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Abstract—In vivo, 2-keto-3-deoxy-6-phosphogluconate (KDPG) aldolase catalyzes the reversible, stereospecific retro-aldol cleavage
of KDPG to pyruvate and p-glyceraldehyde-3-phosphate. The enzyme is a lysine-dependent (Class I) aldolase that functions
through the intermediacy of a Schiff base. Here, we propose a mechanism for this enzyme based on crystallographic studies of
wild-type and mutant aldolases. The three dimensional structure of KDPG aldolase from the thermophile Thermotoga maritima
was determined to 1.9 A. The structure is the standard o/ barrel observed for all Class I aldolases. At the active site Lys we observe
clear density for a pyruvate Schiff base. Density for a sulfate ion bound in a conserved cluster of residues close to the Schiff base is
also observed. We have also determined the structure of a mutant of Escherichia coli KDPG aldolase in which the proposed general
acid/base catalyst has been removed (E45N). One subunit of the trimer contains density suggesting a trapped pyruvate carbinol-
amine intermediate. All three subunits contain a phosphate ion bound in a location effectively identical to that of the sulfate ion
bound in the 7. maritima enzyme. The sulfate and phosphate ions experimentally locate the putative phosphate binding site of
the aldolase and, together with the position of the bound pyruvate, facilitate construction of a model for the full-length KDPG sub-
strate complex. The model requires only minimal positional adjustments of the experimentally determined covalent intermediate and
bound anion to accommodate full-length substrate. The model identifies the key catalytic residues of the protein and suggests impor-
tant roles for two observable water molecules. The first water molecule remains bound to the enzyme during the entire catalytic
cycle, shuttling protons between the catalytic glutamate and the substrate. The second water molecule arises from dehydration
of the carbinolamine and serves as the nucleophilic water during hydrolysis of the enzyme-product Schiff base. The second water
molecule may also mediate the base-catalyzed enolization required to form the carbon nucleophile, again bridging to the catalytic
glutamate. Many aspects of this mechanism are observed in other Class I aldolases and suggest a mechanistically and, perhaps,
evolutionarily related family of aldolases distinct from the N-acetylneuraminate lyase (NAL) family.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

2-Keto-3-deoxy-6-phosphogluconate (KDPG) aldolase,
a Class I aldolase of the Entner—Doudoroff glycolytic
pathway, catalyzes the reversible cleavage of KDPG
into the three-carbon units pyruvate and glyceralde-
hyde-3-phosphate (Scheme 1).! The mechanism of both
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aldol addition and elimination proceeds through an
imine, formed with an active site lysine. In both the syn-
thetic and cleavage reactions, a requisite series of proton
transfers is facilitated by catalytically relevant acidic and
basic side chains.

The enzymatic aldol reaction is highly efficient, regiose-
lective and, in many cases, shows high facial stereoselec-
tivity; for these reasons aldolases have long been of
interest to the synthetic community.?> However, the rel-
atively narrow substrate specificities of many aldolases
limit their utility in chemical synthesis. The synthetic
community has long sought to enhance the utility of
synthetically useful enzymes by broadening or shifting
substrate specificities through protein modification but,
in general, the ability to employ rational redesign of en-
zyme active sites remains limited.® By contrast, so-called
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Scheme 1. KDPG aldolase reaction.

diversity-based approaches such as directed evolution
have produced several notable successes and offer
an alternative methodology for improving the utility
of enzymes as synthetic catalysts.®® In addition to
providing useful synthetic tools, directed evolution
facilitates an understanding of structure—function rela-
tionships in protein catalysis, by providing structural
solutions to pre-determined mechanistic problems.
The interpretation of such experiments requires de-
tailed structural knowledge of the enzyme active site,
including the substrate recognition regions. As part
of a wider program of protein engineering, we have
investigated the structural basis of substrate
specificity and the mechanism of catalysis of KDPG
aldolase using native and mutant proteins from both
Thermotoga maritima and Escherichia coli.

A number of studies designed to elucidate the molecular
mechanism of enzymatic aldol addition and the structur-
al basis of stereoselectivity have been reported. Most of
them have considered Class I aldolases, although several
studies of zinc-dependent Class II enzymes have recently
been reported.'%!3 The initial structures of Class I aldo-
lases located the active site lysine, a residue conserved in
position on B6 strand of the barrel across the entire en-
zyme family regardless of substrate. The exception is
transaldolase where the lysine in located in the P4
strand.'* Later studies reported substrate-bound co-
complexes for aldolases from several sources, in partic-
ular fructose-1,6-diphosphate aldolase and transaldol-
ase.l* 1 Yet even with these structures, a detailed
molecular mechanism of imine formation, nucleophilic
addition to an electrophilic aldehyde, and product re-
lease—processes that require the sequential provision
and abstraction of several protons—remained elusive.
The next important advance toward the elucidation of
a molecular mechanism came with the structure of a
carbinolamine covalent intermediate at the active site
of the E. coli KDPG aldolase.!” The structure identifies
Glu 45 as the only plausible general acid/base, although
the orientation of the carbinolamine precludes direct
deprotonation by the glutamate.

D-2-Deoxyribose-5-phosphate aldolase (DERA), a Class
I aldolase that catalyzes the reversible condensation of
acetaldehyde and glyceraldehyde-3-phosphate, has also
been the subject of extensive synthetic and mechanistic
studies. Recently, Wilson and Wong proposed a molec-
ular mechanism for DERA catalysis that invokes the
cyclic relay of protons between water and three protein
residues during turnover.'® Although the evidence for
the proposed mechanism is compelling, the proposed
mechanism cannot be general as several key residues
are not conserved in other aldolases. A proton shuttling
mechanism has been proposed in FBP aldolase'® but
there is still an ongoing debate as to its precise nature.?”

We and others have utilized the aldolases of the Entner—
Doudoroff pathway as synthetic catalysts.?!>3 In the
course of our efforts to understand the molecular basis
of both catalysis and stereoselectivity, we have previous-
ly reported structures of the wild-type E. coli KDPG
aldolase and an evolved mutant showing altered sub-
strate specificity.?* Here, we report the structures of
T. maritima KDPG aldolase® covalently modified as
the Schiff base complex with pyruvate and a catalytically
incompetent E. coli KDPG aldolase complex with a pyr-
uvyl carbinolamine. We propose a mechanism for catal-
ysis reminiscent of that proposed for DERA, including a
crucial role for an active site water molecule. There are,
however, important differences between the proposals.

In both aldolases, an anion is bound—in 7. maritima a
sulfate and in E. coli a phosphate—in identical loci, de-
spite being crystallized under different conditions. By
assuming that these anions reveal the substrate phosphate
binding site, we have created a model of KDPG-bound
aldolase. The model may provide a rationalization for
the unusual trimeric structure of the KDPG aldolases.

2. Results and discussion
2.1. Overall structures

The folds of both T. maritima and E. coli KDPG aldo-
lases are unchanged from previous descriptions of the
enzyme, displaying the classic o/f barrel struc-
ture.!”-?*2° The monomers of T. maritima and E. coli
enzymes superimpose with_an RMS deviation for 188
matching Co atoms of 1.5 A. There are slight differenc-
es between the structures reflecting rigid body move-
ment of the secondary structure elements. The most
obvious differences are in the loop to the C-terminal he-
lix and at the N-terminus, both of which are shorter in
T. maritima than the E. coli enzyme. The quaternary
structure of the 7. maritima trimer is the more compact
of the two enzymes, manifested in the closer contact in
T. maritima between the open C-terminal end of the
barrel from one monomer and the loop from residues
143 to 152 in the other. The enzyme from Pseudomonas
putida®® superimposes with an RMS deviation of 1.5 A
for 183 matching Co atoms. Superposition of the vari-
ous trimers increases the deviation to 2.0 A, reflecting
the subtly different arrangements seen for the trimer
in all crystal structures. In T. maritima, Glu 40 and
Lys 129 are conserved in position and sequence with
Glu 45 and Lys 133 in the E. coli enzyme.

2.2. Schiff base structure of 7. maritima enzyme

There are two trimers (six monomers) in the unit cell
structure of 7. maritima KDPG aldolase: our descrip-
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Figure 1. The structure of the KDPG aldolase is a trimer.

tion focuses on one of these trimers (monomers A, B,
and C) (Fig. 1). The trimers are essentially identical,
except for minor differences in side-chain orientations
and water structure. As the structure was refined,
the electron density clearly showed a pyruvate bound
to Lys 129 as the Schiff base (Fig. 2). The orientation
of the pyruvate carboxylate group is the same as that
described previously for the carbinolamine structure,!”
forming a bidentate hydrogen bond to Arg 17 and the
highly conserved Thr 69. The putative catalytic base,
Glu 40, is remote from the key atoms of the Schiff
base &N (4.3 A), C2 (4.7A), and C3 (5.8 A). The
methyl group (C3) of pyruvate points toward the
highly conserved Phe 131, part of the characteristic
GxxxoK@FP motif that includes the key -catalytic
lysine (o is a hydrophobic residue (L, F, I, M, V,
and C) and ¢ is a bulky hydrophobic residue (F, I,
V, and L)). Phe 131 caps the pyruvate methyl group
and likely limits the degree of substitution tolerated
by the enzyme at the C3 position.

A sulfate ion is bound 7.7 A from C3 along the channel
at the C-terminal end of the barrel near the so-called
‘standard phosphate binding motif® common to many
o/B-barrel enzymes.?’ In T. maritima, amide nitrogens
of Gly 157, Gly 158, Val 159, Ser 179, and the Ser 179
hydroxyl group form the pocket. A sulfate is bound at
an identical position in the P. putida structure. The
Gly 157-Gly 158 pair allows a very tight turn in the loop
region connecting strands B7 and o8, and is found in
over 95% of all KDPG aldolases. A water molecule
(W1) is located less than 3.1 A from C2, bridging the
side chains of Glu 40 and Lys 129, and in a position con-
sistent with an origin in elimination from the pyruvyl
carbinolamine. A second water molecule (W2) forms
hydrogen bonds to W1, Thr 156, and Glu 40 (Fig. 2).
W2 is also found in the native E. coli carbinolamine
structure!” where it bridges the catalytically relevant
Glu 45 and Lys 133.

Phe 131

O

CHy

Pyruvate Schiff-Base

NH,

Arg 17

Glu 40

Figure 2. The active site of 7. maritima. (A) The catalytic lysine, Lys
129, bound to pyruvate as a Schiff base is highlighted in green. The two
key waters W1 (labeled in blue) and W2 (labeled in red) are shown.
The Fo-Fc omit map contoured at 4o is shown for the Schiff base. The
experimentally located SO~ ion, which binds at the standard
phosphate binding site, is shown and labeled. Apart from Lys 129,
carbon atoms are colored yellow, oxygen atoms are colored red, and
nitrogen blue. (B) An alternative representation emphasizing the
chemical properties of the active site.

2.3. E45N E. coli KDPG structure

We wish to confirm that the E45N mutation did not
perturb the active site in some way which could explain
the low activity of this mutant. On solving the struc-
ture we found that the A subunit (supplementary Fig-
ure) shows additional density consistent with a
carbinolamine intermediate, although at less than full
occupancy. There is some disorder at the catalytic ly-
sine, as a result we did not refine the structure with
the carbinolamine present.!” The additional carbinol-
amine density in the mutant E. coli KDPG aldolase
is essentially identical to that previously observed in
the native structure.!” A phosphate ion in this structure
superimposes with the sulfate in the native E. coli en-
zyme!” and the T. maritima enzyme. Superposition of
the T. maritima enzyme and the two E. coli carbinol-
amine structures (E45N and native!”) reveals that the
water molecule, W1, seen in 7. maritima is absent.
The pyruvyl carbinolamine hydroxyl group would be
only 2.1 A away, suggesting one would repel the other
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Figure 3. Lys 133 from E. coli native (carbon colored pink) and E. coli
E45N (carbon colored grey) superimposed upon the active site of 7.
maritima. The color scheme for the remainder of the figure is as in Figure
2. W1 is absent in both carbinolamine structures, due to the presence of
the carbinolamine hydroxyl group. However, both carbinolamine
structures have an equivalent water molecule (shown and labeled) to
the W2 identified in the 7. maritima Schiff base complex. The phosphate
(E45N) and sulfate (native) of the carbinolamine structures superimpose
with the sulfate ion found in 7. maritima.

(Fig. 3). This is consistent with our assertion that W1
arises from the hydroxyl of the carbinolamine as a result
of the elimination of water during Schiff base formation.
In the E45N mutant, a water molecule is also found close
to the W2 position but, likely due to the mutation, its po-
sition is shifted by over 2.0 A (Fig. 3).7

2.4. Model of the substrate in the 7. maritima structure

The orientation of pyruvate in the enzyme active site
first observed by Allard et al.!” is conserved both in
the pyruvyl carbinolamine adduct of a catalytically
incompetent enzyme (E45N enzyme) and in the pyruvyl
imine adduct of the native 7. maritima protein. Based on
these three structures and the positioning of a complex
anion (phosphate, sulfate) in structures from both
sources, we propose a bound model of an open-chain
KDPG (Fig. 4). A model of KDPG was superimposed
on the pyruvyl Schiff base and carbinolamine structures,
with C1, C2, and C3 matching the experimentally deter-
mined positions. The remainder of the sugar was mod-
eled into the protein by adjusting the torsion angles to
—169° (C3-C4); —176° (C4-C5), and +177° (C5-C6).
The C6-06 bond adopts a gauche conformation, with
a dihedral angle of —57°. In this orientation, the phos-
phate of the substrate overlaps almost exactly with the
experimental positions of the anions (Fig. 4).

In the model of the full-length gluconyl Schiff base, both
W1 and W2 are placed in positions equivalent to those
observed in the pyruvyl Schiff base complex. We suggest
that during product release, W1 adds across the imine to
form the carbinolamine intermediate. Although O4 of
the sugar is close to the conserved Thr 156, it is too
far (4.7 A) for a direct hydrogen bond. However in all
structures there is a water network which could bridge
O4 and Thr 156. The hydroxyl located on carbon five
(O5) of the sugar makes a hydrogen bond (3.1 A) with
the backbone carbonyl of Ala 143 from the neighboring
subunit (Fig. 4).

Val 158 Hly 157

SN
|
H
/ ,H Gly 154
~ OH o |
\ O N
Ser 179 _ P/
_____ o= \
Ala 143 (adjacent chain)
Lys 129
Thr 156 P‘“ 11
CHo N=— KDPG Schiff-base
W
0. ;
\ I}
\_Heeel A H2N
o] =0 NH,
w2 l l w1 @
H
Y ,'H HN
\ /
NG
Arg17
Glu 40

Figure 4. The model for KDPG bound to the enzyme. (A) The
modeled carbon atoms of KDPG are colored yellow, the experimen-
tally located atoms are colored as in Figure 2. The contact with the
neighboring subunit (carbon colored purple) is shown. The modeled
phosphate of the substrate closely overlaps with the experimentally
located sulfate. (B) A chemical representation of KDPG at the enzyme
active site.

Similar models of substrate binding are easily construct-
ed for the E. coli and P. putida enzymes. These models,
however, do not predict the contact between OS5 and the
backbone of the neighboring subunit seen in the 7. mari-
tima model. This difference may reflect the greater sepa-
ration of monomers in the E. coli and P. putida
structures relative to the 7. maritima protein. As we
have noted, the arrangement of monomers in the trimer
depends on crystallization conditions, even for the same
protein. While these observations are not evidence that
the E. coli enzyme can form the same inter-subunit con-
tact as the 7. maritima enzyme per se, they do offer a
possible explanation for the unique trimeric arrange-
ment of monomers of the KDPG aldolases.

2.5. Implications for catalysis by the E. coli enzyme
Aldol addition by KDPG aldolase involves sequential

formation of a pyruvyl carbinolamine, dehydration to
the imine, and enolization to the nucleophilic enamine
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Scheme 2. The mechanism of KDPG Aldolase, numbering as E. coli. For T. maritime Glu 40 and Lys 128 are the two protein residues.

(Scheme 2). Addition to an aldehydic electrophile results
in a gluconyl imine which is, in turn, hydrated to the
corresponding carbinolamine and released as the keto-
acid product. Catalysis is mediated by a nucleophilic
amine and by a series of proton transfers to and from
a highly conserved glutamate that serves, in turn, as
both a general acid and a general base.

Formation of the initial carbinolamine requires a signif-
icant population of the deprotonated form of Lys 133.
The pK, of lysine e-amino group can be diminished by
both inclusion in a low dielectric media and the presence
of a proximal positively charged residue; both mecha-
nisms may be operative here. The central pore of the
B-barrel is relatively hydrophobic and inclusion of sub-
strate within this pore should further dehydrate the pore
thus lowering the pK, of the catalytic lysine. The KDPG
aldolases contain a conserved arginine residue (R49),
which, although somewhat removed from the catalytic
lysine (~5 A), is important for catalysis (Toone and
Fierke, unpublished results). Together, these effects pre-
sumably provide a lysine residue sufficiently nucleophilic
to affect catalysis.

From a comparison of both structures and sequence
alignments it seems clear that only the absolutely con-
served Glu 45 is positioned to function as the acid/base.
On the other hand, Glu 45 forms direct contacts only to
02 of the carbinolamine intermediate; Glu 45 cannot
form contacts to the catalytic lysine, to C3 of either
the pyruvyl or gluconyl intermediates, or to O4 of the
gluconyl carbinolamine or imine. This apparent separa-
tion of the putative acid/base from those sites requiring
proton donation and abstraction precludes direct proton
transfer. This represents a recurring challenge to the
elucidation of aldolase mechanism.

In the proposed DERA mechanism, a triad of Lys 201,
Asp 102, and a bridging water acts in concert to shuttle
protons on and off both the substrate and the catalytic
lysine during turnover.'® However, this mechanism can-
not be generalized to other aldolases, since DERA alone
has a second lysine relevant to catalysis. Furthermore,
KDPG (and other) aldolases lack a potential base near
the position occupied by Asp 102 in DERA (Ile 92 in
KDPG aldolase). The mechanism proposed for DERA
catalysis'® does, however, suggest that water-mediated
proton transfer should be considered for other aldolases.
Our analysis of KDPG aldolase structures highlighted
two water molecules relevant to catalysis: W1, in posi-
tion to arise from elimination of water from a carbinol-
amine intermediate, and W2, which is always present.
W2, which has previously been suggested as relevant
to catalysis,!” bridges the catalytic lysine and glutamate
residues in both the apo and carbinolamine structures,
allowing glutamate to effect proton transfer during carb-
inolamine formation (Scheme 2). The observation of the
carbinolamine intermediate in the catalytically incompe-
tent E. coli E4A5N mutant argues that proton transfer to
solvent during carbinolamine synthesis is sufficiently
facile to support the reaction. In the second step, we
propose that W2 and Glu 45 act in concert to transfer
a proton to the carbinolamine hydroxyl, triggering the
elimination of water (W1) and producing the imine
(Scheme 2).

Prior to aldol addition, the Schiff base must be enolized
to the nucleophilic enamine, a process that requires
deprotonation of pyruvyl imine at C3. Both the Schiff
base and carbinolamine structures place the conserved
glutamate some 6 A from this carbon, too far for direct
proton transfer and there is no chemically reasonable
appropriately positioned alternate residue. Rather than
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direct transfer, water mediation could play a role here
also. In the Schiff base complex W1, which arises during
Schiff base formation, bridges C3 (4.0 A) and Glu 45
(2.6 A) Movement of W1 by less than 1.0 A would facil-
itate efficient proton transfer from pyruvyl C3 to Glu 45.
In contrast, the alternate proposal, rotation of the lysine
Schiff base to bring C3 within hydrogen bonding dis-
tance of Glu 45, dramatically alters the recognition envi-
ronment of the pyruvyl carboxylate group, creating
several van der Waals clashes and seems unlikely.

During aldol addition, C3 of the pyruvyl enamine at-
tacks the aldehyde of glyceraldehyde-3-phosphate. As
the hybridization of the aldehydic carbon changes, the
incipient oxyanion is protonated to form the alcohol.
From our modeled substrate complex, a protonated
Glu 45 would be able to transfer a proton to this oxygen
using the same bridging W1 (Scheme 2). In the reverse
reaction, glutamate would abstract a proton from O4,
again via a bridging water, triggering retroaldol
cleavage.

2.6. Contrast with DERA aldolase mechanism

The structures of native DERA bound as the carbinol-
amine intermediate and of a mutant variant trapped as
the Schiff base intermediate first highlighted the role of
bridging waters in the aldolase mechanism.!® In both
DERA and KDPG aldolase, the Schiff base-forming ly-
sine is found on the -6 strand, the standard phosphate
binding site is used, and the substrates bind in an
extended conformation. The difference in the enzyme
mechanism between the two enzymes appears to lie in
the positions of the basic residues. The two residues
implicated in proton transfer in DERA, Asp 102 and
Lys 201, are occupied in space by isoleucine and cysteine
(C159), respectively, in KDPG aldolase. While cysteine
could conceivably function in proton transfer, the
C159A mutation in E. coli KDPG aldolase retains high
act1v1ty (kea! Kv = 360,000 M~ !s71), suggesting that
this is unlikely. Similarly, the glutamate residue pro-
posed as the key general acid/general base during
KDPG aldolase catalysis is replaced by cysteine in
DERA. Since the DERA C47A mutant retains 51gn1ﬁ-
cant activity (kea/ Ky = 43,000 M~'s™"), here again it
is unlikely that this side-chain functlons as a general
base.'® Additionally, in KDPG aldolase the activity of
the E45N1 mutant is significantly impaired (kc.dKy =
3iM ).

One of the two water molecules proposed as catalytical-
ly relevant in KDPG aldolase (W1) is not visible in the
mutant K201L DERA Schiff base structure. There is
another water molecule in mutant DERA structure
but it occupies the hydrophilic hole previously filled by
the Nz atom of the wild-type enzyme. We suggest this
position of the water molecule is an artifact of the mu-
tant structure. We suggest that in the native DERA
the water molecule created by Schiff base formation
plays the same role as W1 in KDPG aldolase. The alter-
native is that this water is expelled from the active site
re-entering to complete the reaction, no obvious tunnel
exists in the DERA structures.

This mechanistic paradigm differs markedly from that
proposed for the N-acetylneuraminate lyase (NAL) fam-
ily of Class I aldolases, a group that includes 2-keto-3-
deoxygluconate (KDG) aldolase. This group of proteins
includes an absolutely conserved tyrosine roughly 4 A
from the pyruvate C3 moiety, and no additional con-
served acidic or basic residues. Rather, the NAL family
is proposed to function through substrate catalysis, with
the substrate carboxylate moicty acting as the general
acid/base through the intermediacy of the tyrosine
hydroxyl group.?®3! While a bridging water does not
appear necessary for proton shuttle during sialic acid
formation/hydrolysis, a water molecule that is at least
in position to participate in proton shuffling is observed
in the Sulfolobus KDG aldolase and may account for the
promiscuous substrate specificity of this enzyme.

Throughout, we have invoked a role for key water resi-
dues in the kinetic mechanism of the aldolase-catalyzed
reaction. It is important to note that these same water
molecules could play important roles in ligand binding
and substrate recognition. Such water-mediated recogni-
tion would further facilitate the ready evolution of aldo-
lases specific for a wide variety of substrates from a
common precursor fold.

3. Conclusions

We have proposed a detailed mechanism for KDPG
aldolase. This mechanism may be general for aldolases
that require only a nucleophilic lysine and a gluta-
mate/aspartate acid/base. Two water molecules (W1
and W2) are crucial to the mechanism. The first is pres-
ent throughout turnover, acting as a proton relay during
both imine and carbinolamine formation. The second
water is transient, arising from the dehydration of the
intermediate carbinolamine and consumed by the
hydrolysis of the imine, and relays protons during imine
enolization and the formation of the carbon nucleophile.
Such water-mediated proton relay during carbinolamine
formation was first suggested for DERA.'® Here, we
hypothesize that DERA, like KDPG aldolase, uses a
second water molecule (created during imine formation)
to relay protons during imine/enamine interconversion.

DERA and KDPG aldolase use different residues in dif-
ferent locations to achieve catalysis; the mechanisms are
thus not completely equivalent. This observation is sur-
prising since key residues are typically conserved in both
space and sequence in such closely related enzymatic
activities. There may, in fact, be no completely general
mechanism for the enzymatic aldol reaction. What does
appear to be essential and conserved is acid/base cataly-
sis mediated by water and the location of the nucleophil-
ic lysine within the barrel. On the other hand, the
position and nature of the acid/base with respect to
the lysine is flexible since water-mediated proton relays
can support proton transfer to and from a variety of
positions. Presumably, the precise positioning of these
residues facilitates control over the stereochemical
course of the reaction. We note that the catalytic 38C2
antibody is an efficient aldolase.?? This efficiency stands
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in contrast to the general observation that catalytic anti-
bodies are much less active than their enzyme counter-
parts. Similarly a KDPG aldolase mutant in which the
lysine residue is moved to an alternative position within
the barrel retains activity, however it shows altered sub-
strate and stereoselectivities.”* We continue our evolu-
tionary and mechanistic studies of the pyruvate
aldolases and will report our results in due course.

4. Experimental
4.1. Materials

Restriction endonucleases and T4 DNA ligase were ob-
tained from New England Biolabs. Oligonucleotides
were purchased from IDT (Integrated DNA Technolo-
gies, Inc.), Pfu DNA polymerase from Stratagene, anion
exchange POROS HQ media from Amersham Biosci-
ences, and His-bind nickel affinity resin from Novagen.
XL 10-Gold and BL-21(DE3) strains of E. coli were
used for cloning and over-expression, respectively. The
DF71 cell line was a gift from the E.coli Genetic Stock
Center at Yale University. UV kinetic assays were per-
formed on a Hewlett—Packard 8453 UV-vis spectropho-
tometer fitted with a thermocoupled cuvette holder.
Crystal data was obtained using an ADSC Quantum-4
CCD detector.

4.2. T. maritima KDPG aldolase

The protein was expressed from the previously de-
scribed pTM-eda plasmid in BL21(DE3) cells.?> Pro-
tein production was induced by addition of 0.5 mM
IPTG at ODggyy = 0.8. Cells were harvested by centri-
fugation after 3 h and lysed by sonication in the pres-
ence of 0.1 mM PMSF. Cell debris was removed by
centrifugation and the supernatant was heated to
70 °C for 3 min. The supernatant was further purified
by anion exchange chromatography using POROS HQ
media (Amersham Biosciences). Crystals of protein
were obtained after 3 days by the hanging drop meth-
odology at 22°C. A 2 puL aliquot of 5mgmL~' pro-
tein in 50 mM Tris (pH 7.0) was mixed with 2 pl. of

Table 1. Crystallographic data

a reservoir solution containing 0.075 M sodium ace-
tate, 0.1 M ammonium sulfate, and 27% w/v PEG
4000 at pH 4.6. Crystals were cryoprotected in a solu-
tion containing 50% PEG 4000K and identical salt
concentrations to the reservoir. Data were collected
at the ESRF IDI14-2 using an ADSC Quantum-4
CCD detector. A data set to 1.9 A was collected at
a wavelength of 0.932 A. Data collection statistics
are summarized in Table 1. The structure was solved
by molecular replacement with the E. coli KDPG
aldolase structure.>* The structure was refined using
REFMACS5333* and rebuilt using O;3 the final statis-
tics on the model are given in Table 1. The Fo-Fc
density maps clearly showed that a Schiff base com-
plex between Lys 129 and pyruvate was formed. Pyru-
vate was built using PRODRG and incorporated into
the refinement.

4.3. Site-directed mutagenesis of E. coli KDPG aldolase

The mutant of the E. coli enzyme was constructed in
pET-30b with the following primers (mutated bases
underlined): E45N For (5-GCT GGT GGG GTG
CGC GTT CTG AAC GTG ACT CTG CGT ACC
GAG TG-3') and E45N Rev (5-CAC TCG GTA
CGC AGA GTC ACG TTC AGA ACG CGC ACC
CCA CCA GC-3%); CI59A For (5’ - GGT CCG TTT
CGC CCC GAC GGG TGG TAT TTC-3'), and
C159A Rev (5-GAA ATA CCA CCC GTC GGG
GCG AAA CGG ACC-3’). Details of the PCR condi-
tions have been previously described.?* Presence of the
mutation was confirmed by sequencing of the resulting
plasmid.

4.4. E. coli E45N KDPG aldolase

The protein at 4 mg mL ™" was crystallized by vapor dif-
fusion against 20% PEG 6K, similar to the native E. coli
enzyme.”* A data set to 1.4 A was collected at wave-
length of 0.932 A. Data collection statistics are summa-
rized in Table 1. The structure was solved by molecular
replacement with the E. coli KDPG aldolase structure.*
The structure was refined using REFMACS53334 and re-
built using O;>° the final statistics on the model are given

T. maritima E. coli E45N
Resolution (A) 33-1.9 40-1.55
High resolution shell 2.0-1.9 1.59-1.55

Cell dimensions

a=426A,h=101.1A,

c=124.6 A, =7y =90°, f=97.2°

Spacegroup P2,
Rinerge 7.2% (29.6)
Completeness 94.3% (94.2%)
Redundancy 4.0 3.9)
Refinement
Rf'dctnr 18.8% (200(%))
Rfrcc 23.7% (2820/0)
RMS deviation
Bonds 0.016
Angles 1.53
Core Ramachandran (%) 95.3
PDB code lwa3

a=545A,h=842A,

c=1324A, 0= =79=90°

P2,2:2,
7.5% (35.6%)
99.4% (98.8%)
3.4(3.2)

16.7% (16.5%)
21.7% (24.4%)

0.017
1.7
96%
2c0a
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in Table 1. The Fo-Fc density maps clearly indicate
there may be a partially occupied carbinolamine bound
at Lys 129. We presume this arises from the cell milieu
and is simply in equilibrium with free pyruvate. The ab-
sence of the E45, prevents the formation of the Schiff
base.

4.5. Kinetic characterization of E. coli E4SN KDPG
aldolase

In order to prevent wild-type KDPG aldolase contami-
nation, the E45N mutant was expressed in a cell line
lacking endogenous KDPG aldolase. The DF71 cell line
[lacI22 LAM™ eld™ eda-1 relAl SpoTI thi-1] was ob-
tained as a generous gift from the E. coli Genetic Stock
Center at Yale University.’® The E45N mutation was
introduced into the previously described pUC-ECEDA?2
using the same E45N For and E45N Rev primers de-
scribed above.?” The resulting pUC-ECEDA2(E45N)
plasmid was transformed into DF71 cells. A 50 mL Ter-
rific Broth/carbenicillin (60 pg mL™") culture was inocu-
lated with a single colony and grown for 12 h at 37 °C
and 220 rpm. A 1 L Terrific Broth/carbenicillin culture
was subsequently inoculated with 10 mL of this over-
night culture and grown to ODgy = 0.8 at 37 °C and
220 rpm. The culture was induced with 1 mM IPTG
for 4 h at 37 °C and then pelleted. The cells were dis-
rupted by French press and cell debris removed by cen-
trifugation. The protein was purified via Ni** affinity
chromatography (Novagen) and dialyzed against 3x
2 L of 20 mM HEPES (pH 7.5) to remove imidazole.

KDPG aldolase activity was determined by utilizing the
coupled assay with sc l-lactic dehydrogenase.®® Briefly,
HEPES (50 mM, pH 7.5), NADH (0.1 mM), KDPG
(0.4-16 mM), and L-lactic dehydrogenase (EC 1.1.1.27
Type II from rabbit muscle, 105 U) were combined in
a total volume of 1 mL. KDPG aldolase (20 uM) was
added to initiate the reaction and the disappearance of
reduced cofactor was monitored for 10 min by measur-
ing the absorbance at 340 nm. KDPG aldolase activity
was determined from the initial slope of the absorbance
versus time curve, and kinetic parameters were deter-
mined by fits of the Michaelis—Menten equation to using
Origin 5.0 (Microcal).
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