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Directed Evolution of Galactose Oxidase: Generation of Enantioselective

Secondary Alcohol Oxidases

Franck Escalettes and Nicholas J. Turner*?

Optically pure secondary alcohols are highly valuable chiral
building blocks that can be prepared by a number of methods,
especially asymmetric reduction of ketones or resolution based
approaches. In the latter case, lipases or esterases are frequent-
ly used as catalysts for the acylation/deacylation of racemic al-
cohols™ and recently methods have been developed for recy-
cling the unreactive enantiomer leading to dynamic kinetic res-
olution (DKR) processes.”” An alternative strategy to DKR which
we have recently pursued is deracemisation™ in which for our
purposes an enantioselective oxidase enzyme is combined
with a nonselective chemical reductant™ to generate optically
pure products in high yield (>50%). In order to extend this
approach beyond amino acids®™ and amines® to encompass al-
cohols we required access to enantioselective alcohol oxidases
with appropriate substrate specificity.

Certain alcohol oxidases (for example, from Pichia species)
are well documented but tend to have rather restricted sub-
strate ranges and are generally specific for the oxidation of pri-
mary alcohols to the corresponding aldehydes.” Whilst some
secondary alcohol oxidases are known,® for example, pyranose
oxidase and glycolate oxidase, they do not possess the broad
substrate specificity required for general application. Recently,
progress has been made in the development of chemocata-
lysts for the enantioselective oxidation of secondary alcohols.”
Against this background we sought to develop enantioselec-
tive alcohol oxidase enzymes of broad synthetic utility using
galactose oxidase (GOase) as our starting point."” GOase is a
soluble, Cu-dependent enzyme that catalyses the O, depen-
dent oxidation of the C6-OH of p-galactose 1 to the corre-
sponding aldehyde 2 (Scheme 1 A). Wild-type GOase has a rela-
tively narrow substrate specificity,” " possessing highest activi-
ty towards specific sugars (p-galactose 1, raffinose, guar gum)
and simple primary alcohols (for example, dihydroxyacetone,
benzyl alcohol). A striking example of its high specificity is
given by its activity towards p-glucose which is about 10%fold
less reactive than p-galactose. Moreover, in the context of our
interest, the wild-type enzyme displays no activity towards sec-
ondary alcohols.

As a model system we sought to identify variants of GOase
that could catalyse the enantioselective oxidation of 1-phenyl-
ethanol 3 (Scheme 1B). We recognised that it would be neces-
sary to change three key features of the enzyme to achieve
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Scheme 1. A) Reaction catalysed by wild-type galactose oxidase (GOase);
B) Enantioselective oxidation of 1-phenylethanol 3 using variant GOases.
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this goal, namely 1) change in specificity from a 1° to a 2° alco-
hol oxidase, 2) capability for enantioselective oxidation, and
3) the ability to bind nonpolar rather than polar substrates.

The starting points for our studies were the GOase variants
M, and M, recently reported by Sun et al.'*'¥ The M, variant
contains six mutations compared to the wild-type enzyme
(Ser10Pro, Met70Val, Pro136, Gly195Glu, Val494Ala, Asn535Asp).
This variant has been shown to give higher expression levels
of a more stable and active enzyme in E. coli although its sub-
strate specificity is essentially the same as the wild type. The
M, variant was derived from M, and contains a further three
mutations (Trp290Phe, Arg330Lys, GIn406Thr), all located at
the active site. This variant, which had been selected on the
basis of its improved activity towards p-glucose,™ was also
characterised against a range of substrates and reported to
have very weak activity towards racemic but-3-en-2-ol and
butan-2-ol although no data on enantioselectivity was given.

The genes encoding GOase M, and M, variants, which were
generated from the wild-type gene' by site-directed muta-
genesis, were cloned into the pET16b vector followed by
expression in E. coli. Both variants were purified by Ni-affinity
chromatography and then assayed against racemic 1-phenyl-
ethanol as substrate. Although no activity was observed with
the M, variant, we were encouraged to observe weak activity
with the M; variant. Moreover, the M; variant also appeared to
be enantioselective with the R enantiomer showing approxi-
mately 30-fold greater activity than the S enantiomer (data not
shown). We therefore decided to subject the M; variant to fur-
ther rounds of random mutation coupled with screening to
optimise the activity toward 1-phenylethanol.

Based upon earlier reports,®™ we developed a colorimetric
solid-phase assay (see below) which allowed us to assess the
activity of individual clones when grown on agar plates. This
screening method, which relies upon capture of the hydrogen
peroxide biproduct produced in the oxidation reaction, is ver-
satile, in that different substrates can easily be introduced into
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the assay, and also reasonably high-throughput allowing up to
100000 clones to be readily screened per round of evolution.
Libraries of M; GOase were generated using error-prone PCR
(ep-PCR) in which the average number of amino acid muta-
tions per gene was about 3-4. These libraries were used to

(R)-1-phenylethanol

(S)-1-phenylethanol

Figure 1. Solid-phase assay of wild type, M; and M;_s GOases using 1-phenyl-
ethanol 3 as substrate A) R enantiomer B) S enantiomer.

transform E. coli and the result-

. . . HO OH

ing colonies  (approximately &M
80000) screened on solid-phase HO OH
against but-3-en-2-ol (substrate OH
concentration =200 mm) as 1

substrate rather than 1-phenyle-
thanol in view of the greater
solubility of the former sub-
strate. Approximately 120 colo-
nies were picked which showed
improved activity compared to
the parent M;. One of them,
M;_s appeared to show good
activity and high enantioselec-
tivity when reassayed against
(R)-1-phenylethanol using the
solid-phase assay (Figure 1).

The wild-type (WT) GOase,
M;, and M,_; variants were all
purified by Ni-affinity chroma-
tography and characterised ini-
tially against p-galactose 1 and
1-phenylethanol 3 as substrates
(Table 1).

The M,_s variant was found to
possess a significantly higher 22 23
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Table 1. Kinetic (k. and Kj,) values for GOase variants using either p-gal
1 or 3-fluoro-1-phenylethanol 5 as substrate.

GOase Substrate ke [s71 Ky [mm] kea/Kn IM~"'s7']
WT p-gal 1 156+ 6 15.0£2.0 10400 + 1440
M, p-gal 1 54+7 1800 £ 400 31+7

M, (£)-3 0.34+0.06 178 +62 1.5+0.6

M;_s (£)-3 3.6+0.05 220+1.0 163+8

M;_5 (R)-3 3.54+0.04 74+06 479439

M;_5 54 (£)-3 3.6+0.07 163+£13 220418

M;_5 3, (£)-3 3.1+0.05 13.8+£1.0 2274+16
Misays  (£)3 294005 106407 270420

ke (12-fold) and lower K, (eightfold) value towards 1-phenyl-
ethanol 3 compared with the parent M; variant resulting in an
increase in specificity constant (k./Ky) of >100-fold. Corre-
spondingly, the relative decrease in activity towards p-galac-
tose in going from WT to M, to M,_; was approximately 2000-
fold (data not shown) implying a significant change in sub-
strate specificity. The purified M; and M,_g variants were then
characterised against a broader panel of secondary alcohols.
The M,_s variant was found to exhibit good activity against a
range substituted 1-phenylethanol analogues 4-8, often with
higher rates of oxidation (Figure 2). Other secondary alcohols
containing an aryl group (1-phenylallyl alcohol 11, indanol 12,
and 1-pyridine ethanol 13) were also oxidised at useful rates.
However, alcohols 9, 10, 14, and 15 were poor substrates. It is
interesting to note that a vinyl group is tolerated (11), but not
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Figure 2. Substrate specificity of M; and M;_; GOase variants towards a
range of secondary alcohols.

the sterically similar ethyl group (9), indicating subtle differen-
ces in reactivity.

In order to obtain further improvements in activity, a second
library of variants was generated, using M;_; as parent, and
screened separately against both 1-phenylethanol 3 ([S]=
100 mm; 240000 clones) and 3-fluoro-1-phenylethanol 5 ([S]=
50 mm; 120000 clones) as substrates. Two variants were isolat-
ed with improved activity towards 3 (M;_s_,, and M5 ;_3,) and
four with enhanced activity towards 5 (Mss0s Mj_s a0
Ms_s 212 M3_5.015), (Scheme 2). Although no significant improve-

1-phenylethanol M3—5—24, M3—5—32
M, _ ePPCR AR

M
15t generation 8-5 ._2nd generation
Trp290Phe + Lys330Me‘\‘
é:gigg%s 3-fluoro- M3_5-205, M3_5-209
n r
phenylethanol My 5212 Ma_s015

additional mutations present

Ma_5 04 + Thr130Ser
3-5-32 + Met278Thr, Asp517Val, Tyr576His
Ma_s 005 + Thr138Ala, Ser425Pro, lle498Val, Asp517Gly
Ms_5_009 + Lys370Asn, Ala391Ser
Ma_5012 + Tyr43Phe, Ser291Cys
Ms_5015 + Asn413Tyr, Tyr436Phe

Scheme 2. GOase variants derived from 1 and 2™ round random mutagen-
esis/screening experiments.

ments in k., were observed, three variants possessed reduced
Ky, values (Table 1), including the M;_s_,,5 variant (K,,=10.6 mm
compared to 22.0 mm for the M;_; parent), indicating the value
of lowering the substrate concentration in the solid-phase
assay in order to select for Ky, variants.

The M;, M5, and M, 55 variants were then directly com-
pared for their ability to enantioselectively oxidise racemic 3-
fluoro-1-phenylethanol 5 (monitored by chiral HPLC). These re-
actions were carried out in the presence of O, and also horse
radish peroxidase, both of which are known to stimulate the
activity of GOase." In all cases, selective oxidation of (R)-5 to
the corresponding ketone was observed although with differ-
ent rates (Figure 3). The reaction involving the M; variant gave
ee =67 % after 24 h whereas both the M;_ 5 (12 h; 99% ee) and

ChemBioChem 2008, 9, 857 — 860

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

100

70
60 /; s
50 s

o f -"‘E‘ TEeEEEM,
30 -

3-5
— My 5 545

eel%—

20 5
108.=

0 6 12 18 24
t/h

Figure 3. Enantioselective oxidation of (+)-3-fluoro-1-phenylethanol 5 using
M;, M35, and M;_s_,,5 variants.

M;_s515 (12; 90% ee) variants were considerably more active.
Increasing the concentration of horse radish peroxidase had a
dramatic effect resulting in an ee of 99% at 50% conversion
after only 2 h under optimised conditions with the M,_; variant.
Finally, these conditions were then applied to the kinetic reso-
lution of a range of secondary alcohols. After 3 h, the ee of the
remaining alcohol was determined and in many cases found to
be 99% indicating very high enantioselectivity at a conversion
of approximately 50%. For some substrates (4, 11, 16, 24, 27)
the enantiomeric excesses after 3h were lower although
longer reaction times led to higher values. However for alco-
hols 12 (ee=61%) and 25 (ee=78%) prolonged incubation
with the enzyme resulted in no further increase in ee suggest-
ing lower intrinsic enantioselectivity (Scheme 3).

OH GOase M, g ﬁ\ /OLH
17 g2 1~~gz ot 17 R2
R R peroxidase, 3h R R R R
alcohol eel% alcohol eel%
3 99 18 99
4 61 19 99
5 99 20 96
6 99 21 99
7 99 22 99
8 99 23 99
11 45 24 15
12 50 25 45
16 65 26 99
17 99 27 67

Scheme 3. Kinetic resolution of a range of secondary alcohols using the
GOase M;_; variant (ee values determined by chiral HPLC).

The observed selectivity of these GOase variants for the R
enantiomer of 5 is consistent with the report by Minasian
etal."” who demonstrated by isotopic labelling that during
the oxidation of both p-galactose 1 and benzyl alcohol 16 it is
the pro-S hydrogen atom that is selectively removed.

The M,_; variant contains a single mutation at position 330
compared to M; (Lys—Met; Arg in WT). This active-site residue
has previously been identified as important in controlling sub-
strate recognition. Mutation from Arg (WT) to Lys improves

859

www.chembiochem.org


www.chembiochem.org

CHEMBIOCHEM

(R)-1-phenylethanol
Thr406(GIn)
Phe64 i"j;o(j’)
’K P .'WCU
iz gt Tyr272
Phe& Phe290(Trp)

Figure 4. Model showing (R)-1-phenylethanol 3 docked into active site of GOase M,_s variant (wild-type residues in brackets).

activity towards p-glucose™ and b-fructose."® Arg330 is be-
lieved to interact directly with the substrate p-galactose by
forming two hydrogen bonds to the C3- and C4-OH groups."
Figure 4 shows a model of the GOase M,_; variant generated
from the available crystal structure of the wild-type enzyme.
The R enantiomer of 1-phenylethanol 3 appears to bind very
well with the C1 methyl group occupying a small hydrophobic
pocket generated by amino acid residues Phe194 and Phe464.
Binding of the S enantiomer would require interpolation of the
C1 methyl and phenyl groups which is highly unfavourable. In-
troduction of Met at 330 clearly results in a more hydrophobic
active site that is well suited to binding 1-phenylethanol and
structurally related compounds. The mutations present in the
second generation variants derived from M,_ are difficult at
this stage to interpret in that they are varied in nature and
indeed a number occur on the surface of the protein
(Figure 4).

In summary we have identified variants of GOase that pos-
sess good activity (k. >200 min~") towards a range of secon-
dary alcohols based upon the 1-phenylethanol template and
high enantioselectivity (ee=99%) in the kinetic resolution of
(£)-3-fluoro-1-phenylethanol. We are currently examining ap-
plication of these catalysts in the preparative deracemisation
of racemic secondary alcohols.
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