow exchange of ketamine intermediates in Glu-187
mutants is consistent with electrostatic stabilization of ket-
amine intermediates by Glu-187 and suggests an additional
proton transfer role for Glu-187. A pK, of 7.4 or lower for
Lys-229 in Glu-187 mutants would not require nucleophilic
activation for carbinolamine formation. However, electrostatic
destabilization by Lys-146 of the positive charge on the dipolar
carbinolamine-1 and protonated imine-3 would result in label
being preferentially trapped as the neutral carbinolamine-2
and/or neutral imine in Glu-187 mutants. The neutral imine is,
however, not on the main reaction trajectory, and if it were to
represent a significant off-pathway reaction, it should result in
accumulation of both Fru-P,- and DHAP-labeled ketamine in-
termediates with respect to native enzyme, which is not ob-
served. An inability to protonate 2 due to Glu-187 mutations
would, however, severely compromise formation of the dipolar
carbinolamine-1 and result in a very slow ligand off-rate. A
proton transfer role for Glu-187 in carbinolamine formation
would be consistent with its postulated role in nucleophilic
activation of Lys-229 as it invokes proton exchange with the
same chemical moiety, namely Lys-229 NZ.

Reaction Mechanism—Glu-187 fulfills several roles in the
catalytic cycle of muscle aldolase. Glu-187 by virtue of its
central position in the active site allows it to screen protonated
ketamine intermediates on Lys-229 from the positive charge on
Lys-146 at physiological pH thereby enhancing their stability.
The Glu-187 and Glu-189 catalytic proton bridge ensures rapid
proton transfer and thus the preponderance of Glu-187 in con-
jugate base form throughout the catalytic cycle, enabling it to
abstract the proton from the O, hydroxyl during substrate
cleavage. The positive charge on Lys-146 or that of cationic
intermediates formed on Lys-229 reciprocally stabilize the con-
jugate base form of Glu-187 as well as the negative charge
developing on O, during proton abstraction. A pK, = 7.4 for
Lys-229 in Glu-187 mutants alludes to, because of electrostatic
screening by Glu-187, a basic pK, in the native enzyme and is
consistent with the proton transfer role proposed for Glu-187 in
nucleophilic activation of Lys-229 as well as in carbinolamine
formation.

The additional interactions between Glu-189 and conserved
Arg-148, observed in the E187Q structure compared with na-
tive enzyme, shown in Fig. 3, optimize hydrogen bonding be-
tween Glu-189 and GIn-187 and would in the native enzyme
align the protonated state of Glu-187 with Glu-189 for optimal
proton transfer. However, by stabilizing the negative charge on
Glu-189, the positive charge on Arg-148 could hinder proton
transfer with Glu-187. The postulated role of Arg-148 in medi-
ating Fru-P, C4-phosphate binding in rabbit muscle aldolase
(24) and the observation in rabbit liver aldolase, where Cg-
phosphate interacts with Arg-1482 is consistent with at least
partial dissociation of Arg-148/Glu-189 interaction during sub-
strate binding. Transient dissociation of the Arg-148/Glu-189
ionic pair by active site events could gate and facilitate trans-
fers along the proton bridge. The absence of the C4-phosphate
in Fru-1-P, which results in a 40-fold loss in activity, due in
part to a 6-fold reduction in Schiff base formation (30), would
not be inconsistent with such an interpretation.



Catalytic Role of Glu-187 in Rabbit Muscle Aldolase

Aldolase Structure Function—The extensive functional role
for Glu-187 in the reaction mechanism of mammalian aldolases
is in agreement with the structural evidence derived from a
carbinolamine complex in Escherichia coli KDPG aldolase (25).
In the latter aldolase, conserved Glu-45 is the only general base
in the active site and is situated within hydrogen bonding
distance of the Schiff base forming Lys-133. Glu-45 thus plays
a multifunctional role mediating proton transfer during catal-
ysis that includes nucleophilic activation leading to carbino-
lamine formation, proton abstraction in C-C bond cleavage,
and proton exchange with the enamine intermediate. Superpo-
sition of the two aldolase B-barrel structures based on the
folding order of the polypeptide strands comprising the B-barrel
preserves only the spatial alignment of the conserved lysine in
the active sites of the two aldolases; the respective conserved
glutamates being located on different strands (data not shown).
In E. coli transaldolase B structure, whose polypeptide se-
quence also displays a B-barrel fold, superposition resulted in
spatial alignment of Glu-96 and Schiff base forming Lys-132
with that of Glu-187 and Lys-229, respectively, in muscle al-
dolase (21). Glu-96, whose function has not been investigated,
is conserved in transaldolases and is situated within hydrogen
bonding distance of Lys-132 on the adjacent strand as in mus-
cle aldolase. The spatial dispositions of other active site resi-
dues resulting from the structure superpositions are dissimilar
among the three enzymes suggesting that the aldolase active
sites arose from a B-barrel ancestor bearing a common lysine
residue. The permutation of the conserved glutamate position
highlights an evolutionary paradigm of divergent evolution
enabling aldolases, folding as B-barrel structures, to accommo-
date differences in substrate specificity whereas ensuring a
proton transfer capability about the essential lysine residue.
General base catalysis by a glutamate residue appears to be an
indispensable feature in Schiff base forming aldolases respon-
sible for carbohydrate metabolism.
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