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N-acetylneuraminate lyase (NAL) and dihydrodipicolinate synthase
(DHDPS) belong to the NAL subfamily of (B/a)s-barrels. They share
a common catalytic step but catalyze reactions in different biolog-
ical pathways. By rational design, we have introduced various
mutations into the NAL scaffold from Escherichia coli to switch the
activity toward DHDPS. These mutants were tested with respect to
their catalytic properties in vivo and in vitro as well as their
stability. One point mutation (L142R) was sufficient to create an
enzyme that could complement a bacterial auxotroph lacking the
gene for DHDPS as efficiently as DHDPS itself. In vitro, this mutant
had an increased DHDPS activity of up to 19-fold as defined by the
specificity constant kca:/Km for the new substrate L-aspartate-p-
semialdehyde when compared with the residual activity of NAL
wild-type, mainly because of an increased turnover rate. At the
same time, mutant L142R maintained much of its original NAL
activity. We have solved the crystal structure of mutant L142R at
1.8 A resolution in complex with the inhibitor g-hydroxypyruvate.
This structure reveals that the conformations of neighboring active
site residues are left virtually unchanged by the mutation. The high
flexibility of R142 may favor its role in assisting in catalysis.
Perhaps, nature has exploited the catalytic promiscuity of many
enzymes to evolve novel enzymes or biological pathways during
the course of evolution.
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nzymes cover a broad range of activities. They usually exhibit

high regio- and stereoselectivity, and the reactions proceed
under benign reaction conditions. These properties make en-
zymes an attractive target for the synthesis of organic com-
pounds in the pharmaceutical industry (1). However, the variety
of catalysts that nature offers is not enough to satisfy the needs
for the production of new compounds. Although there are
numerous examples where biocatalysts have been improved or
modified by protein engineering and directed evolution tech-
niques (2-4), we have to understand more fully the relationships
between structure, stability, and function to create tailor-made
enzymes on a wider level. The postgenomic era, with its abun-
dance of sequence data and the ever increasing number of
available protein structures, has put us in a more favorable
position to tackle the question of how nature has managed to
graft new activities into an existing scaffold.

The (B/a)s-barrel fold is the most commonly occurring motif
in enzyme structures. Its structural framework consists of eight
repeating B/a-modules. The B-strands are located in the interior
of the protein, where they form a barrel-shaped parallel B-sheet,
whereas the a-helices are packed at the exterior of the barrel. It
has been suggested that all contemporary (3/a)s-barrels have
evolved from a common ancestor (5, 6). These studies have also
shown that recruitment of enzymes plays a significant role in the
formation of biological pathways rather than retrograde evolu-
tion. The (B/a)s-barrel fold itself may have evolved from an
ancestral half-barrel (7, 8).
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The N-acetylneuraminate lyase (NAL) subfamily of (B/a)s-
barrel enzymes comprises several pyruvate-dependent class I
aldolases. They all share a common catalytic step but catalyze
different reactions in different biological pathways (9). The
best-characterized members of this subfamily are NAL and
dihydrodipicolinate synthase (DHDPS); the overall reactions for
both enzymes are in Fig. 1. In bacteria, NAL is involved in the
regulation of intracellular sialic acid, where it catalyzes the
cleavage of N-acetylneuraminate (NeuSAc) to produce pyruvate
and N-acetyl-D-mannosamine. It has a widespread application as
biocatalyst for the synthesis of sialic acid and its derivatives (10).
DHDPS, on the other hand, catalyzes the aldol condensation of
pyruvate and L-aspartate-pB-semialdehyde (ASA), the first step
in the biosynthesis of lysine via the diaminopimelate pathway.

The catalytic action of both enzymes has been thoroughly
studied and crystal structures have been solved for NAL from
Escherichia coli (11, 12), NAL from Haemophilus influenzae (9),
DHDPS from E. coli (13, 14), and DHDPS from Nicotiana
sylvestris (15). The fold of all four structurally characterized
enzymes is a (/a)s-barrel with a C-terminal extension of three
a-helices. The quaternary structure is a tetramer, which can be
best described as a dimer of dimers. In DHDPS, different
orientations of the dimers within the biologically active tetramer
have been accounted for the different regulatory properties in
the respective organisms (15). The high structural homology and
the fact that there is a structural partition between residues
involved in binding the common substrate pyruvate and those
binding the specific acceptor aldehyde make this subfamily a very
good model system for protein engineering and directed evolu-
tion experiments. Here, we present studies on transplanting
activities within members of this subfamily using NAL as starting
scaffold to mimic the crucial mutational step in pathway recruit-
ment during evolution.

Materials and Methods

Cloning and Mutagenesis. DHDPS (dapA gene) and NAL (np/
gene) were amplified from E. coli and cloned into the EcoRI and
Pst] restriction sites of vector pKK223-3 (Amersham Pharma-
cia). Point mutations were introduced using the QuikChange
Site-Directed Mutagenesis kit (Stratagene). Dihydrodipicoli-
nate reductase (DHDPR; dapB gene) and aspartate-p-
semialdehyde dehydrogenase (asd gene) were amplified from E.
coli with a C-terminal His-tag attached and cloned into the Ncol
and Pstl sites of vector pTrc99A (Amersham Pharmacia).

Genetic Complementation. Functional complementation studies
were performed by using E. coli strain AT997, an auxotroph

Abbreviations: ASA, aspartate-B-semialdehyde; BHP, B-hydroxypyruvate; DHDPR, dihydro-
dipicolinate reductase; DHDPS, dihydrodipicolinate synthase; NAL, N-acetylneuraminate
lyase; Neu5Ac, N-acetylneuraminate.

Data deposition: The atomic coordinates of mutant L142R have been deposited in the
Protein Data Bank, www.rcsb.org (PDB ID code 1HL2).
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Fig. 1. Reactions catalyzed by NAL (a) and DHDPS (b), two members of the

NAL subfamily of (B/a)s-barrel enzymes. The common catalytic step is a
Schiff-base formation between a conserved lysine and the keto group of the
respective substrate followed by the aldol condensation/cleavage reaction. In
DHDPS, subsequent transimination occurs to yield the cyclic product. On the
basis of NMR experiments, Blickling et al. (14) proposed that (4S)-4-hydroxy-
2,3,4,5-tetrahydro-(2S)-dipicolinic acid is the immediate product of the reac-
tion catalyzed by DHDPS. The elimination of a water molecule to yield dihy-
drodipicolinate is supposed to occur spontaneously after the initial product is
released into the solvent.

lacking DHDPS activity (16). AT997 can be grown on medium
complemented with diaminopimelate, a pathway intermediate,
which can serve as a precursor for L-lysine synthesis. Medium for
strain maintenance consisted of M9 minimal medium supple-
mented with 50 pug/ml DL-a,e-diaminopimelate, 1 mM MgSOy,
1.7 mM thiamine hydrochloride, and 0.2% (wt/vol) glucose.
Plasmids were transformed into AT997 by electroporation. For
complementation studies, cells were recovered in M9 minimal
medium with the same supplements as for strain maintenance
except DL-a,e-diaminopimelate. Transformed cells were plated
on M9 minimal plates (Difco agar) with the same supplements
as for cell recovery plus 100 ug/ml ampicillin for plasmid
selection and incubated at 37°C. After elongated periods of >3
days, we occasionally observed background growth in controls
with vector pKK223-3 without insert, indicating that results
obtained after >3 days were no longer reliable.

Protein Purification. All proteins were purified by using E. coli
AT997 as host cells to avoid any contamination with DHDPS
wild-type. The culture medium was, therefore, complemented
with 50 pug/ml DL-,e-diaminopimelate. The purification proto-
col for DHDPS and NAL wild-type and mutants included a
2-min heat denaturation at 65-70°C in the presence of 5 mM
pyruvate, 60-100 mM NaCl/KCl, and 20 mM TrissHCI (pH
7.7-8.0), anion exchange chromatography on SOURCE 30Q
(Amersham Pharmacia), and a final size exclusion chromato-
graphy on a Superdex 200 column (Amersham Pharmacia).
Aspartate-B-semialdehyde dehydrogenase and DHDPR were
purified as C-terminal His-tagged proteins with Ni-NTA agarose
(Qiagen, Valencia, CA) followed by an anion exchange chro-
matography on a SOURCE 30Q column. Protein concentrations
were measured photometrically by using calculated extinction
coefficients (17).

Synthesis of ASA. ASA was synthesized via ozonolysis of allylgly-
cine and subsequent purification on a Dowex 50 column (18).
ASA stock solutions were stored in 4 M HCI at —20°C and
neutralized with ice-cold 1 M NaOH before use in enzymatic
assays. Formation of ASA was monitored with aspartate-g-
semialdehyde dehydrogenase (19). The concentrations of ASA
stock solutions were determined enzymatically via end point
titration using DHDPS and DHDPR (see below). All assays were
performed by using the same stock solution of DL-ASA and
L-ASA, respectively.
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Activity Measurements. Initial velocity data were collected at a
constant temperature of 25°C on a Cary 500 spectrophotometer
(Varian) after the disappearance of NADH at 340 nm. All assays
were performed in a final volume of 1 ml. NAL activity was
measured as described (20, 21) with lactate dehydrogenase as
coupling enzyme. Typical assays contained 20 mM sodium
phosphate (pH 7.2), 0.15 mM NADH, 30 ung of rabbit lactate
dehydrogenase (Fluka), and varied concentrations of NeuSAc
(Sigma) ranging from 0.2 to 40 mM. DHDPS activity was
monitored at 340 nm by coupling it to the reduction of the
reaction product dihydrodipicolinate by NADH and DHDPR
(22). Assays contained 100 mM Hepes (pH 7.0 or 8.0), 0.2 mM
NADH, 25 pg of DHDPR, and varied concentrations of the
substrates L-ASA and pyruvate. Inhibition studies were per-
formed at pH 8.0 with fixed substrate concentrations of 2 mM
DL-ASA, 5 mM pyruvate, and varied L-lysine concentrations
ranging from 0.02 mM to 10 mM. Kinetic parameters were
calculated from a fit of the initial velocity data at different
substrate concentrations to the Michaelis—Menten equation by
using the program KALEIDAGRAPH (Abelbeck Software, Read-
ing, PA). The reaction of DHDPS follows a ping-pong mecha-
nism with pyruvate binding first and L-ASA next. L-ASA acts as
competitive inhibitor of pyruvate for DHDPS with a Ky asa = 0.3
mM (22). This has to be considered when determining true
Kpyruvate values. In our study, only apparent Kpyruvate values at a
given concentration of 2.35 mM L-ASA were determined.

CD Spectroscopy. Temperature dependent far-UV CD spectros-
copy was performed with a Jasco J-720 Spectropolarimeter in
50 mM Hepes (pH 7.5), 150 mM NaCl, and 1 mM Tris(2-
carboxyethyl)phosphine hydrochloride. Protein concentrations
were in the range of 0.7-1.3 mg/ml. Heating rates were 60°C h™~1.

X-Ray Structure Determination. Crystals of NAL mutant L142R in
complex with B-hydroxypyruvate (BHP) were grown at 21°C
using the hanging-drop vapor diffusion method. Three micro-
liters of protein solution (8 mg/ml protein in 20 mM BHP and
20 mM Tris, pH 7.6) was mixed with 3 ul of reservoir buffer
consisting of 100 mM sodium acetate (pH 4.6) and 8% (wt/vol)
polyethylene glycol (PEG) 4000 above a reservoir solution of 700
pl. Crystals were cryo-protected by using crystallization buffer
containing 25% (vol/vol) PEG 200. They belonged to the space
group P2, with cell dimensions of a = 83.7 A, b = 96.0 A, c =
89.7 A and B = 115.2°. Initial attempts to crystallize mutant
L142R under conditions similar to those that had yielded crystals
in the trigonal space group P3,21 for wild-type NAL (11, 12)
failed. A diffraction set to 1.8 A resolution was collected from
a single crystal at 100 K on beamline ID14-4 at the European
Synchrotron Radiation Facility (Grenoble, France). Data pro-
cessing was carried out by using cCp4 (23).

The structure was solved by molecular replacement using
the program AMORE (24), using the tetrameric model of NAL
E. coli in complex with BHP (12), without solvent and inhibitor,
as search model. In addition, an alanine residue was introduced
at position 142. There was one tetramer in the asymmetric unit.
All subsequent structure refinement was carried out with CNS
(25). After simulated annealing, energy minimization and indi-
vidual B factor refinement, BHP covalently linked to K165
(2-deoxy complex) and R142 were modeled into the structure.
The observed electron density allowed the addition of residues
at the N and C termini, which had not been detected in the
original wild-type structure. Water molecules were added to the
structure using the water pick option within CNS. The atomic
model was then further refined using repeated cycles of CNS and
rebuilding in O (26). PROCHECK (27) was used to check the
stereochemistry of the model. Figures were generated with
MOLSCRIPT (28) and RASTER3D (29).
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Sequence alignment of NAL from E. coli, NAL from H. influenzae, DHDPS from E. coli, and DHDPS from N. sylvestris. Numbering for the latter is as in

ref. 15. Secondary structural elements as found in NAL from E. coli are shown above the alignment. Residues identical in at least three of the four sequences are
highlighted in dark gray, and similar residues are highlighted in light gray. Color coding: blue, residues forming L-lysine binding pocket in DHDPS (14, 15); red,

residues involved in binding pyruvate or aldol condensation/cleavage reaction;

magenta, residues specifically interacting with the aldol acceptor moiety of

Neu5Ac (9, 37); green, residue binding the carboxylate group of L-ASA (14). Residues in NALE. colithat were targeted for mutagenesis are marked with an asterisk.
The alignment was done by using the program crustaLw (38) followed by manual editing.

Results

Protein Design. We chose NAL from E. coli as starting scaffold for
our studies to transplant activities within members of the NAL
subfamily, because in the reverse aldol condensation reaction
NAL is highly specific for pyruvate but does not strongly
discriminate between different aldehyde substrates (10). NAL
tolerates a wide range of aldoses and, as such, this contemporary
enzyme displays features typical of a multipotent ancestral
enzyme. Despite the low sequence identity of <24% in E. coli,
the three-dimensional structures of NAL and DHDPS are very
similar. The first target residue in our attempt to incorporate
DHDPS activity into the NAL scaffold was L142, which is
located on a short helical turn within loop 85 /a5 (Figs. 2 and 3).
DHDPS has a conserved arginine at this position, which is
involved in binding L-ASA and is furthermore supposed to assist
in catalysis (14). When an arginine is modeled into the structure
of NAL in a conformation as found in DHDPS, the guanidinium

group lies right at the center of the hydrophobic network spun
by the aromatic rings of F252, Y111 from a neighboring subunit,
and the original leucine. To accommodate the arginine, addi-
tional mutations were designed: in loop 4 /a4, we targeted the
three-residue segment on the C-terminal side of Y110, a con-
served residue among the whole subfamily, and replaced it with
the most often occurring motif in DHDPS sequences from
different species (module Y111N/P112K/F113P). Mutation
F2528S at the N terminus of helix 10 was added to increase the
accessible volume of the active site in this region. A further target
was loop B7/a7. In NAL, this loop contains residues involved in
binding Neu5Ac, whereas it is supposed to coordinate the amino
group of L-ASA in DHDPS (9). We, therefore, replaced this loop
with the sequence of the DHDPS homolog in E. coli (module
Y190D/E192A). The following mutants were created and tested
with respect to their ability to complement the bacterial auxo-
troph AT997, which lacks DHDPS activity: L142R, L142R/
F252S, L142R/Y190D/E192A, L142R/Y190D/E192A/F252S,

Fig. 3.

The structure of NAL. (a) The NAL tetramer. Ca-traces of individual subunits are shown in black (chain A), red (chain B), blue (chain C), and green (chain

D). The golden spheres are centered on the Ng-atoms of K165, which form a Schiff-base during catalysis; the gray spheres are centered on the Ca-atoms of L142.
The subunit interface discussed in this work is between chains A/D and B/C respectively. (b) Stereoview of the active center of NAL from E. coli (black) in complex
with BHP (12) superimposed on DHDPS (cyan) from E. coli (13). The superposition was calculated based on the coordinates for the main-chain atoms in g5,
connective loop B5/a5, and B6. For clarity, active site loops are shown as Ca-traces with selected side chains. Residues contributed from an adjacent subunit are
marked ('); e.g., Y111'. B-Strands forming the central barrel in NAL are shown as ribbon models. Also shown as ball-and-stick model (orange) is the NAL substrate
analog sialic acid alditol in the conformation and position as found in the structure of NAL from H. influenzae (9).
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Table 1. Kinetic constants for the cleavage of Neu5Ac

kcat (per subunit), Kneusac Kkcat/Kneusac
st mM s~ mM~1
NAL 7.7 = 0.5 25=*+0.2 3.1
L142R 12.1 £ 0.9 136 + 1.3 0.9
L142R/Y190D/E192A 6.8+ 1.6 125 + 36 0.05

Y111N/P112K/F113P/L142R, and a heptamutant combining
all point mutations.

Complementation Studies. When the bacterial auxotroph AT997
was complemented with the gene of DHDPS wild-type in vector
pKK?223-3, small colonies reproducibly grew on minimal me-
dium after 1.5 days. Surprisingly, complementation with NAL
mutants L142R and L142R/Y190D/E192A was even better.
Colonies appeared a few hours before those in controls with
DHDPS wild-type and had grown to a bigger size after the same
incubation period. If these mutations were combined with the
F252S mutation, the ability to complement was significantly
impaired. It took ~1 day longer until colonies appeared. The
constructs with changes in loop $4/a4 did not complement at all.
No growth was observed within the first 3 days (see Materials and
Methods). With NAL wild-type, no growth was observed within
the first 3 days, but after elongated incubation periods we
occasionally observed the tendency that more colonies grew than
mere background. The expression levels of all tested proteins in
AT997 were in the same range, as estimated by SDS gels.
Accordingly, we purified mutants L142R, L142R/Y190D/
E192A, and L142R/F252S as well as both NAL and DHDPS
wild-type to investigate the in vitro properties of these enzymes.

NAL Activity. We determined the kinetic parameters for the
cleavage of NeuSAc for the two mutants that gave the best results
in complementation studies to see whether these mutant en-
zymes still maintain the original activity. Both mutants were still
able to catalyze the original reaction, though less efficiently than
NAL wild-type (Table 1). This was mainly caused by an increase
in Kneusac from 2.5 mM in wild-type to 13.6 mM in mutant
L142R and >100 mM in mutant L142R/Y190D/E192A. kcat, on
the other hand, was only slightly affected by the mutations.
Remarkably, mutant L142R exhibited a 1.6-fold higher rate
constant than wild-type NAL. The increase in Kneusac IS con-
sistent with a stepwise perturbation of the NeuSAc binding
pocket. Mutation of E188 in NAL from Clostridium perfringens
(the equivalent residue to E192 in E. coli) also results in a
significant increase in Kneusac, Whereas kg, is virtually un-
changed (30).

DHDPS Activity. The results of in vitro DHDPS assays at pH 7.0
and 8.0 are shown in Table 2. Interestingly, NAL wild-type,
which was used as starting scaffold, had a very weak DHDPS
activity. This reflects the somewhat indiscriminate nature of the
active site of NAL in general. However, both the turnover rate
and the affinity for L-ASA were much lower, and the specificity
constant kc,/Kasa was several orders of magnitude lower than
that of DHDPS. The apparent binding constants for pyruvate
were in the same range, consistent with the pyruvate binding
pocket being conserved in both enzymes.

Mutants L142R and L142R/Y190D/E192A, which gave the
best results in complementation studies with AT997, had in-
creased DHDPS activity in vitro. Compared with NAL wild-type,
this was mainly caused by an increase in k., whereas the affinity
for L-ASA was only slightly improved. At pH 8.0, k¢, for mutant
L142R was increased from 0.27 to 3.4 s~! and Kasa was slightly
lowered from 12.4 to 8.3 mM. Mutant L142R/Y190D/E192A
had an almost identical Kasa of 7.6 mM to L142R but k., was
only 1 s™L It seems that the mutations in loop 87/a7 counteract
the effects of R142 on catalysis. For mutant L142R/F252S,
which was less efficient in complementation studies, k¢, Was only
0.44 s=1 but Kasa was lower than in the other mutants. Com-
pared with NAL wild-type, the Kasa of 4.5 mM in mutant
L142R/F252S indicates an appreciable increase in affinity. The
apparent Kpyruvate Values for the mutants were somewhat higher
than in wild-type, especially in mutant L142R /F2528S, but were
still in a comparable range.

The overall improvement can be best compared when looking
at the specificity constant k¢, /Kasa. The increase was 19-fold in
L142R, 6-fold in L142R/Y190D/E192D, and 4-fold in L142R/
F252S. Similar results were observed at pH 7.0, though the
differences between the mutants and NAL wild-type were less
pronounced. In addition, the comparison of the data at different
pH values suggests different pH profiles for activity as well as
substrate binding in both scaffolds.

Feedback Inhibition Studies. In plants and some bacteria, DHDPS
is feedback-regulated by L-lysine, the end product of the pathway
(31). For the E. coli and N. sylvestris enzyme, the allosteric
binding site has been localized by x-ray crystallography (14, 15).
The inhibitor binds at the subunit interface of the dimer forming
monomers around a local 2-fold axis. In E. coli, lysine binding
connects via Y107 with Y133 and R138 in the active site. It is
suggested that lysine inhibition is at least partly accomplished
through reduction of the flexibility of this arginine (14).

No feedback inhibition by L-lysine was expected for the in
vitro-evolved DHDPS activity because the specific L-lysine bind-
ing residues are not conserved in the starting scaffold (Figs. 2
and 3). Instead of Y107 in DHDPS, NAL has a phenylalanine at
the structurally equivalent position. For DHDPS E. coli we

Table 2. Kinetic constants for the aldol condensation of L-ASA and pyruvate

kcat (Per SUbunit)l 571 KL-ASA: mM Kapp, pyruvater mM* Relative kcat/KL-ASAT

pH 7.0 pH 8.0 pH 7.0 pH 8.0 pH 7.0 pH 8.0 pH 7.0 pH 8.0
DHDPS* 8.5 *=0.5 51+3 0.075 = 0.006 0.172 = 0.012 0.23 = 0.01 0.51 = 0.03 6,000 14,000
NAL 0.47 = 0.05 0.27 = 0.02 24 =3 124 1.2 0.67 = 0.05 0.46 = 0.04 1 1
L142R 39+03 34*03 156 = 1.5 8.3 0.9 1.0 £ 0.1 0.9 = 0.1 13 19
L142R/Y190D/E192A 1.3 0.1 0.98 = 0.07 16.0 £ 1.6 7.6 £0.7 1.1+ 0.1 1.0 = 0.1 4.2 6
L142R/F252S 0.65 = 0.1 0.44 = 0.05 12x2 45+ 0.5 1.4 £ 0.1 1.5+ 0.1 2.7 4

*Measured at a fixed L-ASA concentration of 2.35 mM.
fCompared with NAL wild type.

*Karsten (22) reported a similar Kasa value (0.124 mM) at pH 8.0. Our k.t value is significantly lower than 188 s~ as reported by Karsten. We measured the same
activity with a sample stored in liquid nitrogen over a period of several months. However, we noticed an ~50% activity increase when a diluted sample of the
protein in the buffer (100 mM Hepes) used for our kinetic measurements was left at 4°C for several weeks and assayed again. This was not observed for NAL

and its mutant.
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Fig. 4. Thermal denaturation of DHDPS E. coli (O), NAL E. coli wild-type (+)
and mutants L142R (x), L142R/F252S (»), and L142R/Y190D/E192A (O) mon-
itored by far-UV CD spectroscopy. Data were measured in 50 mM Hepes (pH
7.5)/150 mM NaCl/1 mM Tris(2-carboxyethyl)phosphine hydrochloride with
protein concentrations in the range of 0.7-1.3 mg/ml and normalized to
amino acid residue concentrations.

observed 50% inhibition at 0.2 mM L-lysine under the conditions
used, and 7% activity was retained at 10 mM L-lysine (data not
shown). This is consistent with data reported by Karsten (22).
For NAL mutants L142R and L142R/Y190D/E192A, no inhi-
bition by L-lysine was observed up to 10 mM L-lysine. This lack
of feedback inhibition may explain the fact that these proteins
complement the DHDPS-deficient E. coli strain AT997 as well
as or even better than DHDPS wild-type despite the much lower
activity in the in vitro assays. Previous studies on lysine-sensitive
DHDPS enzymes from plants have shown that the ability to
complement AT997 not only depends on the expression of a
functional DHDPS enzyme but also on the regulatory properties
of the enzyme (32).

Stability Measurements. Temperature dependent CD-spectros-
copy was used to determine the effects of the introduced
mutations on the stability of the protein. Because the thermal
unfolding process of NAL and DHDPS was not reversible over
the whole temperature range, only differences in apparent
T values are discussed. Mutants L142R and L142R/Y190D/
E192A exhibited a similarly high thermostability as the wild-type
enzyme (Fig. 4). In contrast, the apparent Ty, for double mutant
L142R /F252S was decreased by ~20°C compared with the single
mutant L142R and the wild-type. DHDPS wild-type was less
stable than NAL under the used conditions. The thermostability
was comparable to NAL mutant L142R/F252S.

It has been suggested that the reason for the high thermosta-
bility of the NAL scaffold is the tetrameric structure (30). The
side chain of F252, in wild-type, is part of a cluster of aromatic
residues that contribute to the dimer interface. Our data suggest
that the alteration of this interface results in a weakened dimer
interface in mutant L142R /F252S and consequently in a signif-
icantly lower thermostability of this mutant enzyme.

The Crystal Structure of Mutant L142R. We have solved the structure
of mutant L142R in complex with the inhibitor BHP in a new
crystal form at 1.8 A resolution (Table 3). The crystallographic
R-factor for the final model was 18.3% (Rgree = 21.0%). The
structure reveals no significant_changes compared with the
wild-type BHP complex at 2.45 A resolution. The introduction
of an arginine at position 142 has only minor effects on the
conformations of neighboring active site residues (Fig. 5), leav-
ing the overall active site geometry intact. R142 adopts the same
conformation in the three monomers (A, B, and D) where there
was well defined electron density for this side chain. Relative to
the conformation in DHDPS, the arginine folds back toward its
own backbone and the phenolic hydroxyl of Y190. The only
specific interaction stabilizing this conformation of the arginine
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Table 3. Data collection and refinement statistics

Data collection and processing

Resolution range, A 37.4-1.8
Total measurements 412,908
Unique reflections 117,329
Completeness, %* 98.8 (97.7)
Reym, %*t 7.1 (30)
(I o)* 5.2 (2.4)
Refinement statistics

Resolution range, A 37.4-1.8
Reryst/Riree, %* 18.3/21.0
rms deviation bond lengths, A 0.009

rms deviation angles, ° 1.5
Number of atoms (protein/water) 9,113/832
Average B factors (proteing/water), A2 26.1/36.7

*The numbers in parentheses refer to the 1.9- to 1.8-A resolution shell.
TReym = 2ln,i — (In)/Zln,i

*Reryst and Rfree = 2|Fobs — Fealc/=|Fobs|, Where Rfee Was calculated over 1,164
amplitudes chosen at random and not used in the refinement.

SFor individual subunits, the average B factors were 25.6 A2 (A), 27.5 A2 (B),
26.8 A2 (C), and 24.7 A2 (D).

is a hydrogen bond between the Ne-atom and the carbonyl
oxygen of Y110 from an adjacent subunit (Fig. 5). In monomer
C, the electron density beyond the Cé-atom of R142 suggested
alternative conformations for the guanidinium group besides the
one found in the other three monomers. The relatively high B
factors of the arginine in monomers A, B, and D and the absence
of a unique conformation for the guanidinium group in mono-
mer C indicate that R142 is highly flexible.

The a-keto acid moiety of the inhibitor BHP was well defined
in the same orientation as in wild type, covalently linked via its
Cr-atom to N¢ of K165. The observed electron density beyond
C, was much weaker and less conclusive. The drop in density
for C; suggests that BHP is not only bound in a R-configured
keto form as described for wild-type (12) and shown for mutant
L142R in Fig. 5. Instead, there might be a dynamic equilibrium
of different orientations and tautomeric forms caused by the
lower pH value in our crystallization conditions.

Discussion

We have shown that transplanting a conserved arginine from
DHDPS into the NAL-scaffold significantly increases the po-
tential to catalyze the condensation of pyruvate and L-ASA
mainly by improving the turnover rate. By rational design we
could enable NAL from E. coli to replace an enzyme from
another pathway in vivo while still maintaining much of its
original activity. A similar scenario has been described for two

Stereoview of the active center of NAL mutant L142R monomer A
(black solid) superimposed on the wild-type structure (black dotted). The
conformations of R142 in monomers B and D are shown in red and green,
respectively. The conformation of the equivalent R138 in the structure of
substrate-free DHDPS from E. coli (13) is shown for comparison (cyan dotted).

Fig. 5.
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structurally similar (8/a)s-enzymes from the biosynthetic path-
ways of histidine and tryptophan, where random mutagenesis on
one of these two homologs yielded a mutant exhibiting both
activities (33).

Our findings also offer a structural rationalization for the
observed activities. The structure of mutant L142R reveals that
introduction of R142 does not significantly affect the pyruvate
binding pocket. This finding is consistent with the apparent
Kpyruvate Value being in the same range for both enzymes. The
mutation also leaves the binding pocket for NeuSAc mainly
intact but changes the environment at the binding position for
the methyl group of the acetyl moiety from mainly hydrophobic
to positively charged (see Fig. 3), hence the increased Kneusac-
The kinetic constants for DHDPS activity reveal that the argi-
nine can fulfill only one of its functions observed in DHDPS. In
DHDPS, specific binding of the carboxylate group of L-ASA is
achieved in conjunction with residues from loop a9/a10. In
mutant L142R the arginine cannot provide the same binding
platform, and consequently the affinity for L-ASA is only
marginally improved compared with the starting scaffold. What
the arginine does, however, is facilitate catalysis, as reflected by
the increased k¢, value. This could be achieved by following the
substrate along the reaction pathway or simply by providing a
more favorable electrostatic environment for Schiff-base forma-
tion and transimination reaction.

Our results give further insights into general principles of
protein evolution. There is wide consensus that most contem-
porary enzymes have evolved by divergent evolution. Recruit-
ment of enzymes across different pathways can occur by dupli-
cating genes and conserving the catalytic mechanism of the
respective protein but evolving new substrate specificity, as first
shown by Jensen (34). It has been suggested that the promiscuous
nature of many active sites has played and probably still does play
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an essential role in the creation of novel enzymes by divergent
evolution (35). Recent statistically significant analyses of se-
quences and protein structures show that nature seems to have
applied exactly this strategy when evolving novel enzymes or
complete pathways (6, 36). We have recreated such a recruit-
ment event in our experiments. More precisely, we have mim-
icked the crucial event transforming a dormant precursor with
residual activity into an enzyme that is competent enough to
efficiently play its role as part of another biological pathway and
thus conferring a selective advantage. This threshold activity is
particular to the specific reaction in a network of overlapping
pathways. Starting with a suitable scaffold, which has the re-
quired or very similar chemistry and a similar or simply indis-
criminate enough binding site to allow for more or less unspecific
initial binding, this can be achieved with relatively few mutations.
In our particular case, a single mutation was sufficient. In
evolutionary terms, this avoids extended periods of random drift,
which increases the likelihood that the duplicated gene is
anchored into the genome. Once the gene product confers this
initial selective advantage, the catalytic properties can be opti-
mized and additional regulatory properties can be evolved. This,
however, seems to be a much longer process requiring many
more mutations. Although nature undoubtedly explores alter-
native strategies as well, given the random nature of evolution,
the presented strategy seems to have proven the most successful
as mirrored in the distribution of contemporary enzymes across
different pathways.
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