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Divergent evolution has created superfamilies of enzymes
with the same protein fold, but different catalytic abilities. For
example, the a/p-hydrolase superfamily!!! enzymes all cata-
lyze reactions involving a nucleophilic attack: ester,?
amide,”! epoxide, and alkyl halide hydrolysis,” cyanide
addition to aldehydes forming a carbon—carbon bond!” as well
as several others. Many of these enzymes, and especially
lipases and esterases, accept a wide range of substrates, each
with high stereoselectivity, making them versatile catalysts for
organic synthesis.””

The different catalytic abilities require distinct mechanis-
tic steps, but some of these mechanistic steps may be shared.
X-ray crystallography and biochemical studies suggest that
the new mechanistic steps require only a few amino acid
substitutions, but the amino acid sequences of enzymes within
a superfamily differ by hundreds of substitutions and possible
insertions and deletions.

Previous reports that involved changing the catalytic
activity of an enzyme required different approaches. Chang-
ing from hydrolysis of a thioester to hydrolysis of a 3-lactam
required insertion, deletion, and substitution of loops as well
as amino acid substitutions.®! Changing 4-chlorobenzoyl-CoA
dehalogenase to a crotonase activity required eight amino
acid substitutions.”? However, in a few cases, a single amino
acid substitution could introduce new catalytic activity: from
a racemase to an aldolase, from an esterase to a perhydrolase,
from an epimerase to an o-succinylbenzoate synthase, and
from a decarboxylase to a racemase.'“!!l Researchers have
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also introduced enzymatic activity into non-catalytic proteins,
but these experiments all required extensive substitutions."

Herein, we test the hypothesis that a few amino acid
substitutions are sufficient to interconvert the -catalytic
abilities of different enzymes within the a/p-hydrolase
family. Our test case is to convert an esterase from Pseudo-
monas fluorescens (PFE) into an epoxide hydrolase. Mech-
anistic considerations suggest that two or three amino acid
substitutions could convert an esterase mechanism into an
epoxide hydrolase mechanism (Scheme 1). Esterases have a
Ser-His-Asp catalytic triad,™®! whereas epoxide hydrolases
use an Asp-His-Asp triad,' so one substitution is needed in
the triad. In addition, epoxide hydrolases contain two
tyrosines to protonate the epoxide oxygen during catalysis,
which are two more substitutions. In one case, only one of
these tyrosines was essential to catalysis,'”! so perhaps only
one is needed.

To identify the positions of these residues within the PFE
we compared the structures and amino acid sequences of six
epoxide hydrolases (PDB entries: 2E3J, 2CJP, 1S80, 1CQZ,
1EHY, and 1Q07) with three esterases (PDB entries: 1VA4,
1P0, and 1ZOT) using clustalw.!'”! This comparison (Figure 1)
identified the position of the catalytic nucleophile (D94), four
possible positions for the two mechanistically important
tyrosines (Y125, Y139, Y143, Y195) and three further
amino acids that are conserved in epoxide hydrolases but
are missing from PFE (P29, H93, K188). The position of one
of these tyrosines was identified as being at amino acid 195,
but as it was not definitely clear where to introduce the
second tyrosine, it was placed at all three alternative positions.
Consequently, the following mutants were created by Quik-
Change site-directed mutagenesis and expressed recombi-
nantly in E. coli: M1: S94D; M2: S94D, F125Y, V195Y; M3:
S94D, F143Y, V195Y; M4: S94D, F125Y, F143Y, V195Y; M5:
L29P, S94D, F125Y, K188M; M6: L29P, S94D, F125Y, V195Y;
M7: L29P, F93H, S94D, F125Y, V139Y, V195Y. As expected,
all mutants showed no esterase activity against p-nitrophenyl
acetate above background levels (<10 mUmg™"), as the
catalytic nucleophile was replaced by an aspartate. Unfortu-
nately, all these mutants also showed no detectable epoxide
hydrolase activity towards p-nitrostyrene oxide (see Support-
ing Information).

Because it was not obvious why the created mutants failed
to catalyze the reaction, we applied directed evolution to
search for missing key amino acids that correct the imperfect
geometry. Starting from mutants M4-M6, we created a
mutant library by a error-prone polymerase chain reaction
(epPCR) and selected active variants using a growth assay."™!
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Scheme 1. Mechanistically essential amino acid residues in Agrobacterium radiobacter epoxide hydrolase (EchA).'”! A) Formation and liberation of
the alkyl enzyme intermediate derived from styrene oxide as substrate and Pseudomonas fluorescens esterase (PFE).' B) Formation and liberation
of the acetyl enzyme intermediate derived from phenyl acetate as substrate.

1VA4: LKEVTLVGFSMGGGDVARYIARHGS . . . LKATVDCVTAFAE
1Z0I: IQGAVHVGHSTGGGEVVRYMARHPE . . . AKAHYDGIVAFSQ
1P0I: PKSVTILFGESAGAASVSLHLLSPGS . . .

1EHY: IEKAYVVG AAIVLHKFIR-KYS . . . IHGGFNY|

1CQZ: IPQAVFIG! AGVMVWNMAL-FYP . . . FRGPLN

1007: GSGYIIQGGBIGSFVGRLLGVGFDA . . . FPRAIHT

2E3J: AEQAFVVG! GAPVAWTFAW-LHP . . . FGGPLSF

2CJP: EEKVFVVA GALIAWHLCL-FRP . . . FTGAVNY

1s80: LSQAVFIG! GGMLVWYMAL-FYP . . . FRGPL

Figure 1. Part of the comparison of the structure and amino acid sequences of three esterases
(PFE=1VA4) with six different epoxide hydrolases (EH; for PDB codes, see text). The catalytic aspartate
(D) and one of the mechanistically important tyrosines (Y) of the epoxide hydrolases and the catalytic

serine (S) of the esterases are highlighted.

Although we identified eight clones out of 25000 that grew
under these conditions, in the subsequent HPLC validation,
no activity against p-nitrostyrene oxide was detected.

A further structural comparison of the six epoxide
hydrolases showed that a loop with 20 amino acids at the
supposed entrance to the active sitel' differs in PFE
(Figure 2). In the epoxide hydrolases, this loop lies to one
side of the active site, but in PFE, this loop blocks the
entrance. The loop may also position the mechanistically
important Y152 (position 139 in PFE) as it is the last residue
of this loop.
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To test the role of the loop,
the whole loop in the PFE
mutant M7 (containing muta-
tions L29P, F93H, S94D, F125Y,
V139Y, V195Y) was replaced
by the corresponding element
of the EchA by a PCR-based
method based (EchA number-
ing: P132 to Y152). The result-
ing chimera (MS8) could be
expressed in E. coli as a soluble
enzyme by coexpression of
chaperones (see the Supporting
Information).  Protein  (ca.
10 mg) was isolated after His-tag purification and desalting.
This chimera catalyzed the slow hydrolysis of p-nitrostyrene
oxide (Figure 3) with an initial activity of 9mUmg™" and a
turnover number of 0.01 s™! at a 50 um substrate concentra-
tion. The catalytic activity differed from batch to batch and
some samples showed no activity. In spite of extensive
experimentation (see the Supporting Information), we have
not found a satisfactory explanation. We hypothesize that the
mutations hinder protein folding, and subtle changes in
experimental conditions change the amount of properly
folded enzyme. We could not measure Ky; and V,,, values
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Figure 2. Multiple structural alignment of six epoxide hydrolases
(green) with PFE (light orange) showing that a loop (A120-V139)
present in PFE (dark orange) possibly blocks the entrance to the active
site (red sticks).
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Figure 3. Hydrolysis of p-nitrostyrene oxide catalyzed by loop mutant
M8. The protein concentration was 0.5 mgmL™ (16.7 um), so complete
conversion corresponds to approximately three substrate molecules
hydrolyzed per enzyme molecule.

owing to substrate inhibition (see the Supporting Informa-
tion). This inhibition was significant even at concentrations of
50 uMm, and lower substrate concentrations were below the
detection limit. The loop mutant showed high enantioselec-
tivity (E>100) for the (R)-enantiomer of p-nitrostyrene
oxide (Figure 4). The template epoxide hydrolase, EchA, also
favors the (R)-enantiomer. We also detected low background
activity in crude E. coli cell extract (0.06 mUmg™"), but this
reaction favored the (S)-enantiomer. The His-tag purification
used to prepare the loop mutant removed this contaminating
activity.
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Figure 4. HPLC chromatogram for the conversion of p-nitrostyrene
oxide by loop mutant M8. 50 uL of a prepared sample (c=50 pum) was
measured on a HPLC using Chiracel OD-H column (for sample
preparation, see the Supporting Information). (R,S)-p-Nitrostyrene
oxide (t;=10.577 min), (R)-p-nitrophenylethanediol (t;=21.590 min),
(S)-p-nitrophenylethanediol (t;=27.797 min).
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The experimental results indicate that the epoxide hydro-
lase loop is essential for the newly created activity, but at the
molecular level, the reason is uncertain. One possibility is that
the esterase loop favors a nonproductive substrate orienta-
tion. The esterase substrate, p-nitrophenyl acetate, and
epoxide hydrolase substrate, p-nitrostyrene oxide, most
likely orient themselves slightly differently in the active site.
A correct p-nitrophenyl group orientation for the esterase
substrate orientation may be nonproductive for the epoxide
hydrolase substrate. The observed substrate inhibition by p-
nitrostyrene oxide supports the notion that nonproductive
orientations of the substrate at the active site are possible. A
second possible role for the epoxide hydrolase loop is some
required motion. The X-ray structure of EchA gave a non-
interpretable electron density for amino acids G138 to H148,
suggesting that this region is flexible.') The third possibility is
that the epoxide hydrolase loop corrects the orientation of
Y139. Mutant M7 contained the Y139 mutation, but did not
show epoxide hydrolase activity. The new loop most likely
changes the orientation of this amino acid.

Changing just the obvious residues (serine to aspartate,
introduction of two tyrosines) was not sufficient, but an
additional substitution of a loop conferred epoxide hydrolase
activity into the esterase scaffold. The specific activity we
measured at substrate concentrations near the detection limit
was only 800-fold less than the activity of the template, which
is a true epoxide hydrolase. This catalytic activity is too low
for practical use, but demonstrates that the principle of
interconversion of enzyme activities within the o/f-hydrolase
family is possible, and thus opens opportunities to extend
catalysis to new, non-natural reactions.
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