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Natural stereoselective oxidations by molecular oxygen have
long fascinated chemists and these chemically challenging,
“green” reactions have great potential for industrial process-
es.! However, the natural enzymes have a finite synthetic
repertoire. A major goal is therefore to control their
stereoselectivity and to produce a desired stereo-center
within a certain target molecule. There have been some
major successes recently in the design of stereo-controlled
reactions by cytochrome P450 enzymes (P450s),”? which have
great potential as a source for site-specific oxygenation
reactions.’! By contrast, O, and mononuclear non-heme
(MNH) Fe" dependent hydroxylases have not been the
focus of enzyme design studies. This is surprising because the
catalytic potential of MNH Fe" dependent hydroxylases
complements that of P450s, with their ability to oxidize
aliphatic carbon atoms in a regio- and stereoselective
manner.') One example is the (S)-selective p-hydroxymande-
late synthase (HMS) from Amycalotopsis orientalis
(AoHMS), which has homologues in other organisms includ-
ing Streptomyces coelicolor (SCHMS).>! Recently, it was
found that the high enantioselectivity of ScHMS, which
naturally converts the substrate p-hydroxyphenylpyruvate,
can be compromised by substituents on the aromatic ring of
phenylpyruvate (PP)."! However, no structural features have
been identified that cause the generally observed (S)-
enantioselectivity of HMS enzymes. Herein, we have used
modeling, molecular dynamics (MD), and density functional
theory (DFT) calculations to redesign the (S)-selective

ScHMS to give a biocatalyst of inverted enantioselectivity,
yielding (R)-mandelate as the product.

The reaction mechanism of HMS enzymes follows that of
a-ketoacid dependent MNH Fe" enzymes: p-hydroxyphenyl-
pyruvate binding primes the iron center for activation of O,,
which in turn decarboxylates the substrate. The resulting
high-valent Fe'Y=0O species abstracts a benzylic hydrogen
atom. In a rebound reaction, the formed Fe™-OH species
transfers a hydroxyl radical to the benzylic position resulting
in the p-hydroxymandelate product, which leaves the active
site (Figure 1).%%1 The crystal structure of the (S)-selective
AoHMS has been determined and shows the native reaction
product coordinated to the metal center.”)

Upon close inspection of in silico docked complexes of
ScHMS with mandelate (MA) analogues of the (S)-config-
uration, as well as in the AoHMS crystal structure,””’ it was
found that the ligands were oriented in a slightly distorted
trigonal bipyramidal geometry at the metal center. The a-
hydroxy group of MA and the metal-coordinating glutamate
were in the axial positions and two nitrogen atoms from the
coordinating histidines, together with the carboxylate oxygen
of the ligand, formed the trigonal basis of the pyramid. In
contrast, the analogous (R)-MA-enzyme complex showed
more pronounced deviations from the ideal symmetry
(Supporting Information, Figure S1).7 DFT calculations of
the reactive Fe™V=0 and Fe™-OH species in the catalytic
cycle of a-ketoacid dependent enzymes showed that a trigonal
bipyramidal geometry was one of two probable organizations
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Figure 1. Generally accepted reaction mechanism of HMS enzymes.®!

of these high-valent iron centers.""” This posed the question of
what impact the ligand field symmetry may have on
enantioselectivity during catalysis. In models of (R)-MA
and (§)-MA bound ScHMS, in which the trigonal bipyramidal
geometry was constrained, the (R)-MA ligand did not occupy
the hydrophobic pocket that accommodates the aromatic
substituent of (S)-MA. In contrast, the aromatic ring pointed
toward the presumed substrate entrance channel and thereby
collided with residue Tyr359 (Figure S1). pro-(S) and pro-(R)
transition states of H-abstraction and rebound hydroxylation
gave analogous principle spatial orientations when docked
into the trigonal bipyramidal metal center of ScHMS.
Consequently, we investigated how the destabilization of
the aromatic ring in the hydrophobic pocket and its stabiliza-
tion in the alternative orientation influenced enantioselective
catalysis. The steric clash with residue Tyr359 upon (R)-MA
binding in our model could be removed by substituting it with
alanine. To obstruct the hydrophobic pocket of ScHMS,
potentially effective point mutations were identified using
in silico site-saturation mutagenesis with the following set of
criteria: the variation 1) results in a low-energy apo-enzyme
structure to prevent energetically driven reorganization of the
active site; 2) has low-energy amino acid conformers that all
interfere with the hydrophobic binding pocket; and 3) does
not interact with the first coordination sphere of the metal ion
and thus with its electronic or geometric structure. Using the
algorithm described in the Supporting Information (Fig-
ure S2), six target single-point substitutions (Ser221Met,
Val223Phe, Val223Met, Val223Trp, Ile236Phe and
Tyr359Ala) were identified and introduced into the ScCHMS
scaffold in vitro.

Spectra of PP conversion products by the wild-type (WT)
and the resulting enzyme variants were subsequently ana-
lyzed using GC-MS and HPLC-MS (Table S1): all but one
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variation had a significant impact on the enantioselectivity of
the WT enzyme, which gave an enantiomeric ratio (e.r.) of
0.4% (R)-MA:99.6% (S)-MA (Figure 2a). The most pro-
nounced effect was an appoximately 1900-fold increase in
(R)-selectivity with the mutation Ser221Met, which was
predicted to obstruct the hydrophobic pocket, and resulted
in the formation of 88.5% (R)-MA versus 11.5% (S)-MA.
This efficacy was followed by the mutant Val223Phe, which
gave an e.r. of 65.1% (R)-MA:34.9% (S)-MA. The opening
of space for (R)-MA binding by the Tyr359Ala mutation
resulted in only an approximately 47-fold increase of (R)-
enantioselectivity compared to WT. Notably, Ser221, Val223,
and Tyr359 are strongly conserved throughout all annotated
putative p-hydroxyphenylpyruvate dioxygenases and HMSs.
Combinations of the most successful substitutions further
enhanced enantioselectivity: the best variant, triple mutant
Ser221Met_Val223Phe_Tyr359Ala increased the er. to
97.4% in favor of (R)-selective hydroxylation, which corre-
sponds to an approximately 9300-fold enhancement com-
pared to WT. The latter translates to a difference in transition
state energy AAG™ of 22.6 kI mol™". No reaction side products
that are indicative of C2—C3 cleavage or uncoupled decar-
boxylation"! were formed in detectable amounts and product
recovery for MA was greater than 95 % for all variants, except
for variants Ile236Phe and Val223Trp, which showed sub-
stantial losses of approximately 60 % and 20 % that were not
accounted for. This may indicate the formation of alternative
oxygenation products in these variants that escaped our
analysis. Notably, ring oxidation products have been reported
from mutational studies of the active site of HMS.!?

All ScHMS variants had enzymatic activities towards PP
that were roughly in the same range of the WT enzyme
(Figure 2b, Table S1). The point mutations Val223Phe and
Ser221Met increased catalytic efficiencies by an order of
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Figure 2. Enantioselectivities and activities of ScHMS WT and variants.
(a) The percentage of (R)-MA (black) and (S)-MA (gray) products and
(b) steady-state kinetic constants k,**" (black) and k.,**"/K,** (gray)
are shown.

magnitude with k., /Ky values of 40mm's™! and

34mm 's™! respectively, while the open active-site variant
Tyr359Ala did not significantly alter WT efficiency (k. *""/
K, =2.1mm 's™). For the enzyme with the highest (R)-
enantioselectivity, the triple mutant Ser221Met_Val223Phe_-
Tyr359Ala, the apparent turnover number was raised by 22 %
(keu™=0.7657") and the k., /K, of 6.9mm 's™' was
approximately three times higher compared to the WT
enzyme.

The structure of the newly designed (R)-MA synthase,
ScHMS variant Ser221Met_Val223Phe_Tyr359Ala, in com-
plex with (R)-MA and cobalt, which is a redox inactive Fe
mimic,”” was solved and refined to a resolution of 1.95 A with
an R, value of 17.5% and an Ry, value of 21.5%
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(Table S2). The aromatic substituent of the product filled
the free space, which was created by the Tyr359Ala mutation,
while Met221 and Phe223 occupied space in the hydrophobic
binding pocket of the enzyme. Both protein molecules of the
asymmetric unit showed (R)-MA ligation to the metal ions in
a trigonal bipyramidal geometry and thus mirrored the
product coordinated active site in the native structure of
AoHMS!M (Figure 3a).

Computational MD studies of reaction intermediates in
the scaffolds of WT ScHMS and its Ser221Met_Val223Phe_
Tyr359Ala variant shed light on the impact of particular
catalytic steps for the overall enantioselectivity of the
reaction. In each case, intermediates and transition states
from phenylacetate (PA) ligated Fe™Y=0O centers up to the
final products were analyzed, whereby the ideal initial pro-(S)
and pro-(R) geometries, which had been geometrically
optimized by DFT -calculations (Figure S3-S5), were the
starting points of all simulations. The complexes generally
showed two distinct localizations of the phenyl rings on the
intermediates that were prototypical for either the pro-(S) or
the pro-(R) pathway (Figure 3b and Figure S6-S13). Inspec-
tion of the ligand geometries and energies in the SCHMS WT
protein suggested that product chirality was determined by
the final hydroxylation step. The pro-(S) mechanism, to which
the ligand is predisposed by preceding catalytic steps,’!%
resulted in a PA radical that displayed considerable out-of-
plane flexibility. It oscillated between a pro-(S) (43%) and
a pro-(R) (57 %) conformation, thus apparently making both
hydroxylation pathways equally feasible (Figure S10 and
Table S4). The pro-(S) rebound transition state was then
kinetically favored compared to the (R)-selective pathway. By
contrast, during MD simulations of the newly designed (R)-
MA synthase the first, high-valent Fe"V=0 complex of both
pro-(R) and pro-(S) starting geometries adopted the pro-(R)
conformation. The subsequent PA radicals were entrapped in
their respective pro-(S) (99 %) and pro-(R) positions (97 %)
(Figure S10), while the pro-(S) pathway was Kkinetically
favored during hydroxylation. This suggests that the primary

Fe™=0 complex geometry co-determines enantioselectivity
in the variant and apparently compensates for the kinetically
favored (§)-trajectory during hydroxylation (Table S4). Over-
all, our computational method rationalized the experimen-
tally observed enantioselectivities of the two enantio-com-
plementary enzymes.

In summary, we demonstrated for the first time how the
interplay of metal-center geometry and protein structure
control enantioselective hydroxylation in a metalloenzyme.
The consideration of this principle has allowed for the design
of a highly (R)-selective MA synthase from an enantio-
complementary HMS through the in vitro construction of
a total of only ten enzyme variants. The resulting approx-
imately 9300-fold enantioselectivity switch, the most pro-
nounced change ever reported for an oxygenation, is accom-
panied by a threefold improvement of enzyme efficiency. The
designed hydroxylase, which has no natural precedent, may
open up a new route for efficient, sustainable (R)-MA
biosynthesis from readily available renewable feedstocks.
This work and its underlying principles may, furthermore, be
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Figure 3. Interplay of protein structure and ligand orientation in the ScCHMS WT and the Ser221Met_Val223Phe_Tyr359Ala variant. a) Crystal
structure of the (R)-selective ScHMS triple variant. Top: overall structure of the observed dimer in complex with cobalt (brown) and the reaction
product (R)-MA (green). Bottom: close-up of the active site. The coordinating oxygen atoms of (R)-MA (yellow) and the side chains of His261,
His181, and Glu340 form a trigonal bipyramidal geometry around the cobalt atom (gray). The electron density of the ligand (coral) corresponds
to the omit map (F,—F, map) contoured at a level of 3 0 obtained after the final rounds of refinement in the absence of the ligand. b) A structural
representation of the catalytic steps that lead to chiral hydroxylation in WT ScHMS (left) and in the (R)-selective triple mutant (right). The average
structures of 10 ns MD simulations are shown, except in the lower right panel, which depicts the crystal structure of the mutant solved in this
study. (Note that MD simulations gave similar active site geometries). The transition state of H-abstraction from PA by the Fe'"=0O center (upper
row) results in an iron-bound hydroxy group and a substrate radical (middle row). The subsequent rebound step yields the chiral products (lower
row). Residues within 5 A of the metal (orange) are displayed—Ile335, Leu358, and Ile236 are omitted for clarity. Ligands of the (S)- and (R)-
selective pathways are in teal and dark red, respectively. Mutations in the triple variant are shown in brown.
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