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Biocatalysis has become an invaluable tool for industrial scale
chemical synthesis.[1] Aldolases are particularly interesting for
practical applications owing to their proficiency at enantio-

selective C�C bond making and breaking. Indeed, natural
aldolases have been used to catalyze a wide range of aldol
reactions on synthetically useful scales.[2] Furthermore,
enzyme-engineering methods have been applied to generate
catalysts with higher activities or altered substrate specif-
icities to match a growing demand for molecular diversity in
the chemical and pharmaceutical industries.[3]

In a previous report, we showed that aldolase activity can
also be recruited from unexpected origins: a single active-site
mutation (Y265A) in a pyridoxal 5’-phosphate (PLP)-depen-
dent alanine racemase from Geobacillus stearothermophillus
(alr) was found to increase retro-aldolase activity against
phenylserine 1 (Scheme 1) by five orders of magnitude.[4] The

conversion of the racemase into an aldolase profited from the
similarity of the central PLP-quinonoid intermediates formed
in the course of both reactions. Interestingly, natural evolu-
tion appears to have exploited this chemical relationship as
well. Genetic analyses have demonstrated that alanine race-
mases and natural d-threonine aldolases share a common
evolutionary origin.[5] However, alanine racemase evolved to
accommodate an alanyl-PLP quinonoid intermediate (5, R=

CH3), whereas d-threonine aldolases stabilize a glycyl-PLP
quinonoid species (5, R=H). In the case of our alrY265A
variant, one could imagine that the residual binding pocket

Scheme 1. Mechanism of the alrY265A-catalyzed retroaldol reaction of
the b-phenylserine derivatives 1 and 2. The substrate initially reacts
with the enzyme-bound PLP 3 to form the external aldimine adduct 4.
Cleavage of the Ca�Cb bond affords benzaldehyde and quinonoid
intermediate 5. Subsequent protonation to give 6, followed by hydrol-
ysis, liberates glycine or alanine and regenerates the catalyst. The
cofactor phosphate is the likely base (B) for the retroaldol reaction
(see text), and either Lys39 or water may protonate 5 (B’H).[*] Dr. F. P. Seebeck, A. Guainazzi, Prof. Dr. D. Hilvert
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for the alanine methyl group might be exploited together with
the new aldolase activity to catalyze the cleavage (or, in the
synthetic direction, formation) of quaternary a-amino acids
like 2 (Scheme 1). Such activity has not been reported for
natural aldolases but would have considerable synthetic
utility.[6]

To examine the ability of alrY265A to process b-hydroxy
amino acids bearing an additional a substituent, we synthe-
sized (2R,3S)- and (2R,3R)-a-methyl-b-phenylserines (2a and
2b, respectively) following published procedures,[7] and
measured the kinetic parameters associated with their
alrY265A-catalyzed conversion into alanine and benzalde-
hyde. As shown in Table 1, the two diastereomers are

consumed with an even higher catalytic efficiency (kcat/Km >

103
m

�1 min�1) than the previously examined (2R,3S)-b-phen-
ylserine (1; 670m�1 min�1). Although the individual steady-
state parameters kcat and Km are likely to be complex
amalgams of different microscopic rate and binding constants,
the fact that the Km values observed for 2a and 2b are lower
than that for 1 can be attributed to favorable interactions of
the extra a-methyl group with the binding pocket. Further-
more, while its kcat parameter is only twofold lower than that
of 1, substrate 2a shows a kcat/kuncat ratio that is twofold higher
(Table 1).

Natural d-threonine aldolases exhibit stringent stereo-
selectivity at Ca in the cleavage of b-hydroxy amino acids but
relaxed selectivity at Cb.[8] alrY265A is similarly selective
with respect to Ca, accepting only d-configured amino
acids.[4] However, the fact that 2a and 2b afford similar kcat/
Km values (Table 1) indicates poor stereochemical control at
the b carbon. Nor does the enzyme exhibit strict stereochem-
ical fidelity in the final stages of the reaction. In principle, the
quinonoid intermediate 5 (R=CH3) could be protonated
either from the si face of the imine to give d-alanine, or from
its re face to give l-alanine.[9] The partitioning of 5 (R=CH3)
was quantified by measuring the amount of d-alanine formed
in the alrY265A-catalyzed cleavage of 2b relative to benzal-
dehyde. d-Alanine-dependent oxidation of NADH, using d-
amino acid oxidase and lactate dehydrogenase as coupling
enzymes, showed that 80 % (� 10%) of the alanine product
has the d configuration. Preferential formation of d- over l-

alanine is consistent with the participation of Lys39, the
active-site residue that protonates the quinonoid intermedi-
ate from the si face in native alr, and the absence of Tyr265,
which normally protonates 5 from the opposite face. The
small amount of l-alanine that is formed presumably arises by
direct protonation of the intermediate by water from the same
face as the departing benzaldehyde.

To rationalize the stereochemical preferences of
alrY265A, we performed hybrid docking and ab initio
investigations[10] with the aldimines of all four a-methyl-b-
phenylserine diastereomers (2a and 2b, and the correspond-
ing l-amino acids) bound at the enzyme active site.[11] In
accord with our experimental findings, the modified binding
pocket readily accommodates both 2R diastereomers,
whereas neither of the 2S isomers fits without clashes with
active-site residues. Moreover, energy minimization of the
models reveals that the 2R aldimines exploit very similar
interactions with the binding pocket and the cofactor
(Figure 1). As expected, the carboxylate and a-methyl
groups lock these substrates in an orientation that places
the benzyl side chain perpendicular to the plane of the PLP
cofactor, with the aryl ring inserted into the cavity created by
the Y265A substitution. The preferred conformations of the
two diastereomers differ by a 308 rotation around the Ca�b
bond, so that the aryl ring of the 2R,3R isomer (2b) is a little
closer to the side chain of His166. As a consequence of this
difference in dihedral angle, the b-hydroxy group of both
isomers points toward the cofactor phosphate. The resulting
O···O distance is 2.70 and 3.05 A for 2a and 2b, respectively,
which corresponds to a favorable hydrogen bond.

Although His166 was originally proposed as a possible
candidate for the base that initiates proton abstraction from
the substrate hydroxy group (Scheme 1, 4!5),[4] the modeling
results indicate that its imidazole ring adopts the wrong
tautomeric form and is too far from the alcohol to assume this
role. Instead, as shown in Figure 1, the PLP phosphate group
is well positioned to serve as the catalytic base for both
diastereomers. The postulated recruitment of the cofactor
phosphate for catalysis has some precedent in the reaction
catalyzed by serine dehydratase.[12] If this mechanistic
hypothesis can be confirmed, it may be possible to exploit
subtle steric changes within the active site to disrupt the
crucial hydrogen bond for one but not the other substrate
epimer, thereby enhancing the Cb stereoselectivity of the
enzyme.

In conclusion, we have shown that an engineered alr
catalyzes a biologically unprecedented retroaldol reaction of
a-substituted b-phenylserines with high stereoselectivity at
the a carbon but low stereochemical control at the b carbon.
Not only is this reaction catalyzed some 104-fold more
efficiently than by the cofactor in solution, but our computa-
tional model provides a basis for further optimization of the
alrY265A active site by means of site-directed mutagenesis or
directed evolution. Such improvement may yield practical
catalysts for the enantioselective synthesis of novel amino
acids and their derivatives.
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Table 1: Steady-state parameters for the conversion of b-phenyl-serines
into benzaldehyde and glycine/alanine.[a]

Substrate kcat
[min�1]

Km

[mm]
kcat/Km

[m�1min�1]
kuncat

[c]

[min�1]

(2R,3S)-b-phenyl-serine
(1)[b]

5.7 8.5 670 0.0015

(2R,3S)-a-methyl-b-phenylserine
(2a)

2.8 2.8 1000 0.00033

(2R,3R)-a-methyl-b-phenylserine
(2b)

0.16 0.14 1100 –

[a] The enzymatic reactions were performed with alrY265A at 30 8C in
100 mm HEPES buffer (pH 8). [b] See Ref. [4]. [c] The rate constant for
the pyridoxal-dependent retroaldol reaction of b-phenylserines in the
absence of enzyme was determined following procedures described in
Refs.[4,13]; the standard error on all kinetic parameters is �20%.
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Figure 1. Energy-minimized structures of (2R,3S)-a-methyl-b-phenylser-
ine (top) and (2R,3R)-a-methyl-b-phenylserine (bottom) bound to the
active site of alrY265A as external aldimines with PLP. The b-hydroxy
group of both substrates is within hydrogen-bonding distance of the
phosphate group of PLP. A hydrogen bond between Arg219 and
His166 (dotted line to the protein), which is also present in the parent
enzyme,[20] dictates the tautomeric form of the imidazole.
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